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Interaction of an electromagnetic wave with a suddenly stopped ionization front
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The theory of the interaction of an electromagnetic wave with a uniformly moving ionization front in a gas
is extended to include the case when the front suddenly stops. This nonstationary character of the wave/front
interaction, which is typical for experiments carried out in a finite-size gas tube, gives rise to fresh physical
effects. First, currents induced near the plasma boundary after the front stops produce a static magnetic field
not only in the plasma behind the front but also in the vacuum ahead of the front. Second, in the regime where
the transmitted wave falls off behind the front, the skinning field leaks through the stopped front and produces
a burst of highly frequency up-shifted radiation.
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[. INTRODUCTION window at the end of the tube and the ionization front sud-

denly stops. This situation is typical, for example, for experi-

A strong laser pulse propagating in a gas can ionize thenents on frequency up-shifting of electromagnetic radiation

gas and thus can produce a gas/plasma boundary whi¢h a resonant microwave cavif2]. Therefore, it is natural to

moves with the group velocity of the ionizing pulse. Such aextend the existing theories to include the case when the
boundary is called an ionization front. An electromagneticfront suddenly stops and this is our aim in this paper. The
wave incident on the ionization front will be reflected and nonstationary character of the wave/front interaction, caused
frequency up-shifted due to Doppler effect. The possibility ofby a sudden stop of the front, gives rise to several unusual
the generation of tunable frequency up-shifted radiation inieffects. The first effect is the generation of a static magnetic
tiated the first theoretical works, which treated the interactiorfield in vacuum ahead of the stopped front. The presence of
Of an e|ectr0magne’[ic wave W|th an ionization front and Wer%c currents and a Static magnetic f|e|d was pointed out a |ong
undertaken more than 30 years gdg. In the early 1990s, time ago[1]. However, in all the cases studied up to date, the
the emergence of lasers capable of producing fast ionizatiogiatic magnetic fields existed only in the plasma and not in
in gases brought in the subject for experimental tests ang,c\,ym. when the front stops, the dc currents excited behind
many theoretical predictions have been verified. In partlcular,(he front will be modified by transient processes. The result-

}gﬁizraetfifr?t:‘?gn?fagg ﬁéef:;%r:ri?sl?gﬁ ivr\llz)vihgogasmr:oxglr%am distribution of the dc currents will give rise to a static
thoroughly studied2]. It was found that the reflection from magnetic field which exists not only in the plasma, as before

an underdense front yields very low energy efficiency of fre-_the front stops, but also in vacuum. The presence of this field

guency up-conversion to warrant any practical use. Subsdl Vacuum may significa_ntly simplify the experimental d?‘ec‘
quently, it was proposed to use the transmitted wave whicion Of the free-streaming mode. The second effect is the
can also be highly frequency up-shifted and carry significani€@kage of the transmitted wave into vacuum after the front
energy[3]. In experiments, however, the efficiency of up- StOPS- This is expected to occur when the transmitted wave
conversion was rather pod2]. One of possible reasons for follows the front. However, we show that the transmitted
the low energy conversion is the excitation of a self-wave that initially falls off exponentially in the plasma be-
sustaining distribution of dc currents and a static magnetidind the front can penetrate into vacuum and can produce a
field in the plasma. Predicted more than 30 years[agiche ~ short burst of highly frequency up-shifted electromagnetic
experimental verification of the presence of this so-calledadiation. This opens the possibility to use the skinning trans-
free-streaming mode in the plasma still remains an opemitted wave as a source of frequency up-shifted radiation
guestion. Later it was theoretically shown that the excitatiorrather than using the propagating transmitted wave. Besides,
of Langmuir waves behind the ionization front can also leadhe transmitted field behind the front has the maximum de-
to significant losses for TM polarized wavg$]. Recently, gree of frequency up-shift when the wave falls off in the
the idea of frequency up-shifting was tested for optical fre-plasma[4].
quencies by colliding two laser bearfts]. The prospects of The paper is organized as follows. In Sec. Il we lay out
using ionization fronts for terahertz generation in capacitoithe theoretical model to descibe the interaction of an electro-
arrays filled with a gas or a semiconductor material are alsmnagnetic wave with an ionization front which suddenly
currently discussed in the literatufé]. comes to a stop. Section Il contains a description of the
Traditionally, the theoretical works treated only the inter- electromagentic field distribution before the front stops, a
action of a wave with a uniformly moving frofi—4,7. In procedure of finding the time evolution of the fields after the
experiments, however, the gas-filled tube has a finite lengtrstop, and a discussion of main results. In Sec. Il we inves-
When the ionizing pulse traverses the tube, it hits the quarttigate how a short pulse interacts with a moving front and the
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(e andm are the electron charge and mass, respectivehd
for the free-streaming moddé,=ws/wy=0. The angles
of propagations are tef);s=ho/g,rs With s
=wo(f—f,¢)/V being the normal components of the wave
vectors. The transmitted wave behaves quite unusually com-
pared to the case of a stationary boundary. Depending on the
5 plasma density, the angle of incidence, and the velocity of
N the front, three possible cases shown in Figh) Exist: the
13'50 18'00 wave can propagate away from the front, follow the front, or
fall off exponentially behind the front. The amplitudes of the
FIG. 1. (@ Schematic of a TE polarized wave incident on a excited waves are found using the continuity condition for

moving ionization front(b) Regimes of propagation for the trans- the electric and magnetic fields and their spatial and temporal
mitted wave in the plasma as a function 6f and 6, for 8 derivatives[4]:

=0.99 (Bma=172°). In region | [f,<f, with T,

= J/(cosfy+2B+ B coshp)coshy], the transmitted wave propagates E,=Ey(fi—1)/(f,—f)), 4
in the positivex direction; in region Il Ep<fp<ff), the transmitted

wave runs after the front; in region Illf(>f(), the transmitted E=Eq(f,—1)/(f,—f)), 5)

wave falls off exponentially behind the front.
_ . . o Bsy= —9sBsx/ho=—Eof 711~ f, H(1-f ). (6
relevance of stationary-state initial conditions for this situa-

tion. The final Sec. IV contains concluding remarks. The frequencies, the angles of propagations, and the ampli-
tudes completely determine the stationary picture of the
Il. GENERAL THEORY wave transformation at a uniformly moving front before it

y y comes to a stop.
A. Initial conditions

We start by considering a plane TE polarized electromag- B. Solution of initial value problem
netic wave of frequencw,, which initially, att<0, is inci-
dent at an angl®, on an ionization front which moves with
velocity V(V<c, with ¢ the in vacuospeed of light in the
negativex direction[see Fig. 18)]. We assume the front to
be infinitely sharp, i.e., the distance at which the plasm

We assume that &t=0 the front suddenly stops. In prac-
tice, the sudden stop means that it is much shorter than the
periods of the waves. This condition is satisfied if the ioniz-
d’ng pulse reaches the boundary of the homogeneous gas vol-

density increases is small compared with the wavelength of e bound by iglass or an>/ ?ther n;)aterlgl. Fo\;v5|mpllc;|t}[/,
the incident, as well as reflected and transmitted, waved/€ assUme a sharp vacuum/plasma boundary. We are inter-

Such fronts can nowadays be routinely produced by femto_@sted in finding what happens with the fields and the currents

second laser pulsei8]. This approximation allows Us to in the plasma. To sqlve this nonstationary problem we will
write the plasma density abl(x,t)=N®(x+Vt), where use Maxwell's equations

O (x+Vt) is the Heavyside step function. The complex elec- 1 B,
tric field of the incident wave is ihOEz:E rrt (7
E(x,y,t)=zEqexpiwgt —igoX—ihgy) (1) JE, 108,
with go=(wq/c)cosb, andhy=(w,/c)sin 6, being the nor- X ¢ ot ®
mal and tangential wave-vector components, respectively.
Due to the translational invariance in thedirection, all By, 10E, 4
fields have the same spatial dependence alony theection 5 ThoBx=7 —= = —eNv [0 (x+V)O(-1)
and the common factor expfhgy) will be omitted from now
on. The angle of incidencg, lies between 0 and,,,, with +0O(X)0O(1)] 9
COSOmax=— B, B=Vl/c. The incident wave gives rise to
reflected and transmitted waves, and a free-streaming modaupplemented by the equation for electron motion:
The continuity of the phase across the front yields the fre-
qguencies and the angles of propagations of these wayes vz EE (10
The frequencies of the reflected and transmitted waves are ot m %
f,=w, lwg=y*(1+2B cosby+ 57), (2 To solve Egs(7)—(10) we will use a Laplace transform tech-
nique. The initial conditions for the fields and electron ve-
fo=w/wo=y?f— By\fi—13, (3)  locities att=0" are the same as fdr=0", since the fields

and velocities do not change during the infinitely short stop-
where y=1/\/1— B2, f=1+ Bcosby, f;=y(B+cosb), fy ping time. From Eqs(7)—(10) we obtain the equation for the
=wp/wg, Where w,= 47N e’/m is the plasma frequency Laplace transforn€(s) of the electric fieldE,(t):
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4\ Ims to ensure evanescence of the fieldscat =o. The branch
cuts due to double-valued functions, ,(s) run along the
% io, imaginary axis from the branch pointsiwgsing, and
io, +iw, (w,= \/w2p+ w2 SiMP6g) to infinity.
i, The electric field distribution formed at- + o is given
io, by the poles of the forced responses and the integrals of
im,sind, A, p(s) along the right-hand side of the branch cut near the
poles s=iwq, ;. This asymptotic distribution depends on
—im,sinb, ’b Res whether the front and the initial wave were copropagating or
—i®, counterpropagating at<0. For the counterpropagating case,
the initial wave will produce the textbook reflected and trans-
/ mitted waves due to incidence upon the motionless plasma
boundary. This does not happen in the copropagating case.
Besides the incident wave, the transmitted wave, tkaf it
followed the front, will contribute to the asymtotic distribu-

FIG. 2. Integration contour for>|x|/c. tion due to its reflection and transmission at the boundary.
PE 2 5 C. Free-streaming mode
— —| &thy|E=F(x,s), (11 o -
X c We now focus on the excitation of the free-streaming

mode and then discuss transient radiation into vacuum. The
wheree =1+ w5/s? in the plasma and =1 in vacuum. The magnetic field can be found from Eq42) and Maxwell's
source ternF(x,s) in Eq. (11) is defined by the initial fields  equation(in the s domain: B,=[ichoE+By(t=0)]/s. The
in the plasmaF(x,s)=—(1/c?)(s+iw)E;exp(-igX) and  pole ats=0 gives the desired static magnetic field:
in vacuum, F(x,s)=—(1/c?)[(s+iwg)Eqexp(—igoX)+(s

+iw,)E, exp(=ig, X)]. Solving Eq.(11) in the homogeneous o o (Bat B,)eMoX if x<0
regions k<0 andx>0) and matching the solutions by the Bx(X)=Bg B.e- 1054 B.a- <% if x>0 (14)
boundary conditiongcontinuity of £ and 9&/x), we find ! 2 ’
Epe '90%  E,e 9% where the complex amplitudgy is
P " +A,(s)e* if x<0
—lw —lw . _ —
Exs)=4 ¢ e_igfi ' B3=Eosinfo(1—f, M)(1—f, ))/By, (15
C FA (s)e™ *p¥ if x>0, . _ .
s—iwy P where B,=—(sing,+if/B)/C, B;=(sing,+f,)IC, C
(12 =\fZ+122, [B;+Byl=1, «j=f,wolc, and f,
Where =w, log. Bj‘ can be found by combining Maxwell’'s equa-
tion V-B=0 and Eq.(14). The static magnetic field in the
=i Ti plasma consists of two terms. The first term describes the
_ Kpp+100 Kp,p+10¢ . - . .
A, p(s)= T s B0t o5 E, usual field formed behind the uniformly moving front. The
v 0 r second term results from the transient processes near the
Kpo+10¢ boundary after the front stops. Sincexat 1/K'S)t the second
- s——ith‘ (13 term vanishes, the stopping of the front causes a change in

the static field only near the boundary at the de’pi.‘n/K;‘. A
and k, ,=\/es’/c?+ h2. striking effect, though, is the excitation of a static magnetic
Expressiong12) and (13) give the solution of the prob- field in vacuum[see Eq.(14)]. The lines ofB* in vacuum
lem in the s domain. To obtain the solutions in the time continue the lines existing in the plasisee Fig. 83)]. The
domain we have to take the inverse Laplace transform. Thivo component®;', change harmonically along theaxis;
first terms in Eq(12) describe the forced responses and conthey have the same amplitude but shifted in phasert®
tribute to E,(x,y,t) immediately att=0". In vacuum, the The magnitude oB*'falls off exponentially with the distance
poles of the two forced terms give the incident wave and thdérom the boundary; in vacuum the characteristic decay length
initially reflected wave; in the plasma, there is one poleis hgl. For singy~1 this decay length is comparable to the
which gives the initially transmitted wave. The free- wavelength of the incident wave, which lies usually in the
streaming mode does not have any electric field and cann@entimeter range in experiments on frequency up-shifting of
be obtained directly from Eq12). At an arbitrary pointx, microwave radiation. For small values of € i.e., for the
the effect of the stopped front emergegatx|/c. From this  angles of incidencé, close to 0 ° or 180 °, the decay length
moment the free-wave terms in E(L2) start to contribute. can significantly exceed the wavelength of the initial wave.
In taking the inverse transform fdar>|x|/c, we choose the This circumstance may simplify the experimental demonstra-
integration contouksee Fig. 2 in the Riemann sheet in the tion of the existence of the free-streaming mode. However,
complexs plane, where the real parts &f ,(s) are positive when ¢, approaches 0 ° or 180 ° the amplitude of the mag-
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(a) (b) by the integrals along the branch cusge Fig. 2 The out-
going radiation(going from the boundary ta— * o) is de-
scribed by the integrals along the right-hand sides of the

E, 7 R ©
5 0 W . A .
] @ i m,w’ branch cuts in the intervalg sin §;<|w|<e for x<0 and
] 0,
] WY

CHE .6 ,{?};f,‘,,’;,” - w, <w<» for x>0 with w=Im(s). These integrals give
50' 03 ,W”’"’l £ the expansion of the radiation into outgoing plane waves
5] Q ) //’ o with different frequencies related to the angle of propagation
0 (measured in th&-y plane from the normal to the bound-
-10] ' S s = - ary direction both in the plasma and vacuuboy
. AR 6y, deg e iné
0 5 0s sin .
xwo/c —2 6 if x<0
sing
FIG. 3. (8 Lines of the static magnetic field fg8=0.99, f, 0= 5 (17)
=3, andf,= 160 °.(b) Amplitude of the constant magnetic field at W, w, 20 if x>0
the plasma boundary fg8=0.99. sing 1-—cosg I X=0U.

Wy

netic field approaches zefgsee Fig. &)). Nevertheless, The closer the angl@ to the normal, the higher the fre-
there are regions of angles where the decay length is large

and the amplitude of the magnetic field is also significant. In uency of the wave. The angular density of energy radiated
addition, the amplitude of the static magnetic field increase%nto the vacuum and plasma i9]
with the plasma density. ?h- co2g

The static magnetic field discussed above is sustained by W, o(6) = - o7
dc currents in the plasma. These currents can be obtained ’ 1672
from jS'= (c/4m) V X B, which gives

A, p(s=iw)|? (18

The formula(18) is valid for all angles except the angles at
S iwoBSI f,B; Y which the forced responses in Ed.2) contribute. The en-
j500= | e 19~ fiBe " |. (16)  ergy emitted at these angles is infinite due to our assumption
4msinby | 422 - c .
of a plane incident wave. Figurdh) shows the angular den-
Atypical distribution of the dc currents is shown in Figag sity of the radiation generated in vacuum in the case when

Similar to the static magnetic field, the dc currents becomdh€ initial wave falls off behind the moving front. For the

distorted near the boundary. The depth of this distortion iarameters we used, the decay dep_th of the wave is about
the same as for the static magnetic field. three periods. After the front stops, this exponentially decay-

In the analysis above we neglected collisions. The incluiNd field generates a wave packet propagating at 1.2° in

sion of collisions would lead to a gradual damping of the dcvacuum. Integration ofV, (6) over the interval around 1.2°

currents and, consequently, to a finite lifetime of the statidVes the energy which is almost equal to the energy of the

magnetic field. For gas pressures typically used in eXperig,kinning transmitted wave. This means that the skinning

ments[2,6] this lifetime is~10—100 ns and, thus, may sig- ave leaks into vacuum after the front stops and produces a

nificantly exceed both the duration of the incident pulse withPurst of radiation at frequency up-shifted by a factor of
wavelengthho~1 cm and time scale of the transient elec- R€ft~8.1 compared ta,. The reflection of this wave into
tromagnetic processes. the plasma is negligible. By changing the degree of skinning

one can control the duration of the wave packet emitted into
vacuum. The initially reflected field propagateséat0.65 °
[see Fig. 4b)] with frequencyf,~15 and amplitude~Ej,.

We now turn to the radiation from the plasma after theDespite the h|gh degree of frequency up-shift and |arge am-
front stop. In general, the transient processes are describgfiitude, it carries a small fraction of the incident energy even
4 in the case of a uniformly moving front because the length of

* Re i (2) 300 wW(®/Wo  (b) the wave packet is very sma#]. In the copropagating case

E ] and for g~1, it takes a long time for the reflected wave
packet to separate from the front. In a finite-size gas tube, the
reflected wave packet may not even form before the front
reaches the end of the working volume. However, as we
100+ showed, even the decaying transmitted field can escape the
. plasma volume and produce frequency up-shifted radiation.
20 -
s * xefc 0 5° 10° 6 ll. INTERACTION OF A SHORT PULSE WITH A
MOVING FRONT IN A WAVEGUIDE

D. Reradiation of the skinning field

FIG. 4. (a) Direct currents excited in the plasma f8r=0.99,

f,=3, and 6,=160°. (b) Angular density of the radiation in The developed theory is based on the assumption that a
vacuumW, (6)/W, [normalized to the quantityV,=E3c/(4wo)]  Steady-state distribution of the electromagnetic field is
for 3=0.999, #,=170°, andf,=0.318. formed before the front stops. From the experimental point
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! d 0.8 0.4 ]
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0.4 -0.44
FIG. 5. Schematic of a pulse overtaken by an ionization front in |
a waveguide. The pulse shown corresponds to the spatial electrio.2- -0.8
field dependence used in calculations. 1
0'000 04 08 12 16 e ' ' ' '
. . . . . X y . . . ~1140 -1135 -1130
of view, this assumption requires taking a cw wawea very /o, ogle

long pulse and letting the front interact with it. Once a
steady state is formed the front should stop before the inci- F|G. 6. (a) Energy spectruntin arbitrary unit$ of the incident
dent pulse is completely overtaken by the front. Usually expulse (1) together with the frequency conversion coefficient
periments are carried out in finite-length waveguides or gas.1 Ref, [given by Eq.(3)] of the transmitted wavé2) and the
chambers, and very often short pulses are used rather thabefficient of the energy conversion of a quasi-monochromatic in-
cw fields. This requires a critical examination of relevance ofcident wave into the propagating transmitted wé)e (b) Reflected
the steady-state initial conditions described in Sec. Il A to(for wox/c<—1138.86) and transmitteffor wox/c>—1138.86)
typical experimental situations. Our purpose in this section iglectric field EI"Y/E, at wot=1140 andy=0. The position of the
twofold. First, we study how a short pulse interacts with afront is indicated by the dashed line.
uniformly moving ionization front which overtakes the
pulse. Second, we show that before a reflected pulse is o = [~ fi—1
formed, a significant portion of the energy of the pulse is E; =E0J’700d"’f —¥
localized behind the front in evanescent field. Thus, if the r
front stops at this moment the evanescent field produces fhe y component of the constant magnetic field excited in
burst of radiation into vacuum ahead of the front. Since ougye plasma is
primary aim in this section is to investigate the time depen-
dence of the electromagnetic field distribution induced near 1= .
the plasma boundary by a short pulse, we do not model theB(yS): - EOE dof(1—f H(1—f, He (¢emwo) /2 igx
stopping of the front. *°°

To study the interaction of a short pulse with the ioniza- (22)
tion front, we chose the case when the pulse propagates in

waveguide rather than in free spasee Fig. 5. The wave- : .
o : torsg, 1 s and frequencies; ; in Egs.(20)—(22) are the same
guide is formed by two perfectly conducting planesyat as for an incident plane wave and they are given in Sec. Il A.

o e s ot 25ince the irequency, may be compex, e ansmited
P q : ave(21) describes both the waves that propagate and decay

cident pulse Is Gaussian and it consjsts of the com.porjents%')x the plasma. The values of the reflected and transmitted
the lowest TE mode of the waveguide. The electric field 0ffields as well as of the constant magnetic field allow finding

to plane waves with dferent requencies and longiudinal! S ENEIGY of the corresponding modes.
P q 9 We chose the parameters of the pulse such that the exci-

components of the wave vector: tation of the propagating waves in the plasma is rather small:
. f,=0.35, wgr=5. The actual form of the pulse is shown in

ES)ZEOI dwe—(w—w0)272/2+iwt—igX' (19 Fig. 5. The width of the waveguide is chosen to provide an

—o angle of incidence of 170 ° for the central component of the
pulse and front’s velocity3=0.999. Figure 6 shows the en-

whereE,=E, cos@y/d)(7\27), r is the duration of the ©€rgy spectrum of this pulse and the energy conversion coef-
pulse, , is the central frequency, g= ficient into the propagating transmitted wave. Most of the

— (wlc)J1— (calwd)2. The magnetic field of the incident €N€rgy o_f the incident pulse !ies in the regioq vv'h.ere no
pulse can be found by substituting EQ9) into Maxwell's propagating waves can be excited, and thus a significant ex-

equations. The reflected and transmitted pulses can be foufgfation of the skinning field is expected. This choice of pa-

by multiplying each Fourier component of the incident pulsef@meters allows also to obtain high-frequency conversion
by the reflection and transmission coefficients given by EqsSice the frequency of the transmitted fielsee Fig. 6
(4) and (5). This gives the reflected pulse reaches a maximum value _When the_ transition from the
propagating regime to the skinning regime occurs.

Figure 7 shows the energy of different modes excited by

1 e (0= wg)? T2+ t—ig,x (200  the pulse as a function of time. Most of the energy of the

e~ (0= w)? P2+ ot —igx (21)

ghd thex component is found fronV -B=0. The wave vec-

Egr)zﬁof dw !

fi—f, incident pulse goes into the excitation of the free-streaming
mode in the plasma. The reflected energy grows rather
and the transmitted pulse slowly in time while the energy accumulated in the plasma
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1.0 0.08+ the front, the accumulated energy can escape the plasma and
2 produce the frequency up-shifted radiation, as we showed in
0.8+ 0.06- 3 Sec. Il. The electric field distribution at such a moment is
‘ shown in Fig. 6b).
0.6 1
0.0 (b) IV. CONCLUSION
044 To conclude, we have shown that the interaction of an
0.02- electromagnetic wave with a suddenly stopped ionization
0.2+ front gives rise to two nontrivial physical effects: first, gen-
eration of a static magnetic field in vacuum ahead of the
Wr+—r—T 7 — 0 front, and second, emission of a highly frequency up-shifted

0 1000 2000 3000 4000 0 1000 2000 3000 4000

ot ot skinning field in the plasma into vacuum. We also showed
(i} 0!

that even if the incident pulse is very short, it can produce a
FIG. 7. (a) Energy of the incident pulse that was overtaken by Significant skinning field much earlier compared to the for-
the ionization front(1), energy of the transverse modes in the Mation of the reflected pulse. Stopping the front at such a
plasma(2), energy of the reflected puls@®), and energy of the Mmoment should give rise to reradiation of the skinning en-
free-streaming mod@). (b) Same aga) but only curves?2) and(3) ergy as in the case of a cw incident field. While the genera-
are shown. All energies are normalized to the total energy of thdion of the static field exists only for a TE polarized incident
incident pulse. wave, the reemission of the skinning field, in general, takes
place for an arbitrary polarization of the incident field. De-

grows much faster. After some time, the front overtakes mos?pite.the possibility to obtain _highly frequency up-shifted
of the pulse and the energy accumulated in the plasma sta nsients both fpr TE a_nd ™ |_nC|dent waves, th_e energy of
to decrease due to its reradiation into the reflected pulse. THE® tran3|ents.wn| be d'ﬁ?fe”t in thesg cases, since the TM
delay in the reflection can be explained by partial penetratioﬁfv"’we can excite Langmuir waves behind the frbtit

of the pulse into the plasma in the form of a decaying field.
Thus, we can conclude that the formation of the decaying
wave requires less time compared to the formation of the This work was supported by the RFBRI.1.B., A.L.N.),
reflected pulse. The significant delay in the formation of theby ONR and NSF through Grants Nos. ECS-0072986 and
reflected pulse can be crucial in experimental situation®MR-0073364, by the State of Georgia through the Yamac-
where the interaction time is limited by the length of the raw program(A.V.M.), by a Grant-in-Aid for Scientific Re-
waveguide. Fortunately, even if the front stops at the momengearch from the Ministry of Education, Culture, Sports, Sci-
when the reflected pulse is not formed yet but there is alence and Technology, Japan, and by SVBL of Utsunomiya
ready a significant fraction of the energy accumulated behindniversity (M.I1.B., N.Y., Y.N.).
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