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Harmonic filtering in an optically thin laser-generated plasma
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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 ionizati@1063-651X98)15412-0
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[. INTRODUCTION radiation by an ionizing solid layer interacting with a strong
laser beam. The form of the transmitted field can be regarded
In the past few years, we have witnessed important adas a consequence of two different processes: the dynamics of
vances in the study of the interaction of intense ultrashorthe generation and the field propagation. For overdense plas-
laser pulses with matter. The nonperturbative character ghas, harmonics are mainly produced at the surface at which
such interactions leads to strong nonlinear processes that df€ incident field is aimed. Once generated, the harmonic
reflected in the high-frequency components of the scatteretield propagates inside the medium. Depending on its den-
radiation. One of the main motivations of these investiga-Sity, the plasma layer will be overcritical for the lower har-
tions is therefore the search of sources of intense cohereftonic frequencies and undercritical for the higher ones. As a
high-frequency radiation. High-order harmonics have beefiesult, the lower-frequency harmonics will be reflected and
observed in a broad range of situations. The earliest investfhe transmitted field will contain only the higher-frequency
gations focused on the study of intense laser fields interacart of the harmonic spectrum. Thus the medium behaves as
ing with sing|e atoms or very dilute gasm_ However, the a |0W-frequency filter. This fact has been checked with nu-
efficiency of the harmonic emission in such cases is low andherical simulationd7,8] and also experimentallj9] only
in addition, is degraded when we increase the density of thfor the case of a preformed plasma. It can be used as a
gas due to phase mismatch effects. Other targets such gethod to measure plasma densities in overdense media.
atomic clusters and especially solid targets seem to be more Here we extend the study to the case of a plasma gener-
promising. In the latter case, the large number of particlegited by an intense pulse impinging on an ionizing medium.
involved results in intense scattered radiation and, from aiVe check this idea with the aid of numerical simulations and
experimenta| point of VieW’ they are much easier to hand]e_study the effect of time-dependent ionization in this scheme.
For these reasons, intense experimental and theoretical actif’e also have to take into consideration the fact that ioniza-
ity has recently been devoted to this subjeit tion is not homogeneous along the target depth. This comes
The theoretical investigations on solid targets have tradifrom the fact that the field-induced ionization at the front
tionally been based on the pre-plasma approximation, whicgurface of the target, where the incident wave impinges,
considers the solid layer to be completely ionized from theforms a rapidly growing charged sheet that attenuates the
beginning. In this situation, harmonics result from the rela-field transmitted to the bulk. The result is that the impinging
tivistic motion of the accelerated electrons at the surfacePulse experiences aeffective plasmahinner than the origi-
which can be described by means of mmanng mirror nal target. The pulse is |n|t|a"y attenuated, but the evanes-
model [3]. However, the theoretical description of a solid Cent part, once it has less intensity than the critical one
layer undergoing ionization shows that harmonics can als@#€eded to ionize the rest of the foil, propagates through a
be formed by inhomogeneities in the index Of refractiontransparent medium and is not filtered. We will also show
caused by time-dependent ionizatiph5]. The relative im- ~ that we can use two effects, harmonic generation and time-
portance of these effects depends on the intensity of the fieldependent ionization, to obtain pulses of a frequency that
and the particular properties of the medi(ij. varies stepwise along the pulse in the field transmitted by an
However, harmonic generation is not the only result of thelnitially transparent ionizing thin foil.
interaction of laser pulses with dense matter. It is well known
that when the frequency of the in_cider_lt fie_ld is smaller than II. NUMERICAL CALCULATIONS
the plasma frequency of the medium, i.e., in overdense plas-
mas, the pulse cannot propagate through it, vanishing com- Let us consider a short laser pulse impinging perpendicu-
pletely in a short space lengtbkin depth. This is different  larly on a foil of an ionizing solid medium. If the foil is thin
in the case of an ionizing medium in which the plasma isenough and the laser is not tightly focused, the dynamics in
created by the pulse, since initially the medium is transparerte transverse direction may be neglected and the problem
and the field penetrates it until the increasing ionized elecean be considered as one dimensional in space. By contrast,
tron density becomes overdense and the field is consequentllye nature of the collective interaction between charges and
reflected. the magnetic field term in the Lorentz force requires consid-
In this paper we will focus our study on the transmitted ering the three dimensions for velocities and accelerations.
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We therefore use a so-called one-dimensional in space—
three-dimensional in velocitylD3V) particle-in-cell (PIC) y
code[10,11], where the plasma dynamics is calculated by E
discretization of the charge density in quasiparticles, which
are governed by the Lorentz force. Simultaneously, at each k
time step, the patrticle distribution is integrated in the form of ,/B - X
a charge density, which is used to solve the Maxwell equa- z
tions consistently. In our code, Maxwell equations are solved
through the integration of the wave equations for the retarded /
potentials.

We will present two kinds of calculations, some of them  FIG. 1. Interaction geometry. The plasma lafiergray) is cre-
with the above-mentioned pre-plasma approximations, whiléted by the incident field.
others are used with an extension of the PIC code that in- - . o
cludes time-dependent ionization. In the preplasma code, t es above the critical valugig. .Z(b)]' Th'e slab width is
plasma is described by means of pseudoparticles initiall) ~Xo and hence the plasma thickness is greater than the
uniformly distributed over the plasma length, which is cho-collisionless skin Zdepth‘S;ZC/“’pO’ with l/tzhe plasma fre-
sen to be one laser wavelength. In addition, a constant ioAU€NCY@po=(47€"Ne/m)=*=wo(Ne/Nc) ™. Here the criti-

background is introduced to preserve neutrality. For the in@l density stands for the density for which the medium re-

teraction times and the field intensities used in this paper, if2ctive index2 vanishes at the frequency of the incident field
is reasonable to neglect the ion dynamics. When ionization iENc= (m/4me%) wp]. From this definition it is clear that a
introduced in the PIC code, the initial electron and ion den-density above a critical value for some frequency may be

sities are null and a constant density of bound electron-iotindercritical for the high-frequency harmonics. The scaling
pairs is distributed along the plasma length. of the critical density with the harmonic number follows the
lonization dynamics is included in our code by means oflaw N{™ = (m/4me?) % =m?N,, wherewy, is the frequency
the ionization rate corresponding to the fundamental state d¥f the mth harmonic and\, the critical density for the fun-
hydrogen in the tunneling limitin a.u) [12,13, damental frequency. This means that, in Fi@) 2the plasma
density is undercritical for the third harmonic, whereas in the
4 -2 case of Fig. B), it is overcritical for the third but underecriti-
W(x,t)= — exp( = ) (1) cal above the fifth. In connection with these facts, the har-
[E(x.1)] 3|E(x.)] monic spectrum of Fig. @ reflects the opacity of the

The rates are different for other targets, but their field depenglacsym%:atyheer fkc])irgthheer fzgfrig]rﬁgal J;‘Z?:%Tgyaacr:ﬂéhiérznffﬁ_r )
dence is similar. Strictly speaking, these rates should be usg quency filter. With the same’ approach, Figh)2depicts

in the range of parameters in which tunneling ionization iSthe filtering of the first and third harmonics.

present. It i.S bl pointing out that, although we are us_ing Assuming a preionized plasma is an approximation that
maximum field amplitudes that are above this range, the 0Ny reaks down when considering the interaction with pulses

ization is completed at the plasma surface before the pulsgi, qrations in the range of 100 s. In this case, the char-
turn-on has reached its maximum value. After the Ionlzatlonacteristic time for the target ionization might be of the order

the field inside the medium is screened by this surface charge

layer and therefore is effectively less intense than the inci- T . . ‘

dent field. In addition, we would like to stress that the choice 10° |

of the ionization dynamics is not critical for our purposes, as 1w L

long as it is time dependent. In our PIC code, the ionization 1002 [

rate is computed at every time step and a negative charge T

guasiparticle is released, leaving a fixed positive charge in its Z T

location. The charge of the particle is calculated to be the §:° o=

fraction of population ionized times the electron charge. ;é 10 ; ; ; : :

Similar schemes have been used in other PIC codes includ- g5 g6 [ (b) ]

ing field ionization[14,15. F g0t 4
Finally, the electric field is considered to be a plane wave o F i

aimed perpendicularly to the plasma surface. The field enve- 1077 ]

. . . -12
lope has the form of a half period of a sinus square function. 107 - a
The basic interaction geometry is depicted in Fig. 1. 104 -
106 I I I | |
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Ill. RESULTS AND DISCUSSION

Let us first start with the well-known case of a preformed g, 2. spectra of the transmitted fields for an incident pulse of
plasma [7-9]. Figure 2 shows the harmonic SPECtrum frequencyw,=0.05 a.u. §,=0.8 um), 20 cycles long, and with
|E(w)|? of the transmitted field for an incident field fre- 3 maximum amplitude(@ E,=0.5 a.u. (=7.5x10'® Wicn?)
quencywy=0.05 a.u. §,=0.9 um). The targetis consid- and(b) E,=4 a.u. (=5x10" W/cn¥?) impinging on a preion-
ered to be initially completely ionized, with a densiy,  ized plasma foil of lengti. =\, and free electron densityg) N,
seven times above the critical val(lgig. 2(@)] and fifteen = =7N, and(b) Ny=15N,.



7866 ENRIQUE CONEJERO JARQUE AND LUIS PLAJA PRE 58

102 T T T . T T
> 10
£ w0 () =
273 273 -8
=S : =3
gx 107 g
j:g 10'10 E 10710
1012 L L L | | 1012 L L L L L
1 3 5 7 9 1 3 5 7 9
Harmonic number Harmonic number
(b) (b)
Free electron density :
4 o . . S BT Free electron densit
20 (critical density units) 204 (critical density unjtz)
315 8 & 15- 15
<
g 7 g 13
) 5
s 10 6 S 0] 11
£ 5 g 9
= 4 =
.% 5 8 7
g 3 g 57
o
E 2 E >
1 3
0 T T T 0 T T T
0 0.5 1 0 0 0.5 1 1
Plasma depth (wavelength units) Plasma depth (wavelength units)
FIG. 3. (a) Spectrum of the transmitted field for the same pa- FIG. 4. Same as in Fig. 3, but f@i,=4 a.u.

rameters as in Fig.(2), but considering a not preionized targéd)
Eyolution in time and space of the free electron density inside th?epresented in Fig.(8) reveals that complete ionization is
foil. not produced until the maximum of the pulse has reached the
) target, i.e., when the evanescent field is intense enough to
of the pulse length and the dynamics should be consequentlycite the bulk neutral atoms. In this situation, the overdense
affected- _ region inside the plasma exceeds the penetration length of
In Fig. 3@ we can see the spectrum of the transmittedine incident field, but it does not affect the propagation of the
pulse for the same parameters as in Fig),2but taking into  higher harmonics, which are mainly generated at the plasma
account the target ionization as mentioned in Sec. Il. Theyyrface.
most interesting thing to notice is that now no radiation fil-  Finally, we would like to show one last example in which
tering is achieved. A broadening of the harmonics, togethethe dynamics of the ionization is a bit more complicated. In
with a blueshift, is also apparent. These latter facts are weltig. 5 we have represented the power spectrum of the trans-
explained by the dynamics of harmonic generation duringnitted pulse for the same parameters as in Figp), 2out
ionization[4—6]. On the other hand, the degradation of theithout a preionized target. We can observe three peaks of
filtering properties of the solid target may be well understoodoyghly the same height, the fifth harmonic a bit more in-
by inspection of the electron density evolution in time, whichtense than the fundamental and third harmonic. From this
is shown in Fig. ). First, as the field penetrates the me- picture one could conclude that there is not a perfect filtering
dium, electron charges are released by ionization. As disof the incident pulse regardless of the high plasma frequency
cussed at the end of Sec. |, the ionization is more pronounceghen the medium is completely ionized. However, by in-

at the plasma surface and decreases with depth. When tgection of the transmitted field as a function of tififég.
stationary regime is reached, a plasma layer is already

formed at the target surface. If the width of this plasma layer 107
is smaller than the penetration depth, the incident field will
not be completely reflected and an attenuated wave will
propagate through the bulk. The damped field is not capable
of ionizing enough the target bulk to create an overdense
plasma. As a result, the bulk is transparent to the incident
field and almost no filtering is attained.

The situation may change dramatically if we increase the o
incident field intensity. This is the case of Fig. 4, calculated 1 3 3 7 9
with the same parameters as Fig. 3 but with a maximum field Harmonic number
amplitude of 4 a.u.l(=5x10"" W/cn?). Now the third har- FIG. 5. Spectrum of the transmitted field for a pulse of maxi-
monic is two orders of magnitude higher than the fundamenmum amplitude E;=4 a.u. and an ionizing target witN,
tal one, which has been strongly filtered. The density plot=15N..
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the first intense burst in the transmitted pulse. In approxi-

0 . T T capabilities arise from the fact that high-order harmonics can
0 0.5 1 propagate through a medium that is overdense for the funda-
Plasma depth (wavelength units) mental and low-order harmonic frequencies. Our study
shows that the inclusion of the time-dependent ionization

~FIG. 6. () Transmitted pulse whose spectrum was shown inmay degrade the filtering properties in certain cases. We
F_lg. 5 and(b) the corresponding dynamics of the free electron den'demonstrate, however, that in general, harmonic filtering
sity. may also been achieved for short pulses, in which time-

6(a)], we can see that it is chirped in time. Initially the trans- déPendent ionization plays a fundamental role. Finally, we
analyze a case in which ionization leads to a steplike fre-

mitted field is governed by the fundamental frequency com- o . ,

ponentaw,: after several cycles the field shows a steplikedUency chirping of the transmitted field.
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Q
§ 0.08 ' ' ' ' mately two cycles the amplitude of the incident field has
gg 0.04 grown enough to ionize a length greater than the penetration
gg depth for the first harmonic, which is then reflected. This
aﬂg’ 0 point corresponds to the first shift in frequency at the fourth
E 3 0.04 cycle of the transmitted fielhe retardation of two optical
g ' periods reflects the fact that the transmitted field is calculated
§ -0.08 at a distance of two wavelengths from the front surface of the
0 5 10 15 20 foil). The third harmonic, generated at the surface, propa-
Time (optical cycles) gates inside the target until the eighth cycle, when the sur-
b face layer becomes overcritical for this harmonic along a
Free electron density distance that exceeds the penetration depth. This point is
20 (critical density units) observed at the tenth cycle of the transmitted field. After this,
B the plasma filters the fundamental and third harmonic, being
E f‘g transparent to the fifth and higher harmonics.
=
2 :Z IV. CONCLUSIONS
g 107 12 We have investigated the possibility of using an ionizing
e 10 overdense solid layer as an active low-frequency filter. By
5 54 8 active we mean that the nonlinear dynamics of the target
?g 6 particles gives rise to a transmitted field composed of differ-
= ‘2‘ ent harmonics of the incident field frequency. The filtering
0
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