Old Dominion University

ODU Digital Commons

Electrical & C ter Engi ing Facult
ec 'rlca‘ & Computer Engineering Faculty Electrical & Computer Engineering
Publications

2001

Electron Cyclotron Resonance Heating in
Spherical Plasmas: O-X-EBW Mode Conversion in
MAST

Josef Preinhaelter
M. A. Trzak

Linda L. Vahala
Old Dominion University, lvahala@odu.edu

George Vahala

Follow this and additional works at: https://digitalcommons.odu.edu/ece fac pubs

b Part of the Electrical and Computer Engineering Commons, and the Plasma and Beam Physics

Commons

Repository Citation

Preinhaelter, Josef; Irzak, M. A.; Vahala, Linda L.; and Vahala, George, "Electron Cyclotron Resonance Heating in Spherical Plasmas:
O-X-EBW Mode Conversion in MAST" (2001). Electrical & Computer Engineering Faculty Publications. 28.
https://digitalcommons.odu.edu/ece_fac_pubs/28

Original Publication Citation

Preinhaelter, J., Irzak, M. A., Vahala, L., & Vahala, G. (2001). Electron cyclotron resonance heating in spherical plasmas: O-X-EBW
mode conversion in MAST. Review of Scientific Instruments, 72(1), 391-393. doi: 10.1063/1.1315637

This Article is brought to you for free and open access by the Electrical & Computer Engineering at ODU Digital Commons. It has been accepted for
inclusion in Electrical & Computer Engineering Faculty Publications by an authorized administrator of ODU Digital Commons. For more information,

please contact digitalcommons@odu.edu.


https://digitalcommons.odu.edu?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_fac_pubs?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_fac_pubs?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_fac_pubs?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/205?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/205?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_fac_pubs/28?utm_source=digitalcommons.odu.edu%2Fece_fac_pubs%2F28&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 72, NUMBER 1 JANUARY 2001

Electron cyclotron resonance heating in spherical plasmas: O—-X-EBW
mode conversion in MAST

J. Preinhaelter?®
Institute of Plasma Physics, 182 21 Prague 8, Czech Republic

M. A. Irzak

loffe Physico-Technical Institute, St. Petersburg, Russia
L. Vahala

Old Dominion University, Norfolk, Virginia 23529

G. Vahala

College of William and Mary, Williamsburg, Virginia 23188
(Presented on 19 June 2000

Using a full wave solution, th©®—-X—-EBW mode conversion is examined for density and magnetic
profiles in MAST. The effects of magnetic shear and the sharp density pedestal for H-mode
operation are considered with an eye to understanding both electron cyclotron erti&SE)rand
electron cyclotron resonance heatiffCRH). © 2001 American Institute of Physics.

[DOI: 10.1063/1.1315637

I. INTRODUCTION applicable to our problefiWith the cold plasma field sin-
gularity at the UHR being eliminated by the introduction of
eakad hoccollisions, one can determine the power in the
mode that is absorbed at the UHR. In a warm plasma, the
mode is converted into an EBW at the UHR, which is then
esonantly absorbed at an electron cyclotron harmonic. We
give estimates for the power absorbed for incident frequen-
cies between 18 and 60 GHz as well as restrictions on beam
alignment and polarization.

While electron cyclotron resonance heatifitCRH) has
proven to be a highly efficient heating scheme in standar
tokamaks, considerable work is still needed to examine it
efficiency in spherical plasmas like Mega-Ampere Spherica?<
Tokamak(MAST) or National Spherical Torus Experiment
(NSTX). It has been showirthat a 60 GHz linearly polarized
X-mode, launched radially in at the midplane from the low-
field side will penetrate into the core of a MAST plasma,
provided the density<2.5x 10%cm 3, The power is 1eso- || TRANSMISSION OF O MODE THROUGH THE
nantly a_bsorbfad in the second and third electron cyclotro_rpLASMA RESONANCE
harmonic regions. However, for overdense plasmas, this o ]
straightforward approach fails since the rf power will be re- ~ For the O—X—EBWmode conversion, it is crucial that
flected at the cutoff before reaching the resonant regions arffl® O mode propagates through the plasma resonance region
being absorbed in the plasma core. at oblique incidence. Using a WKB analysi$the transmit-

Now the electron cyclotron emission is widely used as d€d O-mode power through the plasma resonance region in a
rf diagnostic in standard tokamaks and stellerators. Howevet/eakly inhomogeneous magnetized plasma slab is given by

because of the very low magnetic field and high plasma den- koo 26\ Y7 @2 N.\2\2 24
Ao 158l (i '+ 2o
0} N; 0]

sity in spherical plasmas, the topology of plasma cutoffs and =ex

Wee

resonances makesee Fig. 1 the interpretation of conven- 8rp
tional electron cyclotron emissiodECE) measurements ()
more difficult? wherek, .= w/c, k,= Ngd n/dx, with x,, being the position

Both these complimentary problems can be resolved ipf the plasma resonanc®l”'=(wee/ (0 + wcd) ' where
one considers the linear mode conversion of an obliquelyce is the electron cyclotron frequencyis the direction of
incident O mode into an X mode at the plasma resonance ariBie total magnetic field in the plasma resonance regionxand
which will subsequently convert to an electron Bernsteinis the radial directionsee Fig. 2 N, ,=k, ,/kc are the
wave (EBW) at the upper hybrid resonan¢gHR). normalized wave number components for the incident wave

Our power estimates for absorption/emission are basedf frequencyw. Fork,,& «,, only very narrow beams, cen-
on a Wentzel—Kramers—BrillouiWKB) analysis*as well  tered aroundN,=0, N,=N3™, can penetrate into the dense
as a full wave(numerical solution of Maxwell’s equations plasma.
for an inhomogeneous slab of magnetized cold plas@at-
rently, our warm plasma model is limited to wave frequen-Ill. MAGNETIC SHEAR

cies between the first and second harmonics—and so is Not e effect of magnetic shear on the O mode transmitted
through the plasma resonance has been considered by Cairns
¥Electronic mail: preinh@ipp.cas.cz et al’ in the WKB limit. The main effect is to rotate the rf
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FIG. 1. The parabolic density and magnetic field profiles used in determin- x (distance from MAST axis) [cm]

ing the effects of magnetic shear on power absorption in MAST. ) o ) )
FIG. 3. The narrow flat density and magnetic field profiles corresponding to

the formation of a H-mode transport barrier in MAST.
power absorption in theNy,N,) plane through the angle of
shear. For spherical plasmas, and consequently in MAST, the Before presenting our full wave numerical results for
effects of shear are very important on the incident angle opower absorption, we briefly review the WKB slab solution
the optimal beam. In our full wave slab solution to Maxwell to gain deeper insight into the actual wave propagation in
equations, the toroidal and poloidal magnetic fields are asMAST. From Fig. 4, it is clear that the X mode is reflected at
sumed to have radial dependence, with~1/x and B,  the R cutoff while the O mode penetrates through the plasma
being approximated by a cubic polynomial interpolation, Fig.resonance for optimal launchr& 25°) since then the eva-

1 (since only preliminary data from MAST is availahldi-  nescent layer between the plasma resonance and the L cutoff
nite element solutions to the Maxwell equations are sought iglisappears. The O mode converts to the fast branch of the X
the form mode which, deeper within the plasma, is the reflected back

E(x,Ny,N,) = ex i (Nyy + Nx— ot)] as the slow branch of the X mode. In 'the WKB approxima-
_ _ N o tion, the only effect of magnetic shear is to change the tilt of

with appropriate boundary con_d|tloﬁ_sThe wave incidence  the incident wave vector, corresponding to the direction of

geometry is shown in Fig. 2, witk being the angle of inci-  the total magnetic field in the plasma resonance region.

dence,3 the angle betweeE" and the plane of incidence, The full wave solution to the power absorbed at oblique
and y the angle betweeiB, and the plane of incidence. incidence of a linearly polarized wave £ 60 GHz, By =
Thus,Ny=sinasiny andN,=sina cosy. —3 kG at the separatrixis shown in Fig. 5. The magnetic

In our numerical computations, we consider two modelshear(see Fig. 1 simply induces a rotation in the absorption
profiles for MAST: (a) a simple parabolic density profile, spectrum through an angleg(x,) =14.6° from theN,=0
Fig. 1, and(b) a narrow flat density profile appropriate for |ine. As can be seen from Fig. 5, the incident beam must be
the formation of the H-mode transport barrier, Fig. 3. Theyery well collimated(with an angular deviatior<+2°) for
plasma surface is locatedat 130 cm, withBp,=—3 kG at  wave absorption(More details on the propagation of the 60
the separatrix.

5 — — Re(N ) for X-mode
. —— = Im(Nx) for X-mode
)
e e = — X
' Q\ag\ée“c. : Re(Nx) for O-mode
Plane > w - i N
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FIG. 4. WKB solution of the cold dispersion equation for optimal launch

FIG. 2. The geometry of a linearly polarized electromagnetic wave incideninto a simple parabolic MAST density profile, Fig. N,=0.11, N,
onto a plasma. =0.42(a=25°), f=60 GHz and weak collisions:/w=10"*.
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FIG. 5. Contour map in theN, ,N,) plane of the power absorbed in MAST

for a linearly polarized waveg=0). Same plasma parameters as in Fig. 4. 00

-0.4

GHz wave into MAST can be found in Ref.)8.

When the incident wave impinges on the plasma edge,
the wave is split into the X and O modes. For our param-
eters, the X mode is immediately reflected back out of the!G- 7: Contogr maps of absorped power in_MAST at various frequencies

L . for optimal oblique incidence of linearly polarized wave for H-mode opera-
plasma and only the incident power m_the @) mode can be (see Fig. 3 (a) f—18 GHz, a—41°, (b) f=30 GHz, a=35°, (c) f
absorbed by the plasma. Now the relative amplitudes of the 40 GHz, o=31°, and(d) f=50 GHz, a=26°.
X and O modes are dependent on the polarization of the
incident wave. In Ref. 8, we showed that one can achievén Fig. 7 for various frequencies, ranging from 18 to 60 GHz.
total absorption for an appropriately chosen obliquely inci-
dent circularly polarized wave. IV. CONCLUSIONS

Here we investigate the effect of frequency on the power  We have shown that th®@—X—EBW conversion mecha-
absorption for the narrow flat density profiles appropriate fomism works well even in plasmas with magnetic shear and
H-mode transport barrier operation in MAST. Consider ob-sharp density profiles, a regime in which the WKB approxi-
liqgue launch parameters that will allow for the complete ab-mation is not valid at the lower frequencies. The major effect
sorption of an incident circularly polarized wave &t of magnetic shear is to rotate the plasma absorption wave
=30 GHz at the optimal incident angle. The absorbed powenumber spectrum. The optimal incident angle for absorption
in the (N,,N,) plane is shown in Fig. 6. Note that a very is determined by the direction of the magnetic field at the
broad circularly polarized beam will now mode convert effi- plasma resonance—and not by that at the plasma surface. We
ciently into an EBW. The EBW is absorbed at the secondhave also confirmed that a circularly polarized wave can, at
electron cyclotron harmonic, which is located deep withinthe optimal angle for which the evanescent layer between the

-0.8 -0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 0.4 0.8

the plasma. plasma resonance and the L cutoff disappears, penetrate fully
As a preliminary to discussing ECE emission datae through the plasma resonance region.
have investigated the wave vector directiohg (N,) of the It appears that the current selected frequency of 60 GHz

most intense absorption @—X—-EBW/[corresponding to the on MAST for ECRH is too high for optimal heating. How-
wave vector directions for the most intense emission of theever, waves at 30 GHz are readily absorbed. We have also
EBW-X-0O conversiorh. We have considered a linearly po- provided a survey of the absorptiéor ECE emissionin the
larized wave(with E in the plane of incidengen a MAST  k space for a series of frequencies between 18 and 60 GHz.

plasma operating in the H mode. These results are presented
ACKNOWLEDGMENTS

The authors would like to thank V. Shevchenko and M.
Valovic for constructive remarks. This work was partly sup-
ported by Grant No. 202/00/1215 of the Czech Grant
Agency.

1B. Lloyd, ECA 22A, 229(1998.

2V. Schevchenko, Plasma Phys. Rép. be publishef

3J. Preinhaelter and V. Kopecky, J. Plasma Phys.1 (1973.

4J. Preinhaelter, Czech. J. Phys., Sec233399 (1975.

5M. A. Irzak and O. N. Shcherbinin, Nucl. Fusi@5, 1341(1995.

6J. Preinhaelter, M. A. Irzak, E. Tregubova, L. Vahala, and G. Vahala,
APS, Seattlg1999.

FIG. 6. The power absorption spectrum in a H-mode MAST pladfig 3) "R. Cairnset al, AIP Conf. Proc485 357(1999; R. A. Cairns and C. N.

at optimal oblique incidence for a circularly polarized wa¥e= 30 GHz, Lashmore-Davies, Rep. UKAEA FUS 423999.

By=6.3kG,v/0=10"%. 8J. Preinhaelteet al, ECA (to be publishel




	Old Dominion University
	ODU Digital Commons
	2001

	Electron Cyclotron Resonance Heating in Spherical Plasmas: O-X-EBW Mode Conversion in MAST
	Josef Preinhaelter
	M. A. Irzak
	Linda L. Vahala
	George Vahala
	Repository Citation
	Original Publication Citation


	Using RSI format

