PHYSICAL REVIEW E, VOLUME 63, 037401

Interaction of an electromagnetic wave packet with an ionization front:
Copropagating configuration

M. I. Bakunov}* A. V. Maslov? and P. A. IvanoV
!Department of Radiophysics, University of Nizhny Novgorod, Nizhny Novgorod, Russia
’Department of Physics, Washington State University, Pullman, Washington 99164-2814
(Received 7 August 2000; published 26 February 2001

The interaction of a TM polarized wave packet with a moving ionization front is theoretically investigated.
We extend our previous studiEEE Trans. Plasma S@7, 655(1999], where we considered the case when
the wave packet is incident on the front, by including the case often used in experiments when the front
overtakes the wave packet. We focus on the energy transformation into the generated waves—the point that is
rarely addressed in literature due to complications arising from the presence of Langmuir waves. Our quanti-
tative results show the importance of losses via Langmuir wave excitation compared to other possible losses
due to the excitation of stationary transverse electron currents in the plasma. Applicability to the generation of
frequency upshifted radiation is discussed.
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An electromagnetic wave packet propagating in a stationtarge though the frequency upshift becomes small compared
ary gas with the index of refraction~1 can be overtaken to the counterpropagating case. In 1991, M@fipointed out
by an ionization front if the velocity of the front satisfies that the transmitted wave can also be highly frequency up-
B=VIc>—cosf, wherec is thein vacuospeed of light and ~ shifted. Moreover, for low plasma densities, the maximum
6, is the angle of incidence. The cagg>90° is a special frequency upshift of the transmitted wave occurs in the co-
case of incidence of a wave packet onto an ionization fronPropagating configuratiofb].
and it is typically referred to as the copropagating configu- !N €xperiments, oblique incidence of a wave packet onto
ration, in contrast to the casé,<90° being the counter- 2" ionization front can be provided by confining the wave
propagating configuration. The interaction of the wavePaCket in @ waveguide as in experiments by Saveigel.

packet with the ionization front results in the formation of a[8’5]' These experiments reported frequency upshifts up to a

reflected wave packet that propagates in the gas away l‘ro}cr"il ctor of 5 of 35 GHz pulse¢TE mode of the waveguide

the moving front, a transmitted wave packet that is create vertaken by the ionization front created by a laser pulse.
. g front, a P .~ Recently, the idea of frequency-upshifting was tested for op-
behind the ionization front, and so-called free-streamlngd

) . cal frequencies by colliding two laser beams: one produces
mode that consists of stationary transverse electron currenfs moving ionization front, the other, probe beam, is being

and stationary magnetic field in the plasfia-3]. If the elec-  fraquency upshifted due to the interaction with the frigit
tric field of the original wave packet has a component per-The two configurations, counterpropagating and copropagat-
pendicular to the fron{TM, or p-polarized wave packgt g were tested and it was experimentally verified that the
two Langmuir waves are excited behind the front while NOfrequency upshift is indeed due to the moving ionization
Langmuir-wave excitation occurs for T@r s-) polarization  front. The polarization of the probe beam was not specified
[2,4]. The ionization front carries no energy, so the energy ofn those experiments.
the original wave packet is split between the generated wave Even though the degree of frequency upshift is polariza-
packets. Both the reflected and the transmitted wave packetion independent, the energy transferred into the frequency
are frequency upshifted and compressed in duration. Thiapshifted radiation strongly depends on the polarization of
makes the problem of the interaction of electromagnetiahe original wave packet. In Rg#], we showed that for TM
wave packets with moving ionization fronts attractive, sincepolarized wave packets strong resonant excitation of Lang-
it allows straightforward control over the degree of fre- muir wave occurs at small angles of incidence and at plasma
quency upshift by varying the density of the created plasmalensities when the transmitted wave is expected to reverse its
or the angle of incidence and thus, creation of tunablegropagation direction in the plasma; the transmitted wave
sources of coherent radiation can be envisiof®®]. In  packet completely disappears at exact resonance. The reso-
practice, the density of the plasma created by laser pulses igant excitation occurs only in a narrow interval of plasma
relatively low, that is, the plasma is underdense for the incidensities. Outside this region, the losses are due to the exci-
dent radiation. As a result, the reflected wave packet in theation of the free streaming mode.
counterpropagating configuration, even though being highly In this Brief Report, we extend the study of the interaction
frequency upshifted, is of little practical use since it carriesof TM polarized wave packets with an ionization front by
only a very small fraction of the incident energy. In the co-including the copropagating configuration and giving a quan-
propagating configuration, the reflected energy can be vergitative comparison of the energy balance in the two cases—
copropagating and counterpropagating configurations. In the
copropagating configuration the excitation of the free stream-
*Electronic address: bakunov@rf.unn.runnet.ru ing mode becomes less significant than in the counterpropa-
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FIG. 3. Normalized frequency;=w;/wy of the transmitted

FIG. 1. Energy of the reflected wave packet normalized to tthave as a function of,, and 6, for 8=0.941
0 .941.

energy of the incident wave packét /W, as a function of normal-
ized plasma densityf,=w,/w, and incident angled, for g

—0.941 wave packets, and a free-streaming wave packet. The fre-

quencies and the angles of propagation of the excited wave

gating configuration, while the excitation of Langmuir wavesPackets are found using the condition of continuity of the
becomes the dominant mechanism of losses. The excitatiof@v€ Phase across the moving boundary and dispersion
of Langmuir waves loses its resonant character and occuuations for the waves in free space and in the plasma. The
for any plasma density except when the density is very smal€Nergies are found from the reflecnon_anq transmission co-
The region of small plasma densities is, however, of litie€fficients for the cw fields and then taking into account how

interest since the frequency upshift of the transmitted wave i§1€ Wave packets change in shape due to the interaction with

insignificant for any practical applications. the moving frontf4]. _ _
Throughout this paper, the formulas derived in our previ- The reflected wave is double Doppler upshifted with fre-

ous study of the casé,<90° are used4]. All formulas ~ 9UeNcy @ /wo=(1+2p coséy+B7)/(1-p7) and it propa-
remain valid for6,>90°. For all the results we present be- 9at€s at the anglé, with the negativex direction given by
low, we verified that the total energy of the excited wavetn€ €quation si,=(wo/w)sin 6. The frequency upshift of
packets is equal to the energy of the incident wave packefne reflected wave is at maximum in the counterpropagating
This ensures the credibility of our results. configuration ¢o=0) and decreases witld, completely
Let us consider a TM polarized wave packet with carriervanishing when cog,=—p. The frequency of the reflected
frequencyw, freely propagating in a gas under an angle Wave IS independent of the density of the createo_l pla_lsma.
with respect to the positive-direction. The wave packet 1€ energy of the reflected wave packet is shown in Fig. 1.
then interacts with an ionization front that moves with veloc-For this figure as well as for all subsequent figures we have
ity V in the negativex direction and creates a plasma with cNosen8=0.941 as a typical value achieved in experiments
plasma frequency,= J47Ne/m, whereN is the plasma [9]. At this value of 3, the maximum aqglgxat wr1|fh front
density,e andm are the electron charge and mass, respecéan still overtake the wave packet i85™=cos (- 5)
tively. We assume that the rise time of the plasma density is~160.2°. As we see from Fig. 1, the reflected energy is large
infinitely small, that in practice means that it is much smalleronly in the region of large angles when, as we will show
than either the period of the incident wave or any of thelater, skinning of the transmitted wave in the plasma occurs.
waves that are generated afterwards. After the process dhe frequency upshift of the reflected wave in this case is
interaction of the original wave packet with the front, five Smail. _ _ .
new wave packets are created: a reflected wave packet, a The transmitted wave packet in the copropagating con-

transmitted into the plasma wave packet, two Langmuifiguration always runs after the front or completely disap-
pears if the plasma becomes overdense, f,g=f; where

fo fo=wplwg and f;=(B8+ cosb)/\/1— B2 This is in contrast
6% i 1 to the counterpropagating geometry when the transmitted
f o wave packet can run both after and from the fréffig. 2).
Ar The frequency of the transmitted wave grows with the
f I plasma density and the angle of incidence and reaches a
2r £ maximum when the wave starts to decay in the plasma at
: o f,="f: (see Fig. 3 If we increase the plasma density above
00 4'0 8'0 ‘ 12'0 1éo the critical densityf ;> f¢, the real part of the frequendy

does not change with the plasma density while the imaginary
FIG. 2. Regimes of propagation for the transmitted wave packepart increases that corresponds to a stronger skinning of the
in the plasma as a function @f, and 6, for 3=0.941. In region |  wave behind the front. In the region of skinning, the real part
(fp<~fp where?p= J(coséy+2B+ BZcoshy)cosb,), the transmitted — of fy decreases with the incident anglgfor a fixed value of
wave packet propagates in the positixedirection; in region Il the plasma density,. Apparently, the energy transmitted
(f,<f,<fy), the transmitted wave packet runs after the front; ininto the plasma is zero when the skinning occurs as shown in
region Il (f,>f;), the transmitted wave exponentially decays in Fig. 4. Indeed, if we consider the final result of the
the plasma. interaction—when the incident wave packet is gone and the
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FIG. 6. Energy of the free-streaming wave packét/W, as a

FIG. 4. Energy of the transmitted wave pack&t/W, as a  function of f, and 6, for =0.941.
function of f, and 6, for =0.941. Note that), starts at 10°. For

smaller angles, the resonant dip shririgee Fig. 6 in Ref{4]). W;=0, D
excited wave packets came off the boundary—there is no a2 2
transmitted wave packet. The well-defined dip in Fig. 4 at Wr:Wo(l B)cos o(1+°+2 C0500)7 2)
small angles is due to the resonant excitation of Langmuir (2B+cosby+ B% cosby)?
waves and it is explained in Rg#].

Two Langmuir waves excited behind the front have fre- 28(B+cosby)(1+ B cosb,)?
quencies *w, and propagate at the angles #an Ws=W, (2B+cos0y+ B2 o8ty )

0 0

=B siny/(1+Bcoshy+fy). One of the waves always runs
after the front, the other runs after the front if,>1 _
+ B cosh, and propagates in the positivedirection in the _ 2B sinf ( B+ cosby) @
opposite case. The total energy of the Langmuir wave pack- 0(2ﬁ+ cosfy+ B2 cosg)?’
ets is shown in Fig. 5. Clearly, the losses due to the excita-
tion of Langmuir waves are significant. For small angles thaNhereWO is the incident wave energy; both Langmuir waves
excitation of Langmuir waves has a resonant character aﬂ@arry away the same amount of energy. It is easy to check
occurs only neaf,~1+ g, for large angles the excitation that W,+W, +W,+W,=W, as it is required by the energy
occurs practically for any value of plasma density excepiconservation.
very small densities. As the incident angle approaches the In application to experimen{$,9], where the copropagat-
critical angle 5®~160.2°, the excitation of Langmuir ing configuration was used, the most interesting region of
waves disappears and the incident energy is reflected comparametersd, and f,, lies near the limiting anglegg™ at
pletely. small values off, (Fig. 7). In experimentg9], for example,
Besides the Langmuir wave excitation, there is one morg  =0.08-0.14, §,~160°. As a deviation of the incident
source of losses—excitation of the free-streaming mode. Thgngle in a few degrees from 160° is unavoidable in a real
energy of the free streaming mode is shown in Fig. 6. Whileexperiment, it is evident from Fig. 7 that energy losses due to

the excitation of Langmuir waves pIays a Significant role fOrLangmuir waves genera’[ion may become 5|gn|f|dam1 to
the copropagating case, the excitation of the free-streamingoos atg,~ 155°).

mode decreases with an increase of the incident angle and for To Conc|ude, we have in\/estigated the energy conversion
the copropagating case is not very important as we see frofato different modes for the case when an electromagnetic
Fig. 6. wave packet is overtaken by a subluminous ionization front
To comprehend the general picture of energy distributionwith a sharp rise time. The approximation of a sharp rise
it is instructive to consider in particular the limit of high time needs some justification. For ionization fronts created
plasma density f(;—¢°). In this limit the energies are given py |aser pulses, such as used in experiments reported in Refs.
by simple formulas: [5,9], the rise time is typically determined by the width of the
ionizing pulse that can be as short as 10—100 fs. Manifestly,
if the upshifted signal has frequency also in the optical range,
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FIG. 5. Energy of the Langmuir wave pack®%/W, as a func-
tion of f, and 6, for 5=0.941. Note thaty, starts at 10°. For FIG. 7. Same as Fig. 5 for small densities and large incident
smaller angles, the resonant peak shridee Fig. 6 in Ref{4]). angles.
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the approximation of a sharp front does not hold while itbe significant even for short incident pulses with wide fre-
should be valid for incident pulses in the microwave range ofjuency spectrum. We also expect that broadening of ioniza-
spectrum as in Ref$5,8]. However, recently the ionization tion front may reduce the amount of energy transferred to the
of atoms using a few periods of lightsub-10-fs pulsgshas ~ Langmuir waves in favor of the free streaming mode. In
attracted a considerable attentidt0]. Such pulses can cre- general, Langmuir waves can be excited either at a sharp
ate ionization fronts with a several femtosecond rise time an@!asma boundary or at the point of plasma resonance for
the approximation of the instant rise time of the front can beSmooth fronts. However, the condition of plasma resonance
extended to much higher frequencies of the upshifted signaflpz_(_1+,5'C059o)/\/1—,32 within the smooth front can be
(near infrared and even in the optical rang@ertainly, the sat|§f|ed only fqr (ather high dgns!tles of the plasma crxeated
kinematic properties of the generated wave cannot be afehind a relativistic front or for incident angles closetff
fected by a particular shape of the ionization front, while the(Fig. 2. Moreover, it is known that for a smoothly inhomo-
energy transformation can be different. We have considere@€N€0Us stationary warm plasma only about 50% of the in-
the case of TM polarization of the incident wave packet, andideént wave energy can be transferred into Langmuir waves
we have shown that energy loss into Langmuir waves can b@t Ithe p_om;_of glalsmadrdes_onanﬁm],f}/vhu.:h Is less than the
vy atge. For example, o8-0941, 60%of e noden LSS 10 . scln, he ey resonence
energy can be lost via Langmuir-wave excitation. Moreover,t | of incident 9 les due to th ! ty f a barri
for the copropagating configuration, the losses are almo frval ofincident angies due 1o the existence ot a barrier
independent of the plasma density if the density is relativel etween the reflection point and the plasma resanant point

arge. Thi s i conratwi h casewhen a wiave packet . £ & S0 alon ot he geners paten of,
incident under small angles onto the front and the Langmuir; yp '

o . : he plasma resonance will m nvectiv ial
wave excitation occurs only in the very narrow interval oft € plasma resonance be damped by convective spatia

plasma densitiesw, /wy~ 0, Nearw, /wo~1+ B. This dif- dispers_ion rather than by thermal dispersidr2]. At _the
ference in the excitation of Langmuir waves for small and>2Mme time, the energy trgnsf_erred to the free streaming mode
large incidence angles may be especially significant for inci: 'CT€ases for smooth ionization frorit].
dent wave packets of finite frequency spectrum width. In- The work of M. |. Bakunov and P. A. lvanov was sup-
deed, parametefr, has different values for different spectral ported by the Russian Foundation for Basic Research
components. If the packet spectrum is wide enough, the totahrough Grant No. 00-02-17490. The work of A. V. Maslov
energy transferred to Langmuir waves may be small for anwyvas supported by the Office of Naval Research and the Na-
plasma density in the region of small incident angles. Fottional Science Foundation through Grant Nos. ELS-0072986,

large incident angles, energy transfer to Langmuir waves wilDMR-9705403, and DMR-0073364.
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