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Interaction of Electromagnetic Waves With a
Magnetized Nonuniform Plasma Slab

D. L. Tang, A. P. Sun, X. M. Qiu, and Paul K. Chieellow, IEEE

Abstract—The absorption, reflection, and transmission of elec- —_
tromagnetic waves by a nonuniform plasma slab immersed in an A ]
ambient uniform magnetic field of various strengths are studied in
this paper. The effects of the plasma parameters and magnetic field P “
strength on the absorbed, reflected, and transmitted power are dis- ! <
cussed. The magnetized nonuniform plasma slab is modeled by a F:
series of magnetized uniform plasma subslabs. The calculation re- -
sults show that the effects of the magnetic field strength and density P
gradient on the absorbed power, as well as the frequency band of r
resonant absorption, are significant. A complete analysis utilizing T »-Z
the scattering matrix method is also used to compare the above cal-
culation results which neglect multiple reflections between subslab Fig. 1. Schematic diagram of the wave propagation.
interfaces. Broadband absorption of electromagnetic waves can be
achieved by changing the magnetic field strength and plasma den-
sity. More than 90% of the electromagnetic wave power can be ab- the electromagnetic waves propagation in the plasma will
sorbed in a magnetized nonuniform plasma slab with width of 12 |ja 5ffected by the new dynamical effect of Larmor gyration

Cifferentplasma parameters and external magnetic feld stengths, [11]- Laroussi and Roth [7] have investigated the reflection,
PACS: 52.35.Hr, 52.25.Xz, 52.40.Db absorption, and transmission of microwaves by a magnetized

nonuniform plasma slab. Ruclt al. and Kong present the

electromagnetic wave reflection from dielectric slab by 2

2 matrix approaches [12], [13]. A scattering matrix method

|. INTRODUCTION (SMM) analysis of the reflection, absorption, and transmission

HE INTERACTION of electromagnetic waves Withfr(zlm gonunlform rnagrleflze_d plasma st:ab Qas t;een relpor'Fed
plasma is an interesting problem in plasma physié ]'. ome expernmental microwave absorbers have also in-
[1]-[3]. The propagation of electromagnetic waves in low-te vestigated with regard to the effects of varying magnetic fields

prature pisma s atcted mch vt recent years 4L .1 1 werkocporied 1 s peper e ivesigne v,
to the potential applications of atmospheric pressure plas P 9 P y

a . o
as reflectors or absorbers of electromagnetic waves [4]—[18 \anging the plasma p_arameters and uniform magnetic f'eld
strengths. SMM analysis is also adopted here for comparison

Vidmar [4] has found that cold, collisional plasma generatg th the calculation results which neglect multiple reflections
at atmospheric pressure can be used as a broadband abso%gr. 9 P '

Laroussi [8] has numerically investigated the interactions

between microwaves and high-atmospheric pressure plasma. Il. PROPAGATION PROPERTIES

Koretzky and Kuo [9] have demonstrated that plasma torches . .

can effectively attenuate microwaves, and ktal. [10] have The incidentwave is assumed to be a plane wave launched ata

discussed the attenuation property of electromagnetic wai¥malincidentangle to the plasma slab, as shownin Fig. 1. The
in atmospheric pressure plasma. These research activifjd'€ wave propagates parallel to the external magneticiield

have mainly focused on the propagation of electromagneﬁ € plismals ajsurn_e(_j to Ilae:old,V\éezla_kly |Ion|zed(,jstea_1dy-state,
waves in unmagnetized plasma. If a magnetic field is applie! nuniform, and collisional. A parabolic plasma density pro-

to the background plasma equilibrium, the characteristics ]e_is assgmed across the _slab in thelirection. Th_is para-
bolic density profile is approximated by an exponential variation
n = n.e2(1-2z/L)/3 (z > L/2) andn = n,e2(2/1-1)/3 (z <
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tions and R-wave parallel to the magnetic field is considered incident wave

. . eflected wave
the following analysis: |
vacuum I /

VXE=—jwu,H D \/
V xH =(0+ jwere,)E 2 1 N
whereJ = oE. Here, we assume the time behavior of the wan 5 '\
to beexp(jwt). Equation (2) can be written as N B
I
V x H = jwe e, E 3)
o . . : 11 \/
whereg,. is the complex dielectric constant. The resulting wav i
equation is 12 ‘
5 Er o vacuum transmitted wave
V°E = - w’E 4)
C

Fig.2. Schematic diagram of the wave absorption, transmission, and reflection
wherec is the speed of light. Here, we use- E = 0 which atan arbitrary angle of incidence.

is true for R-wave. A plane wave propagating in théirection
with a phase dependenceesdp(jwt — 7z) is a solution of (4) plasma at an arbitrary incident angle has been derived by Ap-
E = Eq exp(jwt — 72) 5) pleton [11] (sge (8) at the bottom of page) whetg wee, Ven,
° 6 are, respectively, the electron plasma frequency, the electron
where? is the complex propagation constant. The dispersiélyrofrequency, the effective collision frequency between elec-
characteristic of a plane wave propagating in the magnetizZ&an and neutral gas, and the angle of propagation with respect

cold plasma subslab is to the static background magnetic field. Thesign indicates
) left- and right-hand polarization. Here, we assume a right-hand
~2 W 6 polarization and = 0°. Consequently, (8) becomes
v = _ETC_Q ( )
w2
andy is generally expressed as s=1- : .,,F . 9)
. : -t -
Y=a+jB )
) ) o i . For a right-hand polarization mode and the normal incident
V\{he:ea is the attenuation coefficient aritlis the phase coeffi- \ave the reflection coefficient on thier 1th interface is
cient.
We assume that a plane wave propagates perpendicular to the ] Ver(i) — /& (i + 1)
magnetized plasma slab and parallel to the external magnetic Fi+1) = Vo) + /E G+ 1)' (10)

field B. The plasma slab width is 12 cm and is divided as 12

adjacent two-dimensional plasma subslabs with sharp boumycalculating the reflection and absorption power of each sub-
aries. The schematic diagram of the wave propagation charslab, the total reflection power can be obtained as follows:
teristics at an arbitrary angle of incidence is depicted in Fig. 2.

In each subslab, the plasma number density is assumed to be ) 12 o

uniform. At the center of the plasma slab, the plasma density is Po=P (D" + Z 1)

maximal. The incident wave travels from a subslab to the next i=2

one with reflection at the interface. The reflection wave will be j—1

partially absorbed by the plasma subslabs before it is reflected X H (exp [—4a(d)d] (1 — |F(i)|2))> (11)
back out of the plasma. The total reflected power is calculated by i=1

neglecting multiple reflections between subslab interfaces. The . ) .

total incident power, reflected power, transmitted power, and affered is the width of a subslab. The total transmitted power
sorbed power are denoted B, P,, P, and P,, respectively. IS given by

The complex dielectric constant is calculated for each sub-slab 12

and the reflection at each interface is obtained. The complex di- P, =P, H (exp [—2a(i)d] (1 _ |F(i)|2)) .12

electric constard,. for a plane wave propagating through a cold i)

er=1-—

(8)
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Fig. 4. Reflection ratio versus wave frequeney, = 60 GHz, B = 2.5 kG.  Fig.6. Absorption ratio versus wave frequeney, = 60 GHz, B = 2.5 kG.
Dn.=1x10"m2. (2Jn. =1x 10" m2. @)n. =1 x10¥m2.  (Dhn,=1x10%m 3. (2n.=1x 107 m>. 3)n. =1 x 10 m=3,

The total absorbed power can be derived by subtracting the tatfdn 0.7% ai. = 1 x 107 m—3, as indicated by curve (2) in
reflecting power and transmitted power from the incident poweig. 4. It can be inferred that a low-density but highly collisional
plasma can greatly reduce the amount of reflection power. The
Po=P =P =D (13)  ratios of the total absorbed power to the incident power under
different plasma conditions are then calculated. The absorption
ratio P,/ P; versus the wave frequency at different plasma col-
lision frequencies is displayed in Fig. 5. In this calculation, the
In this section, we calculate and discuss the effects of thenter plasma density, is 1 x 10'®* m~2 and the uniform mag-
plasma parameters and background magnetic field on the metic field B is 2.5 kG. The absorption ratios are more than
flected, transmitted, and absorbed power according to the p8®% atv., = 60 GHz for electromagnetic wave frequencies
vious equations. The ratio of the total reflected power to tHeom 2 to 20 GHz. The absorption rati®, / P; versus the wave
incident power versus the electromagnetic wave frequencyfisquency at different center plasma densityis exhibited in
first calculated. The electromagnetic wave frequency is takéig. 6. Here, the plasma collision frequengy; is 60 GHz. We
from 1 to 20 GHz. The reflection rati®./ P; versus the wave see that the higher the plasma density, the larger is the absorp-
frequencyf at different collision frequency., is shown in tion power as well as the broader the absorption bandwidth. It
Fig. 3. In this calculation, the plasma density in the centeis  can, thus, be concluded that a higher number density and colli-
1 x 10'"® m~3 and the uniform magnetic fiel® is 2.5 kG. The sion plasma will absorb the electromagnetic waves and increase
reflection ratios decrease with increasing collision frequency the high-absorption bandwidth of electromagnetic waves. The
the electromagnetic wave frequency regime of 1 to 20 GHabove results demonstrate that magnetized nonuniform plasma
The reflection ratioP./ P; for different center plasma densitymay be used as broadband absorber of electromagnetic wave.
n. atve, = 60 GHz is plotted in Fig. 4. The reflection ra- However, the high density and collision frequency are difficult
tios increase with the center plasma density for electromagndticachieve simultaneously. In addition, the reflection power is
wave frequency from 1 to 20 GHz. The reflection ratios are lesst expected to increase with plasma density. Thatis, the plasma

I1l. RESULTS AND DISCUSSION
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Fig. 7. Absorption ratio versus wave frequengy, = 1 x 10! m—3, B =  Fig. 8. Absorption ration versus wave frequency,= 1 x 10*m=2, v, =

2.5 kG. (1)ven = 5 GHZ. (2)ven = 30 GHz. (3)v. = 60 GHz.

parameters, such as plasma density and collision frequency, pos
sess optimal values in electromagnetic wave absorption. Fig. 7
shows the absorption ratio at lower center plasma density for
different collision frequencies. It is found that the absorption
ratio P,/ P; decreases with increasing collision frequency in
the range of 6-9 GHz electromagnetic wave. This is an inter- Q;;
esting result because it indicates that in some frequency bands
increasing the collision frequency does not necessarily benefit
electromagnetic wave absorption. The low-density, low-colli-
sional, and strong-magnetized plasma can also absorb great!
the electromagnetic wave power in the vicinity of the electron
gyrofrequency. This can be explained by the following disper-
sion relationw(k) of R-wave [17] propagating in a collisional

1.2

1.0 4

0.8

1 GHz, andB = 2.5 kG.

12345678 91011121314151617181920

plasma:

21.2 2
LA /I (15)
w[(w = wee) = jVen]

w?

Whenw — we., (15) can be expressed as

272 2

ck wy, .

Wz 1= oo (16)
ce ce¥en

wherek is a complex wave number and can be writterk as
B — ja. Therefore, (16) can be written as

2 2
2 2 LW WeeWy .
B° —a® —2afj = c‘; i 7 a7
The attenuation coefficient can be solved from (17)
2 2 4
2 _U';sz' % v 1 + w;}iz
a® = ceen (18)

2

Whenw, >> Ven, @ — ag, Whereay = ((wcﬁw%)/(ZCZZ/HI))I/2
is a large positive valuey{ < 0 is nonphysical). As we know,
(5) can also be expressed as

E = Eoej(wt—kz) — Eoe—azej(wt—,f)’z). (19)
Whenw — we., the plane wave amplitudEqge *°* will be
sharply attenuated with the increasezah the low-collisional

AGHz)

Fig. 9. Absorption ratio versus wave frequengy,= 1 x 10'"m=3, v, =
5GHz. (1)B = 1kG. (2) B = 2.5 kG. (3) B = 4 kG. (4) B = 5 kG.

plasma. This means that the high absorption of low-collisional
magnetized plasma can be observed in the vicinity of electron
gyrofrequency. The high-resonant absorption can be observed
especially for low-densityn. = 1 x 10 m=3) and collisional

(ven = 1 GHZz) magnetized plasma, as depicted in Fig. 8. Here,
the magnetic field strengtB is 2.5 kG andv.. = 7 GHz. Itis
seen that the high-absorption peak occurs nicely in the electron
gyrofrequency. From (18), it is also seen that the attenuation
coefficient increases with the decrease of collision frequency.
Therefore, the absorption rati®, / P; decreases with increasing
collision frequency in the vicinity of the electron gyrofrequency,
as shown in Fig. 7. In addition, the decreasépf Pi with v,

is partly due to the increase &f.

In the calculation, the magnetic field strength is fixed.
Fig. 9 shows the absorption ratio versus electromagnetic wave
frequency for different magnetic field strengths. In the case
of uniform magnetic field,B is, respectively, 1, 2.5, 4, and
5 kG. Here, the plasma density and collision frequency are
1 x 10" m=3 and 5 GHz, which can be easily achieved for
atmospheric pressure plasma. Fig. 8 indicates that the resonant
absorption band varies with the magnetic field strength. The
resonant absorption band moves from low to high frequency
as the magnetic field strength increases. Hence, the change of
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1.2

No multiple reflections
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in low-density and collision plasma in the presence of an ex-
ternal uniform magnetic field of various strengths. The calcula-
tion results are corroborated by the SMM analysis of absorption
characteristics of nonuniform magnetized plasma slab. The re-
sults show that magnetized nonuniform plasma has better prop-
erties with regard to broadband absorption of electromagnetic

PP,

(1]

25 [2]
Fig. 10. Absorption ratio versus wave frequengy, = 5 GHz, B = 2.5 kG.
Solid line: No multiple reflectionsp, = 1 x 10*"m~2. Dashed line: SMM,
n. = 1x101"m~3. Dashed—dotted linet = nge3</2L ny = 5x101%m=3. (4]

magnetic field strength will obviously affect the high-resonant |5
absorption frequency. One reason is that the gyrofrequency
increases with the magnetic field strength. It, thus. indicates tha 6]
low-density and low-collision magnetized nonuniform plasma
can also be used as broadband absorption of electromagnetic
waves through the change of the magnetic field strength.

For comparison, the plasma slab is calculated according to
the SMM full analysis of nonuniform magnetized plasma slab
[13] which is also divided into 12 adjacent subslabs with the [©!
same electron density gradient in order to obtain accurate calfg]
culation results. The calculation results are depicted in Fig. 10.
It is seen that the absorption rati®, / P; of the plasma with
no multiple reflections is in good agreement with the one with
SMM analysis. The exponential profile (= nge?*/?", ng =
5% 10'6 m—3) of the electron density has also been studied to inl*!!
vestigate the influence of the density gradient on the absorptionz]
characteristics of magnetized plasma, as shown by the dash line
in Fig. 10. The high-absorption band is broader than the para{l?’
bolic profile with the same center electron density, implying thaf14]
the electron density gradient will also affect the plasma absorp-
tion characteristics especially the broadband absorption Prop;s,
erty.

10]

[16]
[17]

IV. CONCLUSION

The absorption, reflection, and transmission of electromag-
netic waves by nonuniform plasma confined in an external uni-
form magnetic field are calculated under different plasma con-
ditions and magnetic field strengths. The electromagnetic wave
frequency is from 1 to 20 GHz. A low-density but high-collisior
plasma can greatly reduce the reflection power, whereas h
plasma density and collision plasma can increase the bandwi
of absorption of electromagnetic wave. The effects of magne
field strength and density gradient on the absorbed power as v
as the frequency band of resonant absorption are very sign
cant. More than 90% of the electromagnetic wave power can
absorbed in high-density and high-collision plasma. The brozé

waves.
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