Pliy;sics of
' Plasmas

Emission of electron Bernstein waves in plasmas
A. K. Ram, A. Bers, and C. N. Lashmore-Davies

Citation: Phys. Plasmas 9, 409 (2002); doi: 10.1063/1.1429634
View online: http://dx.doi.org/10.1063/1.1429634

View Table of Contents: http://pop.aip.org/resource/1/PHPAEN/v9/i2
Published by the American Institute of Physics.

Related Articles

The effects of neutral gas heating on H mode transition and maintenance currents in a 13.56MHz planar coil
inductively coupled plasma reactor
Phys. Plasmas 19, 093501 (2012)

Collisionless inter-species energy transfer and turbulent heating in drift wave turbulence
Phys. Plasmas 19, 082309 (2012)

Development of a low-energy and high-current pulsed neutral beam injector with a washer-gun plasma source for
high-beta plasma experiments
Rev. Sci. Instrum. 83, 083504 (2012)

A stochastic mechanism of electron heating
Phys. Plasmas 19, 082506 (2012)

Toroidal ripple transport of beam ions in the mega-ampére spherical tokamak
Phys. Plasmas 19, 072514 (2012)

Additional information on Phys. Plasmas

Journal Homepage: http://pop.aip.org/

Journal Information: http://pop.aip.org/about/about_the_journal
Top downloads: http://pop.aip.org/features/most_downloaded
Information for Authors: http://pop.aip.org/authors

ADVERTISEMENT

APAdvances o |1/l

Special Topic Section:

PHYSICS OF CANCER

Why cancer? Why physics?  viw articles Now

Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP license or copyright; see http:/pop.aip.org/about/rights_and_permissions


http://pop.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. K. Ram&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. Bers&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. N. Lashmore-Davies&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://pop.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1429634?ver=pdfcov
http://pop.aip.org/resource/1/PHPAEN/v9/i2?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4750055?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4746033?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4744960?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4742988?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4737605?ver=pdfcov
http://pop.aip.org/?ver=pdfcov
http://pop.aip.org/about/about_the_journal?ver=pdfcov
http://pop.aip.org/features/most_downloaded?ver=pdfcov
http://pop.aip.org/authors?ver=pdfcov

PHYSICS OF PLASMAS VOLUME 9, NUMBER 2 FEBRUARY 2002

Emission of electron Bernstein waves in plasmas
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In previous publication§A. K. Ram and S. D. Schultz, Phys. PlasnTagl084(2000; A. Bers, A.

K. Ram, and S. D. Schultz, iRroceedings of the Second Europhysics Topical Conference on RF
Heating and Current Drive of Fusion Devigesdited by J. Jacquinot, G. Van Oost, and R. R.
Weynants(European Physical Society, Petit-Lancy, 1998ol. 22A, pp. 237-24Dit has been

shown that, in overdense plasmas of the type encountered in spherical tori, electron Bernstein waves
can be excited in a plasma by mode conversion of either an externally lauXcimedie or anO

mode. The electron Bernstein waves are strongly absorbed by electrons in the region where the
wave frequency matches the Doppler broadened electron cyclotron resonance frequency or its
harmonics. The strong absorption also implies that electron Bernstein waves are emitted by a
thermal plasma. These waves can then mode convert tX tm@de and to théd mode and be
observed external to the plasma. In this paper an approximate kinetic model describing the coupling
between theX mode, theO mode, and the electron Bernstein waves is derived. This model is used
to study the mode conversion properties of electron Bernstein wave emission from the plasma
interior. It is shown, analytically and numerically, that the energy flow conversion efficiencies of the
electron Bernstein wave to th€ mode and to théD mode are the same as the energy flow
conversion efficiency of th& mode to electron Bernstein waves and of @enode to the electron
Bernstein waves, respectively. This has important experimental consequences when designing
experiments to heat overdense plasmas by electron Bernstein wave0ZAmerican Institute of
Physics. [DOI: 10.1063/1.1429634

I. INTRODUCTION Torus (MST)” have observed emission of EBWs via the

. . . m nversion pr n ied i nden n th
We have previously shown that highspherical toka- ode conve S1on process, a d studied its dependence on the
edge properties of the plasma.

mak plasmas can be heated by waves in the electron cyclo- : . L
P y y In this paper we formulate an approximate kinetic de-

tron range of frequencies by mode converting Xheode or - . o
the O mode to electron Bernstein wavéESBW) at the upper scription of the mode conversion process which includes the
propagating EBWs. The model includes an approximate for-

hybrid resonancéUHR).1? Since the slow branch of thx : neiu :
mode couples directly to EBWSs, the mode conversion of thénulation of the EBW that describes its propagation, and cou-

X mode to EBWs is a direct process. However, the converPling to the X and O modes, in the vicinity of the mode
sion of theO mode to EBWs requires that ti@ mode first conversion region near the UHR. It describes X:eB con-
couple to the slow branch of thé mode. This occurs when Version of theX mode to EBW and th©—B conversion of
the O mode is launched at an 0b|ique ang|e relative to théheo mode to EBWs. It is different from the traditional cold
total magnetic field. From ray tracing analysis we have also plasma models where the energy flow conversion coefficient
shown that EBWs are locally and strongly absorbed at théo the EBW is given by the power resonantly absorbed at the
Doppler shifted electron cyclotron resonance or its harmonUHR. We have shown that the fraction of the incoming en-
ics. The strong and localized absorption implies that thermagrgy flow, from either theX mode or theO mode, that is
emission of EBWs can occur for frequencies correspondingonverted to EBWSs is approximately the same as the power
to the local Doppler-shifted electron cyclotron frequency.that is resonantly absorbed at the UHR in the cold plasma
This emission then converts, at the UHR, to tKeand O model. However, the cold plasma model cannot be used to
modes which are then observed in the vacuum region. study the mode conversion of emitted EBWSs to ¥ienode
The excitation and emission of EBWs has been studieénd theO mode. For such studies a kinetic description of the
experimentally on the Wendelstein 7-A®lore recently, ex- EBW is required.
periments on Current Drive Experiment—Upgrd@®X-U) In Sec. Il we give details of the kinetic full-wave model
and National Spherical Torus ExperimefNSTX),” Mega  that we use to study the coupling between ¥heode, theD
Amp Spherical TokamakMAST),® and Madison Symmetric mode, and the EBW. Using the principles of energy flow
conservation and time-reversal invariance we derive, in Sec.
dElectronic mail: abhay@psfc.mit.edu I, the general symmetry relations between the emission and
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excitation coefficients. We show that the fraction of the EBWgation and mode conversion entails the solution of a system
energy flow that is mode converted to tkenode(emission  of integro-differential equations. This is a daunting task for a
coefficien is the same as the fraction of tikemode energy plasma in a magnetic field. For the present, by focussing on
flow that is converted to the EBW®xcitation coefficient the kinetic mode of interest, the EBW, we formulate an ap-
when theX mode is launched into the plasma. A fraction of proximate full-wave kinetic description for the propagation
the emitted EBW energy flow also converts to themode. and mode conversion analysis of EBW§,modes, andO
This fraction is the same as the fraction of tBemode en- modes. This kinetic description is formulated for a plasma
ergy flow that is converted to the EBWs if ti@@mode were  with inhomogeneous density that is confined by an inhomo-
to be launched from the outside. Thus, tkeand O mode  geneous and sheared magnetic field. Furthermore, since the
emission coefficients are the same as ¥i@and O mode mode conversion process, particularly in highspherical
excitation coefficients. This symmetry between the emissiortori, occurs near the plasma edge, we can limit ourselves to
coefficients and the excitation coefficients is useful for de-an analysis in a slab geometry with an inhomogeneous and
signing experiments to heat and to drive plasma currents isheared magnetic field whose effective poloidal component
spherical tokamaks by waves in the electron cyclotron ranges produced by currents that flow in the plasma away from
of frequencies. Since the sum of tbemode andO mode the mode conversion region. Thus, the plasma in the mode
emission coefficients has to be less than unity, the parameteonversion region is taken to be radially inhomogeneous and
space for which the excitation coefficient from one of thesehaving no drifts.
modes is optimized is complementary to the parameter space The mode conversion description is formulated in a slab
for the optimum excitation coefficient for the other mdde. geometry in which thex direction represents the radial direc-
These results have important consequences for experimetion along which the plasma is inhomogeneous, \tteirec-
tally achieving optimum plasma edge parameters for the extion represents the poloidal direction, and thdirection is
citation of EBWSs; such optimized parameters can be ascethe toroidal direction. The magnetic field in which the
tained by monitoring the emission from EBWSs. In Sec. IV plasma is immersed is assumed to be sheared with the form
we show that the numerical solutions of the model equations  _ . . . .
for the fields, discussed in Sec. II, give the same global re-  Bo(X)=Byy+B,z=Bo(x)sinW(x)y+Bg(x)cos¥(x)z,
sults discussed in Sec. Ill. @

~ By “emission,” we mean conversion from an EBW €X- \yhere s the angle betweeB, and thez axis.
cited in the high-density and high-temperature region, inte-  £.5 the linearized continuity anghonrelativistié mo-

rior to the plasma, to either and or O mode in the low-  \entym equations for a cold plasma, and neglecting ion dy-

density and low-temperature side, toward the outside of thg,mics the propagation of thé and O modes is given by
plasma. This emission process is also directly related to nOiSﬁIaxweI'I’s equations for the first order fieldé(é)l’z
emission in a band of frequencies from EBWs inside the q

plasma. R R R
In Appendix A the differences in the approximate and VXE=iwB, VXB=—i
exact WKB dispersion relations are elucidated for two cases:

(@ wyy<2wc, where wyy is upper hybrid angular fre- \here the time variation is assumed to be of the fertt",
quency andw is the electron cyclotron angular frequency; , is the angular frequency of the wave, the permittivity ten-
and(b) oyy>2w.. Appendix B gives details of the bound- ¢, IZ(x ) is

ary conditions associated with the numerical integration of

w

O

the wave equations for mode conversion excitation of EBWS, Kex — Xxy  Xxz
and mode conversion emission of EBWSs. The a|_opend|xe§': 7= —x Ky Xyz
complement the previous studtéson mode conversion ex- B K
citation of EBWs in which these details were not elucidated. Xxz Xyz Rzz
2 1 —lwe, I wey
Il. APPROXIMATE KINETIC MODE CONVERSION =it iw 1 Wl gy,
FORMULATION W T W . 2
—lwgy —wgwe; l-og,
An approximate model of mode conversion from exter- &)

nal (to the plasmpaexcitations ofX and/orO modes to EBWs .

can be formulated using a cold plasma model wherein modandl is the second-rank identity tensary(x) is the electron
conversion appears as resonance absorption at the UHR iplasma angular frequencyw,(X) =eB,(X)/Me, w¢,X)
side the plasma. However, such a cold plasma model canneteB,(x)/m, are the electron cyclotron angular frequencies
be used to study the emission ¥fand/orO modes that are for the poloidal and toroidal fields, respectivelyy,
generated, via mode conversion at the UHR, by EBWs emit= \/wczy+ wczz, m. is the electron mass is the electron
ted from inside the plasmdThe X and O modes then be- charge, ana is the speed of light.

come electromagnetic free-space modes outside the plasma If we assume uniformity in thg andz directions so that
and can be observed in experimentshe EBWs require a the fields have a dependence of the fa't? * % wherek,
kinetic description since they are not normal modes of a cold&ndk, are the poloidal and toroidal components of the wave
plasma. In general, a fully kinetic description of wave propa-vector, then(2) are reduced to a set of ordinary differential
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equations irx. These equations then describe the propagation In order to appropriately convert the WKB res(#) to a
of the cold plasma modes in a sheared magnetic field. Thessique operator form for a full wave description, proper at-
differential equations for the fields have a regular singularitytention must be given to total time-averaged energy flow
at K,,=0 corresponding to the upper hybrid resonanceconservation. The total time-averaged energy flow includes
wyH= \/(w2p+ a)cz).ThiS singularity leads to resonance ab- kinetic energy flow in addition to the electromagn&toyn-
sorption, which, as shown in Ref. 1, is equivalent to theting) energy flow. For a weakly damped kinetic wave, the
energy flow mode converted to electron Bernstein waves. time-averaged kinetic energy flow density is giverf by

The approximate full wave kinetic field equations then

. o H

follow from supplementing the cold plasma description as -1 K ap *
follows.22 A fully kinetic description involves, in general, an (s)=- ZEOwTE“Eﬁ ' ©®
infinite number of modes. In order to single out the coupling
of specific modes, it is expeditious to use a reduced ordewhere we sum over repeated indicasand 8 denote either
approximation that accounts for only the modes of interestthex, y, or z directions,E; is the complex conjugate @&,
For our case we seek an approximate, reduced full-wave dendK"™ is the Hermitian part of the kinetic permittivity ten-
scription that involves the coupling of the cold plaskand  sor. WithK,, in (3) replaced b)K)’fX in (5), the kinetic energy
O modes, and the kinetic EBWSs. In the WKB limit, the EBW flow density in thex direction is
dispersion characteristics are related to the kinetic permittiv-
ity tensor elemenkX, . In this limit, we retain all the cold
plasma permittivity tensor elements except for ihg tensor

element which is replaced by the corresponding kinetic ten- K . . . .
sor element obtained for a homogeneous, Maxwelliar':Or Ky varying slowly withx, the conservation of the ki-

X Ky
- _ = 2
<SK>X 4 € Ik, |Ex| . (7)

plasmé& netic energy flow density
d (K
2 * XX
w . E 2 :0 8
KS=1+ 25 5% 5 1,222y, (@ dx( x| X') ®
xP n=—o

requires that the inhomogeneous representation of the kinetic

wherey,=(o—nwc)/(V2|k||v1), p=v1/w. is the electron  EBW mode be related to its homogeneous plasma represen-
thermal Larmor radius;t= \«Te/me is the electron thermal  tation KX E, by®

velocity corresponding to temperaturé., k;=(k,Bgy

+k,Bo,) /By is the component ok along the magnetic field, KKE. Ko Eo— i()( @) 9)
I, is the modified Bessel function of the first kind, afds XEXTTIREX x|\ A dx

the plasma dispersion function. We assume that, in the m0d§0 the apbroximate full-wave kinetic description of the
conversion regionkp=1 andyy>1. The former approx- EBW, coupFed to theX and O modes, is includgd in Max-
mation is valid since the wavelength of the EBW is compa- ' P '

. : . II's equations(2), (3) by replacingK,,E, on the right-
rable to that of theX mode in the mode conversion region. we . d XXX . .
The latter approximation simply implies that there is nohand side of(2) by the right-hand side of9). With this

damping of waves in the mode conversion region; such jeplacement, Eq42), (3) can be combined to give the fol-

situation would be experimentally desirable. Consequentl owing six coupled first order differential equations for the
: C0 ' - ’5patial evolution of the field€

on expanding the Bessel functions(#) to second order in

k.o, and on keeping the leading term in the asymptotic form dE

of the plasma dispersion function, we get d—g:iA. F, (10)
2 2 2 ) ) ] )
KK ~1— @p K22 Wp Wy where é= wx/c is the normalized spatial variable,
XX 2 2 +Kyp 2 2 2_4 2
W= wg 0w, @ We - -~
) F =[Ex Ey E, (ix1Ex) CBZ(_CBy)]a (11
=Kyxt x1Ky 5

is the transpose of the field vectBy E,=(dE./d¢), and
where K,, is given in (3). An inherent assumption in this

expanded form oK)*fX is that wyy<2w.. When this is not A

the case, the character of the mode conversion region r 0 0 0 ~1 9 o]
changes as the sloW mode propagates through the UHR X1
towards the low density and low magnetic field part of the ny 0 1
plasma. The conversion to EBW then occurs in a less dense

X ) n, 0 0 0 0
plasma than in the case when the upper hybrid resonance = ,
frequency is less thand2.. This is in contrast to the cold Kix Xxy Xxz o ny n
plasma _result where the sloX mode asymptotes to zero ~Xxy Ky~ nf XyzTNyN, 0
perpendicular wavelength at the UHR. However, as dis- B nen K. —n2 0
cussed in Appendix A and Appendix B, the mode conversion Xxz XyzT Tyl zz Ty .
formalism we develop here can be used in either case. (12
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where ;= (w/c)?x;1, n,=ck,/w, and n,=ck,/w. The LEFT RIGHT
only component of the electromagnetic wave field whose
evolution is not given by10) is B,. From(2) LOSS-FREE —>by
cBy=n,E,—n,E,. (13 ap— MODE %
Thus, the.k|net|c full-wave dynamics given by Eq40)— by CONVERSION
(13) describe the coupling between tKamode, theD mode, — b,
and the EBW, i.e., the mode conversion process. REGION
. . . . l——a,
The total, electromagnetic and kinetic, time-averaged en-
ergy flow density in thec-direction ig+?
- 1 €0 - S e FIG. 1. The left-hand side is the high density region inside the plasma and
<S>X:Z EF ‘R-F, (14) the right-hand side is the low density region towards the outer part of the

plasma. The indiceX, O, andB label theX mode,O mode, and the EBW,
respectivelya andb are complex amplitudes chosen such fladé—|b;|? is

- _’_ . . =
whereF ' is the transpose of the complex Conjugat§oind the net wave energy flow density into the loss-free mode conversion region

[ 1 0 O] along theith wave.
0 0 1 0
0 0 1 o )
R = (15) have to be satisfied by the results of any numerical procedure
1 0 0 used to solve Eq10) with the appropriate boundary condi-
tions.
0 1 0 0

The global properties of our full-wave model equations
0 0 1 for the mode conversion region are linearity, energy flow
Then frc;m (10) we find that conservation, 'anajOnsagelr-typ’é)) time reversibility. From
' these properties we derive relationships between various
d . P mode conversion scattering coefficients. The derivation and
d_g(': ‘R-F)=0. (16 the relationships apply to any full-wave description that has

) o ) these global properties, and not just to the mode conversion
This equation is needed to ensure that the numerical SChe”ﬂf’r‘ocess described k0.1t

solving the mode conversion equations is conserving the to- 5 ¢ explained in Appendix A, the wave fields are as-

tal, electromagnetic, and kinetic, time-averaged energy flowy,meq 1o have a WKB form outside the mode conversion
density. The conservation condition is consistent with theregion. Referring to Fig. 1, towards the outside, low density
assumption that there is no damping in the mode Conversio%gion of the plasmadesignated as “right! the X and O

region; i.e., we assume that the EBW damping at the Dopplef,gges are propagating with energy flow into or out of the

shifted electron cyclotron harmonic occurs inside the plasma, 4e conversion region, while the EBWs are evanescent
away from the mode conversion region. For cases of interestiih, no associated energy flow. Towards the inside, high

this is verified by ray tracing of the EBW beyond mode density region of the plasmédesignated as “left) the

conversion into the plqsnfg. _ _ _ _ EBWs are propagating with energy flow into and out of the
The approximate kinetic dispersion relation, obtained by,od4e conversion region, while théand O modes are eva-

. . nX . . X X
assuming WKB solutions of the for@™ in (10), is found  oscent with no energy flow. Let the complex amplitudes of

to be the propagating modes be such that? is the energy flow
de(nxr—,K)zo, (17)  density into the.mode conversion region dbq? is the en-

) ergy flow density out of the mode conversion region. (
where det denotes the determinant. =X,0,B designating th&X mode, theD mode, or the EBW,

respectively. Then, since the mode conversion equations are
linear, the complex field amplitudes andb; are related by

Ill. GENERAL RELATIONSHIPS BETWEEN EMISSION a scattering matrix
AND EXCITATION COEFFICIENTS

bg Sz Sex Seo ag
In or.der to dgte_rmme the scattering coefficients for mpde by | =| Sxa Sx Sxo || ax (18)
conversion excitation of EBWs or for mode conversion b
emission from EBWs, Eq€10) are numerically solvedsee o Soe Sox So do

Sec. IV) subject to boundary conditions discussed in Appen-y, simply, in matrix notation

dix B. While an analytical solution of these equations is es-

sentially impossible for reasonable plasma parameters, rela- p=S.3. (19)
tionships between the scattering coefficients for mode

conversion excitation and the scattering coefficients forThe matrixS is unigue since the solution of the linear mode
mode conversion emission can be established based on gloenversion equations with the appropriate boundary condi-
bal properties of the model description. These relationshiptions (see Appendix Bis unique.
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The requirement that the mode conversion region be fregvhere the superscrigtindicates the transpose of the matrix.

of dissipation implies that Thus, the conservation of wave energy flow density, which
follows from our assumption that the mode conversion re-
2 (|aj|>=|bi|»=0. (20) gion is free of any energy dissipation, and the requirement on

i

energy flow under time reversibility lead to the conclusion
Using (19), this conservation condition can be written as  that the scattering matri% is symmetric, i.e.,

ala—a'-Sf.S.a=a' (I-S'-5)-a=0, (21) Sex=Sxs: 0=Sos: 0= Sox- (31

where the dagger superscript denotes the complex conjugate Ve can now evaluate the relationships between the emis-
of the transposed matrix. This condition must hold for anyS|on and excitation coefficients. For this it is convenient to

boundarv conditions. i.e.. for arbitrass Consequentl refer to Fig. 1. Let us first consider the excitation coeffi-
y T & q y cients. If anX mode is launched from the right-hand side,

st.s=1 (220  low density region, theap=0 andag=0. From(18), it then
follows that
or
- o b
Sf=§1 (23) a—B —Say. (32)
X

which is the constraint imposed on the elementS ay the The energy flow mode conversion coefficient for the excita-

loss-free mode conversion process. . -
: P . tion of EBW from an externally launchedmode is given by
We next consider wave energy flow under time revers-

ibility of the model dynamics. For the time reversed system
the direction of time-averaged energy flow density changes Cxp=

sign. In other words, the reversal of time changes time-
averaged energy flovinto the mode conversion region to Now let us consider the mode conversion of EBWs emitted

time-averaged energy flowut of the mode conversion re- from inside the plasma to th¢ mode towards the outside of
gion. This property for the electromagnetic part of the energyhe plasma. Here EBWs are incident on the mode conversion

flow density requires that, under time reversal, the electri¢egion from the high density, left-hand side, of the plasma. In
and magnetic fields change as follows: this caseax=0 andap=0. Then, from(18), we find that

2
=|Sgx/2. (33

B
ax

=_E* 3 B* b
E-E B--B @0 Zesp=suk, (34

and, for the kinetic part of the energy flow density, the wave ~
vector changes according to where we have used the conditi@8il) that S is symmetric.
The energy flow mode conversion coefficient for the emis-

k——k. (29 sion of X mode from a thermally emitted EBW is then
(The complex conjugate variables are indicated by the super- 2
script*.) In our descriptiong; represents flow into the mode Ex= a_x =|Sxpl?=|Sgx|%. (35
B

conversion whileb; represents flow out of the mode conver-
sion region. Thus, il ~exp(kx—iwt) thenb;~exp(-ik,x  From (33) and(35) we note thaCyg=Ey, i.e., the fraction
—iot). Consequently, under time reversal of the X mode energy flow that is mode converted to EBWs
(26) when anX mode is launched from the low density side is the
same as the emitted EBW energy flow that is mode con-
Referrring to Fig. 1, the effect of time reversal is to changeverted to anX mode that propagates out into the low density
a’s to b*’s andb’s to a*’s with arrows pointing in the same region. We can similarly show th&,z=Eg, i.e., the frac-
direction as indicated in the figure. Then, from the definitiontion of the O mode energy flow that is mode converted to
of the scattering matrix defined {19 EBWSs when anO mode is launched from the low density
side is the same as the emitted EBW energy flow that is

a—b" and b;—a; .

a*=S-b*. (27 mode converted to a® mode that propagates out into the

The complex conjugate of the above equation gives low density region. The emitted and O modes propagate
e out into the vaccum region where they are observed in ex-
a=S*-b. (28 periments. B

Then, from(19) and(28), energy flow under time reversibil- In addition, from the symmetry o, it follows that

ity imposes the constraint that Ry=|Sox/2=|Sxo|?>=Ro, (36)
S (290 j.e., for anX mode launched from the outside, the fraction of

The relationshig29) along with(23) leads to the follow- the X mode energy flow that i‘?’ reflected back out on e
ing property of the scattering matrix mode is the same as the fraction of thenode energy flow

R that is reflected back out on th¢ mode for anO mode
S'=s5, (30 launched from the outside.
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FIG. 2. The magnitudes of the poloidal componByt(dotted—dashedthe

toroidal componenB, (dasheg, and the total magnetic fiel (solid line) in

Tesla as a function of the minor radius=0 is the center of the plasma and p|a5ma_ In this case the upper hybrid frequency is below

x=0.44 m is the outside edge of the plasma. 2w.. Figure 4 shows the mode conversion efficier@yg
when, for the same parameters,@mode is launched from

. : -~ . the outside.
So, in summary, hk symmet_ry of the scattgnng marix When EBWs are emitted, they propagate out to the edge
Ieads to the following relationships that have important X vhere they can couple to théandO modes near the UHR.
perimental consequences

Some of the EBW energy flow reaching the UHR will be

Ex=Cxg, Eo=Cog, Rx=Rgo. (37)  reflected back into the plasma. For the same parameters as
discussed above, Fig. 5 shows the fraction of the emitted
IV. EXCITATION AND EMISSION OF ELECTRON EBW energy flow, as a function &,, that is converted to
BERNSTEIN WAVES the X modeEy, to theO modeEy, and reflected back into

the plasmarg . Upon comparing the results from Figs. 3 and
4 with those given in Fig. 5 we note the following relation-
ships:

The kinetic field equations ii10) are solved numeri-
cally with the boundary conditions discussed in Appendix B.
The NSTX-type highg equilibrium that we have used in our
calculations is as follows.The Shafranov-shifted major ra- Ex=Cxg and Ep=Cpg. (38
dius isR=1.05 m, the minor radius ia=0.44 m, the peak
electron density is1,=3% 10" m™3, the peak electron tem-
perature isTo=3 keV, the density profile is1;=ng+ (ng
—ng)(1—x%a?)? and the temperature profile ®&=Tg
+(To—Te)(1—x%/a?)2, whereng andTg are the edge den-
sity and temperature, respectively, wittx/ny=0.02 and
To/Tg=0.02. The magnetic field profile is taken to be that
shown in Fig. 2.

For a wave frequency of 14 GHz, Fig. 3 shows the eny
ergy flow mode conversion efficiendyyg for the excitation
of EBWs when anX mode is launched from outside the

These are exactly the same conditions as derived in Sec. lll.
Thus, the fraction of the EBW emitted energy flow that is
mode converted to th¥ mode and thé mode is the same
as the energy flow that is mode converted from Xhmode
to the EBW when theX mode is launched from the outside,
and, separately, from th@ mode to EBW when th® mode
is launched from the outside.

Since Ex+Ep=<1, it follows that if the plasma condi-
ions are such that th€—B conversion process is optimized
then theO—B conversion process is not effective, and vice
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FIG. 5. The fraction of the outgoing EBW energy flow, as a functiomof
FIG. 3. The fraction of the incomin¥ mode energy flow, as a function of for k,=0, that is converted to th& modeEy and to theO modeE, . Rg is
n, for k,=0, that is reflected out on th¢ modeRy, on theO modeR,, the fraction of the emitted EBW energy flow that is reflected back into the
and mode converted to Bernstein wavgg; . plasma.

Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 9, No. 2, February 2002 Emission of electron Bernstein waves in plasmas 415

versa. We have noted this effect before when studying the 10°
mode conversion excitation of EBWdt was found that the
X-B and theO—-B conversion processes were optimized in,
essentially, mutually exclusive regions of the parameter 2
space spanned byw(k|) (wherek| is the component ok E
parallel toB,). Consequently, from the relationships(8)
we can conclude that the experimental design for the excita- =
tion of EBWs can be completely based on the EBW emission § FX
characteristics of the plasma. For example, plasma edge con- £ SX
ditions that give a maximum of EBW emission received ex- (o]
ternally in theX mode will also be optimum for obtaining
maximum mode conversion to EBW propagating into the 10,5 oY 5 "
plasma from an externally exciteXimode. x (cm)

From Figs. 4 and 3, respectively, we also note

EBW

FIG. 6. The dispersion characteristics for tkemode, O mode, and the

Ry= Ro , (39) EBW for NSTX-type parameters for a wave frequency of 14 GHz. In this
. . case the upper hybrid frequency is below the second harmonic of the elec-
exactly as predicted in Sec. Ill. tron cyclotron frequency. The cold plasma upper hybrid resonance is located

at x~43.97 cm. The solid lines are the characteristics obtained from the
fully kinetic (Maxwellian) plasma dispersion relation. The crosses mark the
characteristics obtained from the approximate kinetic dispersion relation
r(17).

V. CONCLUSIONS

We have developed an approximate kinetic model fo
studying the energy flow transfer between ¥imode, theO

mode, and the EBW in the mode conversion region in th§ye need to do is to evalua@s andCop, theX—B and the
vicinity of the cold plasma upper hybrid resonance. Thisg_p excitation coefficients, respectively, for the same wave
model explicitly includes the propagation of EBWs so thatang plasma parameters. Then the emission coefficiEgts
we can co.rre.ctliy account for the kinetic energy flow on theandEo, for emission of th&X andO modes, respectively, are
EBWs. This is in contrast to the cold plasma models whergqyal to the corresponding excitation coefficients. Since the
the resonance absorption at the UHR is treated to be equivaym of the two emission coefficers + Eo has to be less
lent to the energy flow mode converted to EBWs. ~_than, or equal to, unity, the sum of the two excitation coef-
We assume that there is no dissipation of energy withificients C, 5+ Cop has also got to be less than, or equal to,
the mode conversion region. This assumption is not a matt&fnity. The difference from unity of the Suiy + Eq=Cyg
of convenience. If heating and current drive by EBWS is 104 ¢ is the fraction of the emitted EBW energy flow that is
be achieved in the high density region of spherical tokamakefiected back into the plasma from the mode conversion
plasmas, the damping region has to be spatially separatqggion_
from the, relatively low density, mode conversion region. The inequalityCyg+ Cog=<1 also implies that the two
Then, from general considerations of energy flow conservag,gge conversion processe$-B and O—B, are comple-
tion and energy flow under time reversal, we have showhmentary to each other. If, for a given plasma configuration,
that the emission coefficients are the same as the excitatiqfe \wave parameters are chosen to maximize one particular
coefficients. For the same plasma parameters and wave pgiode conversion process then the other conversion process
rameters, the excited energy flow that would be mode congij| pe minimized. This has been noticed in our earlier mode
verted to EBWs when a mode is launched from the out- ¢onyersion studies pertaining to the excitation of EBWSs from
side is the same as the energy flow emitted onXimeode  x mode or0 mode! The two mode conversion processes are
from EBW emission inside the plasma. Similarly, the eXC'tedoptimized in completely different parts of the parameter

energy flow that would be mode converted to EBW when aspace spanned by the paralied the magnetic fieldwave
O mode is launched from the outside is the same as thgympers and wave frequenty.

energy flow that is emitted on the mode from EBW emis- The equality between the emission coefficients and the
sion inside the plasma. The solutions for the wave fieldsycitation coefficients also points to the fact that optimized
obtained from numerical integration of the approximate ki-mode conversion heating and current drive experiments can
netic model verify the global symmetry results obtained anape gesigned on the basis of the emission results. The condi-
lytically. tions for which theX mode(or theO mode emission is most

The relationship between emission and excitation coefy onounced will be the conditions for which the-B (or the
ficients has an interesting implication. By itself, the cold O-B) mode conversion is optimized.

plasma resonance absorption model cannot be used to evalu-

ate, directly, the energy flow that is mode converted toXhe

mode and th®© mode from EBW emission. That is because ACKNOWLEDGMENTS
the cold plasma model does not include EBWSs. However, This work was supported by Department of Energy Con-
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proximate kinetic model show that the resonance absorptioB4521, and partially by the UK Department of Trade and
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letter B. The arrows indicate the direction of the energy flow density. The
x (cm) other labels are, respectively, as followd:and D represent exponentially
) ) growing and decaying modek,andR represent the lefthigh density and
FIG. 7. Same as Fig. 6 except that the wave frequency is 18 @btze-  (ight (low density boundaries, and IN and OUT indicate the inward and
sponding to the upper hybrid frequency being greater than twice the electrog,ward propagating waves. The boundary conditions are specified as fol-
cyclotron frequency The cold plasma upper hybrid resonance is located atows. (a) For emission SdB(L)UT: 1, Xg:O, andog:O. Then(10) is solved

x~43.8 cm. for Bk, X5, andO} such thaBR=0, X} =0, andO}},=0. This procedure
then determineBR , X% ,;, andOR ;. (b) For mode conversion when only
the X mode is incident from the right boundary &%, ;=0, X5=0, and

thank Dr. Jack Connor and the theory staff for the hospitalityoL=0. Then(10) is solved forBf,, X5, and O5 such thatBE=0, X},

provided at the Culham Science Center where part of this 1, andOj\,=0. This procedure determin@&g , Xg,r, andOgr .
work was carried out, and to UKAEA for providing travel

support.
the SXmode for the case when the upper hybrid frequency is

APPENDIX A: LOCAL DISPERSION larger than 2. will be coupled tp the EBW. Or, conversely,
CHARACTERISTICS any EBW energy flow propagating out towards the IO\_N_ den-
sity side will fully convert to theSX mode at the position
As mentioned in the text of the paper, the approximatevhere these two modes couple, i.e., whereSkand EBW
WKB dispersion relation obtained if17) does not describe branches coalesce in Rg(). It is important to note that, in
the EBW branch of the dispersion relation when the uppethis case, as thEX mode propagates towards the high den-
hybrid frequency is greater thanw2. sity side it reaches the high-density cutoff. At this point en-
For the case when the upper hybrid frequency is lesgrgy will be reflected back onto th&8X mode propagating
than 2w, Fig. 6 shows a comparison of the dispersion chartowards the low density side. This, however, is taken into
acteristics obtained frorfl7), marked by crosses, with those account in our approximate full-wave kinetic description.
obtained from the exact kineti¢vlasov—Maxwel), Max-  With this argument in mind, we describe in Appendix B the
wellian plasma descriptiotf. Any differences between the appropriate boundary conditions imposed on the set of Egs.
characteristics of the waves between the two cases are ess€ng) for mode conversion and emission studies.
tially indistinguishable. The parameters used here are NSTX
type* an_d the wave frequency is 14 GHz. Figure 7 s_hows theAPPENDIX B: BOUNDARY CONDITIONS IN THE
comparison for the case when the wave frequency is 18 GHéOLUTION OF EQ. (16)
and the upper hybrid frequency is larger tham.2 The '
matching between the two dispersion relations is good ex- For numerical studies of EBW emission, or EBW exci-
cept where the slowK mode couples to the EBW. In the tation by mode conversion, the system of Ed4$) is solved
approximate model of17), the slowX mode continues to with the boundary conditions described below. In the follow-
propagate out to the edge of the plasma while the completimg it is helpful to refer to Figs. 6 and.When we mention
description gives a coupling between the sl¥wnode and the left boundary, it implies the boundary in the plasma in the
the EBW. This shows that a description containing termshigh density region, while the right boundary is the low den-
higher than second order in the Larmor radius are neededity edge region of the plasma. In addition, outgoing and
However, for the purposes of our studies on mode converincoming refers to propagating waves with their energy flow
sion excitation and emission, we note that this is not necesdensity towards the low density and the high density regions,
sary. From the exact description, in the region to the rightespectively. The left boundartat high densities, “insidef
(low density of the SXEBW coupling the two modes are and the right boundaryat low densities, “outsideJ are
evanescent. Any energy flow transferred to 8%mode in  taken to be away from the mode conversion region where the
the higher density region will propagate outwards towarderpendicular wave vectors, obtained from the WKB disper-
the low plasma density region and then fully convert to thesion relation, change slowly compared to the density scale
EBW. There are no other waves that are involved in thidength. Then, at the two boundaries, the six waves are as-
SXEBW coupling process and neither of the two modes aresumed to be independent and uncoupled, and the solutions to
cutoff. So, we postulate that, in our approximate descriptiorEq. (10) are obtained using the WKB approximation. For
of the mode conversion process, any energy flow coupled temission of EBWSs from inside the plasma, or for mode con-
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LEFT RIGHT spatially decaying modes are chosen to be such that, at the
G ouT right boundary, there is no energy flow on the incomig
BL :\/‘Z T gR andO modes, and the energy flowing inward on the EBW is
D MODE - unity. With these boundary conditions, we find, at the right
G OUT boundary, the energy flow on the outgoing EBW and the
L & CONVERSION T XR outgoingX andO modes for unit energy flow on the incom-
REGION - ing EBW. This is illustrated and summarized in Figap
G OUT Note thatBf}, is taken as effectively the EBW from inside the
L — " & plasma with energy flow toward the outside 1 is effec-
0 n PRLES tively the EBW energy flow reflected from the mode conver-

sion region and flowing into the plasma.

FIG. 9. Same as Fig. 8. Boundary conditions égJ;> 2w are specified as

follows. (a) For emission seBL =0, X5 =0, andO5=0. Then(10) is solved 2. Mode conversion excitation of EBW

for B5, X5, andOj such thaBR,=1, X},=0, andO}},=0. This procedure o )

then determineBY 1, X2 1, andO§;; . (b) For mode conversion when the When considering mode conversion to EBWs from ex-

X mode is incident from the right boundary s8t=0, X5=0, andO;  ternally launche mode or externally launch&d mode, we
=0. Then(10) is solved forBp , X, andOp such thaB{=0,X[\=1,and  set up the boundary conditions as follows. Let us consider
OR=0. This procedure determin@g,r, Xgur, andOgyr - the case of an externally launch¥dnode; for an externally
launchedO mode the appropriate boundary conditions can
. - . be easily determined by analogy.
version excitation of EBWs from outside the plasma, We " Eor the case when the upper hybrid frequency is less
c9n3|der the two cases when the upper hybrid frequency i%an 2., at the left boundary, the amplitudes of the spa-
either less than or greater thame. tially growing X and O modes are set to zero, and the am-
plitude of the outgoing EBW is set to zero. Then the ampli-
1. Emission of EBW tudes of the spatially decaying and O modes, and the
ingoing EBW, at the left boundary, are determined by the
C{equirement that, at the right boundary, the incom¥mode
energy flow density is unity, and the field amplitudes of in-

. . . . coming O mode and the spatially growing EBWSs are zero.
(exponentially decaying and growing. The WKB solutions Then, upon solving10), we find the outgoing energy flow

at the right boundary correspond to incoming and outging on the X and O modes, and the amplitude of the spatially

and O modes, and EBW modes that are spatially decaym%ecaying EBW at the right boundafgee Fig. &)]. Thus,

and growing as a function of distance out of the plasma. At . :
. . ; his determines the energy flow mode converted fronXan
the left boundary, the field amplitudes of the spatially grow- . .
mode, for no incoming energy flow on ti@ mode, and the

ing X and O modes are set to zero, and the energy flow on .
the outgoing EBW is normalized to unity. Then the field roefrlﬁggeed energy flow coming out on both tienode and the
amplitudes of the incoming EBW and of the spatially decay- For 'Lhe case when the upper hybrid frequency is greater
ing X and O modes, at the left boundary, are chosen in Sucr{han 2w, the amplitudes, at the left boundary, of the spa-
gway.that, at the right boundary, the fie!d amplitu'des of thetially grg\;ving X mode. O r,node and EBW are ,set {0 zero
incomingX andQ miodes, and of the spat|ally'g'rowmg EBW The field amplitudes, at the left boundary, of the spatially
wave are zero. With these boundary conditions we dEteraecayingX mode O mode. and EBW. are obtained such that
mine, at the right boundary, the outgoing energy flow on the ' ' ’ ’

. . ._at the right boundary, the energy flow in the incomiKg
X and O waves, and the field amplitude of the decaying . . ' . : .
EBW. This is illustrated and summarized in FigaB mode is unity, and the field amplitudes of the incomidg

For the upper hybrid frequency greater tham 2 the mode and the incoming EBW are zero. Then, upon solving
c . )
WKB solutions (Fig. 7, cross marKksat the left boundary (10), we find, at the right boundary, the energy flow on the

) outgoing X and O modes and the energy flow mode con-
correspond toX, O, and EBW modes that are spatially de- . " . R
caying and growing. At the right boundary the WKB solu- verted to the outgoing EBWsee Fig. &)]. Note thatBoyy

tions correspond to incoming and outgoig modes, O is taken as effectively the energy flow mode converted from

- R R
modes, and EBWSs. In our approximate kinetic analysis, ad" externally excitek mode, andXq,r and Ogyy are the

discussed in the text and in Appendix A, the propagatingigzegtcetg/eelnergy flows coming out on theand O modes,
EBWs are just an extension of ti8Xmode as it propagates P Y-
through the cold plasma UHR. So the EBW with energy | g hulte. Ph | (2000

; ; ; ; ; _ “A. K. Ram and S. D. Schultz, Phys. Plasnagt084(2000.
ﬂowmg outwards is the one that I.S ef.feCt.lvely c;arrymg .en 2A. Bers, A. K. Ram, and S. D. Schultz, iRroceedings of the Second
ergy into the plagma for the fu'!y k|-net|c dispersion relation. Europhysics Topical Conference on RF Heating and Current Drive of
And the EBW with energy flowing inwarddéowards theSX Fusion Devicesedited by J. Jacquinot, G. Van Oost, and R. R. Weynants
cutoff) is the one that is effectively carrying energy outward _(European Physical Society, Petit-Lancy, 199&l. 22A, pp. 237-240.

; : : ; ; : 3J. Preinhaelter and V. Kopecky, J. Plasma PHhys.1 (1973.
from the core in the fully kinetic dispersion relation. At the “H. P. Laqua and H. J. Hartfuss, Phys. Rev. LBt 2060(1998.

left boundary, t_he amp”tUdes of the_three spatiglly growing sg_ jones, G. Taylor, P. C. Efthimion, T. Munsat, J. C. Hosea, R. Kaita, R.
modes are set identically to zero while the amplitudes of the Majeski, and J. Menard, Bull. Am. Phys. Sei5, 344 (2000.

For the upper hybrid frequency less than2 the WKB
solutions at the left boundary correspond to incoming an
outgoing EBWSs, and tX and O modes that are spatially
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