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ABSTRACT

Plasma results from the ELMO Bumpy Torus (EBT-1) and Nagoya Bumpy Torus
(NBT-1M) experiments are compared. Both devices have 24 mirror field coils
arranged to form a torus, anc both use 18-GHz electron cyclotron resonance
heating power. The main difference isthat NBT-1M is somewhat (~30%) smaller
than EBT-1. However, when plasma results are scaled to eliminate this size
discrepancy, plasma results are found to be nearly equivalent in both bumpy tori.



1. INTF.ODUCTION

ELMO Bumpy Torus (EBT-1) and Nagoya Bumpy Torus (NBT-1M) are unique
plasma devices that share a similar magnetic geometry, plasma heating source, and
many similar diagnostics. They are somewhat differentin size, but more impor-
tantly, they were built and are operated half a world apart. |

EBT-1is the older of the two devices, being first operated in 1973; NBT-1M
began operation almost a decade later. Because the data base for EBT-1 was well
established by the time NBT-1M was initiated, it was felt that NBT-1M experimental
time could be more profitably used for new experiments, rather than systematically
repeating the EBT-1 results. Also, the results have been continually refined on both
devices as new diagnostics have been brought into use. There now exists a limited
body of data common to both devices, and a detailed comparison of results (where
possible) would appear to be in order. Thatis the purpose of this report.

2. SIZE COMPARISON

EBT-1isdescribed in refs. 1 and 2, and details of NBT-1M are given in ref. 3.
Both devices have 24 magnetic mirror field coils, canted so as to form a torus. Both
are heated by 18-GHz microwave power injected into multimode cavities. Both
devices use hydrogen as the working gas.

One clear difference between NBT-1M and EBT-1is that of size. A detailed
comparison is given in Table 1, and the relative size of the cavities is shown in Fig. 1.
Generally speaking, EBT-1 is about a third bigger than NBT-1M. Thissize difference
comes about because the NBT-1M cavities were specifically designed so as to mini-
mize surface plasma and, thus, funnel more ~f the microwave power into ring and
core heating. Because NBT-1M additionally nias a slightly smaller major radius, its
mirror ratio is higher (i.e., 2.4 as contrasted with a mirror ratio of 1.9 for EBT-1). The
size difference affects the microwave heating power density3.4 (for equal input
power into both devices).

3. PLASMA COMPARISON

Ideally, data comparisons should be made at identical microwave powers and
identical pressures in each plasma device. Itis sometimes possible to find casesin



which the applied microwave powers were s'milar. However, pressures are
recorded somewhat differently on the two devices, so a machine-to-machine
calibration must be made.

Pressure calibration in NBT-1M relies on that of the manufacturer of the
ionization gauge tubes. The EBT-1ionization tubes have recently been absolutely
calibrated by means of a spinning-rotor-type gauge, whereupon it was found that
the pressure readings were about 50% lower for nitrogen gas. To convert EBT-1
pressures to hydrogen equivalents, asin NBT-1M, itis necessary to multiply by 2.5.
Figure 2 shows microwave interferometer <negf> data from EBT-1 and NBT-1M.
The shapes of both curves are remarkably similar. A would be expected, the EBT-1
data have larger absolute values than those of NBT-1M because of the longer
plasma path length ¢ through the EBT-1 cavity. If the effective path length through
the cavity is assumed to be that of a ring diameter (Table 1), then absolute densities
can be obtained, as plotted in Fig. 3. In this figure itcan be seen that density in
NBT-1M is about 20% higher than that of EBT-1 at a fixed pressure. Thisdifference
might be expected, as the plasma density is found to scale as the square root of the
applied microwave power.5 If it is assumed that this scaling holds for the power
density as well, then the densities of Fig. 3 can be normalized by multiplying by the
square root of the plasma volume (Table 1). The results of this normalization are
plottedin Fig. 4. The results again agree to within about 20%, which is within the
uncertainty of the path length ¢.

Since the densities are in reasonable agreement, one might expect that the
density profiles would be similarly matched. Profiles were measured on EBT-1 by
using a 9-channel microwave interferometer and by Abel inverting the results.
Cylindrical symmetry was assumed. A more accurate point-by-point determination
was carried out on NBT-1 by detecting excitation radiation from a 4-keV neutral
lithium beam. This diagnosticis absolutely calibrated by measuring the signal from
neutral gas scattering. Profiles are compared in Figs. 5-7. In Fig. 5 the pressures are
somewhat different, while in Figs. 6 and 7 the pressures are the same for both
devices. Because of differing machine size, radial dimensions have been normalized
by the inside and outside ring radii (Table 2). Densities have been normalized to
unity at the plasma center.

Despite the coarseness of the EBT-1 data, Figs. 5-7 show that the density
profiles are very similar. Note that the central EBT-1 interferometer channel was
anomalously high, which biases the EBT-1 data to lower values than those of
NBT-1M.



The presence of a potential well is an important feature of bumpy tori, and
data from heavy ion beam probes can be compared both on the basis of well depth
and well size. The comparison of well depths is subject to definition (i.e., uncer-
tainties as to the spatial locations from which the data are taken) and exact
alignment of the heavy ion beam systems. Nanetheless, Fig. 8 shows excellent
agreement between EBT-1 and NBT-1M for like ring locations.

Another measure of comparison is that of pote atial well size. Because of the
difficulty of obtaining the large amount of data necessary for a two-dimensianal
plot, only one such plot was constructed for EBT-1 (Fig. 9). Two such plots exist for
NBT-1M (Figs. 10and 11). The EBT-1 plot was made atsomewhat higher pressure
than those of NBT-1M, and additional microwave heating power was employed
(10.6 GHz for EBT-1 and 8.5 GHz, in Fig. 11, for NBT-1M). The fractions of the ring
radius occupied by the last closed potential contour are 0.52,0.71, and 0.74 for
Figs. 9 through 11. Thus, it appears that potential well scale size may be somewhat
differentin these devices.

Electron temperatures in NBT-1M are determined by six separate measure-
ments. Three involve spectroscopic line ratios, plasma conductivity isused in a
fourth, and Thomson scattering is used in the fifth. Of these methods, Thomson
scattering is the most trusted. Asshown in Fig 12, all five methods give
temperatures less than 100 eV, and temperatures decrease with increasing neutral
pressure. The sixth method of determining electron temperature is by means of soft
Xrays. Tail temperatures of 1 and 20 keV are observed.

Also plotted in Fig. 12 are Thomson scattering temperatures for the EBT-1
device with 40 kW of 18-GHz power and 6-10 kW of 10.6-GHz power. These temp-
eratures fall in the same range as those of NBT-1M. Soft X-ray tail temperatures are
measured to be 200 to 600 eV.

The relative values of the particle confinement time can be compared by
calibrated measurements of the H, radiation. These data are plotted in Fig. 13.
Note that the microwave heating power levels were not equal for thc two experi-
ments. Also, there is the possibility of diminished sensitivity in the NBT-1M
measurements due to a window coating, making an absolute 1, comparison
questionable. Still, the trends of both curves are qualitatively the same.

Impurities are low in both devices, primarily due to impurity lifetimes of less
than 1 ms. Aluminum, oxygen, and carbon are the principal impuritiesin EBT-S,
with aluminum being the most abundant (naj/ne < 10-3). There is somewhat less
data un impurities in NBT-1M, but it is believed that oxygen is the main impurity.



The ultimate vacuum pressure (which is a measure of residual gas impurities) is po <
10-7 torr in NBT-1M and po < 5 x 10-7 torr in EBT-1. In both machines, impurity
radiation represents a negligible power loss.

Plasma fluctuations are qualitatively similarin EBT-1 and NBT-1M, although
they differ somewhat in detailed behavior. Both have regimesin which low-
frequency flute modes exist outside the rings. Drift modes also are found that can
penetrate into the core plasma. Atfrequencies of f = 1-2 ¢, the hot electron
interchange mode is observed near the T-M transition.4.6 Atstill higher frequencies,
an as yet unidentified mode appears in therange of 30 to 100 MHz. At about
3 GHz, plasma fluctuations have been noted in EBT-1 that are tentatively identified
with the whistler instability.

Finally, a comparison of hot electron ring properties can be made. Table 2
gives a comparison of ring parameters in which there is very little difference
between EBT-1 and NBT-1M. The ring densities and temperatures quoted in Table 2
are derived from hard X-ray data. A direct measurement of g was attempted on
NBT-1M by measuring the Zeeman splitting of line emission from lithium atoms.
This measurement gave an upper limiter of p < 10%, which is lower than that
obtained from the hard X-ray measurements.

Detailed studies of the ring position have been conducted in NBT-1M by a
movable hard X-ray cannon, H, emission, and skimmer probes. Itisconcluded that
the rings exist at w, = 2wce, @ conclusion shared by analysis of EBT-1 data.

4. CONCLUSIONS

This report has compared detailed plasma propertiesin EBT-1 and NBT-1M.
These .omparisans include nee, ne(r), ¢(r), Te, 1p, impurity levels, plasma fluctuations,
and hot electron rings. Because NBT-1M is about one-third smaller in physical size
than EBT-1, we have attempted to scale the results for comparison. The principal
scaling parameter used was the size of the hot electron rings.

Where direct comparisons were possible, we generally found the results on
both devices to coincide to within the error limits of the measurements. An
apparent exception is the relative size of the potential well, with the closed
potential surfaces of NBT-1M occupying a largar fraction of the ring radius than
those of EBT-1. Allin all, itis very gratifying to find that devices constructed and
operated in different parts of the world can exhibit nearly identical results.
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TABLE 1. EBT-1 and NBT-1M size comparison

EBT-1 NBT-1M

Cavity diameter, cm 50.8 30.6
Ring diameter, cm 29.2 15.5
Throat diameter, cm 22.2 139
Major radius, cm 152 140
Average plasma

diameter, cm 1 7
Plasma volume, L 360 135
Mirror ratio 1.9 24
B(center), gauss 5000 4986
Pu (18 GH2), kW s60 <45 (pulsed)

TABLE 2. Comparison of ring parameters

EBT-1 NBT-1M
Te. keV 100-200 230
Ne, x 1011 cm-3 1-4 1-3
B.% <35 <30
A (ring thickness), cm ~3 ~3.5
r (ring radius), cm 12 (outside) 7 (outside)
15 (inside) 8 (inside)

Bres'(mp =2 m(e), gauss 3216 3216




11

ORNL-DWG B4-2572 FED

NBT-{M

PRI

=T

EBT-1

Fig. 1. Relative size comparison of NBT-1M and EBT-1 cavities. Field lines and
coils are also shown.



12

ORNL- DWG 84-2573 FED

14 °
T T T T T,
12— & NBT-1IM * —
< 10— —
' ™
€ ® A
) o © °
° A
L A
A
e 4} . “““‘ A A —
A
2 = ae—
A
1 | N N R I

o)
05 40 45 20 25 30 35 40 45
CALIBRATED PRESSURE (x10~% torr)

Fig. 2. net vs po comparison of EBT-1 and NBT-1M data. P, = 33 kW for
NBT-1M and 30 kW for EBT-1.



13

ORNL-DWG 84-2574 FED

14
rF 1 1 17
12— A NBT-IM —|
® EBT-1
w 10— —
[}
£ A
- 8 LA
- A
Q A
ol — AAAA ° "
6 “‘M e ®
’3 Py o ® O ..
S 4= —]
o
2 — —
I I I | | I

o)
05 1.0 45 20 25 30 35 40 45
CALIBRATED PRESSURE (x 10-5 torr)

.3. Comparison of absolute densities obtained from the data of Fig. 2
lelde by the ring diameters.



14

ORNL-OWG B4-2575 FED

14
| [ | I I l |
12 — A NBT-iM R ® —
e EBT-1
[
10 — N
v L A
= e ® ¢ o A
S g|— .° A —
r )
§ AA““‘“‘
= 6— o —
[} -]
] A
4-— ——
2 — —
0 | | 1 | | } |

05 1.0 15 20 25 30 35 40 4.5
CALIBRATED PRESSURE (x10°3 torr)

Fig. 8. Normalization of the densities of Fig. 3 by the inverse square root of
the respective plasma volumes,



15

ORNL-DWG 84-2576 FED
1,4
l P | I |
| ANBT-IM _
2 o EBT-1
A
1.0 P~ AbAe, -
ad
~ ad .
o 08— A A —
- A ° ° oA
c @ A
\: 0.6 — A A —
A o0 o o A
A
4 — A
© . )
° °
0.2 — -
S N N N N B A A
1.6 1,2 0.8 0.4 0 0.4 08 4.2 1.6
INSIDE QUTSIDE

NORMALIZED RADIUS

Fig. 5. Comparison of EBT-1 and NBT-1M density profiles. For EBT-1 po was
1.13 x 10-5 torr, which is near the T-M transition. For NBT-1M, pg = 1.5 x 10-5 torr,
which isin the mid T-mode. Tt 2 applied microwave power levels were 40 and
30 kW for EBT-1 and NBT-1M, respectively.



16

ORNL-DWG 84-2577  FED
1.4
T 1T 1

12 |~ & NBT-M

e EBT-1 ®
A
1.0 — A —
““A “‘0““
A
§ 08 (— A N L “ Ju—
: [ BN o @ A
~
@
[

S A T S T N A
1.6 412 0.8 04 (o] 0.4 08 1.2 1.6

INSIDE OUTSIDE
NORMALIZED RADIUS

Fig. 6. Comparison of EBT-1 and NET-1M density profiles at po = 2 x 105 torr,
near the C-T transition. Applied microwave powers are the same as in Fig. 5.



17

ORNL-DWG B84-2578 FED
1.4
| R I |
12 = A NBT-1M _
® EBT-{ .
A
o= “““AOAAA‘ ]
—- A ° ® o A
o8 A o o 4 -
® A [ g o ~
5 A
206 o o
0.4 — L
0.2 — -
ol L 1 1 1 1]
1.6 1.2 0.8 0.4 ¢} 0.4 0.8 1.2 1.6

INSIDE OUTSIDE
NORMALIZED RADIUS

Fig. 7. Comparison of EBT-1 and NBT-1M density profiles at po = 3 x 10-5 tor’.
Applied microwave powers are the same as in Fig. 5.



18

3 ORNL-DWG 84 -2579 FED
10 T T T T Ty

— A NBT-4M -
S e EBT-1 -

S
L .
z | -
'y
[ J
g 2 o0 -
A

g ,‘
w
= 4
g 10% |— ) —
E o A / -
Z
w ~ A -
5 T A ;
R S -
n
< - -
o |
a

2 e anf

401 | 1 I | llll
100 2 5 10! 2

PLASMA MINOR RADIUS (cm)

Fig. 8. Plasma well depth as a function of minor radius (i.e., ring diameter) for
EBT-1and NBT-1M.



19

DC POTENTIAL ON EBT
+1y ORNL-DWG 79~ 3741R

®

Bp®5.0 kG <

HOTELECT:E;:\\\\\ ~
~ RING
« .
AN
\
A\ i
\ \
| —
|
J ® |
7/ /
7y
e
(175)
—
{150)

—

LAST
CLOSED ™
ORIFT
SURFACE

typ/ved) g/

olv

L [ l 1 | | | 1 | | J
-25  -20 <45 -40 -5 0 5 10 15 20 25
HORIZONTAL POSITION (cm)

FED

25

20

0

[0}
VERTICAL POSITION (cm}

-5

-20

-25

Fig. 9. Plasma potential contours in EBT-1; po = 1.85 x 10-5 torr, and

Pu(18 GHz) = 50 kW, P,(10.6 GHz) = 3 kW.



20

ORNL-DWG 84-2580 FED

15 —

(cm)
o
I

-5 L~

| I 1 | ai |
-15 -10 -5 0 5 10 15
{cm)

Fig. 10. Plasma potential contours in NBT-1M; po = 1.4 x 10-5 torr, and
Pu(18 GHz) = 30 kW.



21

ORNL-DWG 84-2584 FED

15 —

10 —

(cm)
o)
|

N (20)

L2 @oI” 20/
J/

-10 |—

-45 L

I I l l | |
~-457" -10 -5 0 5 10 15
{cm)

Fig. 11. Plasma potential contours in NBT-1M; pg = 1.5 x 10-5 torr, and
Pu(18 GHz) = 30 kW, P|,(8.5 GHz) = 15 kW.




22

ORNL-DWG B84-2582 FED

100
1] | I H | | | |
90 | ]
o OEBT-1
80 — CONDUCTIVITY ACONDUCTIVITY —
BMTHOMSON SCATTERING
70 — ©  NBT-4M <{ @ CARBON LINE RATIO —
d AOXYGEN LINE RATIO

60 |— Bo=4000 G —

50 — \ 40 —
]

or e7 \L B

30 — 00- —

He LINE RATIO

Te (eV)

20 — —
ol
10 — —
ol L 0
0 1 2 3 4 S

Po(x 1075 torr)

Fig. 12. Electron temperature as a function of pressure for NBT-1M at
&.(‘(I:Bkev z) = 30 kW and for EBT-1 with P,(18 GHz) = 40 kW and Py(10.6 GHz) =
1 .



ORNL-DWG 84-2583 FED
3.5
I I [ I [ l
[
_ A NBT-1M _—
> 3-0 ® EBT-4
P4 ®
‘c
2 [
> 2.5 — —
2 °
2.5 N . _
o A . P
N A .
‘%» 1.5 f— A ® --
[ = ‘ o
= 1,0 —
o5 L

1.0 1.5 20 25 30 35 40 45 5.0
CALIBRATED PRESSURE (x10~5 torr)

Fig. 13. Particle confinement time (uncalibrated) vs pressure for EBT-1 and
NBT-1M; P, = 30 kWin NBT-1M, and P, = 45 kW in EBT-1.



25

ORNL/TM-9128
Dist. Category UC-20 f,g

INTERNAL DISTRIBUTION

1. F. W, Baity 23. J. Sheffleld
2. L. A. Berry 24, L. Solensten
3. T. 8. Bigelow 25. D. W. Swain
4, N. B. Bryson 26. T. Uckan
6. J. A. Cobble 27. J. K. Johnson
6-10. R. J. Coichin 28-29. Laboratory Records Department
11. W. A. Davis 30. Laboratory Records, ORNL-RC
12. A. M. ENadi 31. Document Reference Section
13-17. J. C. Glowienka 32. Central Research Library
18. Q. R. Haste 33. Fuslon Energy Division Library
19. D. L. Hilis 34. Fusion Energy Division
20. 8. Hiroe Publications Office
21. Q. V. Jett 36. ORNL Patent Office
22. D. A. Rasmussen

30.

41.

42,

44,

45.

47.

EXTERNAL DISTRIBUTION

W. B. Ard, McDonnell Douglas Corp., Bidg. 107, P.O. Box 516, St. Louls, MO 63166
H. L. Berk, University of Texas, Institute of Fusion Studies, Robert L. Moore Hall, Rm.
11-218, Austin, TX 78712

R. A. Dandl, Applied Microwave Plasma Concepts, 22 10 Encinitas Bivd., Encinitas, CA
92024

A. J. Favale, Grumman Aerospace Corp., South Oyster Bay Rd., P.O. Box 31,
Bethpage, NY 11714

N. A. Davies, U.S. Department of Energy, Office of Fusion Energy, Office of Energy
Research, Mail Station G-266, Washington, DC 20545

Q. Q. Gibson, Westinghouse Electric Corp., Fusion Power Systems, Dept. C., P.O. Box
10884, Pittsburgh, PA 15238

H. Ikegami, institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

N. A. Krall, Jaycor, 11011 Torreyana Rd., P.O. Box 86164, San Diego, CA 92138
J. Lassoon, TRW Defense and Space Systems, 1 Space Park, Bidg. R-1, Rm 1078,
Redondo Beach, CA 92078

N. H. Lazar, TRW Defense and Space Systems, 1 Space Park, Bidg. R-1, Rm. 1078,
Redondo Beach, CA 92078

J. B. McBride, Science Applications, inc., 1200 Prospect Street, P.O. Box 2351, La
Joila, CA 92037

F. L. Ribe, 319 Benson Hali BF 10, Department of Nuclear Engineering, University of
Washington, Seattie, WA 88195

J. M. Turner, U.S. Department of Energy, Office of Fusion Energy, Office of Energy
Research, Mai Station G-266, Washington, DC 20646



49.

61.

62.

63.

64,

S5,

87.

689,

61.

62.

3.

6.

e7.

70.
71.
72.
73.
74.
75.
76.

26

H. Weitzner, New York University, Courant Institute of Mathematical Sciences, 261
Mercer Street, New York, NY 10012

R. L. Hickok, Rensselaer Polytechnic Inatitute, ESE Dapartment, Engineering
Building, Troy, NY 12181

J. D. Callen, Department of Nuclear Engineering, University of Wisconsin, Madison,
Wi 63706

R. W. Conn, Department of Chemical, Nuciear, and Thermal Engineering, University
of California, Los Angeles, CA 90024

8. O. Dean, Director, Fusion Energy Development, Science Applications, inc., 2
Professional Drive, Galthersburg, MD 20760

H. K. Forsen, Bechtel Group, Inc., Research Engineering, P.O. Box 3865, 8an
Franclaco, CA 94106

R. W. Gould, Department of Appiled Physics, California Institute of Technology,
Pasadena, CA 81126

F. M. Bienlosek, McDonnell Douglas Astronautics Company, 8698 Executive
Parkway, Bellerive Office Center, Creve Coeur, MO 63141

M. Fujiwara, institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
W. M. Stacey, Jr., School of Nuclear Engineering, Georgia institute of Technology,
Atlanta, GA 30332

G. A. Eliseev, |. V. Kurchatov institute of Atomic Energy, P.O. Box 3402, 123182
Moscow, U.S.S.R.

V. A. Glukhikh, Scientific-Research Institute of Eluctro-Physical Apparatus, 188631
Leningrad, U.S.S.R.

I. Spighel, Lebedev Physical Institute, Leninaky Prospect 53, 117924 Moscow,
U.S.S.R.

D. D. Ryutov, Institute of Nuclear Physics, Siberlan Branch of the Academy of
Sciencles of the U.8.8.R., Sovetskaya St. 5, 630080 Novosibirsk, U.S.S.R.

V. T. Tolok, Kharkov Physical-Technical institute, Academical St. 1, 310108
Kharkov, U.S.S.R.

R. Varma, Physical Research Laboratory, Navrangpura, Ahmedabad, india
Bibliothek, Max-Planck-nstitut fur Plasmaphysik, D-8046 Garching bel Munchen,
Federal Republic of Germany

Bibliothek, Institut fur Plasmaphysik, KFA, Postfach 1913, D-6170 Julich, Federal
Republic of Germany

Bibliotheque, Centre de Recherches en Physique des Piasmas, 21 Avenue des
Bains, 1007 Lausanne, Switzerland

Bibliotheque, Service du Confinement des Plasmas, CEA, B.P. 8, 92 Fontenay-aux-
Roses (Seine), France

Documentation S.1.G.N., Departement de la Physique du Plasma et de la Fusion
Controlee, Centre d’Etudes Nucleaires, B.P. No. 85, Centre du Tri, 38041 Cedex,
Grenoble, France

Library, Cultham Laboratory, UKAEA, Abingdon, Oxfordshire, OX14 3DB, England
Library, FOM Institut voor Plasma-Fysica, Rinhuizen, Jutphaas, The Netherlands
Library, institute of Physics, Academia Sinica, Belling, Peopies Republic of China
Library, institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
Library, International Centre for Theoretical Physics, Trieste, ltaly

Library, Laboratorio Gas lonizzati, Frascati, italy

Library, Plasma Physics Laboratory, Kyoto University, Gokasho U, Kyoto, Japan



7.

78,

78,

811

82,

83-280.

27

Plasma Research Laboratory, Australian National University, P.O. Box 4, Canberra,
A.C.T. 2000, Australia

Thermonuclear Library, Japan Atomic Energy Research Inatitute, Tokai, Naka,
ibareki, Japan

J. Barter, Lawrence Livermore National Laboratory, University of California, P.O.
Box 808, Livermore, CA 94660

D. Q. McAlees, Exxon Nuclear Company, Inc., 777 106th Avenue, N.E., Bellevue,
WA 98009

P. J. Reardon, Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ
08644

Office of the Assistant Manager for Energy Research and Development, Department
of Energy, Oak Ridge Operations, P.O. Box E, Qak Ridge, TN 37830

Given distribution as shown in TID-4500, Magnetic Fusion Energy (Category
Distribution UC-20 f,9: Experimental Plasma Physics, Theoretical Plasma Phyaics)



