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Synopsis

Radial transport induced by rotating RF fields in a magnetic
mirror is studied. The used RF frequency is in the ion cyclotron
range of frequnecy and also comparable to the electron bounce
frequency. The radial particle fluxes for ions and electrons are
obtained by use of the gyrokinetic equation. With a positive
azimuthal mode number of the RF field, the radial particle flux is
outward for Maxwellian ions and is inward for Maxwellian electrons.
This shows that the intrinsic ambipolarity is broken in this
RF-induced transport. The present analyses can be applied to the

thermal-barrier pumping of a tandem mirror,




Radial transport induced by RF fields is an important research
subject in magnetically confined plasmas. It is a critical issue
in understanding anomalous transport phenomena associated with
instabilities or with RF plasma heating.' *’ It is also useful in
the control of electrostatic potential in a plasma. In tandem
mirrors, barrier pumping of trapped ions in the thermal barrier
with use of RF fields has been discussed.?®’

In this Letter we study radial transport induced by rotating RF
fields in the ion cyclotron range of frequencies(ICRF) in a magnetic
mirror, where the electron bounce frequency is usuall& comparable to
the ion cyclotron frequency. We here obtain expressions of the
radial particle fluxes induced by RF fields for ions and electroné.
The orgin of transport is the cycloiron resonance for ions and the
bounce resonance for electrons. We show that with a positive
azimuthal mode number of the RF field, the radial particle flux is
outward for Maxwellian ions and is inward for Maxwellian electrons,
and therefore that the intrinsic ambipolarity is broken in the
present RF—-induced transport, which is different from that
associated with drift instabilities in tokamaks. ®’

We now derive the expression of the RF-induced radial flux in a
magnetic mirror. We consider an axisymmetric mirror. The magnetic
field is expressed as B=Bb=V p X V 6 in the magnetic flux
coordinates (¢, 6 ,s), where ¥ is the flux coordinate, 6 is an
anglelike coordinate and s is the distance along a field line.

We assume a parabolic profile given by B{(s)= Bo{(1+ s?/Ls?) for the
magnetic field. We also consider RF fields described by the eikonal

representation for simplicity and then a perturbed quantity
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’f(lb ,0,s,t) is expressed as ’)\(I(s)exp[iS(llJ .8 )—iwt]. RF electric
and magnetic fields, E and B, are expressed in terms of the scalar

~ ~ "~ ~S
and vector potentials ¢ and A= A;b+ V X Ab as

~

E=—-Vé+ilw/c)A ,

~ ~ ~ (1)

EZ V X é: kJ_ZAQ‘}' iA]]KJ_ X 9: Bul_)‘l‘ B_L .

where w 1is the RF wave frequency, ¢ the light speed and k.= V S=

ke Vip +keV 6. Kke=m denotes the mode number of rotating RF fields.

We assumed llgi))li“’ dX/3 sl in eq. (1).

The starting point is the linearized gyrokinetic equation

applicable to arbitrary frequency.’ ®’ In this theory, the perturbed
~t ”~

distribution function f for a given species is given in terms of P,

K:I and By as

a9 d fo~ d gu ad fo =0 ~

e 235 5y s Eeexp(— ila) (2)
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where & = v?/2+ q® /M is the particle energy per unit mass,
La=vi-(kixb)/w.+n&, ¥ the gyrophase angle between v. and k.,
w {= gB/Mc) the cyclotron frequency, g the charge, M the mass, ©
the equilibrium electrostatic potential and f, the unperturbed
distribution function, which is here assumed to be a function of &

only. The function 'éln is given by
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where J.{(z) is the Bessel function of order n, z= kivi/w e,
J./=dJ./dz, we=wet syt . and wx are drift frequencies

defined by, respectively,
we= (c/B)(kuXb} VO,
©wy={(vi?/2w0 ) (k. X b)- V InB,
W= {(v?/w ) {kexXb) &k, (4)
ws=—(kiXb) Vie/(w.dfc/3 €),

and « = (b-V )b is the curvature of a magnetic field line.
In eq. (3), we here neglect .« and wx since we consider the case
that the RF frequency « is comparable to ®.: and much larger than
we and ws<. We retain only n=1 for ions and also n=0 for
electrons in the summation over n in eq.(2).

The cross-field particle drift ’\‘;l driven by RF fields is

dominantly given by

T
+=C g "Tg T ¥t
C - Vi Vi
= — i—[(¢ - —A)k.xb- i—By] , (5)
B C C

where eq. (1) is used and {keV 8 {DD|keV ¥ | is assumed. By using
eq. () and the perturbed distribution function f, we can obtain a

cross-field particle flux induced by RF fields as

L= {(1/20Rel I dPv< V¥ T > ), (6)
where < - > denotes time averaging over the RF oscillation period

and Re{-- } represents the real part of a complex quantity.
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The radial flux can be obtained by multiplying 'L, by V¢ as

Bde du

fde< VsV 1>}, (7
fvul

T, V= (1/2)Re‘{/|§105

Substituting eq. (5) into eq.(7) and performing the integral in the

gyrophase angle £, we can obtain

BdEdu -~ _~
1 = i an n » 8
L.V chmRe{‘l/]%OS ol 8} (8)
ﬁn(s)z('é'—%lmn(zr "*Cﬁ..mz) , (9)

where n= 1 for icns and n=0 for electrons and we employed

§dZ 2mexp(— iL.)=Ju(2) ,

§dZ /27 viexp(— iL.)= i{vi/ki)J.’ (z)keXDb , (10)

and {(k:Xb) Vi =k,B=mB. We note that the first and second terms
in eq. (1) do not contribute the transport since they are reactive
parts of the ditribution function. As the magnetic field B(s) is
varying along the field line, we define a line-integrated radial

flux by

ds ds ~ ~
Fe=J1—T . V¢ =ncmRe{if de du { —H.*g.} . (11}
B — w20 fwvyl
If we define a line-integrated density as N= [ dsno/B where n, is
the density, Nand I'y satisfy aN/dt+ 8T /8 ¢p =0.%
We first consider the ion radial flux induced by RF fields.

The ion bounce frequency is less than the ion cyclotron frequency
_6__




and then the function §1 . is given by the local approximation.

Setting 8 X/8 s= ikuX in eq.(3), we obtain

~ e d fo: ﬁl

it T T . 12
8 Miwae m—nmca—kuvu ( )

Substituting eq. (12) into eq.(11) with n=1, we can obtain

., Cew 3 fo,

I' o anijdgdﬂag
X 2§ 7= Hi(s)128 [0 = 0ci(s)—kuvi(s)] (13)
VI%O b ! ci nvi ,

where v(s)=* [2{e —e® (s)/M;:— £ B(s))]'7?. We here assume that
the equilibrium electrostatic potential & (s) is constant as
® (s)=®,. Then the solution of @ — @i (s)—ksvu(s)=0 in eq. (13)

is determined from the equation, for v;2 0,
SP—{w—wWeok ku[Z(E —ed /M~ #Bn)_zﬂBogz]l/g}/w c0=0, (14)

where s=g/Ls and @ co=€Bo/Mic. For small k;, we can approximately

drop the s-dependence in vy and then obtain, for v, 20,
Si=tle[{w—wecotkyl2(e —edo/Mi— uBo)]'"?)/w co]'% . (15)

In this case if we perform the integral in s, we can obtain, for

@— Weco— Kuvy >0,
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(16)
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where vi;=v;(s=0). The ion radial flux I' +:; induced by RF fields
is proportional to the mode number m of the rotating RF fields and
the direction of I' 4; is outward with positive m for Maxwellian
ions, 8 fo:/8 € <0. |

Next we discuss the electron radial flux. The electron bounce
frequency is assumed to be comparable to the ion cyclotron frequency
and then the function g., can be expressed by an expansion in

harmonics of the bounce motion as

~ oo ~
Eeo =R§_mgeo(?t)exp(ih @WsT ) , (17)

emafoe I:io(h)
Me 68 w_;l(J)Be

Zoo (A )= , (18)
where 7 = [ ds/|vy| and ws. is the electron bounce frequency, given
by wse=2% /T = (2 Bo)'7?/Ls. If we use the approximation of
Jo=1 and Jo/ ~kivi/2| @ .o |, Ho(A) is given by

M.

:gn]exp(—iho)set)/fdt . (19)

Ho(3)=fdr [¢- K-

Substituting egs. (17) and (18) to eq.(11) with n=0, we obtain

cew d foe
IFye=m?
» T2m W fdedu P
[ov) ~
xﬂ‘g,_oo}" dT Ho*Ho (A Jexp(id 0.7 )8 [0 — A wge] . (20)

~ ~ O ~
And if we expand Ho as He :AécoHo(A Jexp(iA ws.T ) and perforn

- the integral in 7, we obtain




rte:nzﬁghSdEdﬂ-

f“t S | Ho(2)1%5 [0~ A ws.] (21)
68 Be%:]. 0 Be -

We here introduce a new variable 3? defined by

A= —ilc/w)d x/9s . (22)

in place of Ay. If we express the electron bounce motion as
s(t)=a(E, 1 )sin{ws.7 ) with a=La[{e +e® o/Me— £ Bo)/1Bu]'/?
and use %}s)=;§éxp(ikus), substitution of eq. (22) into eaq. (19)
then yields

~ ~ A Be ™ Ma ~
T (A )= da(kna) [@ - 220y 2B . (23)
w e

The electron radial flux is also proportional to the mode number m
and the direction of I'¢e.is inward with positive m for Maxwellian
electrons, @ fo./d &€ <0, contrary to that for the ion.

We have shown here that in mirrors with RF fields of o~ w.;
~ wre and the positive mode number m, the ion radial flux due to
the cyclotron resonansce is directed outward for Maxwellian ions,
on the other hand, the electron radial flux due to the bounce
resonance becomes inward for Maxwellian electrons. This means the
breakdown of the intrinsic ambipolarity in the present RF-induced
transport. The intrisic ambipolarity is satisfied for anomalous
transport associated with drift wave instabilities in tokameks.®’
This intrisic ambipolarity is satisfied only when there exsits the
6 —-symmetry for the unperturbed state, the wave fields are produced
by microscopic instabilities and there is no external momentum input

in the @ - direction. It breaks down even if one of them is not
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satisfied. In the present case, the rotating RF fields yield the
external momentum input into a plasma in the 6 -direction via
wave—particle resonances. Therefore, the intrinsic ambipolarity in
the present RF-induced transport breaks down and then the associated
selective radial flux results.

In conclusion, we have studied the RF-induced radial transport
in mirrors and have obtained the expressions of the radial paricle
fluxes for ions and electrons. We believe that the present analyses
are useful in studying transport phenomena associated with ICRF
heating in mirrors. The present analyses can be applied to the
barrier pumping of trapped ions in the thermal barrier of a tandem
mirror. With use of an appropriate RF mode, the RF fields pump out
the trapped ions from the thermal barrier. Since the electron radial
flux is then directed inward, therefore the RF-induced transport
tends to enhance the well depth of the thermal barrier potential.

Finally we acknowledge Dr.R.Hatakeyama of Tohoku University and
members of the Plasma Research Center, University of Tsukuba, for

useful discussions.
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