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Harmonic filtering in an optically thin laser-generated plasma
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~Received 16 July 1998!

We investigate the harmonic spectrum of the field transmitted by a plasma layer irradiated by a strong laser
beam. With the help of particle-in-cell simulations, we show how field ionization affects the harmonic low-
frequency filtering properties of an overdense plasma. We also show the possibility of obtaining chirped pulses
in the field transmitted by a solid layer undergoing ionization.@S1063-651X~98!15412-0#

PACS number~s!: 52.40.Nk, 52.25.Jm, 42.65.Ky, 52.65.Rr
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I. INTRODUCTION

In the past few years, we have witnessed important
vances in the study of the interaction of intense ultrash
laser pulses with matter. The nonperturbative characte
such interactions leads to strong nonlinear processes tha
reflected in the high-frequency components of the scatte
radiation. One of the main motivations of these investig
tions is therefore the search of sources of intense cohe
high-frequency radiation. High-order harmonics have be
observed in a broad range of situations. The earliest inve
gations focused on the study of intense laser fields inter
ing with single atoms or very dilute gases@1#. However, the
efficiency of the harmonic emission in such cases is low a
in addition, is degraded when we increase the density of
gas due to phase mismatch effects. Other targets suc
atomic clusters and especially solid targets seem to be m
promising. In the latter case, the large number of partic
involved results in intense scattered radiation and, from
experimental point of view, they are much easier to han
For these reasons, intense experimental and theoretical a
ity has recently been devoted to this subject@2#.

The theoretical investigations on solid targets have tra
tionally been based on the pre-plasma approximation, wh
considers the solid layer to be completely ionized from
beginning. In this situation, harmonics result from the re
tivistic motion of the accelerated electrons at the surfa
which can be described by means of anoscillating mirror
model @3#. However, the theoretical description of a so
layer undergoing ionization shows that harmonics can a
be formed by inhomogeneities in the index of refracti
caused by time-dependent ionization@4,5#. The relative im-
portance of these effects depends on the intensity of the
and the particular properties of the medium@6#.

However, harmonic generation is not the only result of
interaction of laser pulses with dense matter. It is well kno
that when the frequency of the incident field is smaller th
the plasma frequency of the medium, i.e., in overdense p
mas, the pulse cannot propagate through it, vanishing c
pletely in a short space length~skin depth!. This is different
in the case of an ionizing medium in which the plasma
created by the pulse, since initially the medium is transpa
and the field penetrates it until the increasing ionized e
tron density becomes overdense and the field is consequ
reflected.

In this paper we will focus our study on the transmitt
PRE 581063-651X/98/58~6!/7864~4!/$15.00
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radiation by an ionizing solid layer interacting with a stron
laser beam. The form of the transmitted field can be regar
as a consequence of two different processes: the dynami
the generation and the field propagation. For overdense p
mas, harmonics are mainly produced at the surface at w
the incident field is aimed. Once generated, the harmo
field propagates inside the medium. Depending on its d
sity, the plasma layer will be overcritical for the lower ha
monic frequencies and undercritical for the higher ones. A
result, the lower-frequency harmonics will be reflected a
the transmitted field will contain only the higher-frequen
part of the harmonic spectrum. Thus the medium behave
a low-frequency filter. This fact has been checked with n
merical simulations@7,8# and also experimentally@9# only
for the case of a preformed plasma. It can be used a
method to measure plasma densities in overdense medi

Here we extend the study to the case of a plasma ge
ated by an intense pulse impinging on an ionizing mediu
We check this idea with the aid of numerical simulations a
study the effect of time-dependent ionization in this schem
We also have to take into consideration the fact that ioni
tion is not homogeneous along the target depth. This co
from the fact that the field-induced ionization at the fro
surface of the target, where the incident wave imping
forms a rapidly growing charged sheet that attenuates
field transmitted to the bulk. The result is that the impingi
pulse experiences aneffective plasmathinner than the origi-
nal target. The pulse is initially attenuated, but the evan
cent part, once it has less intensity than the critical o
needed to ionize the rest of the foil, propagates throug
transparent medium and is not filtered. We will also sh
that we can use two effects, harmonic generation and ti
dependent ionization, to obtain pulses of a frequency t
varies stepwise along the pulse in the field transmitted by
initially transparent ionizing thin foil.

II. NUMERICAL CALCULATIONS

Let us consider a short laser pulse impinging perpend
larly on a foil of an ionizing solid medium. If the foil is thin
enough and the laser is not tightly focused, the dynamic
the transverse direction may be neglected and the prob
can be considered as one dimensional in space. By cont
the nature of the collective interaction between charges
the magnetic field term in the Lorentz force requires cons
ering the three dimensions for velocities and acceleratio
7864 © 1998 The American Physical Society
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We therefore use a so-called one-dimensional in spa
three-dimensional in velocity~1D3V! particle-in-cell ~PIC!
code @10,11#, where the plasma dynamics is calculated
discretization of the charge density in quasiparticles, wh
are governed by the Lorentz force. Simultaneously, at e
time step, the particle distribution is integrated in the form
a charge density, which is used to solve the Maxwell eq
tions consistently. In our code, Maxwell equations are sol
through the integration of the wave equations for the retar
potentials.

We will present two kinds of calculations, some of the
with the above-mentioned pre-plasma approximations, w
others are used with an extension of the PIC code that
cludes time-dependent ionization. In the preplasma code
plasma is described by means of pseudoparticles initi
uniformly distributed over the plasma length, which is ch
sen to be one laser wavelength. In addition, a constant
background is introduced to preserve neutrality. For the
teraction times and the field intensities used in this pape
is reasonable to neglect the ion dynamics. When ionizatio
introduced in the PIC code, the initial electron and ion de
sities are null and a constant density of bound electron
pairs is distributed along the plasma length.

Ionization dynamics is included in our code by means
the ionization rate corresponding to the fundamental stat
hydrogen in the tunneling limit~in a.u.! @12,13#,

W~x,t !5
4

uEW ~x,t !u
expS 22

3uEW ~x,t !u D . ~1!

The rates are different for other targets, but their field dep
dence is similar. Strictly speaking, these rates should be u
in the range of parameters in which tunneling ionization
present. It is worth pointing out that, although we are us
maximum field amplitudes that are above this range, the
ization is completed at the plasma surface before the p
turn-on has reached its maximum value. After the ionizati
the field inside the medium is screened by this surface ch
layer and therefore is effectively less intense than the in
dent field. In addition, we would like to stress that the cho
of the ionization dynamics is not critical for our purposes,
long as it is time dependent. In our PIC code, the ionizat
rate is computed at every time step and a negative ch
quasiparticle is released, leaving a fixed positive charge in
location. The charge of the particle is calculated to be
fraction of population ionized times the electron charg
Similar schemes have been used in other PIC codes inc
ing field ionization@14,15#.

Finally, the electric field is considered to be a plane wa
aimed perpendicularly to the plasma surface. The field en
lope has the form of a half period of a sinus square functi
The basic interaction geometry is depicted in Fig. 1.

III. RESULTS AND DISCUSSION

Let us first start with the well-known case of a preform
plasma @7–9#. Figure 2 shows the harmonic spectru
uE(v)u2 of the transmitted field for an incident field fre
quencyv050.05 a.u. (l0.0.9 mm). The target is consid
ered to be initially completely ionized, with a densityNe
seven times above the critical value@Fig. 2~a!# and fifteen
–
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times above the critical value@Fig. 2~b!#. The slab width is
d5l0 and hence the plasma thickness is greater than
collisionless skin depthd5c/vp0 , with the plasma fre-
quencyvp05(4pe2Ne /m)1/25v0(Ne/Nc)

1/2. Here the criti-
cal density stands for the density for which the medium
fractive index vanishes at the frequency of the incident fi
@Nc5(m/4pe2)v0

2#. From this definition it is clear that a
density above a critical value for some frequency may
undercritical for the high-frequency harmonics. The scal
of the critical density with the harmonic number follows th
law Nc

(m)5(m/4pe2)vm
2 5m2Nc , wherevm is the frequency

of the mth harmonic andNc the critical density for the fun-
damental frequency. This means that, in Fig. 2~a!, the plasma
density is undercritical for the third harmonic, whereas in t
case of Fig. 2~b!, it is overcritical for the third but undercriti-
cal above the fifth. In connection with these facts, the h
monic spectrum of Fig. 2~a! reflects the opacity of the
plasma layer for the fundamental frequency and the trans
ency for the higher harmonics, therefore acting as a lo
frequency filter. With the same approach, Fig. 2~b! depicts
the filtering of the first and third harmonics.

Assuming a preionized plasma is an approximation t
breaks down when considering the interaction with pul
with durations in the range of 100 s. In this case, the ch
acteristic time for the target ionization might be of the ord

FIG. 1. Interaction geometry. The plasma layer~in gray! is cre-
ated by the incident field.

FIG. 2. Spectra of the transmitted fields for an incident pulse
frequencyv050.05 a.u. (l0.0.8 mm), 20 cycles long, and with
a maximum amplitude~a! E050.5 a.u. (I .7.531015 W/cm2)
and ~b! E054 a.u. (I .531017 W/cm2) impinging on a preion-
ized plasma foil of lengthL5l0 and free electron density~a! N0

57Nc and ~b! N0515Nc .
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of the pulse length and the dynamics should be conseque
affected.

In Fig. 3~a! we can see the spectrum of the transmit
pulse for the same parameters as in Fig. 2~a!, but taking into
account the target ionization as mentioned in Sec. II. T
most interesting thing to notice is that now no radiation
tering is achieved. A broadening of the harmonics, toget
with a blueshift, is also apparent. These latter facts are w
explained by the dynamics of harmonic generation dur
ionization @4–6#. On the other hand, the degradation of t
filtering properties of the solid target may be well understo
by inspection of the electron density evolution in time, whi
is shown in Fig. 3~b!. First, as the field penetrates the m
dium, electron charges are released by ionization. As
cussed at the end of Sec. I, the ionization is more pronoun
at the plasma surface and decreases with depth. When
stationary regime is reached, a plasma layer is alre
formed at the target surface. If the width of this plasma la
is smaller than the penetration depth, the incident field w
not be completely reflected and an attenuated wave
propagate through the bulk. The damped field is not capa
of ionizing enough the target bulk to create an overde
plasma. As a result, the bulk is transparent to the incid
field and almost no filtering is attained.

The situation may change dramatically if we increase
incident field intensity. This is the case of Fig. 4, calculat
with the same parameters as Fig. 3 but with a maximum fi
amplitude of 4 a.u. (I .531017 W/cm2). Now the third har-
monic is two orders of magnitude higher than the fundam
tal one, which has been strongly filtered. The density p

FIG. 3. ~a! Spectrum of the transmitted field for the same p
rameters as in Fig. 2~a!, but considering a not preionized target.~b!
Evolution in time and space of the free electron density inside
foil.
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represented in Fig. 4~b! reveals that complete ionization i
not produced until the maximum of the pulse has reached
target, i.e., when the evanescent field is intense enoug
excite the bulk neutral atoms. In this situation, the overde
region inside the plasma exceeds the penetration lengt
the incident field, but it does not affect the propagation of
higher harmonics, which are mainly generated at the plas
surface.

Finally, we would like to show one last example in whic
the dynamics of the ionization is a bit more complicated.
Fig. 5 we have represented the power spectrum of the tr
mitted pulse for the same parameters as in Fig. 2~b!, but
without a preionized target. We can observe three peak
roughly the same height, the fifth harmonic a bit more
tense than the fundamental and third harmonic. From
picture one could conclude that there is not a perfect filter
of the incident pulse regardless of the high plasma freque
when the medium is completely ionized. However, by
spection of the transmitted field as a function of time@Fig.

-

e

FIG. 4. Same as in Fig. 3, but forE054 a.u.

FIG. 5. Spectrum of the transmitted field for a pulse of ma
mum amplitude E054 a.u. and an ionizing target withN0

515Nc .
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6~a!#, we can see that it is chirped in time. Initially the tran
mitted field is governed by the fundamental frequency co
ponentv0 ; after several cycles the field shows a stepl
transition to a frequency 3v0 and finally another step trans
tion to 5v0 . The mechanism underlying this step chirping
the time evolution of the filtering property of the target
ionization increases the charge density to overcritical, fi
for the fundamental frequency and afterward for the th
harmonic.

This time-dependent filter can be easily understood w
the help of Fig. 6~b!. The first part of the pulse enters th
medium ionizing a very thin slice. This part corresponds

FIG. 6. ~a! Transmitted pulse whose spectrum was shown
Fig. 5 and~b! the corresponding dynamics of the free electron d
sity.
a

o
d

-

t

h

o

the first intense burst in the transmitted pulse. In appro
mately two cycles the amplitude of the incident field h
grown enough to ionize a length greater than the penetra
depth for the first harmonic, which is then reflected. Th
point corresponds to the first shift in frequency at the fou
cycle of the transmitted field~the retardation of two optica
periods reflects the fact that the transmitted field is calcula
at a distance of two wavelengths from the front surface of
foil !. The third harmonic, generated at the surface, pro
gates inside the target until the eighth cycle, when the s
face layer becomes overcritical for this harmonic along
distance that exceeds the penetration depth. This poin
observed at the tenth cycle of the transmitted field. After th
the plasma filters the fundamental and third harmonic, be
transparent to the fifth and higher harmonics.

IV. CONCLUSIONS

We have investigated the possibility of using an ionizi
overdense solid layer as an active low-frequency filter.
active we mean that the nonlinear dynamics of the tar
particles gives rise to a transmitted field composed of diff
ent harmonics of the incident field frequency. The filteri
capabilities arise from the fact that high-order harmonics
propagate through a medium that is overdense for the fun
mental and low-order harmonic frequencies. Our stu
shows that the inclusion of the time-dependent ionizat
may degrade the filtering properties in certain cases.
demonstrate, however, that in general, harmonic filter
may also been achieved for short pulses, in which tim
dependent ionization plays a fundamental role. Finally,
analyze a case in which ionization leads to a steplike
quency chirping of the transmitted field.

ACKNOWLEDGMENTS

We acknowledge valuable discussions with Luis Ro
Partial support from the Spanish Direccio´n General de Inves-
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