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Frequency conversion of probe electromagnetic wave induced by relativistic ionization front is theoretically analysed

based on ray-tracing equations in different regimes. Downshifting as well as upshifting in frequency produced by the

front is predicted. The reflected and transmitted angles can be also dramatically changed in certain cases.

Keywords: relativistic ionization front, frequency conversion, ray-tracing equations

PACC: 4215D, 5240D, 1110E, 0330

1. Introduction

With the increasing availability of high power
lasers, a large number of interesting phenomena about
plasma have been studied both theoretically and

(1-3] At the present time the intensity

experimentally.
of ultrashort pulse laser can be so high as to fully
ionize the gas in a focal region into plasma within
1fs. A plasma-—neutral-gas interface is synchronously
formed in the place where high power laser pulse ar-
rives. Such a relativistic ionization front moves along
the laser front in the gas at a speed close to ¢, the light
speed in vacuum. Lampe et all¥ have proposed that
electromagnetic waves can be reflected by relativis-
tic ionization front in which overdense plasma exists,
resulting in double-Doppler-frequency upshifting and
pulse-width compression. For the case of underdense
density, Mori et all® have indicated that the trans-
mitted wave is also considerably frequency-upshifted
by the oncoming relativistic ionization front. Spran-
gle et all®l have reported that the frequency upconver-
sion of probe pulse can be produced in co-propagating

And Yu W et

all”l have explored the interaction of electromagnetic

interaction with the ionization front.

waves with counter-travelling ionization front under
the moving boundary conditions. Subsequently the
two different teams have separately carried out theo-
retical studies of the electromagnetic probe pulse with
TEP and TM®! polarizations. So far two experiments
devoted to the interactions of electromagnetic waves
with relativistic ionization front have been reported:
one used microwave as probe pulse,'°! the other used
ultrashort laser in 2D configuration (in which the di-
rection of incident wave was variable with that of the
front).[1]

The frequency variation of probe pulse induced by
relativistic ionization front may have several attractive
potential applications. Tunability of ultrashort pulses
in a very large band ranging from UV to IR can be
realized through changing the interaction parameters.
Pulsed laser reflected by the front can produce x-ray
or sub-fs laser pulse. The frequency conversion may
be used to characterize the plasma in the ionization
front, so there appears a new diagnostic method for
plasma. Comprehensive study of the mechanism of in-
teraction between the probe wave and relativistic ion-
ization front is useful to develop the above-mentioned

potential applications.
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2.Basic theory

The method based on ray-tracing equations of
Hamiltonian form is convenient to deduce the fre-
quency variation of electromagnetic wave in a per-
turbed plasma.!'? It can be used to deal with the slow-
varying density plasma in the ionization front; more-
over, it is polarization-independent in describing the
interactions. A brief introduction about this method
is given below.

Propagating in the zy plane, the incident probe
electromagnetic wave determined by the wave vector
k, the coordinate x and the frequency {2 satisfies the

following equations:

02 = [k?c* + w2 (z, 1))/, (1)
dk 9 1 0w, @
dt oz 20 9z’
dz B on B kc? (3)
dt ok n’
d 092 1 dw, @
dt ot 20 ot’

where we assume that the relativistic ionization front
moves along the positive x axis, and the plasma fre-
quency determined by the plasma density is described
by w2(z — fet) = w2[l — u(z — Bet)]. The incident
angle of probe pulse is defined as cos8; = k-e, /|k|, as

shown in Fig.1.

incident

reflected

transmitted

Fig.1. Principle of counter-oblique-interaction config-

uration.

Introducing the canonical transformation defined
by the generating function F5 = p,(x — Bct) + pyy, in
which k, = Dz, ky = Py; Nz = & — ﬂCta Ny = Y, we
obtain the new Hamiltonian:

2 =[(p2 +p2)® + wi(no)]Y? = Bpoc,  (5)

which is independent of ¢ and 7,, so £ and py are
both invariant quantities which can be used to deduce
the frequency conversion relations in the interactions
of probe electromagnetic wave with relativistic ioniza-

tion front.

3. Counter-oblique incidence

In this case the probe wave is incident from the
neutral gas. Here we assume the dielectric relations in
vacuum to be obeyed, when the oncoming ionization
fronts is transmitted into the plasma or reflected back
into the vacuum. The incident angle is restricted in
the interval 7/2 < 6; < .

3.1. Reflected wave

For the frequency upshifting, we have

wr (14 6%) —2Bcosb;
;i - 1— /82 ’ (6)

and for the reflected angle, we obtain

~ (1—p?)sing;
tanor_Qﬂ—(l+ﬂ2)cost9i’ (7

where the subscripts 7, » denote the quantities relative
to the incident wave and reflected wave respectively
(in the following, the subscript ¢ denotes quantities
of transmitted wave). It is easy to know from the

above formulae that -~ > 1, andtan 6, < 1, which
w

mean that the frequencgi upshifting of the probe wave
is very large, as can be seen from Fig.2, and the re-
flected angle approaches the propagating direction of
the ionization front though the incident angle is much
smaller than 180 degrees, as displayed in Fig.3. The
frequency upshifting is independent of the plasma den-
sity in the ionization front. But in the case of under-
dense plasma, according to the authors’ further re-
sults, the portion of reflected energy is very small, far
less than unity. In order to achieve considerable re-

flection the plasma density must be high enough.
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Fig.2. Frequency upshifting of reflected wave in

counter-oblique interaction configurations.

3.2. Transmitted wave

wr (1 - Bcosb;) — B[(B — cos ;)2 — (1 — B?)w? /w?]'/?2

0,

8=0.96

100 120 140 160 180
6;

Fig.3. Reflected angles in counter-oblique interaction

configurations.

For the frequency upshifting, we have

Wi

and for the transmitted angle, we acquire

1- 82 ’

(1 —3?)sinb;

tanf; =

In this case the relation (8 — cos;)? > (1 —
ﬂQ)wg/wf always holds, so it leads to the simplification

of the frequency upshifting formula:

wt B

—~1+ ————=N 10
w; + 2(B —cos ;)2 (10)
w2

where N = —127 is defined as the normalized plasma
w;

density.

The frequency upshifting is small, which is pro-
portional to the normalized plasma density. More
upshifting requires greater plasma density or shorter
wavelength probe wave. Correspondingly, the trans-

mitted angle changes little.
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Fig.4. Frequency upshifting of transmitted wave in

counter-oblique interaction configurations.

B(1 — Bcosb;) —[(B — cosb;)? — (1 — f2)w2/wF]1/2
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Fig.5. Reflecting condition for N in co-oblique-

interaction configurations.

4. Co-oblique incidence

The incident angle of probe pulse satisfies the in-
equality 0 < 6y < 7/2. Compared with the counter-
interaction configuration, this case is very compli-
cated. There exist three types of interactions: (I) the
ionization front is overtaken by the probe wave which
is reflected back into plasma and propagates back-
ward, resulting in frequency downshifting; (II) the
probe pulse transmits the front and propagates in vac-

uum, leading to frequency upshifting; (III) the front
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overtakes the probe pulse and the transmitted wave
still propagates in the plasma, in which the transmit-
ted wave falls behind the front.

4.1. Reflected wave

For the reflected frequency, we have

Wy _ (1+/32) _Zﬂaﬂ

and for the reflected angle, we acquire

(1 —?%)sinb;

e T

tanf, =

koxc

where ag = . 2
i i

normalized z-component of the probe wave vector in

w2 1/2
= < — —p> cos @;, which is the

The condition for the existence of re-
253
(1+3%)

to be less than 0.55. For a certain value of (3, only

the plasma.

flected wave is ag > > (3, which requires

for a special range of plasma density there exists the
reflected wave, as shown in Fig.5. In this case the re-
flected wave is downshifting, as shown in Fig.6, and

the reflected angle approaches 90 degrees.
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Fig.6. Frequency downshifting of reflected wave for
£=0.5 in co-oblique interaction configurations.

For the transmitted frequency, we have

wp (1 — Bcosb;) — B[(B — cosb;)? — (1 — ﬂQ)wg/w?]l/z
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Fig.7. Frequency upshifting of transmitted wave in

co-oblique interaction configurations for the type II.

4.2. Transmitted wave

For the type II of interaction, the transmitted
wave overtakes the front and propagates in vacuum,
requiring that cos@; > .

For the transmitted frequency, we have

w, _ (1= Bao) + B(B — ao)® + (1 — f%)wp/wi]'/?
wi 1-p2 ’
(13)

and for the transmitted angle, we obtain

(1 —3?)sinb;
B(1 — Bao) + [(B — ao)? + (1 — B2)w2/wi]1/2’
(14)
The curves plotted in Fig.7 show that, under sim-

tan 0; =

ilar conditions, frequency upshifting in this case is
greater than that in counter-interaction configuration,
and the reflected wave propagates more closely along
the axis.

In the type III interaction, there exists cos 8; < 3,
which implies that the z-component of the probe wave
velocity is less than the velocity of ionization front.
In this case the interaction happens when the probe
wave propagating in vacuum is overtaken by the front.
The transmitted wave travelling in the plasma requires

w2 1/2
<1 — wg> cosb, < S.

i

Wi

and for the transmitted angle, we have

1- 82 ’

(1 —3?%)siné;

tanf; =

B(1 — Bcosb;) +[(B — cosb;)? — (1 — f2)w2/wI]1/2

(16)
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In this case the probe pulse also undergoes con-

siderable frequency upshifting, as shown in Fig.8.

2.21
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Fig.8. Frequency upshifting of transmitted wave in

co-oblique interaction configurations for type III.

5. Conclusions

Based on ray-tracing equations of Hamiltonian
form, the article has presented the theoretical investi-
gation about the 2D interactions of probe electromag-

netic wave with relativistic ionization front, indicat-

ing that besides the frequency upshifting being intro-
duced, frequency downshifting can also take place in
some special cases. When reflected by the oncoming
ionization front the probe wave undergoes the maxi-
mum frequency upshifting which can reach more than
several ten times the frequency of the incident wave.
In co-interaction (parallel) configurations, when the
probe pulse transmits the front the frequency will be
upshifted several times at most, greater than that
in counter-transmission interaction. Frequency down-
shifting is surely produced for some appropriate pa-
rameters of plasma density and front velocity. Though
this method is convenient to discuss the frequency con-
version of the probe wave induced by the relativistic
ionization front, it has some limits, e.g. it is difficult
to deduce the so-called free streaming mode produced
in the interactions, and may not be used to develop

the coefficient of the induced waves.
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