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Trapping of an electromagnetic wave by the boundary of a time-varying plasma

M. |. Bakunov*
Department of Radiophysics, University of Nizhny Novgorod, Nizhny Novgorod, Russia

A. V. Maslov
Department of Physics, Washington State University, Pullman, Washington 99164-2814
(Received 3 July 1997

The interaction of an electromagnetic wave with a plasma half-space whose density instantaneously grows
in time due to ionization processes is considered. Unlike previous works in this field treating the degenerate
case of normal incidence, oblique incidence of a TM polarized wave on the plasma boundary is investigated.

A distinguishing feature of the case of oblique incidence is the creation of two frequency downshifted surface
waves propagating along the plasma boundary in the opposite directions. Their frequency shifts and amplitudes
as well as characteristics of the other steady-state modes are examined. Angular and frequency distributions of
outgoing transient radiation are discussed. In particular, we have shown that the frequency upshift of the
generated transients can be higher than for the normal incidence case reported earlier. The results are presented
for both gaseous and solid-state plasfi&l063-651X98)12705-9

PACS numbe(s): 52.40.Db, 52.35-g, 84.40.Az

I. INTRODUCTION face waves propagating along the plasma boundary in the
opposite directions are excited by the temporal discontinuity
The study of the interaction between electromagnetiof the medium. The absolute values of their frequencies are
waves and spatially bounded plasmas whose density is ragqual, the signs are opposite. We study the dependence of
idly growing is of considerable interest due to its potentialthe surface wave frequencies on the angle of incidence of the
applications in generation of tunable microwave radiationinput wave and the final plasma density. The surface wave
Fante[1] was the first who discussed some peculiarities ofamplitudes are calculated and analyzed as well. A free-
the reflection of electromagnetic signals from the planestreaming mode consisting of static magnetic field and cor-
boundary of a time-varying plasma. Later, Kall{ig] pre-  responding spatial distribution of electric current is shown to
sented a more complete analysis including both steady-stat# excited in the plasma half-space. It has a more compli-
solution and transient processes for the case of the reflectiarated character compared with the cases considered in Refs.
of a time-harmonic electromagnetic wave by a suddenly cref6—9]. We also investigate the angular distribution of the
ated (switched plasma half-space. Kalluri and Gotd8]  frequency and energy of transient outgoing radiation both in
brought the solved problem closer to practical situations byacuum and in the plasma. The results are found to differ
considering a switched plasma slab. Finally, the effects of @onsiderably for two cases: when total reflection of the inci-
magnetized plasma were examined by Kal[df. dent wave by the plasma half-space occurs and when it is
In all of the above papers, however, only the degeneratabsent.
case of normal incidence of an electromagnetic wave on the Concerning applications, our consideration is oriented to
boundary of a time-varying plasma was treated. In this papemicrowave andsubmillimeter wave interactions with both
we examine oblique incidence of a TM polarized wave onnonstationary gaseous plasmas, being widely used in modern
the boundary of a plasma half-space whose density instantaxperiments on frequency shiftif$—13], and, to a more
neously grows in time from one value to another. A distin-significant extent, solid-statsemiconductgrplasmas whose
guishing feature of the case of oblique incidence, which isdensities fast temporal growth may be provided via photo-
inherent only in TM polarization of the incident wave, is the ionization by laser lighf14,15. It is well known that surface
possibility of the creation of surface waves guided by themodes of an open waveguiding structufiecluding the
plasma boundary. In other words, a part of the original waveplasma-vacuum boundary as the simplest) atwenot couple
energy may be trapped by the boundary of the time-varyinglirectly to the incident bulk radiation because of the impos-
plasma via transformation into surface waves. The phenomnsibility to satisfy simultaneously two conservation laws—
enon of trapping was earlier demonstrated by Bakunov andamely, those of energivave frequencyand in-plane mo-
Zaitsev[5] in the special case in which the initial plane wave mentum (wave vector [16,17. Thus, certain techniques
travels in free space and the boundary of the switched plasmsased on the creation of space inhomogeneities such as pro-
half-space is perpendicular to the wave front. filed or rough surfaces and diaphragms or by providing the
A solution to the problem is developed using Laplacespatial synchronization of the modes by applying the method
transforms and methods of contour integration in the comeof attenuated total internal reflection are used for coupling
plex plane. It is shown that two frequency downshifted surthe electromagnetic radiation into open waveguiding struc-
tures[16,17]. Another possible scheme for coupling incident
radiation to surface waves is via nonlinear technigues.
*Electronic address: bakunov@rf.unn.runnet.ru The phenomenon of trapping presented in this paper pro-
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ya B E =1 for a gaseous plasmaand wy; = V47N, Ime, is the
plasma frequencye andm are the charge and maésffec-
tive) of electrons in the plasma, respectively. In the case of
total internal reflection £, <sir’6,) the imaginary part 0§,
is chosen to be negative as dictated by causality.
Vacuum Then, att=0, the free electron density grows instantly
X (i.e., the rise time of the plasma is much shorter thz§n1)
z from N; to N, due to effect of an external ionizing factor.
Plasma The evolution of the wave fields in time is governed by
Maxwell's equations

)

FIG. 1. Geometry of the problem. ay (33

vides us with a fundamentally different technique exploiting 0B, 1+(ep—1)O(—y) JE, 4me

an inhomogeneity in timénonstationarity of the waveguid- = -—

ing medium to frequency synchronize guided modes. On

physical grounds one can envision this coupling mechanism XNVt O (1) ANV, ], (3b)

in the following manner. By using the nonstationarity of the

dielectric constant of the wayegui_ding mecjium controlled by _ 1+ (ep—1)O(—y) JE, 4me

laser pulses we create transient fields, which in turn can gen- ihoB,= O(-vy)

erate the frequency downshifted guided waves. Some pre- ¢ Jt ¢

Ili?rgicnfllrg] results of the work have been briefly reported in X[N1Viy+ O (1) ANV, . (30
The paper is org_anized as foIIov_vs. In Sec. Il we_ir)t_roduceThe equation for electron motion is

our model and derive basic equations as well as initial con-

ditions for the fields. In Sec. Ill we apply a Laplace trans-

form technique in order to solve Maxwell's equations. Then

we calculate the Laplace transform for the magnetic field and at

discuss general properties of the solution. In Sec. IV we fo-

cus on the characteristics of the excited steady-state mod#ghere O(¢) is the unit step functionAN=N,—N;, is the

such as surface waves, the dc current with corresponding demporal plasma density discontinuity, aWd , are the ve-

magnetic field, and bulk waves. Transient fields are calculocities of the background electrofise., those in the plasma

ay c ¢ oY)

N1, e

lated in Sec. V. Section VI gives our conclusion. for t<0) and the newly created onéatt=0), respectively.
In Egs. (3) we have taken into account the conservation of

Il. FORMULATION OF THE PROBLEM momentum eprlhOX) in the (X,Z) plane, which follows
AND BASIC EQUATIONS from the two-dimensional translational invariance of the sys-

tem. The newly created electrons are assumed to be born
Initially, when t<0, a plane TM polarized electromag- with zero velocity[22], i.e.,
netic wave of frequencwy is incident at an arbitrary angle
0o from vacuum ¢>0) on a lossless plasma half-spage ( V,(x,y,07)=0, (5)
< 0) with free electron densiti; (see Fig. L The magnetic
field of the incident wave has only one component, which is;q are set in motion only fdr>0.

given by Equations(3) and (4) with condition (5) form a closed
R aiogt-ihgx+igoy system of equations which is valid fore<t<+o. With
BAXy,t)=Boerom TR, @ Laplace transform in mind let us find the valueskf, E,,
. - ; B,, andV; att=0"*. They can be easily obtained by inte-
with hg=(wgq/c)sin ; andgo=(wqy/c)cosé, the tangential 20 1 - .
and n(())rrr(1al0 co)mpor;)ents got} tﬁeowa)ve vgctor, resgpectivel gration of Eqs(3) anﬁd(4) ol/er th? vqnlshlng densﬁy growth
This wave gives rise to the reflected wave in vacuum an |meE(|.e.i3fromtd=V0 0 0 h). This y|eltjzithe cpnt!nmt_I)_IhOf
transmitted wave in the plasma, which are defined by théx: Ey. Bz, andV, over the temporal discontinuity. Thus,

reflection coefficientR=T—1 and transmission coefficient 1O the initial conditions forE, ,E, ,B, in the Laplace trans-
(relative to the magnetic field20] forms, we should take their valuestat 0~ corresponding to

the standard pattern of the reflection and transmission of the

29, incident wave on the boundary of a semi-infinite medium
S arale.’ (2)  with the dielectric constant; (e.g., se€20]). In addition,
o dules for velocity of the background electrons fo« 0, according

whereg; = (wq/c) e, —sir6, is the normal component of to Eq. (4), we write

the wave vector in the plasma,=ep(1—w?,/wf) is the .
dielectric constant of the plasma,, is the background di- Vy(x,y,00=— ——E
o |mw0

. ; ; (%,y,0). (6)
electric constant in the case of a semiconductor plagma
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Ill. LAPLACE TRANSFORMS

1
F(x,y,s)=— Seo+i B,(x,y,0
Applying Laplace transformation to Eg&3) and(4) and (x.y.9) CT( o2+ 1007)B,(x..0)

eliminating the Laplace transforms of the components of the

electric field and electrons’ velocities, we arrive at the fol- —E,(x,y,0 S2 i(l)l 8
lowing equation for the Laplace transform of the magnetic C dyle;
field (£[B,(x,y,t)]=b(x,y,s), s is Laplace variable
J (1 ab 1, - Here e,(y,s) and y(y,s) are equal to unity in vacuum and
s25y ga—y)—?(s e2tCg)b=F(x,y,8), ()  1+w}y/s® and 1-w?/isw, in the plasma, respectively;

wpp= Ja7e?N,/me, is the plasma frequency far>0.
with the functionF(x,y,s) acting like a spatially distributed Solutions of Eq(7) in the homogeneous regiogs-0 and

source: y<0 may be easily obtained:
|
B,(x,y,0 . .
Z(X—.H+Au(s)e*'h0"*"vy, if y>0
S_|wo
POxy.9)= S(S+iw0)+AwIZJB 0+A —ihox+kpy if y<0 9
- 00— @@ F 4+ 0 K ,
S afr A DY O T AT T Y
|
where k,=\/s%,/c?+h3 and x,=\/s?/c?+h3, their real epA wi(S2+ wly)(S%0; Tiwhe 1k,
parts being taken positive to satisfy the radiation condition;  Ap(S)=BoT S(5—1wg)(S2+ w2+ AwD) wge,D(s)’
Awi=w),— w5, . The quantitiesA, and A, in Eg. (9) can 0 0 prHORL (11b)
be determined by matching the solutio® at they=0 by
the boundary conditions
where
b1=0, | =2 7 £ xy0l=-0 10
{}—,S—ZW C_SZX(X'y’)_' (10
which result from integration of Eq(7) across the spatial D(s)=8%(kp+ &2k, ). (12)

discontinuity aty=0; curly brackets denote the difference of

the enclosed expressions over the interface. Evidently, the

second condition in Eq10) is equivalent to the continuity of

the tangential component of the electric field transform. Sub- The first terms in Eq(9) are forced responses and the

stitution of Eq.(9) into (10) gives the following expressions corresponding inverse Laplace transforms contribute to

for A, andA,: B,(x,y,t) immediately after the density growth beginning at

t=0". In vacuum §>0) this contribution is equal to the
2, 2 5 incident wave(1) and the reflected wave with the reflection
SAwp(s"e20; ~iwpe1kp) coefficientR=T—1 [see Eq(2)]. In the plasmay<0) the
(s—iwg)(S?+ wS-I-AwS)wOle(S)' forced response differs from the initially transmitted wave
(118  and has the following form:

A,(8)=BoT

Aw? wy wotVwitAws:
0 0 peilt\ w0+Awp )

p
= —+ J—
B0y, =B.(xy,0 w%-i—Aw'ZJ ; 2 w(z)-f-AwFZ) (13

The general expressidh3) reduces to the more particular of total internal reflection. The time-independent term in Eq.
results derived earlier for the case of a suddenly created hd13) describes the static magnetic field caused by the con-
mogeneous plasn®,7]. Increased generality of E13) is  stant component of the velocity of both the background and
connected with the initial preionization of the medium andnewly created electrons. This component is acquired through
the more complicateg¢ dependence provided H§,(x,y,0)  the driving of the electrons beginning &0 by the waves
=TByexp(g.y—ihgX) corresponding to the oblique incidence of frequenciest \/w02+Aw2p appearing in Eq(13). This may
of the original wave; this is important especially in the casebe easily shown by solving E¢4) with the latter waves as a



57 TRAPPING OF AN ELECTROMAGNETIC WAVE BY THE . .. 5981

I Ims : h
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X i®y (V,p) :
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0@ Res | — :
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FIG. 3. Kinematic diagram: in-plane wave vectbrvs fre-
guencyw. Curves labeled: Branches of the dispersion curve for
the surface waves at the boundary of a plasma half-space with den-
sity N,; b: light lines h=*w/c; c: line h=(w/c)sin §,. Two

X-i W(V,p) mterse_ctlons of thg surface wave d|§per3|on curve with theHine
=h, give frequenciest wg for the excited surface waves.

FIG. 2. Diagram of the closed path for contour integration in the

s plane att>y/c (y>0) andt>|y|e,/c (y<0). The correspon- ¢ plane where the real parts ef, and «, are positive to
dence of the poleémarked by crosseso the functionsA, andA, g e evanescence of the field;attoo.pThe branch cuts

is shown in brackets. In vacuum the pale —iywo+Aw, eXists g6 1o the double-valued functiors and xp) run along the

only if Yoo+ Awy>w, , i.e.,81>si 6. imaginary axis from the branch pointgiwg siné, and
*iw* [w* =\ w),+ wi(sin’ 6)/z,] to infinity (for definite-
nessw* > wg sin 6y in Fig. 2). The residues of,(s) and
Ap(s) as well as the forced respongés and(13) contribute

to the steady-state solution. The integration over the branch
cuts represents transient processes including outgoing radia-

force and initial conditiong5) and(6). Such a static type of
solution is common for problems involving nonstationary

lasma and often called the free-streaming mi@j21]. The . . . e
tperms of frequenciest Vo2 +Aw? in E (1g)n;[rise ]due to tion. In Fig. 2 _the pple$:|w0 and s= =i wOJ-rAwp are
eq 0" ="p a. (- e shown on the right sides of the branch cuts as it follows from
the transmission and reflection of the initial wave within thethe physically evident requirement that corresponding waves
plasma half-space on the temporal discontinuity as in theyqq travel away from the boundary. It is easy to show that

case of normal incidencE2—-4]. When the original wave vanrewl .
penetrates at<O into the plasma the wave of frequency the forced response of frgquen 0ot AwyIn Bq. (19 is
canceled by the residue ofA,(s) at the pole s

\/w02+Aw2p travels from the boundary=0 to y= —o; the —i \/—2—2

w5+ Aw? for t>|y|ey/c. The forced response of fre-
wave of frequency— \/w02+Aw2p comes fromy=—o and °_ . . .
travels towards the boundary. In the case of total reflection oguency g+ Awp in Eq. (13 Is canceled by the residue

the original wave at<0, these forced waves decay in the Of Ap(S) at the poles=—iywg+Aw}, for t>]y|\/ep/c only

plasma like the original wave. if \/a)02+Aa)2p<w*, i.e., g,<sir? 6, (initial field in the
The second terms in Eq9) are free-wave types of solu- plasma is evanescent In vacuum the pole s=

tions. The values of the inverse Laplace transform of these_iw/a,oz.;_ szp exists only in the case Wheﬂ/w02+Aw2p

terms vanish fot<y/c in vacuum and fot<|y|\e,/c in >w, , i.e.,e;>sirt 6.

the plasma because of the presence of @xpgy+s?) in the

integrands of the inversion integralthe integration path in

this case should be closed on the right half-plane of the com-

plex variables). Fort>y/c (if y>0) and fort>|y|\/ep/c (if Here we consider the steady-state solution represented by

y<0) the integration path should be closed on the left ha'f-a number of modes both in vacuum and in the p|asma_
plane thereby switching on the free-wave contribution. Thus,

the region of the transient processes starts to move from the
boundaryy=0 beginning at the momerit=0 into both

IV. STEADY-STATE SOLUTION

A. Surface waves

vacuum(with the light velocityc) and the plasmé&with the A characteristic feature of the case of oblique incidence of
velocity ¢/ \/ep). the original wave on the boundary of a nonstationary plasma

For the evaluation of the steady-state solutions and angus the excitation of surface waves guided by the plasma
lar distribution of outgoing transient radiation, the closed in-boundary. These waves are described by the residues of
tegration path in the inverse Laplace transform of the second,(s) and Ay(s) at the points where Eq(12) for D(s)
terms in Eq.(9) is chosen appropriately as shown in Fig. 2. equals zero. The equatidi(s)=0 has two roots= *iwg
The integration path lies in the Rieman sheet of the complexvhere
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1+ €p Ep— 1
ws= wa+ w3 st Op— \[ wa+ wg sin® y— 2waws Sir? 6, , (14
28b 8b+ 1
|
with wzzwpzl\/1+sgI the limiting frequency for the sur- Figure 4 shows the frequency conversion coefficient
face waveg23]. ws/ wq versus the parameter, /oy, which characterizes the

Therefore, two surface waves are excited as a result of théhal plasma density, for different values of the incident
plasma density growth. One of the waves frequencyws gngle 6y and the background dielectric constasy. _The
>0) propagates in the positivedirection, the other onéof |.nt.ervall of possible values of the frequency conversion coef-
frequency— w,<0) in the negativex direction. This result ficient is bounded from above by the line segments
may be illustrated by a kinematic diagraisee Fig. 3 The =®2 and ws/wo=1, which corresponds to the limi,
frequencies of the surface waves correspond to intersectiorr®, fo— /2 in Eq.(14). _ _
points of the horizontal linen=h,, which represents the ~ AS we see from Fig. 4, an increase dp for a fixed 6y
invariance of the spatial structure of the wave fields in thec@uses a more rapid increase in the frequency conversion
interface y=0 on the temporal discontinuity, and two COefficientws/wo With w,/w,. In the casesp>1, which is
branchesfor >0 and forw<0) of the dispersion curve for usual for typically used semiconductors whesg~10-20
the surface waves guided by the plasma half-space with frde24l, Ed. (14) reduces to a simple approximation
electron densityN, [23]

[OF S min{’mz,wo sin 00} (16)
w2 1— 0o The result(16) becomes evident if we take into account
h=\/— —2”22 (15)  that forep>1 the limiting frequency is close to the plasma
¢ 1- 0w, frequency @,~wy,) and, consequently, as follows from

Eq. (15), the dispersion curve branches approach the broken

It is evident from Fig. 3 that the excited surface waves ardines consisting of the light-line segments in the interval
frequency down shifted ds<wg). The frequency conver- —w,<w<w, and then continue upward at=*w,. For-
sion coefficientwgs/wq increases with the finaffor t>0)  mula (16) means that fore,>1 the frequency conversion
plasma densityN, and tends to the limitws/wy—sin g,  coefficient plotted as a function of the parametes/w, is
whenN,—oo. In this limit the velocity of the surface waves close to the asymptotic lines=w, until w,/w, becomes
approachef vacuospeed of light and the waves themselvesequal to sing,, and after that remains constant.
lose their localization and degenerate into plane waves trav- The surface wave amplitudésmagnitude of the magnetic
eling in vacuum along the perfectly conducting half-spacefield at the boundagyare determined by the residues of
y<O0. A,(s) andA,(s) at the poles= *iws and can be written as

Awgwo Sir? Go(wgz—wg) \/w(z) sir? Go—wg(wg\/w% sir? 00—w§+iwgcgllsl)

B.=ByT - -
=0 (wo= ws)(a)g—w§+AwS)(2wg sir? Go—wg)(wgzwé sir? 00—wg)

17

As one can see from E@L7), the amplitude of the backward denly created at=0. For this casey,; =0, e,=1 are taken

wave is always less than of the forward ofe: /B, =(wy  in Egs.(14) and(17). As we see from Fig. 5, the maximum

—wg)/(wy+ ws)<1. Both amplitudesB. vanish atf,=0, value of the amplitude coefficienB_|/B, is achieved at

i.e., for normal incidence of the original wave on the bound-8p=90°, i.e., when the boundary of the suddenly created

ary. For grazing incidencé,=90° and ife;#1 the ampli- 9gaseous plasma half-space is perpendicular to the original

tudesB.. vanish as well since the incident wave does notwave front, and decreases monotonically with decreasing

penetrate into the plasma €0) and the fields are not af- vanlshmg_ateozo, i.e., for normal |n_C|dence treated [ig].

fected by the density shift in the plasma. Howevergjf ~ The amplitude approaches the maximum vaBe|/Bo=2

=1, i.e., the plasma is created in a gaga0, the surface &t do=90° andAN/N.—c as in Ref[5].

waves will have finite amplitudes fat=90° (see[5)). Figure 6 shows the coefficienB. |/B, for the forward
Figure 5 shows the amplitude coefficidi. |/B, for the ~ Surface wave as a function of the angle of incidefgend

forward surface wave as a function of the angle of incidencéhe plasma density shiiN/N for &, =10 (semiconductor

6, of the original wave and the plasma density shift/N, ~ Plasma ande;=0.8 (wp;/wo~0.96). A distinguishing fea-

[N.= mwésb/(47-re2) is the critical plasma density for the ture of the plot is a break of its surface which Correspgnds to

original Wave,AN/NC=Aw§/w§] in the simple case when the angle of total internal reflection of the original wagg

the original wave propagates initially in free-spa@eacti- ~62° (sin6y=1/¢,). As we see from Fig. 6, the most favor-

cally in a gase;~1) and a plasma half-spage<0 is sud- able conditions for the excitation of the forward surface
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a wn
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=
angle of incidence
FIG. 6. Amplitude of the forward waviB . |/B, vs the original
wave angle of incidenc#, and plasma density shitkN/N, for
1 =2 py=10 ande;=0.8 (wp; /©~0.96).
0
FIG. 4. Frequency conversion coefficient/w, vs the param- =90° the peak is. It is noteworthy that the hight of the peak

eterw,/wg for a: 6,=30° ande,=1; b: ,=30° ands,=10; c: does not depend on the parameters of the problem such as
#,=60° ande,=1; d: #,=60° ande,=10. Possible values of the initial and final plasma densities or the background di-
ws/wy are bounded from above by the line segmenis @, (e) electric constant. The latter provides similar asymptotic be-
andwg/we=1 (f ). havior of the surface wave amplitude for gaseous and semi-
conductor plasmas.
wave are relatively small density shiffsN/N.~2 (AN/N; The break of the plot, which corresponds to the total in-
~AN/N, for wp,/wy~0.96; the possibility of fast signifi- ternal reflection angle, moves to the region of smaller angles
cant growth of the free-carrier density in semiconductors viaof incidence with increase aby,/w, (or decrease o),
photoionization is intensively discussed in the literature, e.g.becomes less noticeable, and then disappeais, dfiw,= 1
see Ref[14]). For these values of the density shift the am-(s;=0) when the plasma for<0 becomes overdense for
plitude of the surface wave is a smooth function of the inci-the original wave. The plot itself does not change signifi-
dent angled, and reaches the maximum 83~80°, i.e., cantly and for high density shifts the amplitude is still de-
rather far from grazing incidence. The interval of significantscribed by Eq(18).
values of|B. |/By narrows rapidly with increase afN/N, The region of total internal reflection, including the most
and moves very close to grazing incidenég=90°. This interesting region of the maximum of the amplitude coeffi-
makes it practically impossible to attain efficient transforma-cient|B ., |/B,, gets closer t@,=90° with a decrease of the
tion of the original wave energy into the surface modes forparameterw,,/w, (i.e., increase ok,). It leads to some
large density shifts. Moreover, at high density shiftsgrowth of the maximum value of the amplitude coefficient,

AN/N;— the amplitude behaves like which, for example, equalgB,|/By~3 at AN/N.~2 and
0,=87° for £,=0.99. Then, fore;=1 (e,=10, wp1/wg
4i(ml2— 609) 6 ~0.95 this maximum becomefB ., |/By~2 again and oc-
B, ~By (18

(72— 69) %+ 62 curs at 6p=90°. Further decrease @by, /wy, moves this

maximum away from the anglé,=90° (to a few degrees
with the small parametes= w,/\/epw,,. According to Eq. for wpi/wo—0) but the maximum value remains approxi-
(18) the amplitudg B |/B, exhibits a narrow peak of width mately the same. _ .
~ & with the maximum valugdB, |/By=2 reached atf, For the case OBp=1 the .plOtS|B+|/B° are similar to
~m/2— 5. The smallers the narrower and closer 16, ones fore,,= 10 (under conditions such that t_h(_a correspond-
ing values ofg, are the samebut they exhibit smoother

® dependence on the plasma density shiftl/N.. For ex-
3 ample, whene,=1 ande;=0.8 (wp;/wo~0.45) the most
5 favorable conditions for the forward surface wave excitation
“" regime are achieved &N/N.~15 (not for AN/N.~2 as

shown on Fig. &

- ° As for the backward surface wave, its excitation coeffi-
% cient is much smaller compared to the forward wave for the
= same values of the incident angle and the density shift; see
% Fig. 7. In the most interesting region of the effective excita-
% tion of the forward wave the amplitude of the backward

wave is more than one order of magnitude smaller. A distin-

o 7S 6:’9 o-::nc'\def\ce guishing feature of Fig. 7 is a sharp peak|B1|/B; in the
ang region of small values of the plasma density shiftsl/N,
FIG. 5. Amplitude of the forward waviB., |/B, vs the original  ~1. In general, though, the amplitude coefficigBt |/Bq

wave angle of incidencé, and plasma density shitN/N, for the ~ behaves similarly tdB. |/B, except that it does not exhibit
special case wheN;=0 ande,=1. the maximum near grazing incidence wh&h/N.—oo.
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FIG. 7. Amplitude of the backward wa\& _|/B, vs the origi-
nal wave angle of incidence, and plasma density shiftN/N for
the same parameters as in Fig. 6. (@)
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B. Bulk waves Bst (a,.u.) Y

Whent—oo the textbook reflected and transmitted waves ﬁ
due to incidence of wav€l) on a dielectric discontinuity
will result. The reflected and transmitted waves of frequency
wq are given by the residual contributionsAf(s), together
with the forced response in vacuum, ahgls), respectively,
ats=iwg.

In addition, the wave reflected by the temporal disconti-
nuity of frequency—\/wozﬂLszp [forced response in Eq.
(13)] impinges from the plasma on the boundary giving rise
to two waves of the same frequency: that reflected back into
the plasma and that transmitted into vacuum. The amplitudes
of the reflected and the transmitted waves are given by the (b)

residues 0Ay(s) andA,(s) ats=—iywy+Aw, and corre- FIG. 8. Structure of the free-streaming mode: qualitative depen-
spond tQ the multiplication of the wave ,'nc'dent from the dence of the static magnetic fielzﬁt on they coordinate and the
plasma in Eq(13) by the standard reflection and transmis- i, as of the dc current! for (a) &,>Ssir? fy; (b) £,<Sir 6.
sion coefficients[20]. The existence of this component is
inherent in the model of a lossless semi-infinite plasma. When the original wave undergoes total reflection from
Moreover, it is not excited if the initial field in the plasma is the plasma at<0 the dc current is excited only near the
evanescente; <sir? f;) (see Sec. I\ boundary where the initial field was pres¢aee Fig. 80)].
The lines of the dc current are similar to the ones in R25]
C. Free-streaming mode where the transformation of a surface wave on the boundary
This steady-state component of the solution is exciteaofatime_—varying plasma was studi_ed. !ndeed, the field in the
only in the plasma half-space and consists of a static maggl""smf.1 IIT t;‘]e case c;f tct>tal reflei:rt:on 'Sf evanescept Gm\j/\/uas
netic field and corresponding spatial distribution of dc elec'tostztla?elf?eztior? jggengfolérceusr:io ?hzu(;(?cczﬁr\pg\;elir:gs are en
tric current. Both the time-independent part of the forced arallel to the lines of a constant phase of the initially trans-
responseg(13) and the residual contribution ok,(s) at s pa d in the ol d thp' intensit Hally tre di-
=0 give the following formula for the magnetic field in the mitted wave in the plasma and their intensity varies periodi
plasma: cally as the amplitude of the_lnltlal wave. Near the boundary
these lines are, of course, distor{ddg. 8@a)].

w2e—ih0x . _
B'(X,y)=BoT PR awpn (e'9Y—el@x\2/0)  (19) V. TRANSIENT PROCESSES AND OUTGOING
@oT2@p RADIATION
The second term in Eq19) arises due to the change of the
constant component of the electron velocity during the tran- The transient processes are described by the integrals over
sient processes fae>|y|\ep/c. The dependence in EGL9)  the branch cutésee Fig. 2 The outgoing radiatiorigoing
has oscillatory character on tiyecoordinate in the case of an from the boundary ty— *) is given by integration over
initially transparent plasma mediufisee Fig. 8)] and a the right sideg Re(S)=0+] of the branch cuts in the intervals
nonoscillatory peaked character in the case of total internabo Sin 6p<|w|<e for y>0 and w, <|w|<« for y<0 [w

reflection, whens,<sir? ¢, [Fig. 8(b)]. The spatial distribu- =Im(s)]. Evidently, the above mentioned integrals are plane
tion of the dc currents is determined by the magnetic fieldvave expansions of the outgoing radiation. The frequency of
(19) via Maxwell's equation a plane wave radiated at an anglevhich is measured in the
Bt (x,y) plane from the normal to the boundary direction both
c c (.0 - i i = -
. _c sty_ © z |~ st in vacuum and in the plasma #/2<6<w/2, 6==/2 co
Pxy)= 4 curl(B™)= 4 (X ay TYihoB; | incides with thex direction, follows from the well-known

(20 dispersion equationf6] for electromagnetic waves, both in
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vacuum and the plasma, and conservation ofxttempo- 8 —
nent of the wave vectors vaguum
sin 6 _ 4o -
SN0 o, it y>0
sin 0 50
“7 o \/w— (@1 0
* p2 f >
: 1— cog ¢, if y<O. 2
sin ¢ ;,2(_ Y
4 A A

Negative frequencies correspond to the waves radiated back-
wards under angleg8<0. The waves of the lowest frequen-
cies(* wq sin fy in vacuum and+ w, in the plasmatravel Efgoo
along the boundaryd= =+ 7/2). Higher frequency waves are
radiated under smaller angles—up|tel— for 6—0.

Follow the technique proposed in R¢27] we calculate
the radiation field energyper unit area of the plasma-
vacuum interfacgin vacuum ¢V,) and in the plasmai,)
asymptotically whert— c by integration ovel energy den-
sity which can be expressed in terms of the above mentioned
integrals. The result can be written as

plasma

-60°  -30°

o s | S o
vacuum : : : ; : :

10

Sof——— M
g . H H h H . i g .

w2
W, p= f  W,(6)d6, 22)

10

where the angular density of radiation eneyy ,(6) is

Cwg Sin 6

Wv,p(a):m

-60°  -30°

cof 0|A, p(s=iw)|?, (23 5

with (&p), implied to be taken only fokV, and w(6) given

by (21). Certainly, the same result may be obtained also b)(N

integrating over time the electromagnetic energy flux

through a unit area parallel to the boundary. The signs of th

double-valued functiong, , in A, , should be taken to sat- _ _ — AR _ _ ;

isfy the requirement thgtp the lé:'(p)rres onding waves trave b=10, 607457, wpy/wo=0.2, wpalwo=0.9 [81->Sln2 b and
a P g . £,(wg)>Sir? 6]. The spectrum in vacuum is dominated by the in-

away from the boundary or are evanescent, L.e., the imagigite peaks nea, at f~45° and— \/m at 6~ —32°. The

nary part ofx, p has the same sign as the angler its real  fiite peak at frequency, is at 6~50°. In the plasma there are

part is positive. The latter case occurs for angles greater thapyinite peaks at frequencies, (6~31°) and+ w2+ Aw? (0~
the total internal reflection angle. In the case of total reflec-, 13°). (b) ep=10, 6,=45°, wy/we=1.1, wpzlwo=5 (e

FIG. 9. Angular densities of the transient radiated energy
»,p(0) (normalized to the quantityvo=B§c/4w0, which is the
energy of the original wave incident normally on a unit area of the

oundary per period of the wayes the angle of radiatioi for (a)

tion from the plasma,(s=iw)=ep(w? —w?)/c is real
in A, if w,>wysing for 6,<|6|<w=/2, sinb,
=(wp/w, )sin . For total reflection from vacuum, which is
only possible fore,>1, k,(5=i w) = Jw? sir? 6,—«? is real
in A, if w,<wgsing for §,<|6|<m/2, sind,
=wg SiN B/ \/ep(wgSi? f—wy,).  The  condition o,
<wg Sinf, reduces easily to the inequalityN,/N,
<(sir? Gp)(1—ep ).

Figures 9a) and 9b) show the angular distribution of the

<sir? 6). The spectrum in vacuum is dominated by the infinite
peak at frequency, (0~45°). The finite peaks of frequencyw,

are neamd~ +=21°. In the plasma there are no clearly shaped peaks,
the radiation has relatively broad spectrum and low inten@isy
magnitude was multiplied by the indicated scale factor

plasma is not transparent for the incident wave after the shift,
the peak ofW, at w=w, is absenfFig. 9b)]. The radia-
tion of frequencie5w~i\/w02+Aw2p is created by the

energy radiated into vacuum and into the plasma. The infi€volution of the forced waves in the plasrftne second

nite peaks of the angular densitiés, ,(¢) corresponding to
the frequenciesy and = \/woz-l-Apr are a peculiarity of our

term in Eqg.(13)] at t>0. The corresponding peaks lie at
the angles given by sifi==sin 6,/\/e; in the plasma and

assumption of an incident plane wave of infinite extent and!n = —o SIN bo/wo+Awy in vacuum [F'Q- Aq)]. Itis
the lossless semi-infinite plasma. This artifact is also relatefoteworthy that the forced wave traveling towards the
to the formation process of the steady-state pattern of bulkoundary in the plasméwith frequency—\wg+Awp) al-
waves described in Sec. IV B. Obviously, the waves withways gives rise to radiation into vacuum, i.e., it cannot un-

w=~w, represent the radiation of the old<(0) reflected

dergo total reflection from the boundary.df<sir? 6, i.e.,

wave in vacuum and the formation of the new reflected andhe original wave undergoes total internal reflectiort a0,
transmitted waves in vacuum and the plasma, respectivelyhe peaks in the plasma are abséntthis case\/w02+Aw2p

The corresponding angles ar&, in vacuum and si
=sin fy/\e,(wg) In the plasma. Ifs,(wg)<Sir? 6y, i.e.,

<w, Whereas radiation into the plasma Hag> w, ) while
in vacuum there is a strong peakaaf and a relatively small
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one at— w, . In general, the finite bursts of radiation at the relatively large compared to the wavelengthidth. In this
frequencies+ maxXwy sin 6,0, } correspond to the critical case the surface waves that are created are quasimonochro-
angle of total internal reflection from vacuum df, sing,  matic wave packets whose length is defined by the area cov-
>w, or from plasma ifw, sin §y<w, . The shape of these ered by the incident beam. The assumption of a uniform
peaks is essentially asymmetrical; it falls off slowly at lower ionization of the entire plasma half-space can also be weak-
frequencies and fast for higher frequencies. &, ened in the case of total internal reflection of the original
<w, sin 6, (possible only fore,>1) these peaks are located wave; it is sufficient to assume that the depth of the uniform
in the plasma at the frequencies close-ta, sin 6, [this  ionization is larger than that of the penetration of the original
case is not presented in Figs(ap and 9b)]. If o, wave into the plasma and the degree of ionization decreases
>wg Sin 6, the peaks move to vacuum and occurzab, gradually with the distance from the plasma boundary, which
[see Figs. @) and 9b), the peak at- w, is too small in Fig. ~ actually occurs in the case of ionization by controlling irra-
9(a)]. Moreover, if w, > w3+ Aw?, which corresponds to diation from vacuum into the plasma.

the total internal reflection of the original wavetatO (e The phenomenon of trapping described above may be
<sin ), the maximum frequency of radiation in vacuum is verified experimentally with an experimental setup similar to
+w, and these peaks become strongly enhanced while tHB€ one described in Ref10] where a transient plasma was

peaks at* /_Z—Zwo-f—Awp in the plasma and- /_2—2w0+Awp in creattladt on aftlmeI scalel ns .\tlla electric d|schar%e bﬁtwef(_alrd
vacuum disappear as we pointed out above. Evidently, th@.e plates of a plan€ capacitor in a vacuum chamber fille

strong enhancement of the peakstab, in the case of total with a gas. It we illuminate the emerging pla;ma slab from
reflection of the original wave can be explained by the radia—the side by a beam of cm-wavelength radiation the trapped
urface wave should be detected at the far end of the slab.

tion of the energy initially present in the plasma to vacuum a he phenomenon of trapping pointed out here in the para-

o .
frequencies= w, . Consequently, the magnitude of thesemetric approach may be realized as a nonlinear effect when

peaks decreases with,, since the penetration depth of the .
L . - two superstrong microwave beams cross and produce plasma
original wave into the plasma becomes smaller. It is impor-

tant to emphasize that due to the fast rolloff of the anguIaPB]; a part of the beams’ electromagnetic energy should be

. . trapped by the plasma slabs that are generated. This phenom-
densitiesw, , for |w(0)|>.max{w* ,\/w0+A“’p_} [Flgs. 98 enon may be essential in the formation stretched plasma
and 9b)] these frequencies put an upper limit on the fre-

e ; structures similar to observed in R¢29].

guency of the generated waves. Also it is essential that for However, the most significant application of the phenom-
0, > oot Awy the maximum frequency shifta(,) Sur-  enon is the creation of entirely new components for input of
passes the one for the case of the plasma density shift in th@ectromagnetic radiation into planar waveguiding structures
entire space {wp+ Awp) [6,7], which yields more efficient  with solid-state plasmasemiconductor slabs. The nonsta-
frequency upshift. We point out again that besides being fretionarity of the semiconductor medium may be provided by a
quency upshifted, the radiation is angularly resolved, whicmumber of different mechanisms, e.g., carrier injec{idel,
provides an extra advantage of the bounded plasma over uphotoionization by a laser pulsgl4,15, effective mass

bounded in creation of tunable sources of radiation. switching[31], etc. The typical time for plasma creation in
those cases lies within the picosecond range; these mecha-
VI. CONCLUSION nisms can be used for transient input of millimeter and sub-

_ __millimeter radiation. The simplest scheme includes a semi-
To conclude, we have presented the theory of interactiog,nqyctor slab waveguide where the carrier density grows
of a plane electromagnetic wave with a nonstationary plasm?apidly in time due to effect of a laser pulse; the signal wave

half-space when its density instantaneously grows in time foyg trapped by the slab as a res[82]. Finally, another pos-
the general case of oblique incidence and TM polarization ofjje scheme is when the slab waveguide }s statiotauy.

the wave. The emphasis has been made on the investigaligfectrig but coated with a plasma film with controlled car-
of the qualitatively new phenomenon of the creation of two e, density[33].

frequency downshifted surface waves propagating in the op-
posite directions along the plasma boundary. We have given
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