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Tunable resonant transmission of electromagnetic waves through a magnetized plasma
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We theoretically investigate the resonant transmission of circularly polarized electromagnetic waves in the
electromagnetic stop band of a magnetized plasma slab using the invariant embedding method. The frequency
and quality factor of the resonant mode for the right-handftthandedl circularly polarized wave created by
inserting a dielectric layer into the plasma increédecreaseas the magnitude of the external magnetic field
increases. These phenomena are compared with the characteristics of resonant modes in metallic and dielectric
Fabry-Perot resonators to show that they are due to the change of plasma reflectivity. We also discuss the
damping effect due to the collisions of the constituent particles of the plasma on the resonant transmission of
circularly polarized waves.
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I. INTRODUCTION where w,(= JVamn.e?/m~5.64x 10*\n, Hz) is the plasma

frequency with the electron density, in units of cm 3,
Electromagneti¢EM) stop bands, the frequency ranges in w.(=eB/mc~1.76x 10'B Hz) is the cyclotron frequency
which EM waves are forbidden to propagate, can be formedvith the magnetic fieldB measured in Gauss, andis the
by multiple Bragg reflections in structures where the refraccollision time of electrons. The characteristic frequencies lie
tive index or the wave impedance varies periodically inin the microwave range for common laboratory conditions
spacq 1-3]. These stop bands are called photonic band gapgl1], e.g.,w,=50 GHz forn= 102 cm 2 andw.= 20 GHz
(PBG9 and the periodic structures that display PBGs aréor B=10° G. In a collisionless plasma with =0, eg(w)

called photonic crystalgl,2]. By introducing defects into the s negative for frequencies between and
photonic crystal and thereby breaking its periodicity locally,

one can create defect levels within the PBG. EM waves with Voi+dws+og
frequencies corresponding to the defect levels are allowed to W= 5 2

propagate through a photonic crystal of finite did¢
It is possible to create a PBG in a desired frequency rangand ¢, (w) is negative whenw is smaller than
by designing a photonic crystal in an appropriate manner.

The defect frequencies can also be selected by designing the \/w§+4w§— w¢
shape and size of local defects. In some special cases, both wL= 2 : ©)

the PBG and defect frequencies can be tuned by varying the
dielectric permittivity e or magnetic permeabilitye of the  As is well known, EM waves incident from a vacuum are
constituent materials. This can be achieved by changing th@tally reflected and do not propagate in a medium if its
temperatur¢5,6] or by applying an external electri@] or a  dielectric constant is negative. Thus in the frequency range
magnetic field[8]. Many interesting ideas have been pro- w.<w<w,, EM waves cannot propagate along the direc-
posed in improving the performance of optoelectronic andion of B in a magnetized plasma. We will call this frequency
microwave devices using tunable photonic crysfald0]. range as theatural PBG. Clearly, this gap is easily tunable
There exist another group of EM stop bands of whichby an external magnetic field.
formation has nothing to do with the periodicity of media. A From Eq.(1), one can easily see that the dielectric con-
representative example is the stop band for circularly polarstant of a plasma behaves as a Drude-type dielectric function
ized EM waves propagating parallel to the external magnetief a metal when the magnetic field is zew & 0). This fact
field in a magnetized plasnjal]. The dielectric constants of suggests that the transmission characteristics of a dielectric
a magnetized plasma for right-handed circularly polarizedayer inserted in the center of a plasma slgly. 1) would be
(RCP and left-handed circularly polarized CP) waves, similar to that of the dielectric layer inserted between the two
er(w) and e (w), respectively, are given by 2] metal plates, i.e., a metallic Fabry-Pef&P) resonator. In

general, the reflectivity of the metal film in a metallic FP
2

wp resonator influences the qualif®) factor and the resonant
er(w)=1~— w(o—wetiln’ frequency of the resonator. Since the variation of the dielec-
¢ tric constant of a plasma due to the change of external mag-
5 netic field changes the reflectivity of a plasma slab in its
e (w)=1— “p . 1) natura] PBG, _the frt_equency and t@factor of a resonant
w(w+wc+ilT)’ mode in the dielectric layer inserted into the plasma slab can
be controlled by an external magnetic field.
In this paper, we investigate theoretically, using the in-
*Email address: hanjolim@madang.ajou.ac.kr variant embedding methdd 3], the transmission characteris-
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layer g{_;_j;;‘;f ‘ mittance (right) of RCP (solid lineg and LCP(dashed ling EM
waves propagating parallel to an external magnetic field through a
FIG. 1. Schematic drawing of a magnetized plasma slab inmagnetized plasma. The parameters used in the calculation.are
which an additional dielectric layer is inserted at the center. The=10 GHz B=570 G), w,=50 GHz (1,=0.79x10">cm™%), &
plasma slab is assumed to be contained between two thin glasses4 mm, andr '=0. The total thickness of the plasma and the
The circularly polarized EM waves impinge on the slab plasmadielectric constant of the surrounding glasses are 40 mm and 2.25,
from the right parallel to the applied magnetic field. respectively. The arrows denote,,w, , and wg and the capital
lettersR andL represent the RCP and LCP waves, respectively.
tics of the resonant modes created by inserting a dielectric
layer in the center of a magnetized plasma slab. We will ar iko
show that the resonant frequency and @hactor of an RCP o = 2ikor + —-[e(L, ) —1](1+ r?,
(LCP) wave increasédecreaseas the magnitude of the ex-
ternal magnetic field increases. The characteristics of the at ik
RCP and LCP resonant modes are compared with those of — =ikot+ _O[G(L,w)_l](lﬂ)t_ (6)
corresponding resonant modes in metallic and dielectric FP L 2
resonators. The damping effects due to electron collisions in , . ) . L
the plasma on the transmission characteristics are also diSY Solving these equations numerically with the initial con-
cussed. ditions

r(L=0,w)=0, t(L=0,w)=1, (7)

Il. MODEL AND COMPUTATIONAL METHOD
we are able to obtain the reflectaniRe=|r|? and the trans-
mittanceT = |t|2 as functions of. andw for various kinds of
stratified media with complex dielectric constafitd]. In the
present work, we compute the transmittances of RCP and
LCP waves propagating parallel to the external magnetic
field B=Bz in a magnetized plasma. We useg=50 GHz
(ne=0.79x 102 cm™3) as the numerical value of the plasma
5 frequency. The total width of the plasma in thelirection,
J 2 _ 2d, is taken as 40 mm. We also varied the thickness of
—2+koe(z,w)E—0, (4) | lab . .
97 plasma slab to see the influence of plasma thickness on the

coupling of resonant mode with the external source. The di-
where the dielectric permittivite(z,w) is assumed to be electric constant and the thicknesef thin glasses that sur-
equal to 1 forz<0 andz>L. For a plane wave of unit round both sides of the plasma were taken as 2.25 and 4 mm,
magnitudeE(z) =e'*o- - incident from the right, the re- respectively. A_nother g!ass layer of 7 mm thickness was as-
flection and transmission coefficients=r(L,w) and t sumed to be inserted in the center of the plasma to create

—t(L,w) are defined by the wave function outside the me-f€Sonant modes.

We consider a monochromatic EM wave of frequenrcy
and vacuum wave numbé&p= w/c, wherec is the speed of
light in a vacuum, impinging normally on a layered medium
lying in O<z=<L. Then the complex amplitude of the elec-
tric field, E=E(z,w), satisfies the one-dimensional Helm-
holtz equation

dium:
IIl. RESULTS AND DISCUSSION
iko(L—2) iko(z—L)
E(z,0)= e fr(L,w)e ’ 2L (5) To check the validity of the invariant embedding method,
' t(L,w)e Koz, z<0. we have compared in Fig. 2 the dispersion relation between

o and k obtained from Eqgs(1) and (4) for a magnetized
Exact differential equations satisfied byandt can be ob- plasma with the transmission spectra obtained by the invari-
tained using the so-called invariant embedding methodint embedding method. We assumed that the plasma was
[13,14): lossless andv,=10 GHz B=570 G). We can easily see
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(@ of guencies for the RCP wave are increasing function. @n
N o, =0 GHz the contrary, the cutoff frequendgashed lingand the reso-
E o, =5 GHz nant frequency for the LCP wave are decreasing functions of
§ 0.5 ©,=10 GHz B. A natural PBG is formed between the dashed line and the
§ it mode — o, =15 GHz bottom solid line. The width of PBGA w= w, — w,, shrinks
= asB increases and vanishes whep= wp/\/f.

?:8_ The behavior of th&) factor and the resonant frequency

o, =0 GHz of RCP and LCP resonant modes can be understood from the
©,=5GHz dependence of the reflectivity of a plasma®ifior the RCP
=10 GHz and LCP waves. The reflectivity of a magnetized plasma for
® = 15 GHz the RCP(LCP) waves increase&lecreasesas B increases,
since the absolute value of the negative dielectric permittiv-

LCP
resonant mode ; i

transmittance
o
wn

0.0 ity in the frequency range of the natural PBG increasies
20 30 40 50 Bi A tioned above, the dielectric
frequency  (GHZ) creasg}sas increases. As men , :
layer inserted into the middle of the plasma slab acts like a
®) metallic FP resonator wheB=0 as long as the resonant
6°+ @ mode in the dielectric slab can couple with the external EM
50 == L — waves. The Q factor of a metallic FP resonator increases as
< 0L the reflectivityR of the metal is increased because it is pro-
& 40 ) ) . LT portional toR/(1—R) [15]. Thus theQ factor of the reso-
Y 30'- : g . . . . nant mode in the dielectric layer inserted into the middle of
> | the magnetized plasma should increase as the reflectivity of
£ 20f o plasma increases. From these, it is evident that the increase
=3 e RCP . (decreasgof the Q factor of the RCRLCP) resonant modes
& 101 5 1op of the dielectric layer in the magnetized plasma with the
I increase ofB is due to the increasé&ecreasgof plasma
o 1 1 L L. R .
) 5 10 15 reflectivity with the increase dB.
eB/me (GHz) This behavior ofQ factor discussed in the precedent para-

graph suggests that the movement of resonant peaks would
FIG. 3. (8 Calculated transmittance for RORop) and LCP  also be related to the change of plasma reflectivity. This con-

(bottom) waves when the thickness of the central glass layer is jecture can be clarified by investigating the change of trans-
mm andw.=0, 5 GHz (solid), 10 GHz (dashedi and 15 GHz mission peaks in a dielectric FP resonator consisting of two
(dotted. Other calculation parameters are identical to those emparallel dielectric mirrors. These mirrors, the so-called dis-
ployed in Fig. 2.(b) Dependence of the resonant frequencies fortributed Bragg reflectoréDBRS), are quarter-wave stacks of
RCP (solid circlg and LCP(open circl¢ waves and the edge fre- alternating dielectric materials with different refractive indi-
quencies of the reflection band for RCP_Wa(lsslld line) and the cesn; andn, (n;<n,). As n; decreases, the reflectance of
cutoff frequency for LCP wave@ashed lingon w.. The natural DBR increases, and so does t@efactor of a dielectric FP
PBG appears between the dashed line and the bottom solid line. yasonator. The central dielectric medium between the two

DBR mirrors corresponds to a defect in view of one-
that the two results are fully consistent: the magnetizedlimensional(1D) photonic crystals. And the resonant mode
plasma has a common stop band for both RCP and LCRrmed inside the FP resonator corresponds to the defect
waves for the frequencies betweep and w, . The oscilla- mode formed in the reflection band of the DBRs. The reso-
tory behavior of the transmission spectra outside the naturalant transmission due to the central defect between two iden-
PBG region is due to the finite thickness of the medium. Theical 1D photonic crystals has been attributed to the resonant
transmittance peakévalleys occur at the frequencies for tunneling of EM waves through the optical barri€t$]. The
which the thickness is equal to an ev@udd multiple of the  EM wave whose frequency lies within the photonic band gap
corresponding quarter wavelengths. is evanescent in the photonic crystal, as the EM wave is

In Fig. 3(@), we show the simulated transmission spectraevanescent in the optical barrigr7,18. Hence, for the reso-

of RCP(top) and LCP(bottom waves propagating through a nant mode, a dielectric FP resonator can be regarded as an
plasma slab with a glass layer of 7 mm thickness in its centeoptical system consisting of a central resonator and the sur-
(Fig. 1), for four values of the cyclotron frequeney,=0, 5,  rounding barrierd15], as the dielectric layer inserted in a
10, and 15 GHz. We can notice that the inserted dielectriecnagnetized plasma slab can. Thus even if the reflection
layer creates allowed transmission modes., the resonant mechanism of the magnetized plasma is different from that
modes inside the natural PBG. We also observe that theof the DBR, the cavity surrounded by the magnetized plasma
frequency and th€ factor of the RCRLCP) resonant mode and the cavity surrounded by the DBR are expected to be-
increasgdecreaseas w. increases. In Fig.(®), we plot the  have similarly.
dependence of the RGBolid circles and LCP(open circles To confirm these ideas, we have simulated the transmit-
resonant frequencies on tiefield. Both the edge frequen- tance of a dielectric FP resonator using the invariant embed-
cies of the reflection bangolid lineg and the resonant fre- ding method. Assuming that the DBR consists of M@R,
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FIG. 4. Variation of the resonant transmittance of a FP resonator (b} 1.0 Tam—
for differentn, values, 1.18, 1.28, 1.38, 1.48, and 1.58. The DBRs §ma
of the FP resonator are assumed to be composed of five periods of 08}t IE Erred o
alternating layers withd;=550 nm/(4x1.38), n,=2.34, and o L 1 éu« fe L,
n,d,=550 nm/4. The refractive index and the length of the central 2 g} $0F o TN T
dielectric medium between the two dielectric mirrors are assumed & { =3 ;
to be ng=2 and dy4=550 nm/(2y), respectively. Whenn, ‘g 04} _ " i
=1.38, the dielectric mirror becomes a quarter-wave stack DBR % I =7 I
and the wavelength of the resonant mode is matched at the center of & 51| N~ A
the reflection band of the mirror, i.e., at 550 nm. R Y
0.0 ke NS o _/J{L\_ U PR
=1.38)/ZnS (,=2.35) stacks, we taken,=2.35 and 160 165 170 175 180 185 190
choosen;=1.18, 1.28, 1.38, 1.48, and 1.58. The refractive frequency @ (in unit of 67 x 10™* Hz)
index and the length of the central dielectric layer between
two mirrors are taken asy=2 anddy=550 nm/(y), re- FIG. 5. (a) Variation of the resonant transmittance of the EM

spectively. Each dielectric mirror is assumed to consist ofvaves through the magnetized plasma slab for RCP waves when the
five periods of dielectric materials witli; =550 nm/(4  thickness of the magnetized plasa-24, 36, and 45 and w
%1.38) and d,=550 nm/(%,). It becomes a perfect =5 GH_z andw,=50 GHz, _Whereﬁ is the penetration depth of the
quarter-wave stack only when;=1.38 and the resonant magnetized pOIlas’iPa. Trr]le |nhset shows thfe depender;ce of r?sonant
wavelength is matched at 550 nm. The simulated transmidrequency ond. Note t at the resonant requean(gctqj ©

sion spectra are shown in Fig. 4. As expected, we find th resonant mode decreas@xreasesasd increases(b) Variation of

b g. . e . at‘ﬁe resonant transmittance of the FP resonator mjth1.58 shown
the resonant mode becomes sharper and shifts to higher fre-_. i i )

A d o i ifv that thi Ih Fig. 4 when the number of the period of dielectric stdtk5, 7,
qugngles as, decreases. Une an easily verify ah 'Sand 9. The inset shows the dependence of resonant frequerity on
variation of resonant frequenay,. is due to the fact that o that theQ factor (resonant frequengyof resonant mode in-
eachw, satisfies the relatio —nydyw,./c=mm (M is in-

’ ] h creasegdecreasesasN increases.
tege), whereg is the phase shift due to the reflection by the
dielectric mirror. From the close analogy between this behavplasma increases and thus, tQefactor of resonant mode
ior and that of the resonant mode formed in a magnetizeéthcreases ad increases. The phase shift for the EM waves
plasma(Fig. 3), we can see that the above phase relation alsahose frequency falls within the natural PBG of the magne-
governs the resonant frequency in the magnetized plasma.tized plasma decreases dsncreases. Hence, the resonant
The analogy between the dielectric layer inserted in drequency satisfying the conditionp—nydyo/c=mm
magnetized plasma slab and the dielectric FP resonator cashifts to the lower frequency ab increases. Thus, the de-
be also verified by comparing the dependence of resonamtease of resonant frequency is evidently due to the change
transmission of EM wave in the former on the thickness ofof ¢ by the increase afl. One can see that the increaseof
magnetized plasma slabwith the dependence in the latter factor and the decrease of the resonant frequency are nearly
on the number of the period of dielectric mirrbk Figure  saturated whed is larger than 4. This is clearly due to the
5(a) shows the resonant transmission of the magnetizeghct that the reflection of the EM waves whose frequency
plasma slab for RCP wave whei=26, 36, and 45, where  falls within the natural PBG by the magnetized plasma slab
¢ is the penetration depth of magnetized plasma, which iss nearly unchanged when the magnetized plasma is much
~8 mm at »=36 GHz when w,=50 GHz and w. thicker than the penetration depth of the plasma. The depen-
=5 GHz. The inset shows the dependence of resonant fralence of resonant transmission of dielectric FP resonator
quency ond. One can see that th® factor (resonant fre- with n;=1.58 (Fig. 4) on the number of the period of the
quency of resonant mode increasédecreasesas d in- dielectric mirror is shown in Fig.(®). As N increases, th®
creases. This behavior is originated from the change of théactor of resonant mode increases and the resonant frequency
reflection of the EM wave by the magnetized plasma slalilecreases. The inset shows the dependence of resonant fre-
with the increase odl. In general, the reflectance of the mag- quency onN. One can easily notice that the dependence in
netized plasma increases as the thickness of the magnetizedy. 5b) is very similar to that in Fig. &). This close simi-
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line) and with the damping termn™1=0.01 GHz(dashed lingand
FIG. 6. Amplitude of electric field inside the plasma slab at the0.1 GHz(dotted ling whenw.=10 GHz. Other calculation param-
resonant frequencies for RCP wave wien245, 35, and 45 and  eters are identical to those employed in Fig. 3. The transmittance is
w,=5 GHz andw,=50 GHz. Note that the coupling between the slightly reduced whenr~*=0.01 GHz and rather severely when
resonant mode and the external source is maintained to show the 1=0.1 GHz. Note that the mode frequency is not changed.

resonant transmission, even if the thickness of magnetized plasma

slabd is much larger than the penetration depth of the magnetizedized plasma with an inserted dielectric layer, the EM wave
plasmas. of resonant mode never has a node at the interface between

the plasma and the dielectric layer, since the EM wave al-

o _ _ways penetrates inside the plasma. Thus, the phase shift due
Iarlty IS eVldently due to the fact that the reflectance of dl-to the reflection is affected by the thickness of the p|asma
electric mirror (the phase shift of reflected EM wayeis-  slab and the external magnetic field and the resonant fre-
creaseddecreasgsas N increases. One can see in Figa)5  quency is changed by them.
that the resonant transmission is persistent even when the The damping effects due to electron collisions in the
plasma slab is much thicker than the penetration depth as ti@asma can be taken into account by considering the cases
transmission via a defect mode does in a finite-size photoniwith a finite . For a typical laboratory plasma with the
crystal[Fig. 5(b)]. As d increases, the intensity of external electron density= 102 cm™3, the collision frequency !
EM wave reaching the inserted dielectric layer decays expohas a value between 0.01 and 1 GH8]. In Fig. 7, we show
nentially. For example, whed=55, it is ~0.6%. But, the the resonant transmittance of an RCP EM wave fort
intensity of resonant mode confined in the dielectric layer=0, 0.01, and 0.1 GHz an@.=10 GHz. We find that the
increases rapidly asis increased, and the coupling betweendamping reduces the resonant transmission slightly when
the resonant mode and the external EM wave can be mair- = 0.01 GHz, but rather severely when *=0.1 GHz.
tained to show the resonant transmission, even wheésn e also find that the damping does not practically affect the
much larger thars. The amplitude of electric field inside the fréguency of the resonant mode even when it reduces the size
plasma slab at the resonant frequencies for RCP wave whéi] (e transmittance. Recently, two of us have shown that a

d=25, 35, and 45 (Fig. 6) clearly demonstrates that this slight absorption in a two-dimensional photonic crystal does

argument is correct. Thus it is clear that the coupling be-nOt practically affect the PBG edge frequencies]. It ap-

ears that the absorption or damping in a photonic crystal
tween the defect mode and the external EM wave appearg;oes not change the defect mode frequency as well as the

similar in the two systems even though their reflectionPBG edge frequencies.
mechanisms are different from each other. It would be worth
emphasizing the difference between the resonant transmis- IV. CONCLUSION

sion of EM waves in the magnetized plasma with an inserted . ] .
dielectric layer and that in dielectric FP resonator. Especially, !n conclusion, we have shown that the introduction of a

the resonant transmission characteristics in the FP resonatgie/ectric layer in a magnetized plasma gives rise to the reso-
gnt transmission of circularly polarized EM waves in the

composed of the quarter-wavelength stacks and the centrg band. when th fed i field i lel
half-wavelength dielectric layer are quite different from M stop and, when the applied magnetic field is parallel to
6Ipe propagation direction of the waves. It is shown that the

those in the magnetized plasma slab. When the number ¢ b | db |
the period of the quarter-wavelength stacks increasesQthe respna}nt requency can be easily tuned by an external mag-
tic field. TheQ factor and the frequency of the resonant

factor of resonant mode increases but the resonant frequen )

does not change. This is because the resonant mode h de |r_1cr_ease§de_:creas)afor the RCP(.LCP) wave as the
nodes at two interfaces between the central haIf-waveIengtW""gne'“.C f|eld Is increased. The .damplng effects due to elec-
dielectric layer and the quarter-wavelength stacks. Thus thifon collisions have also been discussed.

phase shift due to the reflection is always zero regardless of
the number of the period of the quarter-wavelength stacks.
Therefore, the resonant frequency of the FP resonator com- This work has been supported by the ABRL Program of
posed of the quarter-wavelength stacks and the central halkOSEF and the Ministry of Commerce, Industry and Energy
wavelength dielectric layer does not change. In the magne-Grant No. A18-02-0)L
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