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The spatial evolution of the 1s5 metastable argon atom velocity distribution function is recorded in

the sheath and pre-sheath regions of a metallic wall using laser induced fluorescence (LIF)

spectroscopy. Metastable argon atom temperature and fluid velocity are computed from measured

data. Owing to the loss of metastable argon atom after a collision with the surface, the atom

temperature seemingly decreases and the velocity increases when approaching the wall. These

artifacts are carefully examined and explained in terms of changes in the metastable argon atom

distribution function. In addition, the atom nonelastic reflection coefficient is computed from

the ratio of outward to inward atom flux to the surface. This study indicates less than 1% of

metastable atoms survive a collision with the metallic wall. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3692729]

I. INTRODUCTION

Sheath and presheath studies are still an intense subject

of research, because they are relevant in all plasma reactors.

The evolution of metastable argon atoms population close to

a conducting wall is relevant for plasma sputtering chemistry

and deposition in industrial plasma reactor where the gas is

not totally ionized and also in the edge of plasma fusion

reactors where the plasma faces metallic surfaces. Since the

work of Tonks and Langmuir1 the study of presheath and

sheath potentials has motivated many analytical,2–8 and

numerical9–18 works. A review article on the Bohm criterion

and sheath formation can be found in Ref. 19.

To experimentally obtain the metastable neutral argon

velocity distribution functions (VDFs) in the vicinity of a

metallic surface require a diagnostic having both a good spa-

tial and velocity resolution. The laser induced fluorescence

(LIF) diagnostic fulfills these requirements. Claire and

co-workers20 have earlier obtained presheath and sheath ion

velocity distribution functions in a multipolar argon dis-

charge. Macko and Sadeghi21 have studied the behavior of

the metastable argon atom VDF in the vicinity of a Pyrex

surface.

In this contribution, the development of metastable Ar

atom VDF is investigated as a function of the distance to a

metallic wall. The profile of the Ar atom fluid velocity and

temperature is computed from measured distributions. The

apparent drop in temperature and rise in velocity is shown to

be a direct consequence of interaction between metastable

atoms and the wall. As we shall see, this work reveals the

strong impact of walls on metastable species properties in a

low-pressure environment, with direct consequences on the

entire discharge dynamics. Since the effects of a metallic

surface on temperature, velocity, and density of metastable

neutral argon are significant, for low pressure up to about

20 cm, these results are relevant for plasma and gas spectros-

copy, for plasma assisted chemistry, deposition, surface

treatments, and microelectronics, for example.

The paper is organized as follows: Sec. II is devoted to

the description of the experimental apparatus. Section III

presents a description of the LIF diagnostic. Section IV deals

with the effect of laser absorption by Ar atoms on VDF.

Section V shows the VDF measurements. Section VI

presents the calculated nonelastic reflection coefficients.

Conclusions are drawn in Sec. VII.

II. EXPERIMENTAL APPARATUS

Experiments are performed in a multipolar argon plasma

device.20 A sketch of the device is displayed in Fig. 1. The

40 cm in diameter and 80 cm in length cylindrical plasma is

ended by two conducting plates at floating potential. At

about 8 cm from the device cylindrical wall, the plasma can

be considered as unmagnetized.22 Note that no permanent

magnet is installed on both ends. One end-plate has a 10 mm

in diameter aperture to allow the laser beam to enter the ves-

sel and propagate through the plasma. Electrons are emitted

by a hot tungsten filament. The plasma is produced at low-

pressure by electron bombardment on the seeding Ar gas.

In this study, the VDFs of argon atoms in a metastable

state are probed in the vicinity of a 5 cm square metallic sur-

face at floating potential /p ¼ �0:95 V covered by a rugged

layer diffusing the laser beam to avoid its specular reflexion.

In the following, the negative coordinate x represents dis-

tance from this surface located at x¼ 0.

III. LIF DIAGNOSTIC

A complete description of laser induced fluorescence

spectroscopy can be found in Ref. 23. In our case, argon

atoms in the 1s5 metastable state are optically pumped by

exciting the 1s5 ! 2p9 transition at k ¼ 811:5311 nm. Due

to the Doppler shift, the laser frequency is resonant with thea)Electronic mail: nicolas.claire@univ-amu.fr.
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transition only if atoms have the velocity v ¼ c �l��0

�l
, where

�0 is the transition frequency for an atom at rest, �l is the

laser frequency, and c is the speed of light in vacuum. The

subsequent fluorescence radiation is here collected at the ex-

citation wavelength. The Ar atom VDF is obtained by scan-

ning the laser frequency over the Doppler profile of the

transition.

We use a single-mode tunable laser diode (TEC500

from Sacher) with a frequency width of 10 MHz to pump

atoms. The frequency changes are measured by a Fabry-

Pérot interferometer and the resonant frequency for atoms at

rest by absorption in an argon lamp. The fluorescence is

recorded by a photomultiplier tube throughout an objective

with a narrow band filter of 1 nm and a slit inducing a spatial

resolution of 0.1 mm along the laser beam but radially larger

than the laser beam diameter D¼ 5 mm. A classical phase

sensitive technique is employed to improve the signal-to-

noise ratio. The laser beam intensity is modulated at 1500 Hz

by means of a mechanical chopper. The laser beam is shined

perpendicular to the metallic surface as displayed in Fig. 1.

Fluorescence light is recorded at 90� with respect to the laser

beam axis. A low power level of 200 lW is used to avoid

saturating the atomic transition. Only time-averaged VDF

measurements are performed in this work.

IV. LASER BEAM ABSORPTION BY NEUTRALS

Figure 2 shows the effect of the laser beam path length

L inside the plasma on Ar(1s5) VDF at argon gas pressure

P ¼ 2:510�3 mbar. The maximum of laser power absorption

occurs when a maximum of atoms are in resonance with the

laser frequency: in our case, it means when the velocity is

close to zero. As the laser propagates through the plasma me-

dium, a hole forms around v¼ 0 m/s, as can be seen in

Fig. 2. Naturally, such a situation must be avoided as it pre-

vents from measuring the VDF and from extracting atom

flow properties.

The laser power absorption is governed by the Beer-

Lambert’s law. If P is the laser power density for a path

length L in the plasma, P0 is the laser power density ahead of

the plasma, n(v) is the number of atoms having velocity v in

resonance with the laser frequency, and � is the absorption

coefficient

P ¼ P0e��nðvÞL: (1)

For a thermalized plasma with a thermal velocity vth and a

drift velocity vd

nðvÞ ¼ Ae
�1

2

ðv�vd Þ2

v2
th ; (2)

where A is proportional to the total density. The laser

induced fluorescence level F(v) for a population of atoms

with velocity v is proportional to both P and the numbers of

atoms

FðvÞ ¼ cPnðvÞ; (3)

where c is a coefficient that depends principally on inelastic

collisions and photon absorption cross-section.

Since, for the used laser diode, the laser power changes

with the laser frequency, one can write down, P0 ¼ aþ bv
after changing the laser frequency to atom velocity, thanks

to Doppler effect, where a and b are 2 constant coefficients

specific to the laser diode. Therefore, the fluorescence level

reads

FðvÞ ¼ cðaþ bvÞe��LAe
�1

2

ðv�vd Þ2

v2
th Ae

�1
2

ðv�vd Þ2

v2
th : (4)

Figure 2 shows simulations of the atomic line profile using

Eq. (4). Note that the calculated profile is fitted to each

measured one by a different set of coefficients and therefore

these calculated profiles can only be qualitative. Neverthe-

less, the model shows that a precise description of laser

power absorption effect by atom must be taken into account

for high density neutral laser induced fluorescence

measurements.

Fortunately, this effect can be avoided by reducing the

atom density. In Fig. 3, measured line profiles are shown for

FIG. 2. Laser beam path length L effect in plasma on measured VDF

(dashed curves) compared to theory (continuous curves) at P ¼ 2:510�3

mbar. L ¼ ð1Þ30cm; ð2Þ33:6cm; ð3Þ42:5cm; andð4Þ54:5cm.

FIG. 1. Experimental setup: the multipolar device, the acquisition system,

optics, and the laser beam in longitudinal position.
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various levels of the background pressure. At P ¼ 210�5

mbar, no more pressure effect is seen. The following results

are then obtained at this pressure.

V. VDF IN THE VICINITY OF A SURFACE

We present here measurements of Ar(1s5) VDF in the

vicinity of a metallic surface at floating potential /f ¼
�0:95 V. The experimental conditions are the following:

0.24 A of discharge current, 50 V of discharge voltage, and a

background pressure of 2:10�5 mbar.

The Ar fluid velocity and temperature are calculated

from the first and second order moment of the measured

VDF, respectively,

vf ¼
Ð

vf ðvÞdvÐ
f ðvÞdv

; (5)

T ¼ m

kB

Ð
ðv� vf Þ2f ðvÞdvÐ

f ðvÞdv
; (6)

where m is the Ar atom mass and kB is the Boltzmann

constant.

Figure 4 shows an example of Ar(1s5) VDF acquired at

a distance x ¼ �219;�54;�14 mm from the surface. As

can be seen, the VDF strongly departs from an equilibrium

Gaussian distribution as the distance to the surface decreases.

Owing to deexcitation of metastable argon atom after a colli-

sion with the surface, atoms with negative velocity compo-

nent, e.g., velocity in the �x direction, see Fig. 1, are no

more detected. Indeed, in Fig. 4, the negative velocity part of

the VDF is clearly truncated.

Therefore, the temperature calculated from LIF meas-

urements seems to decrease with the distance to the surface,

as shown in Fig. 5. T is slightly below the room temperature

(Troom ¼ 300K) at the device center because of collisions

with the device boundaries. The fluid velocity vf and the

most probable velocity (peak of the VDF) vmax are plotted as

a function of the distance to the surface in Fig. 6. The two

velocities increase when moving towards the surface as a

direct consequence of losses of metastable atoms with nega-

tive velocity component. Data in Fig. 6 also indicate that the

gap between the two velocities increases when approaching

x¼ 0.

Losses of metastable argon atoms on the surface cannot

explain the on-axis distribution of vmax. As only atoms with

negative velocity are lost in an inelastic collision with the

surface, the most probable velocity should remain close to

zero. A possible explanation for the change in vmax is diffu-

sion in velocity phase space due to collisions with particles

from the residual gas.

As can be observed in Figs. 5 and 6, data are scattered

very close to the surface. In Fig. 6, the most probable veloc-

ity even seems to decrease. This tendency is certainly due to

laser beam diffusion onto the surface. A small fraction of the

beam is reflected back and a twin VDF, yet attenuated, is

detected with an opposite Doppler shift.

FIG. 3. Pressure effect on Ar(1s5) NVDF for a fixed path length L.
FIG. 4. Distribution function at x ¼ �219;�54;�14 mm from the surface.

FIG. 5. Temperature T with respect to the distance x to the surface.
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VI. NONELASTIC REFLECTION COEFFICIENT

The nonelastic reflection coefficient R for 1s5 argon

atoms on a metallic surface can be computed as follows:21

R ¼ jJ
�j
jJþj ; (7)

where

Jþ ¼ nðv > 0Þ
ð1

0

jvjf ðvÞdv (8)

and

J� ¼ nðv < 0Þ
ð0

�1
jvjf ðvÞdv (9)

are the atom flux directed towards the surface and the flux in

the opposite direction, respectively. Because of the measured

drift of vmax, another nonelastic reflection coefficient can be

computed, similar to R, but fluxes are then computed in the

reference frame with velocity vmax

R� ¼
nðv < vmaxÞ

Ð vmax

�1 jvjf ðvÞdv

nðv > vmaxÞ
Ð1
vmax
jvjf ðvÞdv

: (10)

The development of R and R� along the axis is displayed in

Fig. 7. For x > 0, the two coefficients image somehow the de-

parture from the equilibrium distribution. As can be seen,

even 25 cm away from the metallic wall R and R� are not

equal to 1, which clearly demonstrates surfaces have a drastic

impact upon excited particle energy distribution in a low-

pressure environment. The value computed when x tends to

zero corresponds to the reflection coefficient of 1s5 Ar atoms

on the metal surface. One finds a value below 1% for R mean-

ing that only a few metastable atoms survive a wall-collision.

For comparison, but in different plasma conditions, RF ioni-

zation, 3P2 metastable argon level, P ¼ 9:10�4 mbar, Macko

and Sadeghi21 have obtained R¼ 0.25 near a Pyrex surface.

VII. CONCLUSION

Velocity distribution function measurements nearby a

metallic surface demonstrate that LIF diagnostic is a power-

ful nonintrusive diagnostic which allows to easily compute

temperature, fluid velocity, and nonelastic reflected coeffi-

cients. Nevertheless, our results show that low pressure and

low laser density power must be used to avoid artifacts like

saturation effect and laser power absorption by atoms.

Losses by nonelastic collisions of Ar 1s5 metastable atoms

on a metallic surface occur and involve changes in VDF

shape: a fluid velocity drift and a temperature cooling with

respect to the distance to the surface. Because of the unex-

pected acceleration of the most probable velocity, velocity

diffusion, or specific argon atom metastable collisions are

likely to play a role. Therefore, two nonelastic coefficients

are calculated with respect to the distance to the surface

using outward and inward neutral flux in the laboratory

frame or outward and inward flux shifted by vmax, the veloc-

ity at the VDF maximum. Close to the surface, less than 1%

of metastable atoms survive a collision with the metallic

wall because all metastable atoms with negative velocity

have made a nonelastic collision with the surface and can no

more be detected.

Contrary to the well-admitted picture, this study indi-

cates a metal wall is not a perfect sink for excited species.

Although the fraction of excited species, here in the form of

metastable Ar atoms, which survive a collision with the sur-

face is rather low, it certainly influences the discharge dy-

namics and parameters. As a consequence, recombination of

excited atoms and molecules at walls must be treated with

care in processes that rely on reactive plasmas like thin film

deposition and etching of microstructures. Not only the mac-

roscopic properties of the plasmas depend on plasma-walls

interactions but also the shape of the velocity distribution

function for excited atoms. This is a critical point in the

fields of atomic physics and spectroscopy, wherein low-

pressure discharges are often used for measurement of funda-

mental quantities.

FIG. 6. Fluid velocity vf (circles) and most probable velocity vmax (crosses)

of the atom VDF against the distance x to the surface.
FIG. 7. Reflected coefficient R (crosses) and R� (circles) with respect to the

distance x to the surface.
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