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Interaction of an electromagnetic wave packet with an ionization front:
Copropagating configuration
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The interaction of a TM polarized wave packet with a moving ionization front is theoretically investigated.
We extend our previous study@IEEE Trans. Plasma Sci.27, 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 stati
ary gas with the index of refractionn'1 can be overtaken
by an ionization front if the velocity of the frontV satisfies
b5V/c.2cosu0 wherec is the in vacuospeed of light and
u0 is the angle of incidence. The caseu0.90° is a special
case of incidence of a wave packet onto an ionization fr
and it is typically referred to as the copropagating config
ration, in contrast to the caseu0,90° being the counter
propagating configuration. The interaction of the wa
packet with the ionization front results in the formation of
reflected wave packet that propagates in the gas away
the moving front, a transmitted wave packet that is crea
behind the ionization front, and so-called free-stream
mode that consists of stationary transverse electron curr
and stationary magnetic field in the plasma@1–3#. If the elec-
tric field of the original wave packet has a component p
pendicular to the front~TM, or p-polarized wave packet!,
two Langmuir waves are excited behind the front while
Langmuir-wave excitation occurs for TE~or s-! polarization
@2,4#. The ionization front carries no energy, so the energy
the original wave packet is split between the generated w
packets. Both the reflected and the transmitted wave pac
are frequency upshifted and compressed in duration. T
makes the problem of the interaction of electromagne
wave packets with moving ionization fronts attractive, sin
it allows straightforward control over the degree of fr
quency upshift by varying the density of the created plas
or the angle of incidence and thus, creation of tuna
sources of coherent radiation can be envisioned@5,6#. In
practice, the density of the plasma created by laser puls
relatively low, that is, the plasma is underdense for the in
dent radiation. As a result, the reflected wave packet in
counterpropagating configuration, even though being hig
frequency upshifted, is of little practical use since it carr
only a very small fraction of the incident energy. In the c
propagating configuration, the reflected energy can be v
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large though the frequency upshift becomes small compa
to the counterpropagating case. In 1991, Mori@7# pointed out
that the transmitted wave can also be highly frequency
shifted. Moreover, for low plasma densities, the maximu
frequency upshift of the transmitted wave occurs in the
propagating configuration@5#.

In experiments, oblique incidence of a wave packet o
an ionization front can be provided by confining the wa
packet in a waveguide as in experiments by Savageet al.
@8,5#. These experiments reported frequency upshifts up
factor of 5 of 35 GHz pulses~TE mode of the waveguide!
overtaken by the ionization front created by a laser pu
Recently, the idea of frequency-upshifting was tested for
tical frequencies by colliding two laser beams: one produ
a moving ionization front, the other, probe beam, is be
frequency upshifted due to the interaction with the front@9#.
The two configurations, counterpropagating and copropa
ing, were tested and it was experimentally verified that
frequency upshift is indeed due to the moving ionizati
front. The polarization of the probe beam was not specifi
in those experiments.

Even though the degree of frequency upshift is polari
tion independent, the energy transferred into the freque
upshifted radiation strongly depends on the polarization
the original wave packet. In Ref.@4#, we showed that for TM
polarized wave packets strong resonant excitation of La
muir wave occurs at small angles of incidence and at plas
densities when the transmitted wave is expected to revers
propagation direction in the plasma; the transmitted wa
packet completely disappears at exact resonance. The
nant excitation occurs only in a narrow interval of plasm
densities. Outside this region, the losses are due to the e
tation of the free streaming mode.

In this Brief Report, we extend the study of the interacti
of TM polarized wave packets with an ionization front b
including the copropagating configuration and giving a qu
titative comparison of the energy balance in the two case
copropagating and counterpropagating configurations. In
copropagating configuration the excitation of the free strea
ing mode becomes less significant than in the counterpro
©2001 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW E 63 037401
gating configuration, while the excitation of Langmuir wav
becomes the dominant mechanism of losses. The excita
of Langmuir waves loses its resonant character and oc
for any plasma density except when the density is very sm
The region of small plasma densities is, however, of lit
interest since the frequency upshift of the transmitted wav
insignificant for any practical applications.

Throughout this paper, the formulas derived in our pre
ous study of the caseu0,90° are used@4#. All formulas
remain valid foru0.90°. For all the results we present b
low, we verified that the total energy of the excited wa
packets is equal to the energy of the incident wave pac
This ensures the credibility of our results.

Let us consider a TM polarized wave packet with carr
frequencyv0 freely propagating in a gas under an angleu0
with respect to the positivex-direction. The wave packe
then interacts with an ionization front that moves with velo
ity V in the negativex direction and creates a plasma wi
plasma frequencyvp5A4pNe2/m, whereN is the plasma
density,e and m are the electron charge and mass, resp
tively. We assume that the rise time of the plasma densit
infinitely small, that in practice means that it is much smal
than either the period of the incident wave or any of t
waves that are generated afterwards. After the proces
interaction of the original wave packet with the front, fiv
new wave packets are created: a reflected wave pack
transmitted into the plasma wave packet, two Langm

FIG. 1. Energy of the reflected wave packet normalized to
energy of the incident wave packetWr /W0 as a function of normal-
ized plasma densityf p5vp /v0 and incident angleu0 for b
50.941.

FIG. 2. Regimes of propagation for the transmitted wave pac
in the plasma as a function off p andu0 for b50.941. In region I

( f p, f̃ p where f̃ p5A(cosu012b1b2cosu0)cosu0), the transmitted
wave packet propagates in the positivex direction; in region II

( f̃ p, f p, f f), the transmitted wave packet runs after the front;
region III (f p. f f), the transmitted wave exponentially decays
the plasma.
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wave packets, and a free-streaming wave packet. The
quencies and the angles of propagation of the excited w
packets are found using the condition of continuity of t
wave phase across the moving boundary and disper
equations for the waves in free space and in the plasma.
energies are found from the reflection and transmission
efficients for the cw fields and then taking into account h
the wave packets change in shape due to the interaction
the moving front@4#.

The reflected wave is double Doppler upshifted with fr
quency v r /v05(112b cosu01b2)/(12b2) and it propa-
gates at the angleu r with the negativex direction given by
the equation sinur5(v0 /vr)sinu0. The frequency upshift of
the reflected wave is at maximum in the counterpropaga
configuration (u050) and decreases withu0 completely
vanishing when cosu052b. The frequency of the reflecte
wave is independent of the density of the created plas
The energy of the reflected wave packet is shown in Fig
For this figure as well as for all subsequent figures we h
chosenb50.941 as a typical value achieved in experime
@9#. At this value ofb, the maximum angle at which fron
can still overtake the wave packet isu0

max5cos21(2b)
5160.2°. As we see from Fig. 1, the reflected energy is la
only in the region of large angles when, as we will sho
later, skinning of the transmitted wave in the plasma occu
The frequency upshift of the reflected wave in this case
small.

The transmitted wave packet in the copropagating c
figuration always runs after the front or completely disa
pears if the plasma becomes overdense, i.e.,f p. f f where
f p5vp /v0 and f f5(b1cosu0)/A12b2. This is in contrast
to the counterpropagating geometry when the transmi
wave packet can run both after and from the front~Fig. 2!.
The frequency of the transmitted wave grows with t
plasma density and the angle of incidence and reache
maximum when the wave starts to decay in the plasma
f p5 f f ~see Fig. 3!. If we increase the plasma density abo
the critical densityf p. f f , the real part of the frequencyf t
does not change with the plasma density while the imagin
part increases that corresponds to a stronger skinning o
wave behind the front. In the region of skinning, the real p
of f t decreases with the incident angleu0 for a fixed value of
the plasma densityf p . Apparently, the energy transmitte
into the plasma is zero when the skinning occurs as show
Fig. 4. Indeed, if we consider the final result of th
interaction—when the incident wave packet is gone and

e

et

FIG. 3. Normalized frequencyf t5v t /v0 of the transmitted
wave as a function off p andu0 for b50.941.
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BRIEF REPORTS PHYSICAL REVIEW E 63 037401
excited wave packets came off the boundary—there is
transmitted wave packet. The well-defined dip in Fig. 4
small angles is due to the resonant excitation of Langm
waves and it is explained in Ref.@4#.

Two Langmuir waves excited behind the front have f
quencies 6vp and propagate at the angles tanu l 6
5b sinu0 /(11b cosu07fp). One of the waves always run
after the front, the other runs after the front iff p.1
1b cosu0 and propagates in the positivex direction in the
opposite case. The total energy of the Langmuir wave pa
ets is shown in Fig. 5. Clearly, the losses due to the exc
tion of Langmuir waves are significant. For small angles
excitation of Langmuir waves has a resonant character
occurs only nearf p'11b, for large angles the excitatio
occurs practically for any value of plasma density exc
very small densities. As the incident angle approaches
critical angle u0

max'160.2°, the excitation of Langmui
waves disappears and the incident energy is reflected c
pletely.

Besides the Langmuir wave excitation, there is one m
source of losses—excitation of the free-streaming mode.
energy of the free streaming mode is shown in Fig. 6. Wh
the excitation of Langmuir waves plays a significant role
the copropagating case, the excitation of the free-stream
mode decreases with an increase of the incident angle an
the copropagating case is not very important as we see f
Fig. 6.

To comprehend the general picture of energy distributi
it is instructive to consider in particular the limit of hig
plasma density (f p→`). In this limit the energies are give
by simple formulas:

FIG. 4. Energy of the transmitted wave packetWt /W0 as a
function of f p andu0 for b50.941. Note thatu0 starts at 10°. For
smaller angles, the resonant dip shrinks~see Fig. 6 in Ref.@4#!.

FIG. 5. Energy of the Langmuir wave packetsWl /W0 as a func-
tion of f p and u0 for b50.941. Note thatu0 starts at 10°. For
smaller angles, the resonant peak shrinks~see Fig. 6 in Ref.@4#!.
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Wt50, ~1!

Wr5W0

~12b2!cos2u0~11b212b cosu0!

~2b1cosu01b2 cosu0!2
, ~2!

Ws5W0

2b~b1cosu0!~11b cosu0!2

~2b1cosu01b2 cosu0!2
, ~3!

Wl5W0

2b sin2u0~b1cosu0!

~2b1cosu01b2 cosu0!2
, ~4!

whereW0 is the incident wave energy; both Langmuir wav
carry away the same amount of energy. It is easy to ch
that Wt1Wr1Ws1Wl5W0 as it is required by the energ
conservation.

In application to experiments@5,9#, where the copropagat
ing configuration was used, the most interesting region
parametersu0 and f p lies near the limiting angleu0

max at
small values off p ~Fig. 7!. In experiments@9#, for example,
f p50.08–0.14,u0'160°. As a deviation of the inciden
angle in a few degrees from 160° is unavoidable in a r
experiment, it is evident from Fig. 7 that energy losses due
Langmuir waves generation may become significant~up to
40% atu0'155°).

To conclude, we have investigated the energy convers
into different modes for the case when an electromagn
wave packet is overtaken by a subluminous ionization fr
with a sharp rise time. The approximation of a sharp r
time needs some justification. For ionization fronts crea
by laser pulses, such as used in experiments reported in R
@5,9#, the rise time is typically determined by the width of th
ionizing pulse that can be as short as 10–100 fs. Manifes
if the upshifted signal has frequency also in the optical ran

FIG. 6. Energy of the free-streaming wave packetWs /W0 as a
function of f p andu0 for b50.941.

FIG. 7. Same as Fig. 5 for small densities and large incid
angles.
1-3
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BRIEF REPORTS PHYSICAL REVIEW E 63 037401
the approximation of a sharp front does not hold while
should be valid for incident pulses in the microwave range
spectrum as in Refs.@5,8#. However, recently the ionization
of atoms using a few periods of lights~sub-10-fs pulses! has
attracted a considerable attention@10#. Such pulses can cre
ate ionization fronts with a several femtosecond rise time
the approximation of the instant rise time of the front can
extended to much higher frequencies of the upshifted sig
~near infrared and even in the optical range!. Certainly, the
kinematic properties of the generated wave cannot be
fected by a particular shape of the ionization front, while t
energy transformation can be different. We have conside
the case of TM polarization of the incident wave packet, a
we have shown that energy loss into Langmuir waves can
very large. For example, forb50.941, 80% of the inciden
energy can be lost via Langmuir-wave excitation. Moreov
for the copropagating configuration, the losses are alm
independent of the plasma density if the density is relativ
large. This is in contrast with the case when a wave packe
incident under small angles onto the front and the Langm
wave excitation occurs only in the very narrow interval
plasma densitiesdvp /v0'u0 nearvp /v0'11b. This dif-
ference in the excitation of Langmuir waves for small a
large incidence angles may be especially significant for in
dent wave packets of finite frequency spectrum width.
deed, parameterf p has different values for different spectr
components. If the packet spectrum is wide enough, the t
energy transferred to Langmuir waves may be small for
plasma density in the region of small incident angles. F
large incident angles, energy transfer to Langmuir waves
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be significant even for short incident pulses with wide fr
quency spectrum. We also expect that broadening of ion
tion front may reduce the amount of energy transferred to
Langmuir waves in favor of the free streaming mode.
general, Langmuir waves can be excited either at a sh
plasma boundary or at the point of plasma resonance
smooth fronts. However, the condition of plasma resona
f p5(11b cosu0)/A12b2 within the smooth front can be
satisfied only for rather high densities of the plasma crea
behind a relativistic front or for incident angles close tou0

max

~Fig. 2!. Moreover, it is known that for a smoothly inhomo
geneous stationary warm plasma only about 50% of the
cident wave energy can be transferred into Langmuir wa
at the point of plasma resonance@11#, which is less than the
values in Fig. 5. In addition, the effective resonance tra
formation into Langmuir waves occurs only in a narrow i
terval of incident angles due to the existence of a bar
between the reflection point and the plasma resonant p
@11#. For a smooth ionization front, the general pattern
transformation should be the same as for a stationary plas
the plasma resonance will be damped by convective sp
dispersion rather than by thermal dispersion@12#. At the
same time, the energy transferred to the free streaming m
increases for smooth ionization fronts@3#.
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