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The energy balance of a weakly ionized radiofrequency produced plasma at electron cy-
clotron resonance is analyzed both analytically and experimentally for a mirror-confined
configuration. It has been shown that the plasma heating rate is a function of the resonant

volume and the anisotropic ternperature condition.

|. Introdu:ztion

LISA is a linear magnetic rnirror machine donated
to the Plasma Physics Laboratory of Universidade Fe-
deral Fluminensein 1979 by the MaxPlanck Institut fur
Plasmaphysik. We have been using this machinefor ra-
dio frequen:y (RF) produced plasma since its arrival.
Interaction of a weakly ionized plasma with RF is rel-
evant to, fcr example, RF preionization in tokamaks,
RF heating of ionospheric plasmas(!:?], basic nonlinear
dynarnics of RF produced laboratory plasmal®4 and
transport propertiest®l,

We are interested in the transport properties of a
steady state weakly ionized mirror-confined RF plasm\a
An RF sou:ce of 245 GHz and 800 W is used to in-
ject power shrough the rectangular waveguide to pro-
duce the plasma. The magnetic field coils are fed by
a DC curreat generator and produce the rnirror mag-
neticfield. "This field radially confinesthe RF produced
plasma.

The rnirror coils at the two extremities are not be-
ing used. The magnetic field along the axis is not uni-
form since the waveguide port takes up the space of
one magnetic coil and consequently a minimum field

is formed an this location. We make use of this pecu-

liar feature to have a local mirror-confined plasma and
operate With seven additional coils next to the waveg-
uide port disconnected to get a larger rnirror ratio and
a better confinement. For diagnostics, we use a plane
Langmuir probe and a diamagnetic coil to measure the
plasma density, temperature, and pressure, and a Hall
probe to measure the equilibrium magnetic field dis-
tribution. Helium is used as a working gas which is
maintained at a background pressure of 6 X 10=4 Torr.
This gives a neutral density of 2 x 103 cm—3. Plasma
is produced via collisional impact through the electron
cyclotron resonance at we.(Bg) = w. The diagnostics
arrangement, the dimensions of LISA, the field distri-
bution, plasma pressure, density, temperature and the
qualitative behavior of the perpendicular power pro-
file versus radius were shown in Figures |, 2 and 3
o ref.[7]. The three components of the electric field
were measured with floating double probes. The ra
dial oscillations of the electric field reflect the nature of
a cavity mode of the plasma device under the operat-
ing frequency. The temperature oscillations follow from
the RF heating power deposition profile. This work is
organized as follows: in section II we present the ex-
perimental results and analysis and the conclusions are

presented in section II1.
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Figure 1: Dimensions of the linear mirror machine LISA and the experimental arrangement plus the axia distribution d the

equilibrium magneticfield.
I1. Experimental results and analysis

It has been shown by Galvao and Aiharal®! and
Rapozo et al.?) that during the electron cyclotron heat-
ing in mirror machines, the plasma potential drops and
the ratio of the perpendicular to the parallel tempera-
ture of the electronsincreases. However, no information
about the collisional process are found in these papers.
The parallel electron temperature T, was measured
with a small planar Langmuir probe. This value was
also measured using a movable energy analyzer (Fara-
day cup) and theresults are in good agreement with the
data obtained from the Langmuir probe. The average
electron temperature < T, > was measured spectro-
scopically and the perpendicular electron temperature
was then obtained from < T, >= (T, +2T,.)/3. These
values for T, were confirmed by a series of measure-
ments of the electron density and the mirror ratio as a
function of the axial position, which alow us to obtain
the temperature ratio T, /T,y via a classical relation-
ship for magnetic mirrors. The measurement of < T, >
was carried out using a UV.Q24 spectrograph (Jenop-
tik Jena GmbH) using the corona method['® which is
based essentially on the ratio of the intensities of two
wavelengths of He light (He | 4771 A) emitted from the
helium plasma (singlet, A = 4713 A, and triplet, A =
4921 A); the “Helium singlet to triplet method”[11}

With this method we can relate the ratio of the inten-
sities of the two wavelengths (4713 A/ 4921 f&) to the
total electron temperature 7.

Recently, Rapozo et al.[”} have studied the efficiency
of the electron cyclotron heating and collisional heat-
ing when the resonant volume is changed. However, in
this paper it was not considered the anisotropy of the
electron temperature on the energy balance.

The steady state temperature of the plasma was de-
termined by the energy balance between the gain and
loss terms (eq. 1 ref.[7]), which leads to,

Y WL :a%uPeJrv-@ (1)

1

where v, is the resonant heating ratel®6:71 given by,

2
me [ ¢
= 2 — | wgrrG, 2
Y1 — (UA) RF (2)
1 = ameu
en m_L *

c and v are light and Alfvén speeds, G is a dimen-
sionless quantity weighted over plasmadensity, and the
mass ratio on the expression of 7. is due to energy
equipartition. The factor a in this equation must take
into account the spatial anisotropy of plasma pressure.
To obtain the final expression for 7., for both cases,
large and small resonant volumes, Rapozo et al.ll have

assumed that a = 2. In this paper we show that « de-
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Figure 22 Radial distribution of plasma pressure (a), density (b) and temperature (c). - - - large resonant volume, — small

resonant volume.
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pends on 0 = T, /T, the magnetic field shape and the
position of the resonance zone.

b4 l = (watts/cm?}
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Figure 3: Qualitative behavior o the power profile versus
radius. A — large resonant volume, o — resonant volume.

Here we consider the energy balance equation as
was shown by [12], where the velocity components per-
pendicular to the magnetic field are heated by the mi-
crowave field and the component parallel to thefield is
heated by electron-electron collisions, because there is
a pitch-angle energy diffusion in velocity space.,

The basic equations are

dT,
nek'—dt£ = —Vanek(Tel - Te")

o o 2T,
-+ (JE)_]_— —L(Plc'{'Pz'w)’ (3)

3T,

and

dT, T

nek e” = Vcnek(Te.L - Te”) - e" (PE(; + th), (4)

dt 3T,

where (f. E")l is the net input power available for
plasma heating, P, the power loss due to collisions,
P, the power loss due to wall current per unit volume,
v, the frequency of Coulomb collision and the factors
1/3 and 2/3 arise from the equipartition of energy into
the directions parallel and perpendicular to the mag-
netic field.

The steady-state solution of egs. (3) and (4) is
0 = [1+ (7 B)1 /ven kT.], where Te = (Tyy F27.1)/3.
In the steady state by putting dT,, /dt = dTg/dt =0,
Py, < Py and (f~ E)RF = vn.kT,, We set a par-
ticular value § = 4/3, meaning in this case that en-
ergy isotropy occurs when the particle confinement time

is longer than the relaxation time v . However, this
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value can be compared with the average value obtained
from the experimental data 1.4 and 1.5 for large and
small resonant volumes, respectively.

However, this condition does not consider the mag-
netic field profile, the density profile and the position
of the resonant layer, where experimentally it was de-
tected that 7, ; /T, increases!®l. Theseeffects werecon-
sidered by Sprot!®], obtaining the factor G and recently
by Rapozo et all7l considering the factors G and a.

Despite the existence of these theories and the abun-
dance of experimental data, detailed quantitative com-
parisons between these theories and experiment over
a range of parameters are lacking. The reason is
the difficulty of making accurate temperature measure-
ments and the fact that cooling and loss processes are
present!Sl. These aspects are related to § = T.1 /Ty,
so the dimensionless quantity a is not a constant, but
it varies according to the experimental condition.

Following Rapozo et al.l7l we integrate eq.(3) over
the plasma volume; the z-dependence of the magnetic
field leads to a singular contribution to (f- E)L in the
neighbourhood of the resonance wgrpr = wee(Bo). Thus,
in steady state, we set,

m

v W) = aF(6) mf o, (5)

where v, , G, ¥ and P, are the usua terms found by
Rapozo et al.1 and others!®¢l. Thefactor F(6) isintro-
duced to alow the anisotropic temperature condition.

Here we are neglecting the power loss due to the
wall current and V . ¢., where the heat flow term ¢
represents the radial heat losses. The new factor F(8)
can be derived from eq.(3) by putting d/dt = 0 with
Ty = 3/2[T/(0 +1/2)] and Ty = (3/2)Tu[6/(6 +
1/2)], and it is given by,

F(9) = %{% . (6)

Theisotropic temperature condition 0 = 1 gives F(6) =
2/3 and the strong anisotropy 8 — oo leads to F(f) =
2.5. Our experiment has amoderate anisotropy because
<# ><14 and <8y >> 115 (all the parametersfor
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large resona:at volume are indicated by the index 1 and
for small resonant volume by the index 2).

Rapozo st all7l have shown that G; > G; and
r > 75. This implies that the heating rate for small
resonant volume is slightly larger than that of the large
resonant volume, the confinement time for large reso-
nant volume () is twice that of the small resonant
volume (72), and the temperature anisotropy for large
resonant volume is smaller than that for small resonant
one. Thisshows a good agreement with the experimen-
tal datafor the total average electron temperature (40
eV and 30 eV for large and small resonant volume, re-
spectively). ‘Thus, thisissimply caused by alarger ab-
sorption of the electromagnetic energy in the resonant
layer of the large resonant volume and consequently a
larger tempe-ature relaxation.

In order to find out the temperature explicitly, we

substitute v, into the eq.(5) considering that v ~ 32
and P, ~ T, we obtain,
2
/2 -9 _C__ wRFWJ_ G
wee() w0

when T. isnow in units of eV and # and P, are normal-
ized to atemperature of 1 eV. Our results are presented
in Table | wkich show the perpendicular and the par-
alel temperatures versus the magnetic field, and the
relevant parameters for large and small resonant vol-
umes, reproduced of [8,7], respectively.

In eq. (V) aisafactor of order unity whic depends
on the geometry of the field and on the density dis-
tribution. It is seen from Table I, that at resonance
layer (B a~ 1875 Gauss), F1(f) = 0.85, Fy(d) = 0.91,
therefore choosing @3 = 25 and a; = 1.5 we have
< Tep >= 453 for large and < T, >= 34.7 for
small resonant volumes, respectively. This shows a
good agreement with the measured average value of
45 eV and 37 eV, respectively. However, at the off-
resonance regon (Bq. ~ 1000 Gauss), with the same
values of «; and a,, we have F;(8) = F»(¢) = 1, and
the calculated temperatures are very differeni from the
experimental 'lata. A good agreement is obtained by

choosing a = 3.0 and a; = 2.0. That means that the
a parameter is a function of the applied magnetic field
profileand the best fit with the experimental datayields
25< a3 <30and 1.5 < as £ 2.0for large and small
resonant volume, respectively.

Another important plasma parameter on the LISA
machine is the confinement factor,

_ __(R»—m_)2 A
@m =1 TR2 A+B’ ®)

where R is the LISA inner radius and =, is the Lar-

mor radius for electrons, A and B are respectively
the density of electrons confined and not confined by
the magnetic mirror. One of the differences between
Rapozo's work!!3] and this is that we have considered
the anisotropic temperature condition 7}, # 7. We
have that A is given by,

A Ry -1 e

n = (m) ©
From Table | we see that, at resonance (B =~ 875
Gauss), the percentage of particles lost (B = n. — A),
in the mirror, is 0.055 for the large resonant volume
and 0.1 for the small resonance one. At off-resonance
(B =~ 1100 Gauss), this factor increases twice with re-
spect to the value than that at resonance. We can see
from eq.(9) that for the small resonant volume, the con-
finement factor @,, islarger than that for the large res-
onant volume, for all values of the ambient magnetic
field. This agrees with the average values obtained by
[13] for the isotropic temperature condition, where the
parallel component of the electric field increases in the
case of small resonant volume.

Table | shows that, for small resonant volume, 0
is dlightly larger than that for the large resonant one,
which confirms the well known fact that the electron
confinement is improved with the increase of the ratio
0 =T [Ty

III. Conclusions

We have shown that a classical transport calcula-
tion is adequate to predict the steady state tempera-
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Table | - The experimental values of the temperature 7.y, the magnetic field B and the calculated values of T, ,
the anisotropy Ty /T.) and the ratio A/n., all for large and small resonant volumes. All temperatures in eV. Ty
is obtained using a Langmuir probe. The magnetic field was measured with a Hall probe and also with a magnetic

probe with a small ac ripple.

B Te) Tl Te 7Tq A/n,
(Gaussy SRV LRV SRV LRV SRV LRV SRV LRV
11150 277 355 275 344 100 099 019 0.090
1100 275 350 280 350 100 1.00 0.19 0.090
1050 25.0 320 284 355 1.10 111 0.17 0.080
1040 240 31.0 285 356 1.18 116 0.16 0.077
1030 23.8 305 286 357 120 1.16 0.16 0.077
1020 234 300 296 37.0 1.26 1.23 0.15 0.071
1010 23.0 295 316 395 140 1.34 0.13 0.062
1000 227 29.0 33.6 420 1.50 145 0.11 0.052
990 227 29.0 33.6 420 1.50 145 0.11 0.052
980 227 29.0 336 420 1.50 145 0.11 0.052
970 22.0 285 34.8 435 1.57 152 0.09 0.046
960 22.0 285 348 435 1.58 154 0.09 0.044
950 21.8 282 350 438 160 155 0.09 0.043
940 223 287 355 444 1.60 155 0.09 0.043
930 22.5 29.0 34.8 435 155 1.50 0.09 0.048
920 220 285 352 440 160 1.54 0.09 0.044
910 224 288 368 46.0 1.64 160 0.08 0.039
900 227 29.0 357 440 156 1.52 0.09 0.046
890 225 289 31.4 442 159 153 0.09 0.045
880 22.7 29.0 350 438 154 151 0.10 0.047
875 27.5 35.0 42.0 K00 152 142 0.10 0.055

ture of the RF produced plasma in LISA machine for
both large and small resonant volumes.

Temperature anisotropy of the order of 5% to 30%
has been found, which is larger for small resonant vol-
ume, and the temperature relaxation is larger at large
resonant one. This agrees with the fact that we have a
Coulomb relaxation v, which is proportional to T3,
We also show that the fitting parameter a is larger
for large resonant volume that for small resonant one.
However, due to the moderate anisotropy found in our
experiment, it is not critical to take for «, an average

value equal to two, as assumed by [7].

Acknowledgements

We wish to acknowledge Prof.Dr. K. H. Tsui for
his contribution in the preliminary analysis concerning
to this work. We aso thank P. C. M. da Cruz, R.
P. Menezes and A. L. V. Ferreira (CNPq fellowship),
Eng. H. Teixeira and M. G. Abreu for their helpful

contributions to this paper.

This work is supported by CNPq (Conselho Na
cional de Desenvolvimento Cientifico e Tecnoldgico),
FINEP (Financiadora de Estudos e Projetos) and
FAPERJ (Fundagdo de Amparo a Pesquisa do Estado
do Rio de Janeiro) of Brazil.

References

1. F. W. Perkins and M. V. Goldman, J. Geophys.
Res. 86, 600 (1981).

2. L. M. Duncan and R. A. Behnke, Phys.Rev.Lett.
41, 998 (1978).

3. H. Ikegami, S. Aihara, M. Hosokawa and H.
Aikawa, Nucl.Fusion 13, 351 (1973).

4, T. Kawamura, H. Momota, C. Namba and Y.
Terashima, Nucl. Fusion 11,339 (1971).

5. J. C. Sprott, Phys. Fluids 14, 1795 (1971).

6. J. D. Barter, J. C. Sprott and K. L. Wong, Phys.
Fluids 17, 810 (1974).

7. C. daC. Rapozo, A. S. de Assis, N. L. P. Mansur
and L. T. Carneiro, Phys. Scripta 42, 616 (1990).



Brazilian Jcurnal of Physics, vol. 23, no. 4, December, 1993

8. G. P. Galvao and S. Aihara, Lettere al Nuovo Ci-
mento 33, 140 (1982).

9. C.da(. Rapozo, A. S. de Assis and J. Busnardo
Neto, Phys. Rev. A42, 2, 989 (1990).

10. R. W. P. McWhirter, Plasma Diagnostics Tech-
niques, edited by R. H. Huddlestone and S. L.
Leonard (Acadernic, New York, 1956). Chap. 5.

381

11. P. Cunningham, Energy Communications Report
n® WASH-289, 279 (1955).

12. H. Amemiya, H. Oyama and Y. Sakamoto, J.
Phys. Soc. Japan 56, 2401 (1987).

13. C.da C. Rapozo, A. S. de Assis, A. Serbeto and L.
T. Carneiro, Phys. Rev. A45, 10, 7469 (1992).



