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Experimental study of the electron collision effects on the resonance cone phenomenon
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This Rapid Communication deals with the electron-density measurements using the resonance cone phe-
nomenon in a cold magnetized plasma. The collision frequency limits the modulus of the upper hybrid
resonance cone peak and shifts it. Theoretically, this effect is slight and should not affect the electron-density
measurements done with this method in magnetized plasmas. The experiment reported in this paper shows that
the phenomenological collision frequency introduced in the theoretical potential is much higher than expected
on the basis of electron-ion and electron-neutral collisions, so that it is necessary to examine not only the
amplitude of the signal but also its phase, in order to estimate this phenomenological frequency and thus the
correction to bring about the electron densfi$1063-651X%98)50207-3

PACS numbsdis): 52.70—m

The study of the resonance cone phenomenon near ttengular frequency. There is another resonance cone called
upper hybrid frequency of a magnetized plasma started in thégroup-velocity (v4) resonance cone'(usually called sim-
1950's[1,2]. These resonance cones have been observed egly “resonance cone) for which v,—0. This one is obvi-
perimentally first by Fisher and Gou|8] in the late 1960’s ously the only one that can be experimentally observed. If
and then in the 1970's by Gonfalodd]. Among others, the collision frequency is not taken into account, the cone
Kuehl[5] studied the phenomenon concerning the theoreticangle  verifies tad k=—e, /e, which is commonly written
point of view. In particular, the nonphysical aspect of thein the form
emitted potential singularity has been explained by the ther- 2 2 2 5
mal effects or by collisions. If numerous publications have Sir? k=2 (wpe: Do @ ), )
treated the thermal effects that generate according to some Wpe Wce
authors, an “interference patterrj6], surprisingly few stud-
ies have been done on the effect of collisions on resonan
cone phenomenof¥]. Yet collision effects are of the great-
est importanc¢8]; indeed, the collisions limit the amplitude
of the singularity, but also introduce a shift in the position of 4 .
the cone,gso ch\t the measurement of the electrcf)n density f‘lled cold-plasma conghat is to say, without thermal ef-

affeced. In tis paper we present an experimental study of 1% 0 (% TCTE T 20T BERE AV IS B
this effect. After we briefly recall some theoretical results on, " : glected.
ntroduce into the theory a phenomenological collision fre-

resonance cones and show the effect of collisions, exper| . . . 2
mental results are compared with the theoretical model in uencyvin the dielectric tensor. The'der_lvatlon of the po-
physical situation where collisions have to be taken into ac-e.ntlal q) of th? resonance cone, taking into account colli-
count. In conclusion, we propose an experimental procedur%ons’ is described if] as
to measure electron density by this method q 1
It is well known that a wave propagating in a magnetized ®(p,2)= 55— 3
plasma presents a resonance for an amfjlthat verifies 8me, [2°+p(eye))]
tarfd=—¢ /s, , whereg, ande, represent, respectively, the
dielectric tensor elements parallel and perpendicular to th
magnetic field[10,12,13. This is the “phase-velocityu(,)
resonance cone” since in this case the refractive index

herewpe and we are, respectively, the electron-plasma and
the electron-cyclotron angular frequencies. Thus 6= #/2.

The studies of thermal effects on resonance cones show
that the cone peak is slightly shifted with respect to the so-

2

whereq, is the elementary electric charge, andndp are,
?espectively, the coordinates perpendicular and parallel to

I§o. The cone angl&,, taking into account phenomenologi-
" ) ) cal collision frequency », now verifies that tafk,
=cklo—ce, that is to sayp ;—0, wherec is the speed of = _Re,/s,), where Re represents the real part of the com-
light in vacuum,k is the wave vector, and is the wave plex number. Figures 1 and 2 represent the different posi-
tions of the cone peakamplitude and phase, respectively
for different v values. The peak shift is sligliiess than 1%
*Present address: Theoretische Quantenelektr6R@E), TU-  for small v,= v/ w. values(less than 10° s™1) for the cal-
Darmstadt, Hochschulstrasse 4a, D-64289 Darmstadt, Germangulation parameters. We have done experiments on a mag-
Electronic address: Emmanuel.Besuelle@mail.dotcom.fr netized plasma, for different theoreticalvalues, assuming
TAuthor to whom correspondence should be addressed. that collisions are mainly due to electron-ion collisions:
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wheren, is the electron densityT, is the electron tempera- sponds tokgT,~0.08 eV andn,~4x10" cm™>. The

ture, Z~10 is the average ion-charge number, andl412 plasma is created by heating a cathode covered with barium,
is the Coulombian logarithm. We neglected the electron scatsalcium, and strontium oxide; the accelerated electrons pro-
tering on a wave. The collision frequency given by this phe-duced a discharge that can work in a continuous or a pulsed

nomenon is, aftef14], mode. The range of parameters that can be obtained in the
) continuous mode that we are using are of the order of

Vewzasne—;’ 2) 10° cm3<n<10' cm 2 and 1 e\KkgT.<4 eV [11].
ke \ keTe ) An antenna immersed in the quasihomogeneous plasma

. ] ) emits a wave; the wave detection is made by an antenna
wherev is the electron velocny_aenki is the wave number. ,6ing alongz and motorized along. The antennae are
Since the potential is lowd<10"" V) the electron veloc- aqe of tungsten wire that is 0.2 mm in diameter and 2 mm
&n length. From the detected signal, the ac part is only se-
frequency is negligible with respect to the electron-ion col lected with a dc block. Two amplifiers and then a crystal
req y 919 P detector (quadratic detectgrare used; the latter give the
lision frequency near the resonance cone. . . . . .

square of the received signal amplitude. The signal is then

The device described in Fig. 3 consists of a vacuum . . - !
monitored using a numerical oscilloscope. To measure the

chamber in which a quasi-homogeneous magnetic Bglts  phase of the signal, a mixer is used instead of the crystal
created with two Helmholtz coils. The chamber is filled with yetector. which can measure the phase difference between
~ —4 : e ; . .
argon gas at a pressure pf~5x10"" mbar. This corre-  he emitted signal and the received signal. All of the experi-
ments were performed witlBy~120 G, n,~10° cm 3,
kgTe~3 eV, and f=200 MHz; that is to say,wpe

we havek—x so thatv,,—0; the electron-wave collision

100

% = wpel 0¢~0.85 andw, = w/ w~0.60.
8 - The measured signals for different positions onzhexis
STy . , R . (10 mm, 30 mm, and 50 mhare presented in Fig. 4 for the
§’ ol amplitude and in Fig. 5 for the phase. There is a gap in the
g phase curve between the two amplitude curve peaks as was
3 *r expected. The thermal effects are not observed; this is prob-
; wor - R ably due to the plasma noise and the collision frequency, as
30 v - will be explained further. In Fig. 6 the signal phase for
wh . v, =0.20 ] =10 mm is shown. But this gap does not correspond exactly
Wl vr =015 Y 010 to the one simulated in our model, for the same plasma pa-
vy =0.05 rameters, as we show in Fig. 5 for the amplitude and in Fig.
°r PR (e A 6 for the phase. Setting the phenomenological collision fre-
10 quency to higher values in the theoretical model, the result-

-200 -150 -100 -50 ] 50 100 150 200

ing curves are given in Figs. 1 and 2. Then the experimental

curves can be compared to the theoretical curves. Indeed, it
FIG. 2. Computed potentiab phase for differenty,=v/w,,  appears that the real phenomenological collision frequency

values forwpe= wpe/ wee=0.85 andw, = w/ w=0.60. value is much higher than the one expected from the plasma

p (mm)



RAPID COMMUNICATIONS

R30 E. BESUELLE et al. PRE 58

0.06 [T T[T T e
0.04 W‘, -
0.02 I

f l I \ ]
0.00 ¥ ﬂw WMWWMWMWM\ :

002w b v e i b e e b iy
—200 -100 0 100 200

=10 mm p (mm)

|®| (arb. units)

b wnits)
- 1
=
,_;"

(b, wnits

@ phase

FIG. 6. Measured signal phase for10 mm andB,=120 G,
f=200 MHz, p,~5x10"% mbar and discharge currentg

FIG. 4. Measured signal modulus for differentvalues ¢ =0.46 A.
=10, 20, and 30 mi and forBy=120 G, f=200 MHz, p,~5
X10™* mbar, and discharge currenf=0.46 A. could reach 200% and that the phenomenological collision

frequency is a great influence on the relative electron-density

parametersi,~3x 10°). Accordingly, the actual collision variation. Finally, it appears it is necessary to take into ac-
frequency is around §10° times larger than the expected count the collisional phenomenon for electron-density mea-
one. This discrepancy can be explained by wave turbulenceyrement using the resonance cone.
in plasma[15]. In conclusion, this paper points out the importance of col-

This high phenomenological collision frequeneyintro- |isions for electron-density measurements using the reso-
duces a strong shift of the resonance peak cone and, thergance cone. This study is based on the comparison between
fore, a change in the electron-density determination, as se@fkperimental and model results. A measurement procedure is
in Fig. 1. Using Eq.(1), we described the relationship be- proposed below.

tween the variation om,, An, and the variation on the (i) The signal amplitude and phase measurements are per-
peak pOSitiOW(, Ax=«"—k with ' as the cone angle, which formed on the receiving antenna.
would be obtained for a collisionless plasma, by the follow-  (ji) From the amplitude curves, a first estimation of the
ing relation: electron density, via Eq1), has to be done.
5 (iii) From the phase curves, an estimation of the phenom-
A”e: Wee SIN 2 % Ak &) enological collision frequency is obtained by comparing
Ne W SIPKk— w? ' the phase experimental curves and the curves obtained via
Egs.(2), (5, and (6).
with An,=ng,—n, wheren, would be the electron-density  (iv) With the estimatedh, and v values, the cone angles
value inferred from the measurement if it were collisionless.x’ for a collisionless plasmau=0) and « for a collisional
The results on relative correction about electron densityplasma are computed via the relations
are presented in Fig. 7 Versug,.= wye/ w¢ for different
v, = vl we Values, and forw, = w/w,=0.6 (in the case of g
our study, w,~0.6, 1,~0.15, and w,e~0.85; An./n, KzarCta’g N~ o ) 4)
~15%). We notice that the variation in the electron density
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FIG. 5. Measured signal phase for differentalues ¢= 10, 20,
and 30 mm, and for B,=120 G, f=200 MHz, p,~5 FIG. 7. Computed, variation (Ang/nein%) VS wpe= wpe/ wce
X10~* mbar, and discharge currenj=0.46 A. for different v, = v/ w values withw, = o/ w=0.6.
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e, wge(er iv) From these experimental observations, it seem difficult to
P o[(o+in—wl]’ (5)  obtain an electron-density error of less than 100%. It is the
0 ¢ same order of magnitude than the electron-density measure-
e w2 ment via a Langmuir probe without a magnetic field. But, in
S (6)  this case there is a magnetic field and the advantage of the
€o o(wtiv) resonance cone is great, since the magnetic field could
whereg, is the dielectric vacuum constant. We deduce thag:gggy perturb the electron collection by the electrostatic
Ak=K'—k. '
(v) The correction that needs to be made to the electron We thank F. Doneddu for his support at the beginning of
densityn, is deduced via Eq(3). this work.

[1] F. V. Bunkin, Zh. Eksp. Teor. FiZ32, 338(1957 [Sov. Phys. [7] K. Lucks and M. Kraner, Plasma Phy2, 879(1980.

JETPS5, 277 (1957)]. [8] E. Besuelle, Phys. Rev. B4, 1066(1996; 54, 6974(1996.
[2] B. P. Kononov, A. A. Rudhadze, and G. V. Soludukov, Zh. [9] E. Besuelle, Ph.d thesis, UniversiRierre et Marie Curie, 1997
Tekh. Fiz.31, 565[Sov. Phys. Tech. Phy§, 405(1961)]. (unpublishegl

[3] R. K. Fisher and R. W. Gould, Phys. Rev. Le#2, 1093 [10] T. Ohnuma, IEEE Trans. Plasma SeiS-64), 464 (1978.
(1969; R. K. Fisher and R. W. Gould, Phys. Le&1A, 235 [11] C. Krafft, G. Matthieussent, P. Thenet, and J. Godiot, J.

(1970; R. K. Fisher and R. W. Gould, Phys. Fluidg, 857 Phys.(France Ill 1, 2047(199)).

(1972). [12] D. Quamada,Ondes dans les plasmédermann, Paris, 1968
[4] A. Gonfalone, J. PhygFrance 33, 521(1972. [13] T. H. Stix, Waves in Plasm#&AIP, New York, 1992.
[5] H. H. Kuehl, Phys. Fluids$, 1095(1962; 17, 1275(1974. [14] A. Hershcovitch, Phys. Fluidg3, 942 (1980.

[6] H. de Feaudy and B. Lemhge, Phys. Fluid28, 2755(1985; [15] B. Kadomtsev,Phenomenes collectifs dans les plasméslir,
H. de Feaudy,ibid. 29, 122(1985. Moscow, 1979.



