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1. Introduction

The damping of electromagnetic waves propagating strictly across the uniform magnetic field
is known to vanish [1]. The inclusion of non-local effects related to electron motion along the
magnetic field non-uniform along the magnetic lines of force (m.lLf) leaves this result

unchanged [2]. In the non-uniform magnetic field with the transverse gradient and straight
m.Lf. the local non-uniformity of the rate at which resonant particle rotate along the Larmor
orbit leads to the local resonance [3]

w=nw(x)+nv, /L, , (n=1,2,3...) (1)
eB, U x 0O - L
where w,, = +—-~0, Lg is the characteristic length of the magnetic field change, the
“ mecO L,O

magnetic axis is directed along z-axis, x-axis is directed along the magnetic field non-
uniformity.

If k,p, <<1, then one can neglect the Doppler shift in the cyclotron resonance
condition, p, = v, /w,, is the particle Larmor radius,,, = /T, /m, .

In this report we are studying the cyclotron resonance for fast magnetosonic waves
(FMSW) in a small pressure plasm@, ( = 4m, T, , /32 << 1) including multiple resonances
n=2 as well as the fundamental resonamcelj.

2. Multiple cyclotron resonance.

The dispersion relation for FMSW propagating across the magnetic field has the form
811N2 = €18y TELE, - (2)

To the order of magnitude
2 wZA
]\[2 = Ni = C—2 = —pzl . (3)
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In the next approximation accounting for the small cyclotron damping one can put

&n =& +5€11’ &n =& +5€227
£, =& +i0€,, &, =-¢ —idE,, (4)
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k L,
o, =—(i)'Vm CSI (25’/2 " exp( 0 +ix, \/_Z)ZH( Z).

Regarding the element¥,, ,5822 as small we obtain from eq. (2) that the imaginary part of

the refractive index = Im N for one ion species and waves propagating along x-axis is equal
to

K:\/TTn;I(kPi)_ Liwa exp(‘zz)gn‘l)aﬁ(_z) an+1( )Ex

PECEEY .
X Re(z' " exp(ix,. V27 ))
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One proves easily that for the resonane@m (m=1,2,3...)the termikp,{ of the

(5)

where(x) = , H, (Z) is the Hermite polynomial.

expansionexp(ikpiZ ) makes the main contribution to (5). In this casenfe? expression (5)
is always positive and it predicts the local damping of waves in the @anrg®,, as well as

00

in the rangew < w,,. The expression for the optical thickness J'Imde coincides with

those obtained with the inclusion of other mechanisms of cyclotron absorption: due to
longitudinal Doppler effect or binary collisions. But alreadyna#t one can prove that the
quantity k may be positive as well as negative meaning the local instability of the FSMW.
But for the waves passing through the resonance zone the optical thickness happens to vanish:
absorption and damping of FMSW cancel. Such cancellation occurs when one expands the

term exp(ikpif) up to the terms proportional t()kpiZ)zm_S. Only keeping terms with

(kp,g)™" yields the final positive expression fer

Imk -1 \kp, B Ly, 2 U
mT = \/7_7 /’ln gzn/zzl ! v, exp(— Z )@n - 1)ZHn (_ ) 2 Hn+1( Z)Hx (6)
X Re(i " exp(ix,. NpY4 ))

For even numbens=2m one should put=2m-1in formula (6) and for odd numbens2m+1
one should take the term wili¥2m The calculation of the optical thickness due to damping
(6) yields

]'[ 1 DV |:|2n2
=1 0o (7)
T2 2"l Uv, U v,

This result has been obtained for the resonar®in Ref. [3] . The same expression is
obtained if one calculates the cyclotron damping for FMSW propagating almost across the

magnetic field(k‘| <<k, Dw/vA) and recalls [1] that

Imk -y, 07 w W, nj
Imk _ 7 (n=1)" Qv O expu —n
k 8 2'n! Ov, O kvy [ Jzk”vn

(8)
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The same expression (7) is also obtained when one calculates the collisional absorption at
W=nw,:
Imk (n -1’ Ov,, DZ" ’ WV
n+l n 2
k27l DVA 0 (w-nw,) +v?

wherev is the collision rate.

: (9)

3. Fundamental resonance.

At w=w,, the expressions for the dielectric tengrwith kp, <<1 are reduced to the
following

811:£1T_Nj/4’ 822:$2T_N/21/41
g, =ig, —3i N> /4,&, =—ig,, +3i N /4, (10)
where
£, = < 5\/7WB,7 H+2ixiE1+i\/_ZW§f—lT%
N2 Ly, ix, @
£, =2 §Z+x g+z\/_ZW§7 %—EE (11)
Here
O ¢ O
w(¢) = exp(-¢?) én(zi/ﬁ) exp(tz)dté, (12)

_ [a) -w, (x)]L 5
Jav, . X, =kp, .

Neglecting in (11) the terms containing <<1 vyields the estima®, ~¢&,, ~ N}

LB

Terms in (11) containing are equal to the order of magnitudeXgk ,L,. These terms are

still considerably larger than the non-resonant terms in (10) which are equd) to the

order of magnitude because our consideration assumes the applicability of the WKB method
(k,z, >>1).

Taking into account these inequalities and keeping in mind that the largest terms in
eg.(2) cancel yield
N? 1+2 N2 ﬁ -1
S Vi _

N’ 2 f
i O
T aw(g-i, 2) 0 e s (ﬁ‘l)x’H

Neglecting in (13) the small terms proportlonalxtowe obtain thatNV = N, +iN,, where

(13)

N(Z) is determined from the equation
L(Z) = l +Zz — IZ .
N2 2 Jw(Q)

(14)
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In particular cases we have
-~ - = H - T T << 1 ’
N, \/E N, N2TT (|Z| )

NR NI \/E 3 2
- = = 1 —_—= - - , >> 1 ’ 15
VTl ey denle) (d>) (15)
The imaginary part of the refractive index is the odd functior{ ofAt { >0 we
would have the FMSW amplification in our consideration wheregs<ab the FMSW would

be absorbed. Therefore the optical thickness vanishes in this approximation.

The real part of the refractive index is the even function and it changes essentially
within the intervaI|Z| ~1, that isx ~ p,. As we assume that the plasma density changes over

the characteristic lengthh, << L, (Bl. << 1), then the WKB approximation loses its validity
for the fundamental resonana®=w, . In the case considered it is better to use the

narrow-layer approximation when the coefficients in Maxwell's equations that ccﬁdﬁ%

experience strong changes in the layer Wﬂé|rs 1. However, to make sure that under the
resonancew = w,, the cyclotron damping still exists with the transverse gradient taken into

account, we keep in equation (13) the terms order ®hen for the additional damping rate
we get the estimate even with respect to the sign-otv,,

Imk A w-w,.|L 0
mE el s@. (16)
k,

v, Vi

1

Note that due to the inapplicability of the plane wave approximation the magnitude of the
numerical factor and even the signimiN in (16) remain indefinite.

4. Conclusion

The absorption coefficients for FMSW propagating across the magnetic field under multiple
cyclotron resonance conditiorts = nw,, obtained in the gyrokinetic approximation lead to

the optical thickness coinciding with one formed by the Doppler spread of the cyclotron
resonance or by collisions.

The fundamental resonance= w,, cannot be considered in the local approximation
as the WKB technique fails but it can be considered in the narrow-layer approximation [4].
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