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The transport of ground-state hydrogen atoms in the expansion of a thermal hydrogen plasma
created by a cascaded arc is studied by means of two-photon absorption laser induced fluorescence.
The low-dissociation degree measured at the source exit implies that H atoms flow jn a H
environment. It is shown that the H atom expansion pattern is in disagreement with the neutral gas
supersonic expansion theory. Indeed the transport of H atoms in the plasma jet is strongly influenced
by surface-recombination processes. Because of the large density gradients between the core of the
jet and its surroundings induced by the recombination of H atoms at the reactor walls, hydrogen
atoms diffuse out of the plasma jet in the course of the expansion. When the surface loss probability
is high, i.e., the combination of a large wall-recombination probability with a long residence time,
the losses of radicals by diffusion cannot be avoided even when the mass of the carrier gas is close
to the mass of the radical. @001 American Institute of Physic§DOI: 10.1063/1.1385520

I. INTRODUCTION erned by the transport mechanisms of H atoms in an expand-
ing hydrogen plasma. In view of the applicability, it is there-

place, of particular interest, since it concerns many differen ore of importance to study the H atom flow pattern, as well

systems that cover a broad range of dimensions. Hydroge s the i_nfluence of plasma—wall interactions on the tr_ansport
being the most abundant form of matter in the universe, obPropertes. Moreover, the study of a plasma expansion at a

jects like solar flares and phenomena like solar wind andPECific scale may serve as an example, and the results ob-
supernovae represent examples of astrophysical-scale, eiined can be generalized to any kind of plasma expansion
panding hydrogen plasniaAt intermediate scale, hydrogen W|th_ Iarger and smaller scales. On a more fgndamental_ point
expansions are found in systems like the divertor region of & view, this study serves as a test case to find new evidence
tokamak plasmdsee, for example, Ref.)2and the remote to confirm the fact that a radical expansion can differ
plasma jets used for surface modification. strongly from a neutral gas expansion. This anomalous trans-
In the second place, hydrogen plasma expansions cofort of radicals in a plasma jet, induced by wall-
tain light and highly reactive hydrogen atoms, which play arecombination phenomena, has been reported recently in the
key role in many chemical reactions encountered in plasm&ase of an Ar—hi and He—H mixture.® In a hydrogen ex-
processes. To clearly demonstrate the importance of H atof@nsion, the mass of the carrier gas is close to that of the
chemistry, two examples will be given that are associatedadical, and the resulting enhancement of confinement espe-
with energy and environmental problems humanity has teially is of interest.
face in the next century. Hydrogen atoms are involved in the  In the experiments reported here, ground-state hydrogen
plasma-aided fast deposition of thin films of hydrogenatecatoms are spatially probed using a two-photon excitation
amorphous silicona-Si:H needed for the next solar cell laser-induced fluorescence technid@ALIF) in an expand-
generatior?. Atomic hydrogen radicals control the growth ing thermal hydrogen plasma produced by a cascaded arc.
process and thus the final film properties. In the field ofThe determination of the atomic hydrogen density, tempera-
controlled nuclear fusion, atomic hydrogen plays a specifiture, and velocity profiles enable to investigate in detail the
role. First, one wants to use H atom sources for neutral beamnansport mechanisms of H atoms in a supersonic plasma jet.
heating of fusion devicegnainly via the production of nega- The paper is organized as follows. Section Il describes
tive hydrogen ions H*). Second, the interaction of H atoms priefly the hydrogen supersonic plasma jet and the experi-
with the reactor surfaces and the resulting reaction productgnental arrangement. A summary of the outcomes of coherent
i.e., H, molecules, have drastic consequences on the stabilitynti-Stokes Raman scatterif€ARS) measurements per-
of the plasma, and therefore, on device performai€@u-  formed on an expanding hydrogen plasma is also given in
merous works are nowadays devoted to this so-called hydrahjs paragraph. In Sec. Ill, axial profiles of both H and D
gen recycling process and they all require the developmerjensity and temperature are presented which reveal losses of
of plasma sources capable of generating a high H atom fluyy atoms during the expansion process. In Sec. IV, the ob-
All aforementioned processes are to a large extent govserved low dissociation degree at the arc outlet is discussed
in terms of surface-recombination of H atoms in the arc
dElectronic mail: s.mazouffre@phys.tue.nl nozzle. Velocity profiles along the jet axis are given in Sec.

The study of hydrogen plasma expansions is, in the firs
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V, and the shock wave structure is explained. In Sec. VI, a stationary
measured cross section of the jet reveals as expected a low anode Sltock s

. . . . . cathode (X3)
density around the plasma jet. Finally, conclusions are giver (nozzle)
in Sec. VII. supersonic flow
M1

subsonic flow
. M<1

g ﬂm /A jet centerline
% Mach disk
II. EXPERIMENTAL ARRANGEMENT AND CARS % M=1
MEASUREMENTS Cascaded arc
Plasma jet

A. Plasma source and plasma jet

The hydrogen plasma is created by a cascaded Ene. FIG. 1. The casgaded arc and smphﬁgd structure of an expanding plasma
jet. The plasma first expands supersonically from a straight nozzle. At some

arc channel is composed of four insulated plates and has @stance from the source a shock wave is created to allow the flow to adapt
diameter of 4 mm. The operating standard conditions are: Ao the local conditions. Behind the shock region the plasma flows subsoni-

55 A direct current(dc), a cathode-anode voltage of 150 V cally and at constant static pressure.

and a H gas flow of 3.5 standard liters per minigm). The

stagnation pressure inside the arc is 0.14 bar. The thermal

hydrogen plasma expands from a straight nozzle with a dineutral particles, i.e., H atoms and hholecules in our case.

ameter of 4 mm into a roots-blower pumped vacuum vessefs measured by Thomson scattering, the ionization degree at

where the background pressupg,{.) can be varied, almost the arc exit is less than 198,

independently from the gas flow, from 10 to®1Pa (atmo- A detailed description of the dynamics of an expanding

spheric pressuje The cascaded arc plasma source isdas or plasma can be found elsewHét®:’ Here only a

mounted on a translation arm. Spatial scans through the esghort overview of the expansion picture is presented. Be-

panding plasma can be performed by moving the arc relativéause the plasma expands through a nozzle from a high-

to the intersection of laser beam and detection voluméressure regioiisource into a low-pressure region, a well-

(0.1X1x 1 mnt). defined, free-jet shock wave structure is produced, as
Since in this contribution we focus on the transport of Hschematically depicted in Fig. 1. The plasma first expands

atoms, it is of interest to briefly present the ways H atomssupersonically. In this flow regime, the drift velocity in-

can be produced in the plasma source where the electrdgif€ases and due to energy conservation the temperature drops

temperatureT, is around 1 eV. Ground-state atomic hydro- in accordance with the Poisson adiabatic law. The particle

gen can be generated by direct dissociation gfniblecule ~ density along a stream line decreases because of the increase
by electron impact in the jet diamete(rarefaction effegt At some distance from

the source, depending on the source stagnation pregsgre (
etH,—H+H+e. 1) and on the background pressums,{.), a stationary shock
Yet the rate coefficient is relatively low at 1 é¥:12Another ~ wave is formed to allow the flow to adapt to the ambient gas
possibility is the dissociative recombination of molecularconditions!® The Mach disk locatiorzy (position at which

ions the Mach number is equal to is given by®!’
e+H; —H* + H and e+H; —H + H +H. 2 /
27 3 2 2= 0.7d Po , ©)
Both reactions are fast at loW,.'? Note that H can easily Poack
form H3+ when reacting with K and this again leads to the whered is the nozzle diameterd=4 mm). Throughout the
formation d a H atom shock region, where dimensions are in the order of the local
Hi + Hy—HZ + H. 3 neutral—neutral collision mean free path, the flow undergoes

a transition from a supersonic regime to a subsonic regime.

Another mechanism of interest for the H atom production isBehind the shock wave, the plasma flows at constant static
the charge transfer between a proton and a rovibrationallgressure. As we will see in the next sections, the transport of
excited hydrogen molecufg' H atoms in an expanding hydrogen plasma jet is clearly in

H2?+ HY —Hj + H. 4) disagreement with the classical neutral gas expansion theory.

The excited molecules are necessary to make the reacti
exothermic. The energy deficit being around 2 eV, the charg
exchange process is strongly favored foy(¢+=4). Note In the experiment reported in this contribution, ground-
that the dissociation by impact with a proton of the iHol-  state hydrogen atoms are spatially probed by using a two-
ecule to form two H atoms is also possible at high photon absorption laser-induced fluorescen€EALIF)
number*® The foregoing reactions have been proposed tdechniquet®?° Only a short overview of the experimental
explain the anomalous ion recombination, i.e., the fast ionmethod is presented here. A simplified scheme of the setup is
ization loss, in the expansion of a hydrogen plasma createdepicted in Fig. 2. A tunable 20 Hz Nd:YAG pumped dye
by a cascaded aré.Indeed without any influence of the arc laser delivers radiation around 615 nm. The output of the dye
parameters the plasma emerging from a cascaded arc withlaser is frequency-tripled using nonlinear optical crystals re-
straight nozzle is dark, which means that it contains mainlysulting in 2 mJ of tunable ultravioletUV) light around

. Optical system
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C. CARS measurements on an expanding hydrogen

. Harmonic frequency UV laser beam
" etonsesten 5| gmeraion | sam) - plasma
Tunable dye laser ) ) The expansion of a thermal hydrogen plasma created by
(S-tho 640) Hiraonlc sepastion a cascaded arc has already been investigated using the coher-
(dielectric UV mirrors) ) ) ) )
ent anti-Stokes Raman scatterifGARS) diagnostic?? A
CARS setup has been built in order to locally measure the
N 1, cell rotational and vibrational temperature as well as the absolute
" (frequency calibration) density of H molecules in the plasma jet. The arc configu-
ration and the H gas flow are identical to the ones used in
that work. The arc current was 40 A. We here shortly sum-
marize the main results of the CARS measurements. This is
Prasisia jet useful to compare the transport of H atoms with the transport
ﬁ prism of H, molecules in the expansion. Furthermore, as will be
discussed in Sec. IV, the combination of the CARS and the

TALIF results open the way to explain the low ionization and

Cascaded arc X the low-dissociation degree measured at the arc exit.
D The plasma appears to be mainly composed of ground-
UV beam state H molecules. The measurements clearly reveal the ab-
OWheam sence of significant amounts of rovibrationally excited hy-

drogen molecules in the jet. A4=20 mm the density of
Hy(v=0) is equal to 1.4X10°* m™3 the density of

H,(v=2) is approximately 1 m 2 and the density of
H,(v=4) is less than 1 m 3. Unfortunately, the CARS
measurements could not be performed at the arc exit because

of the crossed laser beam geometry and thus information

FIG. 2. Schematic view of the experimental arrangement. Top picture: Laseconcerning the energy distribution onHmolecules Iea\/ing
system used to generate pulsed tunable UV radiation around 205 nm. Bthe arc is still Iacking

tom picture: Configuration of the excitation branch and of thefldores- _ . .
cence detection branch. The UV laser beam can be directed either perpen- At z=20 mm, the total H dens'tynHz is equal to ap-

dicular or parallel to the plasma flow which allows for the measurement ofproximately 2x 10** m~2 and the rotational temperatufey
(T. . wy) and (T, w,), respectively. is equal to 1400 K. In the subsonic domain, the $fatic
pressure is constant and it matches the background pressure.
At 20 Pa background pressure,=3x10°* m~® and

205 nm with a measured bandwidth of 0.2 ©m The UV —500-600 K in the surrounding of the plasma jet.

laser beam is focused into the vacuum chamber either peIrOt
pendicular or parallel to the plasma expansion axis, see Fig.
2. In the latter case the optics are located in the vacuum. H ATOM DENSITY AND TEMPERATURE ALONG
chamber and protected from the plasma flow by means of #HE JET CENTERLINE
water cooled screen. Hydrogen atoms are excited with tw
205 nm photons from thestS ground state to thed®D and
3s2S states. The excitation is monitored by detection of the ~ As mentioned in the introduction, the flow pattern of H
resulting fluorescence yield on the Balmetine at 656 nm  atoms is expected to be governed by wall-recombination pro-
using a gated photo-multiplier tud®MT). A bandwidth in-  cesses. As a consequence, it should significantly deviate
terference filter AN=10 nm) is used to isolate the Hline  from the classical expansion behavior as treated by the rar-
from the plasma emission. A slitmask is used to define thefied gas dynamics theory. The measured ground-state H
detection volume, the dimensions of which are smaller thamtom density profile along the plasma jet centerline is shown
any gradient length. The PMT signal is recorded by means ah Fig. 3 for two different background pressures. The shape
an oscilloscope connected to a computer. The dye-laser fref the density profile is indeed in disagreement with the
qguency is calibrated by the simultaneous recording of theshape expected from the neutral gas supersonic expansion
absorption spectrum of molecular iodine. From a spectratheory. At ppoq=20 Pa, there is no clear evidence of any
scan over the two-photon transition, the local H atom dendensity jump throughout the stationary shock wave. At
sity, temperature(perpendicular and parallel to a stream ppaq= 100 Pa, a density jump with an amplitude of 1.4 is
line), and velocity(radial and axial componenare deter- visible. However, this is in disagreement with the expected
mined. magnitude, as will be discussed in the next section. The two
Absolute number densities are obtained by calibratingdensity profiles reveal a nonconservation of the H atom for-
the H atom fluorescence yield using a known amount ofward flux throughout the stationary shock wave in contradic-
krypton gas*! The krypton atom has a two-photon excitation tion with the well-established Rankine—Hugoniot relatihs.
scheme very similar to that of H. Furthermore, the ratio ofBehind the shock wave, the H density decreases as shown in
the two-photon absorption cross section of Kr to H has beelfrig. 3, and since the temperature decreases @se next
accurately measured. section, hydrogen atoms do not flow at constant static pres-

%\. Loss of H atoms by diffusion
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In Eq.(6), n, is the density at the origin of the expansiap;

is a scaling length andg,,.is the position of the virtual
point source. The exponent defines the steepness of the
density decrease. In the case of a supersonic expansion of an

104

«— 1074 inviscid gas through a sonic orifice, it is shown that the ex-
X:) ponentg is equal to 2, which corresponds to the classical
Z rarefaction effect®?3The same value of 2 also applies in the

E 10°- case of the transport of neutral atoms in a plasma

expansiort* From a fit of the H density profile ahead of the
shock wave using Ed6) we find thatzeyce= + (4+=1) mm
and 8=2.4+0.2 atpp,q= 20 Pa(see Fig. 3. Moreover, we

10°® : T find thatz,e= (3.5 1.5) mm, in the order of the nozzle di-
1 o 100 ameter as expected, amg=(3.5+1.5)x10°t m 3. First,
Axial position (mm) the expansion of H atoms starts already inside the plasma

FIG. 3. Ground-state H atom density profile along the jet centerline aource nozzle, which is uneXPeCted 'n_ the case of a straight
Poaci= 20 Pa(open squaneand ppaq= 100 Pa(solid triangle in standard ~ Nozzle. Second, the H density drop is faster than the ex-
conditions. Also shown is the ground-state D atom axial density profile at 2Qpected one, meaning that a loss mechanism is superimposed
Pa background pressufstay in the case of a b-D, mixture 3.1 simH, gnto the rarefaction effect. In a previous work devoted to the
and 0.4 sim B). The solid line represents a fit using &8). study of the transport of H atoms in an Ar-ldlasma,B is

) ) , found to be larger than 2 and pressure dependent, and it
sure. In Fig. 4, the measured H atom partial static pressure g‘pproaches 2 at high background preséure
shown in the subsonic domain for two different background g\ an, if ground-state hydrogen atoms can recombine in

pressures. The static pressure is calculated from the megz;,me due to the following three-body reactions:
sured density and temperature using the perfect gas law
p=nkgT, with kg the Boltzmann constant. Since the dy-  H+H+Hy—H, + H, and H*H+H—-H, +H,  (7)
namic pressure term can be neglected in the subsonic d@se reaction rategsee, for example, Ref. 25however, are
main, a decrease in static pressure is connected to a loss ofiHy 10w to lead to any significant loss of H atoms under our
atoms. _ _ _ _ experimental conditions. Therefore, the observed anomalous
In the supersonic flow regime, the density profile alsoyansport of H atoms arises from the fact that H escapes the
shows evidence of losses of H atoms. From the flux consehlasma jet in the course of the expansion. As shown in pre-
vation law in stationary state, and under the assumption thafig,s paperd® the loss of H atoms is a direct consequence
the particles originate from a point source and flow alongyf the existence of large density gradients between the core
straight stream lines, one can obtain a theoretical expressigs ine plasma jet and its surroundings. The low H atom con-
for the density behavior inside the supersonic domain alongentration in the background gas, which is responsible for an
the jet centerline. The particle density as a function of theyytward diffusion of H radicals, results from the very effi-
distancen(2) is given by cient destruction of H atoms at the reactor walls when a high
B wall-recombination probabilityI() is combined with a long
n(z)znO;ef, (6)  residence time £). The wall-recombination probability on
(Z+ Zsourcd” stainless steel for H atoms is known to be large:
I'sc=0.1-0.25?7 at temperature close to room temperature.
10 r . r r r The coefficientl’ depends on the surface temperattiren
o 20Pa the state of the surfac@oughness, presence of impurities,
A 100Pa coverage by Hand on the energy of the incident H atom.
That indicates how difficult it is to have an accurate estimate
4 of I'. Moreover, the residence time inside our vacuum vessel
is relatively long:7~0.8 s at 20 Pa ané~4 s at 100 Pa.
That makes high losses of H radicals at the vessel walls, and
thus a low H atom density in the background, very probable.

—
1
1

H static pressure (Pa)
[n]
»
>

" o B. Perpendicular temperature development
01 The perpendicular temperatur@ () profile of the H at-
0 100 200 300 400 500 oms along the jet centerline is plotted in Fig. 5 for two dif-

Axial position (mm) ferent b'ackgr.oun.d pressures. Due to conve'rsion of thermal
energy into kinetic energy, i.e., directed motion, the H tem-
FIG. 4. Measured atomic hydrogen static pressure along the jet axis in thperature drops quickly in the supersonic domain. The tem-
subsonic domain of the plasma expansion at two different background preﬁerature profiles clearly reveal the occurrence of a Stationary
sures. Contrary to inert neutrals, radicals are not transported at consta 11 . .
ock wave across which the temperature rises because of

static pressure behind the shock region meaning that they diffuse out of the s g '
plasma jet. collisions with the background gas particles. As can be seen
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C. Injection of molecular deuterium in the arc

In order to study the influence of the mass on the trans-
port of radicals and particularly on the confinement of radi-
cals inside the jet, deuterium is added to the hydrogen flow
and the created D atoms are monitored in the-H, ex-
panding plasma. The flow mixture is composed of 3.1 slm
H, and 0.4 sim . The cascaded arc parameters stay un-
changed.

The perpendicular temperature profile of deuterium at-
oms along the jet axis, measuredgi.= 20 Pa, is shown in
Fig. 5, together with the temperature profile of H atoms.
Both profiles indicate the same shock wave location and
width. In the supersonic domain, as well as in the subsonic
domain, H and D temperature profiles overlap reasonably.
FIG. 5. Ground-state H atom perpendicular temperatiirg profile along ~ Throughout the stationary shock wave, the D at®m is
the jet centerline apy,q=20 Pa(open squaneand py.q=100 Pa(solid  Jower than the H atomT, by approximately a factor 1.2.
triangle) in standard conditions. Also shown is the atomic deuterium axial-l—hiS departure from thermal equilibrium in the shock region

T, profile at 20 Pa background pressgsey for a H,—D, mixture (3.1 sim . .
H, and 0.4 slm D). The measured H and D axial temperature profiles at 20'S not yet well understood. It may be caused by a difference

Pa are similar. The theoretical H atom temperature profile within the superin €nergy exchange in a D—Hollision as compared to an
sonic domain is shown at 20 Pa using=1.55 (solid ling) and y=5/3 ~ H—H, collision, H, molecules being the main collision part-
(dashed ling ner.
The deuterium atom density profile for an,+D,
plasma at a pressure of 20 Pa is compared to the hydrogen
atom density profile for a pure Holasma in Fig. 3. At the

in Fig. 5 both the position and the thickness of the shockPlasma source outlet, the ratio of the H density to the D
wave depend 0p,.«. In the subsonic part of the expansion, 9€nsity is approximately equal to the injected gas flow ratio.

the temperature decreases due to heat transfer to the vesd8fS Supports the idea of a high-dissociation degree and an

walls. Behind the shock region, the measured H atom temefficient mixing inside the arc channel where the plasma is

perature is in good agreement with the Fotational tem-  created. I_n the fupersonic domain, we obtgin2.0-0.1
perature. The numerous collisions in the subsonic domaiﬁ‘ndz_soume_+(4—1) mm when using Ec(.6)_to describe the
enable to maintain thermal equilibrium between H and H density drop. T.he. value of the exponefitis CIOS.‘e o the :
Using the Poisson adiabatic law, the temperature at thgalue (?haracter|st|c for a neutral gas supersonic expansion.
origin of the H atom expansiom, as well as the isentropic Deuterium atoms are well coupled to, olecules, as ex-

exponenty can be determined from a plot of the H tempera-fheCtiﬁ n view Ioft.th? equl;':ll m?ss dof thg t\{\;]o p?rtlcles_, tand
ture as a function of the H density in the supersonic domain. us tn€y are refatively well contined inside the plasma J€t, as

It is found thaty=1.55+0.05 atpy,=20 Pa andy~1.7 at indicated by the value g8. When the jet is underexpanded,

— losses of D atoms can, however, occur in the barrel shock,
Ppac= 100 Pa. At 20 Pa background pressure the plasma . : .
expansion is found to be non-adiabatic, singés smaller I.e., at the sides of the jet, where the mean free path is large

than its adiabatic value 5/3, as shown in Fig. 5. The fact tha%lnd the radial velocity high. _Across the stationary shock
wave, the forward D atom flux is not conserved. In the shock

the supersonic expansion is not an adiabatic process may be

. region D atoms can escape the plasma jet because of the
explained by heat transfer from both the plasma source anléE . . )
arge mean free path. In the subsonic region, the confinement

th? h.Ot gas IocaFed be.hmd the shock region. Anpther POSSEf D is better than that of H, nevertheless D atoms are lost.
bility is the entry in the jet of hot limolecules, coming from

: . 7 The mass of the particle plays a role in the transport mecha-
the surrounding gas, in the last part of the supersonic doma|Hism since the loss of radicals arises from a diffusion pro-

\_ll_VEerfe t?fhn:etﬁn free path Lor momtentu?‘n'exchang? IS llarg%ess. It is shown, however, that when the mass of the carrier
€ fact that the measureddoes not contain any molecular gas is close to that of the radicals the confinement inside the

effects _Whergas_ thg ]et. is mainly composed of (H’m‘_xtwe jet is improved but the losses by diffusion cannot be avoided
~1.3) is an indication in favor of a strong decoupllng be- if the wall-recombination probability is high.

tween H atoms and Hmolecules during the expansion pro-

cess. The temperatullg is equal to 2508 500 K. This tem-

perature corresponds to the H temperature inside the arc

nozzle, Sincezsource= +4 mm with this geometry. Therefore, IV. RECOMBINATION IN THE ARC NOZZLE

the temperature inside the nozzle is different from the tem-

perature inside the arc channel, which is about 1.2%¥. From the measured H atom density and axial velocity it
fact the plasma starts to cool down already in the arc nozzles possible to estimate the plasma source dissociation degree
and this drop in temperature may have a non-negligible ins. This parameter characterizes the source strength, i.e., the
fluence on plasma processes like ion-recombination for ineapability of producing H radicals. The dissociation degree
stance. can be expressed as follows:

Axial position (mm)
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& 8000 r r

H

= , 8 ol 20Pa

2¢|(3| ( ) 70001 o o o H i
2 6000 s —0—sound |

where ¢ is the ground-state atomic hydrogen flux ahﬁz 000 o0

the gas flow of molecular hydrogen at the arc inlet. Under "'g ] SD ]

our experimental conditionspp, =1.56< 10" s™*. At the >, 4000 5 1

origin z, of the H atom expansion, i.e., inside the arc nozzle, E 3000 - B -

8~0.1, if the plasma is assumed to flow with the local speed > mwm

of sound. Just behind the source ex@t=(1 mm), §~0.04 e

when the velocity profile over the jet radius is assumed to be 1000+ o o 7

flat. In our conditions, the low value @ does not arise from 0 i i oy

volume recombination of H atoms in view of the low three- 1 10 100

body reaction rate®. For comparison, the dissociation de-

gree in the background is found to be less than 1%. In thatIG 6. Devel + of the atomic hvd al velocit '
A - . . 6. Development of the atomic hydrogen axial velocity componer)

case the KHdensity is deducid fror_n the static pressure usmilong the jet axis appuq=20 Pa(open squareand speed of sounc(

the H atom temperatureT(;=Ty, in the background, see caiculated from the measured parallel temperatdfg with m=2 amu

Sec. V). The low value ofé in the downstream part of the (cir_cle_). T_he Mach number in_front of the _shock wave is gqyal to 4. Th_e

flow is a direct consequence of the loss of H b dif‘fusionso“d“ne is the outcome of a simple theoretical model describing the H axial

. . q y velocity in the supersonic domain, see EiR).
during the expansion process. However, such a low-
dissociation degree in the source is not expected at an elec-

tron temperature of around 1 eV. may be quickly lost via the formation of Hions (that ex-

To a large extent, the low source dissociation degree capjains the absence of visible lighf\s it appears, the process
be connected with the low-electron density observed in thef surface-recombination in the arc nozzle is complex, but it
case of an expansion of a hydrogen plasfnidAs already  certainly needs further investigation, since it plays a decisive

mentioned, the emerging plasma is dark. It thus appears thgle if the plasma jet is to be used as an efficient H ion or H
the expanding plasma jet is mainly composed gf tHol-  adical source.

ecules. The low value af as well as the ionization loss need

further clarification. A possible way to explain this experi- \y Ax|AL VELOCITY COMPONENT AND SOUND
mental fact is to consider the production of vibrationally ex- speep

cited hydrogen moleculggn the electronic ground-staten

a surface. Neutral hydrogen atoms can indeed recombine on Another important parameter to be determined in order
a surface to form excited Hnolecules to characterize the atomic radical transport mechanism is the

flow velocity. The measured H atom axial velocity compo-
Hgast Haa— Hagae.- (9)  nent profile along the jet centerline is shown in Figs. 6 and 7
This chemical reaction has been extensively studied both et 20 and 100 Pa background pressure, r_esp_ectl_vely.
perimentally and theoreticalkgee for instance Refs. 30-32 'I_'hrougho_ut the stationary shock wave, the velocity distribu-
Because the probability for recombinative desorption of HUON function is found to be non-Maxwellian. The study of
atoms on a Cu surface is close to uffty? H atoms can the.departure from thermodynam{c equilibrium in the shqck
easily be lost via the previous reaction in the arc nozzle®9ion of an expanding plasma will be reported in a coming
which is made of Cu. Accordingly, a large amount oj’%

Axial position (mm)

molecules can be generated. Atomic hydrogen iofis the 8000 : i
most abundant ion, can easily exchange their charge with 100Pa
L . . . 7000 -
vibrationally excited H molecule leading to K ions (see . A I;Imd
Sec. Il A). The dissociative recombination of,;Hmnolecular 60001 ada
ions is the main source of visible ligkii, radiation). ~ 50007 ry i
Inside the arc nozzle, recombination processes are fa- g ‘

. . ~ 4000 - A .
vored. In the standard cascaded arc configuration, the nozzle 2 at,
acts as the anode. The arc root, however, attaches at the 8 30001 A .
nozzle inlet(nozzle length= 17 mn) and thus no energy is > w0l T, Vd 3“""\3\@_0\ ]
supplied in the largest part of the nozzle. Therefore, surface- o8 A oo
recombination of H atoms and the subsequéeht fbrmation 1000 ‘o, ]
can explain the low value of both the dissociation degree and 0 : . il
the ionization degree at the arc exit: H atoms are lost at the 1 10 100
nozzle wall and the created;Hions recombine before they Axial position (mm)

escape the source. The fact that no significant amounts ofG | i e hvd Al veloci
rovibrationally excited K molecules are measured in the F'C: 7. Development ofthe atomic hydrogen axial velocity componep) (
A . 3 along the jet axis app,q= 100 Pa(solid trianglg and speed of soundty)
plasma Je_t supports the idea that most df '_'m0|eCUIeS calculated from the measured parallel temperatdfg (vith m=2 amu
produced in the arc nozzle by wall-recombination of H atomscircle). The Mach number in front of the shock wave is equal to 3.
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paper. In this contribution we only consider the averagedPa. A calculation using Eq5) gives: zy=74 mm andzy

axial velocity in the shock region, i.e., the velocity calculated=33 mm at 20 and 100 Pa, respectively. The poor agreement
from the first moment of the distribution function. To clearly at low background pressure arises from the fact that the dy-
discern the three different flow regimeésupersonic, shock, namic pressure at the Mach disk is not taken into account in
subsonig, the flow velocity has to be compared with the the calculation and this pressure term is not negligible in

local speed of sound in order to obtain the Mach numbercomparison with static pressure when the background pres-

The speed of sound is given by sure is low. Atpy.q= 20 Pa, the measured shock thickness is
YKeT equal to 40 mm. It can be compared with the H-déllision
Ce= \/ n? , (100 mean free path ahead of the shock region, since H atoms

mainly collide with H, molecules. The mean free path is
where y is the adiabatic exponent arig, the Boltzmann given by
constant, anan the mass. The Mach number M reads 1
MR = ———, (13)
(11) NH,0H-H,
_ _ _ wherenH2 is the molecular hydrogen density an@_HZ the
wherew is the flow velocity. The on-axis development of the jnomentum exchange cross section. Thedensity has been
speed of sound is plotted in Figs. 6 and 7 for two diﬁere”tmeasurednszsx1020 m~2 at 20 Pa. The value for the
background pressures using the measured H atom parall(gllOSS section can be found in literatdfeat 500 KUH—HZ

temperatureT,), the temperature associated with the veloc-
b T P =2x10"1 m?. At 20 Pa a mean free path for momentum

ity distribution parallel to a stream line, and using as mass .
numberm=2 amu since K is the major component of the exchange ahead of the shock wave of 12 mm is found. Thus

jet. The sound speed at the expansion origgimside the arc th_e shock wave thickness is in the order o_f fﬁW—Hz' Al
nozzle can be calculated usifig: ¢ ,~4100 ms . Atthe this pressure the mean free path becomes in the order of the

plasma source exit the Mach number is already high=i.  jet dimension(10 mm radius az=10 mm if a 45° expansion

A theoretical expression describing the evolution of the axialS assumel Therefore, at this point the flow cannot be sat-
velocity along a stream line in the supersonic domain can bisfactorily described using the hydrodynamic theory and one
obtained from the Bernoulli equation and the Poisson adiatust turn to the more complex gas kinetic theory.

batic law?® If we consider that the plasma starts to expand ~ The Mach number ahead of the stationary shock wave

w
M=—,
CS

with ¢, one finds for the velocity can be deduced from our measurements:4at 20 Pa and
’ M=3 at 100 Pa. Using the Rankine—Hugoniot relations both
Cs,0 \/ n(z)\ " * the theoretical density and temperature jump across the
w(z)= Jy—1 y+i-2 N, shock wave can be calculated using these Mach numbers.

With an adiabatic exponent of 1.55, the expected density
Zref )3(7‘1) jump is equal to 3.6 at 20 Pa and 3.2 at 100 Pa in complete

CS,O

= m\/?”r 1-2 (12 disagreement with the measured valsee Fig. 3. The ob-
served discrepancy is a direct consequence of the losses of H

when Eq.(6) is used to express the density as a function of atoms by diffusion. The calculated temperature jump is equal
Since the previous expression contajfist accounts auto- to 5.9 at 20 Pa and 3.4 at 100 Pa, whereas the measured jump
matically for the outward diffusion effect whes>2. In Fig.  is equal to 3.3 and 2.7 at 20 Pa and 100 Pa, respectively. Too
6 the measured H atom axial velocity profile in the supersmall a temperature jump across the shock wave confirms the
sonic domain at 20 Pa is compared with a calculation usingdea of the invasion of the shock region by the surrounding
Eq.(12). The agreement is satisfactory. The Mach number abackground gas. The resulting energy transfer modifies the
the source exit is equal to 2 for the two background prestemperature.
sures. As can be seen from HG2) the maximum flow ve- Behind the stationary shock wave, the velocity decreases
locity only depends orT, and accordingly on the source because of momentum transfer to the background gas par-
temperature. In our condition,,,,= 8200 ms . However, ticles.
before the hydrogen atoms can reach the maximum velocity
fchey start colliding Wl_th the residual background gas, meany, o AsMA JET VICINITY
ing that the expansion never enters the so-called frozen
regimel’ Because of the poor confinement of H atoms inside  In order to evaluate the difference in the H atom concen-
the jet, H atoms and Hmolecules are not perfectly coupled. tration and temperature between the core of the jet and the
As a consequence, the H velocity can be slightly higher thasurrounding background gas, it is of interest to study jet
the H, velocity in the supersonic domain because of the adeross sections. The radial profile of the H atom density as
dition of a diffusion ternf well as the corresponding temperature profile have been

The existence of a stationary shock wave is clearly remeasured at an axial positiarof 30 mm from the arc outlet,
vealed in Figs. 6 and 7. In the two figures, the effect of thei.e., in the shock region, at,q= 20 Pa.
background pressure on both the shock wave position and The density profile is shown in Fig. 8. In the core of the
the shock wave thickness is visible. The Mach disk locatiorjet the H density is highn,=6x10' m~3 whereas it is
zy is found to be equal to 50 mm at 20 Pa and 30 mm at 100elatively low in the jet vicinityn,~ 10" m~3. Therefore, in

z+ ZSOUI‘C
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1020 T T T T T T T T T T VII- CONCLUS'ON

o The study of the transport of ground-state hydrogen at-
oms in the expansion of a thermal hydrogen plasma reveals
o that surfaces can have a great influence on the chemistry and
e LI on the dynamics of a system containing reactive particles.
The low dissociation degree, as well as the quasi-absence of
o charged particles at the plasma source exit, can be explained
o by the recombination of H atoms on the arc nozzle wall and
the subsequent formation of vibrationally excited hydrogen
molecules. More striking, the transport of H atoms is also
strongly influenced by surface-recombination processes. The
efficient loss of H atoms at the vessel walls creates large
density gradients between the jet and the surroundings,
which in turn force H to diffuse out of the plasma jet. It is
i o35 SR e ot T vy S e 1o hat when the surface loss probablty s igh, i
:ZIeaﬁ/l:erI?/ low due to wall-recombination pr(l)cesses. For czmparison, ghé H(s'ombma_tlon of a large Wa"_recombmat_lon prObal_)”Ity, with a
density around the plasma jtackgroundlis around 3 1% m 2 at 20 Pa. 10N residence time, the losses of radicals by diffusion can-
not be avoided, even when the mass of the carrier gas is
close to the mass of the radical.
This work stresses the importance of plasma—wall inter-

H density (m”)

20Pa

z=30mm B o o

10°

30 20 <10 0 10 20 30 40 S0 60 70 80

Radial position (mm)

the shock wave zone the H radical expansion is not overexs i

ded " o that of i rals. A ons in the manufacture of a plasma source with specific
banded, contrary to that of nonreacting neutrais. As r_nenfequirements, but also in the design of reactors devoted to
tioned previously, the low H density in the background is a

fth binati FH at tth I OElasma-assisted chemistry. Nowadays the transport of radi-
consequence ot the recombination of H atoms at the Walls Oly g i 5 plasma expansion is beginning to be better under-

the vacuum chamber. For comparison, the background ma; - : :
. . tood, and technological solutions can be proposed in order
lecular hydrogen density at 20 Pa is aboxt B m™3. The g prop

. . | ) to enhance the confinement inside the plasmaeed., by
existence of strong density gradients at the jet boundary SuRIsing a vessel wall material with a low surface-
port_?r:he '%eal of e}r; ouftvtvhardelf{usmn proc%s_s.l ; recombination probabilily Nevertheless, further investiga-

i ne La 'a proF|_e % TE ta om pfrpe'? Icu ?L eMPEra-isns have to be performed on plasma-wall interactions and

uTet.|s ls' ﬁWﬂ in thlg. ) ;athemptera ure 1s Orl | eliggrzgﬁwe related generation of molecules. To better understand the
relatively igh in the core of the Jet, approximately ' dynamics of the process and to investigate the possibility of
however it is slightly lower around the jet axis. Indeed atusing a surface as a catalyst to favor the production of a
r~0, a dip is visible in the temperature profile in Fig. 9. The

o . desired molecule are examples. This may open in the near

te_mpera_ture is higher at the jet boundary because of CO”'future a new field in plasma-aided chemistry.

sions with the background gas. The temperature gradually
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