N

N

Ion velocity distribution function observations in a
multipolar argon discharge

G Bachet, Laurence Chérigier-Kovacic, Fabrice Doveil

» To cite this version:

G Bachet, Laurence Chérigier-Kovacic, Fabrice Doveil. Ion velocity distribution function observations
in a multipolar argon discharge. Physics of Plasmas, 1995, 2 (5), pp.1782-1788. 10.1063/1.871328 .
hal-03534517

HAL Id: hal-03534517
https://hal.science/hal-03534517

Submitted on 19 Jan 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03534517
https://hal.archives-ouvertes.fr

#1 JOURNAL IN 2014 GOOGLE SCHOLAR METRICS

P

lon velocity distribution function observations in a multipolar argon discharge
G. Bachet, L. Chérigier, and F. Doveil

Citation: Physics of Plasmas 2, 1782 (1995); doi: 10.1063/1.871328

View online: http://dx.doi.org/10.1063/1.871328

View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/2/5?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Diagnosis of ion velocity distribution from pin to plate geometry in atmospheric argon dielectric barrier
discharge

Phys. Plasmas 20, 073302 (2013); 10.1063/1.4816024

lon acceleration in Ar-Xe and Ar—He plasmas. Il. lon velocity distribution functions
Phys. Plasmas 17, 113509 (2010); 10.1063/1.3505823

Reconstruction of ion energy distribution function in a capacitive rf discharge
Appl. Phys. Lett. 94, 211503 (2009); 10.1063/1.3147216

Laser-induced-fluorescence observation of ion velocity distribution functions in a plasma sheath
Phys. Plasmas 13, 062103 (2006); 10.1063/1.2206786

The ion velocity distribution function in a current-free double layer
Phys. Plasmas 12, 093502 (2005); 10.1063/1.2033647

Did your publisher get
18 MILLION DOWNLOADS in 20147
ishing did.

Publishing] THERE’S POWER IN NUMBERS. Reach the world wit



http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/364089271/x01/AIP-PT/PoP_ArticleDL_062415/1_AIP-ALLstatic1640x440-umbrella.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=G.+Bachet&option1=author
http://scitation.aip.org/search?value1=L.+Ch�rigier&option1=author
http://scitation.aip.org/search?value1=F.+Doveil&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.871328
http://scitation.aip.org/content/aip/journal/pop/2/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/20/7/10.1063/1.4816024?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/20/7/10.1063/1.4816024?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/17/11/10.1063/1.3505823?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/21/10.1063/1.3147216?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/13/6/10.1063/1.2206786?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/12/9/10.1063/1.2033647?ver=pdfcov

lon velocity distribution function observations in a multipolar
argon discharge

G. Bachet, L. Chérigier, and F. Doveil
Equipe Turbulence Plasma, URA 773 du CNRS et de I'Universite de Provence, Institut Méditerranéen de
Technologie, F-13451 Marseille cedex 20, France

(Received 26 October 1994; accepted 21 December 1994)

Observations of ion velocity distribution functions in two different configurations of a multipolar
device with a laser induced fluorescence diagnostic in argon plasma are presented. The first
experiment, carried out in the magnetic field closing the two ends of the device, shows the influence
of this field on the ion trajectories. In the second experiment performed without the magnetic field
closing the two ends of the device, the influence of the electrostatic boundary potential of the plasma
is observed. Longitudinal ion velocity distribution functions have been recorded until inside the
plasma sheath, The shapes of these distribution functions are in qualitative agreement with the
results of a theoretical model and give an experimental justification for the *‘flux’" shape of the ion
velocity distribution source function retained in this model. However, to reach this qualitative
agreement, it is necessary to adjust the ionic temperature for each distribution function suggesting
that, for the authors’ weakly ionized plasma, another heating mechanism is missing in this

theory. © 1995 American Institute of Physics.

I. INTRODUCTION

As is well known, laser induced fluorescence’ ™ is a non-
intrusive technique based on the Doppler effect, which gives
a very accurate measurement of the velocity profile of the ion
distribution function in a plasma. In order to investigate the
regime of a steady state argon plasma at low gas pressure, we
have developed a laser induced fluorescence diagnostic®® us-
ing a continuous wave 899-21 ring dye laser from Coherent
to pump the AIl transition 3d*Ggj~4p2F,,, the fluores-
cence being observed on the 4p?F,,,—35°Ds,, transition.

The plasma is created by a thermoelectronic discharge in
a multicusp magnetic field device. It has already been
showed that such devices produce a large volume of unmag-
netized plasma’® and serve the purpose of basic experiments.
In our device, a typical argon plasma is obtained by a 1 A, 60
V discharge between a 4 filaments holder and the walls of the
vacuum vessel in a range pressure of 107*-6 10~ Torr, The
plasma density can be varied from 10% to 5 10° ecm ™3,

The cylindrical vessel is specially designed to do both
longitudinal and radial optical exploration of the plasma at
any point along the axis of the device. We choose to mainly
concentrate on the role of the longitudinal boundary of the
plasma which can be either the magnetic multipolar field or
the electrostatic field of the wall--plasma sheath. Beside be-
ing a perturbative technique, Langmuir probe measurements
in a magnetized region or in electrostatic sheaths can be
questioned and absolute measurements are always difficult.
Whereas laser induced fluorescence appears to be an inter-
esting tool for this study.

This paper is organized as follows. In Sec. II we present
results obtained in presence of the magnetic field at the two
end doors of the device. Previous work has shown the trap-
ping of primary electrons in the magnetic cusps”'® and the
plasma diffusion through a multipolar magnetic field.!"* We
give another insight on the ion diffusion toward the magnetic
cusps by measuring the ion drift velocity. In Sec. III we
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present experiments carried out without this ending magnetic
field and study the shape of the ion velocity distribution
functions in the neighborhood and inside the electrical sheath
at the wall. The principal assumptions of Emmert et al.’s
theory'® allowing the analytical calculation of the ion veloc-
ity distribution function at any point of the plasma are re-
called and our results are confronted to these predictions. In
Sec. IV we state our conclusions.

Il. MULTIPOLAR MAGNETIC FIELD EFFECTS ON ION
TRAJECTORIES

Four rows of permanent magnets with alternating polar-
ity and equally spaced are held by each end door of the
device. As shown on Fig. 1(a), one side of the rows is in a
plane located at the edge of the rectangular optical windows
used to beam the laser transversally through the plasma and
to collect the fluorescence. The doors can rotate around the
cylinder axis allowing the transversal laser beam to be either
parallel or perpendicular to the magnets. Taking advantage of
this fact, we have realized two series of experiments to avoid
any ambiguity on the ion flux directions. First, the magnet
rows are parallel to the transversal laser beam along the y
axis (the coordinates refer to the magnet rows on Fig. 1). We
locally measure the velocity distribution function at several
points along the cylinder axis and thus we obtain the mean
velocity component v . Second, the magnets are perpendicu-
lar to the transversal laser beam. The mean velocity compo-
nent v, is then obtained. Finally, we can also beam the laser
along the cylinder axis x through two small portholes on
both ends of the device. This allows the measurement of the
longitudinal ion velocity distribution function. We verified
that the longitudinal velocity component v, obviously did
not depend on the orientation of the magnet rows with re-
spect to the laser beam direction. In Fig. 2 these mean ve-
locities are plotted versus the distance to the magnet plane.

We can distinguish between two regions in the device, In

© 1995 American Institute of Physics
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FIG. 1. Experimental setup. (a) View of the multipole geometry for the
measurement of velocity distribution function in the magnetic field. (b)
Schematic diagram of the fluorescence detection system.

the central region where the plasma is unmagnetized, trans-
versal velocities v, and v, are equal to zero on the axis. Only
the absolute value of the velocity in the direction of the axis
of the device (v,) increases because of the electric field
when measuring closer to the limit of the magnetized region.
When the ions enter this second region, which extends about
10 cm from the magnets, the trajectories of the ions are
modified by the magnetic field. Moreover, as shown by the
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FIG. 2. Mean velocity components versus the distance to the plane contain-
ing the magnets.
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FIG. 3. Velocity vectors in the x-y plane.

large values of v, observed on Fig. 2, the transversal ion
velocity distribution functions measured at the top of one
magnetic arch clearly exhibit an important ion flux in the
direction parallel to the magnets. Because of the presence of
the magnetic field B and of an electric field E due to the
boundary leaks, this flux can obviously be attributed to the
resulting EX B drift. On Fig. 3 the projection of the velocity
vector in the x-y plane (containing the device axis) is pre-
sented. It clearly shows that ions are moving from the center
of the device toward each door and accelerated by the poten-
tial gradient which can be measured with a Langmuir probe.’
We have also performed a simple numerical ion trajectory
calculation and shown that weak electric fields (<1 V/m) can
lead to such an acceleration. Figure 3 also displays the EX B
ion drift in the nonzero magnetic field region. For symmetry
reasons, this drift only exists at the top of the magnetic
arches.

In order to complete thls study, we recorded the distri-
bution functions very close (5 mm) to the plane containing
the magnets along a line following the transversal laser beam
perpendicular to the magnets. This can be done by moving
the detection block of the fluorescence (diaphragm, optical
interferential filter, photomultiplier) in the plane containing
the laser beam image given by the collecting lens [Fig. 1(b)].
The mean velocity of each distribution function is reported in
Fig. 4(a) tor several points between two magnets. Because of
technical reasons, the laser beam is not exactly perpendicular
to the magnet rows. This induces a slight negative shift in the
velocity components (which must be also taken in account
for the values of v, on Fig. 2 in the magnetized region). We
observe that ions are moving from the center of the magnetic
arch toward the magnets. The full width at haif-maximum of
the measured distribution functions also gives a determina-
tion of the ion temperature along the laser beam. Figure 4(b)
shows an increase of the temperature along z when the cusps
are reached. A similar increase can be observed on the lon--
gitudinal data along the cylinder axis, with the longitudinal
temperature varying from an average value of 0.04 eV in the
nonmagnetized region to 0.14 eV between two magnets. We
first thought that this increase in the ion temperature was due
to the Zeeman effect. But measurements of the magnetic
field showed that it is not strong enough to induce the nec-
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FIG. 4. (a} Mean velocity component v, vs the distance to the center of
magnet M1. (b} lon perpendicular temperature versus the distance to the
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essary Zeeman effect. Moreover, by taking the direction of
linear polarization of the laser beam perpendicular to the
previous one, the same results are obtained: In neither case
the two o Zeeman components can be resolved making sure
that the Zeeman effect is too small to explain this heating. It
is worth being noticed that the magnetic moment u associ-
ated to the motion of a charged particle in the magnetic field
and defined by

u= —;— mv?IB=KT,; /B
appears to be conserved in the magnetic field region within
about 6 cm from the magnets. The observed temperature
increase with the magnetic field B can thus be related to the
conservation of this adiabatic invariant, although the mag-
netic field is rapidly varying.

lii. DISTRIBUTION FUNCTION SHAPE WITHOUT
MAGNETIC FIELD ENDING

To see the influence of the plasma sheath on the ion
distribution function we suppress the magnets held by the
two end doors of the device and replace them by ending
plates which can be grounded or held electrically floating.
Measurements can thus be done until inside of the electro-
static sheath bounding the plasma.

The study of the sheath potential has motivated many
analytical®?' and numerical®®® works. One of these ana-
lytical works is due to Emmert et al.'> whose calculated ion

velocity distribution functions (Fig. 6 of Ref. 13) seem, at
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FIG. 5. (a) Geometry of Emmert ef al.’s one dimensional model, (b) Theo-
retical ion distribution function at x.

first sight, qualitatively similar to our recorded longitudinal
distribution functions. The experimental transversal distribu-
tion functions are Maxwellian as in the assumptions of Em-
mert’s model,'> so that we can use this one dimensional
model to explain our results.

This model is based on a kinetic description of the ions,

the electrons following the Boltzmann relation

efb(x))

n(x)=n, exp(—F (1)

The total energy for the ions is

vi+qié(x), @)

where g,= Ze is the ion charge. The ion energy is a constant
of motion and for the steady-state solution, the kinetic equa-
tion reduces to

E=1m;

d
d_ [gi('xsE)Vi(x’E)]=Si(-xaE)v (3)

X
where §,(x,E) is the “ion source function™ and g,(x,E) the

ion energy distribution function. The ion density can be eas-
ily obtained

B LS{(x' E)
=S [0 [ S A e @

where the sum is over the various regions R [Fig. 5(a)] in the
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system which contributes to the ion density at x. Inserting
Egs. (1) and (4) into the Poisson’s equation, the integrodif-
ferential plasma-sheath relation is obtained

d?p(x) f‘” L S{(x.E)
—=—4 dx' dE
dx® e % apn o vilx,E) g

2¢(X)) . 5)

% exp( T

If one assume that the region outside the sheath is
quasineutral, which means

2
o)

dx? ’

(6)

Eq. (5) can be analytically integrated. The energy distribu-
tion source function used by Emmert ez al.'3 is

S ,‘h _E i -
Si(x,E)= OkT(‘x) exp(ﬁ)exp(qg(,j‘t)), (7)

where the factor h(x) is the ‘“spatial ion source” intensity
profile. This energy source function yields, like pointed out
by Procassini et al.,? to a velocity distribution source func-
tion of the “flux” type

Soih(x)my, [ —mv}
kT; 2kT; |°

Silx,v)= ®)

This equation means that there is no ion created with a
zero velocity as shown on Fig. 6. With these assumptions,
the electrostatic potential can be obtained and the ion veloc-
ity distribution function in any place of the one-dimensional
plasma is given by

=H o ( m; ' ZT,Vy .
f(x’ Vx)"‘ ~2_ 21_‘_le exp Ti 2 (9)

where

miyi
W= W(0) =~ (10)
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H=1+F(¥) for vy<v,,
H=1+F(’\I’)_2F(\I’0) for 0<VX<V0, (11)

H=1—-F(¥) for v <0,

2ZkT, ¥ ]2 (
vo= T ’ .
and
| T, |12 2D(V¥)
F(\I')—ed{(zf‘l’) ]+[_mm
T, '
xexp[—(1+z F)«If], (13)

erf(z) is the error function, D(z), the Dawson function and
y=(—ed)/(kT,).

From Eq. (11) we can see that the distribution function at
a given point x, consists into three parts |Fig. 5(b)]:

—a left part which is half a Gaussian distribution cen-
tered on zero velocity [Fig. 5(b)—region I] due to the ions
created in region I of Fig. 5(a) with a negative velocity;

g right part which is also a part of a Gaussian distri-
bution centered on zero velocity but truncated at v, [Fig.
5(b)—region I1], where vy, is defined in Eq. (12) and is the
velocity of an ion initially at rest on top of the potential hill
and accelerated to x,. This part of the distribution function is
coming from the acceleration by the electrostatic field of ions
created in region ITa with a positive velocity and of the ions
created in region IIb having enough energy to climb the po-
tential well;

-—and a middle part [Fig. 5(b)—region IIf] which con-
nects the two others and which is made of the ions created in
I and ITa with a negative velocity but reflected by the poten-
tial well in region Ila and ions created in ITa with a velocity
less than v, even after being accelerated by the potential
gradient.

The respective magnitude of the two first contributions is
related to the size of regions I and II with x,.

In Figs. 7, 8, and 9 we present our experimental results
recorded at several locations along the x axis. Figures 7 and
8 show the distribution functions when the plate is electri-
cally floating, as in Emmert ef al.’s model,'® for an argon
pressure of 6X10 ™% and 10™* Torr, respectively; while in the
case of Fig. 9, the plate is grounded and the pressure is 107
Torr. We used Emmert ez al.’s model'? to fit numerically the
experimental curves. The adjustable parameters are the am-
plitude, the electron, and ion temperatures and the potential.
The latter is related to the experimental value of vy. The
electron temperature is also taken as the value given by a
probe measurement since we noticed that the electron tem-
perature does not influence much the shape of the distribu-~
tion function. The amplitude. is obviously related to the maxi-
mum of the experimental distribution function. The ion
temperature indicated in Figs. 7-9 is the result of the fit. In
the three cases, the global agreement is good; all the experi-
mental distribution functions, even those inside the sheath,
are qualitatively well fitted by the model. The results seem to

Bachet, Cheérigier, and Doveil 1795
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FIG. 9. Experimental (continuous line} and Emmert fit (dotted line) distri-
bution functions with the endplates grounded and a pressure of 107 Torr,

confirm the validity of Emmert er al.’s model:'* The physical
mechanism based on the energy of the created ions appears
to be able to explain the ion dynamics.

Moreover, if the velocity distribution source function is
taken to be Maxwellian as in Bissell’s paper,?! the resulting
distribution functions do not resemble the experimental ones:
Especially in the plasma region where ¢=0, no hump ap-
pears on the distribution functions, contrary to our results.

Nevertheless, the ion temperature enhancement which is
clearly observed near and inside the sheath is probably due
to a mechanism which is missing in Emmert et al.’s theory.”
We noticed that this heating is anisotropic, since no increase
in the ion temperature is observed in the transverse direction.

We first thought that this ion temperature enhancement
was the result of an artifact due to the diagnostic. The spatial
resolution in the radial direction is 2 mm. This means that in
a location where there is a velocity gradient, as in our case,
the recorded velocity distribution function is in fact conve-
Juted by an apparatus function. We have repeated our mea-
surements with a slit shaped diaphragm which gives in the
laser direction a spatial resolution of 0.2 mm and have ob-
served the same temperature enhancement. Moreover, we
have introduced a convolution by a rectangular function rep-
resenting the effects of the finite spectral resolution of the
diagnostic in the numerical program which fits the param-
eters of the model to the experimental data. For realistic
width of the apparatus function, we still observe a tempera-
ture enhancement.

It is well known? that the plasma obtained in a multi-
polar thermoelectronic discharge can exhibit two electron
population with different temperatures. We verified it in our

Bachet, Chérigier, and Doveil
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device: The semilog plot of a Langmuir probe characteristic
curve is approximated by two straight lines which gives two
electron temperatures, 1.75 and 11.3 eV in the case of Fig. 7.
Keeping the same assumptions as Emmert’s'® except for the
electron density, which we assumed to be given by a sum of
two Boltzmann distributions with two different temperatures,
we have deduced the ion distribution function again. The
analytical expression obtained for the distribution function is
very close to Emmert’s one'® and there is no effect on the ion
temperature. Only the constant coefficients and the argument
of the Dawson function are different and this cannot explain
the observed ion heating. We did not try to fit our experimen-
tal data with this new expression because it involves to many
parameters.

It is important to notice that because of a low ionization
rate and a large ion neutral charge exchange cross section for
argon, the jon mean free path is relatively small (12.5 c¢cm for
6X10™* Torr) compared with the dimension of our device
and the plasma is not really collisionless. In the region close
to the sheath, where there is an important electric field, ion
collisions with neutrals result in an anisotropic spreading of
the thermal ion velocity. It can be easily seen with Birdsall’s
Plasma Device Particle-In-Cell code®”*® used to simulate a
thermoionic diode where the plasma is created by ionizing
collisions between a neutral gas and electrons emitted with a
given velocity distribution function at x=0. Figure 10(a)
shows the dependence of the longitudinal ion velocity
spreading with the electric field. Figure 10(b) shows a strong
anisotropic heating along the direction of the electric field.

Phye. Plasmas, Vol 2, Na. 5, May 1988

This can explain the experimentally observed anisotropy in
temperature.

This heating can also result from sheath fluctuations or
from some more sophisticated mechanism that needs to be
carefully characterized by other measurements.

IV. CONCLUSION

We have presented the results of two different studies
showing the influence of the boundary conditions on a low
density (10° p/cm®), low ionization rate argon plasma created
by a thermoelectronic discharge in a muitipolar device.

The first one shows a fast ion flux parallel to the magnets
creating the multipolar magnetic field, which can be attrib-
uted to an EXB drift. Leakage aperture in the magnetic
arches is found to be approximately the hybrid radius in
previous experiments. We also observed ion leaks at the
cusps, on the magnets.

The second experiment carried out without the multipo-
lar magnetic field of the doors gives an insight on the plasma
creation. The analytical one-dimension Emmert ef al.’s ki-
netic model™® seems able to explain qualitatively our results
and the choice in this model of a flux-type source function
seems entirely justified experimentally. However, there is ex-
perimental evidence for anisotropic ion heating, confirmed
by a numerical simulation. It appears from the quantitative
disagreement between theoretical previsions and experiments
that collisional ion heating mechanism present in our device,
like the charge exchange mechanism, has to be taken into
account in the theory.
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