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Modulation instability of electromagnetic radiation in narrow-gap semiconductors
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The modulation instability of electromagnetic radiation propagating in narrow-gap semiconductor plasma is
considered. In a densedoped InSb semiconductor plasma the instability can develop in a picosecond time
scale for the field intensitieE~ 1.6x 10° V/cm. The numerical simulations confirm the analytical predictions
that a modulated localized long pulse splits into a chain of solitonlike structures. Possible applications of this
effect to generate short picosecond pulses and the dynamical light grating of the semiconductor at midinfrared
wavelengths are suggest¢80163-18208)01411-9

The recent progress in femtosecond laser techniques ha$ density waves.Since these investigations have been car-
stimulated investigations on the interaction of ultrashort elecfied out two decades ago, the dynamical properties of the
tromagnetic(EM) pulses with matter. The nonlinear self- nonlinear interaction of EM waves in NGS were studied
interaction of EM waves in different kinds of optical media mainly on a nanosecond or even slower time scales. In order
is a subject of considerable interest. The magnitude and réo avoid the breakdown of the semiconductor these consid-
sponse time of nonlinear refraction that leads to EM waveerations have been limited to the field intensities much lower
self-interaction depend on the mechanism of nonlinearitythan 13 W/cn¥ [the surface ionization intensity for InSb is
Different types of optical nonlinearities with fast response3x 10" Wi/cn? (Ref. 4]. Consequently, “relativistic” non-
time have been studied in semiconductbhs.n-doped semi-  parabolicity factop?/m? c2 ~e’E?/m2 c2 w2 was much less
conductors moderately large free-carrier concentration maghan unity € andw, are electric field and frequency of laser
occur via thermal excitation of impurities. Early research onradiation, respective)y
the free-carrier optical nonlinearities in the semiconductors Current technology, however, has made it possible to pro-
concentrated on the effects of nonparabolicity of conductionduce picosecond intense laser pulses with wavelengths rang-
band electrons. In the pioneering work of Patel, Slusher, anihg from the ultraviolet to the midinfrare?.Since such
Fleury’ large optical nonlinearities arising from conduction pulses are much shorter than the breakdown timkich
electrons have been observednirdoped narrow-gap semi- typically develops in 101 seg the breakdown does not oc-
conductors(NGS). This work stimulated the research de- cur for higher intensities of laser radiation allowing us to
voted to the nonlinear modulation interactions of EM radia-consider effects with finite strength of nonparabolicity factor
tion propagating through semiconductor  plasma.p?/m2c2(~1). Notice however, that the pump fluence
Semiconductor plasma is a reasonably high densitghould be smaller than 0.5 J/énotherwise it will melt the
conduction-band electron plasma in a fixed neutralizing ioniGemiconductor even on a subpicosecond time scale.
background. In the two-band approximation of Kane’s model |n our recent publication it has been shown that an intense
the Hamiltonian of the conduction-band electrons is analoshort laser pulse propagating through the semiconductor
gous to the relativistic onel = ym, ¢z =(m2c} +cZp?)¥23  plasma will generate longitudinal Langmuir waves in its
Herec, =(Eg/2m*)1’2 plays the part of the speed of light, wake® Also, an alternative approach for strong longitudinal
m, is the effective mass of the electrons at the bottom of thevave generation by two near frequency laser beams has been
conduction bandEg is the width of the gap, ang is the suggested.In these studies we focused basically on the case
electron quasimomentum. The characteristic velocifyin ~ of transparent plasma with characteristic frequency of the
the Kane’s dispersion law is much less than the speed daser radiationw, much larger than the plasma frequency
light (e.g.,c, ~3% 10 3c for InSb). Therefore, the nonlinear w, .. Consequently, the laser field distortion due to the
effects appear for a considerably lower EM field intensitymodulation instability has been neglected. However, the
than that required for the normal gaseous plasma. As a comodulation instability may have fast growth rate for the case
sequence, the methodology of relativistic gaseous plasma ha$ dense plasma. Such an instability leads in general to the
been used to show that due to the velocity-dependent effespontaneous breakup of the EM beam into a periodic pulse
tive mass of the conduction electrons it is possible to have: &rain as a result of an interplay between the nonlinear and
self-focusing of laser light in NG$a parametric amplifica- dispersive effects.
tion of EM waves and different kind of resonant excitations In this paper we consider the modulation instability of
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EM radiation propagating through NGS plasma. By confin-acterized by a purely transverse EM maobig (¢=0=p,)

ing the interacting EM waves in a semiconductor waveguideand a constant concentration of carriens=(n,).

of small cross-sectional dimensions, typically of the order of |n the linear approximation, for small perturbations of the
the wavelength, high-power densities can be achieved frorgm field SA and the plasma densiN we obtain from Egs.

sources of relatively moderate power. Such a geometry of1)—(5) the following system of equations:
waveguide allows an one-dimensional description. In what

follows we assume that the laser pulse propagates alorg the [ 52 c 92
axis. All physical quantities depend only on the space coor- | 2z~ -2
(o]

) , ON Qp
+Q5 ] 0A=—-Q5 —A +—7Ay(Ay SA),
dinatez and timet. We start from the wave equation for the 7

vector potentialA and the quasihydrodynamic equations for ®
a wave polarized in they plane. The validity of the hydro- 5 2 5

. ; : d ON ci 9
dynamic approach for the semiconductor plasma requires ( —+ 92) * — (A, SA). ©)
that both the Fermi energyEg) and the temperatures are ot No 72 Iz

low (Eg>Eg ,kgT). This ensures that the high-temperature

tail of the electron distribution does not contribute signifi- Equations(8) and(9) describe field perturbations that are
cantly. We also assume that the characteristic frequéhcy coupled via the pump waveA() and perturbations of the

of wave processes is much higher than the electron collisioplasma density. To obtain the dispersion equation, we as-
frequencyv. The system of equations that describes the dysume that the density perturbations depend on the coordi-
namics of EM waves in NGS is written dsee for details nates and time likeSN= 6Ny exp(—iQt+ikz). Using Egs.

Ref. 8: (6)—(9) one can see that the field perturbation has the form
PA 2 PA 02, n SA=Aexf —i(w,+Q)t+i(k,+Kk)z]
— —A=0, (1) _ _
e € 9z Y No +A_exd —i(w,— t+i(k,—k)]. (10
P After some algebra Eq$8)—(10) lead to the dispersion re-
€~ =4me(n—n,), (2 lation
0z
0?2 2c2\[ 1
Ip; , Yy d¢ —pZ|AO|2 1+ *) —+—}=1, (17
E—Fm*c* 0Z—e5 (3) 2’)/ De D+ D_
where
an N J P, o A
ez my @ D.=05+¢;'c? (ko= k)2 = (L w,)?,
where
De=05-02% (12
1+ n Pz (5) A dispersion relation similar to Eq11) has been derived in
m2c2c? mic2) Ref. 10 for the interaction of relativistically strong EM ra-

diation with a gaseous electron plasma. However, the term

Here ¢ is the scalar potential of exited longitudinal field, related to the induced variation of density of carriers propor-
p is the electron fluid momentunm, is the electron density, tional to kc2/D, in Eq. (11) is 10°° (~c2/c?) of an
and ¢, is the dielectric constant of the lattice. The effective analogous term in the gaseous plasma. Straightforward
plasma frequency w,. is defined as w,. analysis shows that effects related to the induced density
=(4me?n,/m, €,)*2, wheren, is the unperturbed density of variation of the carriers does not contribute significantly in
the electrons and also of the positive charged backgroundhe process of modulation instability and can be safely ne-
Deriving Eqgs.(1)—(5) we used the conservation of transverseglected, considerably simplifying the analysis of E#l).
canonical momentunp, =(e/c)A. The modulation instability can be defined as an absolute

We next carry out a stability analysis for the circularly instability in the group velocity frame of EM wave. Conse-
polarized EM waves. The monochromatic pump EM wavequently we set)=kvy+il’, where vg=k002/w060 is the

with frequencyw, and wave numbek,, is described by group velocity of the pump wave arddis the growth rate of
) _ _ _ instability. We analyze Eq(11) in two regimes. First we
A=z (X+iy)AoXexp —iwt+ikez)+c.c.,  (6)  consider the case of short-wave modulati@gsk, implying

that the frequency of the pump wave is tuned near the plasma

wherex andy are the unit vectors, anfl,=const. The dis- frequency (o=0,). One can readily show that fde<k

ersion relation that follows from Eqgl)—(5) reads
P a6~ 1/2(w0/C)(|A0|/7O) Eq. (11) exhibits the aperiodic insta-
wi:QZ+ €, Tk3c?. 7 b|I|ty The maximum growth rate occurs for
Here the plasma frequen¢y,= w, o/ y5~ is modified by the €| P |A |A|?\ 2
nonparabolicity factor,y,= (1+|A0|2)1’2 For convenience k=kmn=|%| < e 1- 872 (13

we introduced the dimensionless vector potential
=eA/(m, c,c). The unperturbed state of the plasma is char-and is given by
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FIG. 1. The field intensit}A|? is plotted versusX and T for
initially Gaussian shaped pul$&(X,0)| = A exp(—X42D?) where

A,=1, D=200. a S
2501 E \ _
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(o)
In the case of long-wave modulatioks<k,, Eq.(11) leads FIG. 2. Intensity contour plot for a long time evolution. Solitary

to the modulation instability provided thit<k,. The maxi-  waves are generated and they resist the mutual collisions.

mum growth rate occurs fdt,=k;/2? and reads - . .
9 m— principal differences between semiconductor plasmas and

0o Q) 2 A2 the usual gaseous ones concerns the collisionality. The com-
=— B —-. (15  paratively short collision times in semiconductors hinder the
"4\ w, Yo

excitation of collective plasma modes. The relaxation time of

As follows from Egs.(14) and (15) the growth rate of the [T€€ carriersr,~»~* depends on the mechanism of scatter-
modulation instability can reach a considerable value in thd"g, which is related to the quality of the sample, the level of
dense semiconductor plasma embedded in the field of stror%p'”g’ and the temperature of the semiconductors. In InSb
EM radiation. Indeed, fotA,|=1 the growth rate of insta- the electron mobility turns out to be extremely high. Never-
bility is as high asw,/8 in the near critical case, i.ew, theless, due to the relatively small effective masses of con-
~Q, and it is (w0/8)(Qp/wo)2 in the case of underdense duction electrons the experimentally measured value of re-

plasma w,>(,. The wave number of fastest growing laxation time fgr Irlslllj_apeezlgrs to be quite short and lies in
12 the range ofr,=10 10" *° sec. However, the strong la-

modes can be estimated to ke €; “w./2c, i.e., the wave- A . , ,
length of the modulation is of the same order as a vacuunie’ field itself contributes much towards increasing the relax-
ation time and it helps in driving the plasma to a collisionless

wavelength of the pump. indeed. it I d that th . for th
The theory is now applied to the case of InSb plasma foPtate- Indeed, itis generally assumed that there exs)t;z, 10” €

which the relevant parameters afe=77 K, m, =m//74, relaxation time, a power law of the type=7,(eg/eo
€,=16, c, =c/253, andE;=0.234 eV. To avoid one and whereeg is the total average energy in the presence of the
two-photon absorption one must use the £@ser with the  field (consisting of the thermal and drift parnd e, is the
wavelength\,~10.8u (i.e., w,=1.74<10" rad/seg. For  average energy in absence of the field. Notice $ha if the

the “relativistic” case whenA,|~1, the corresponding in- momentum losses occur predominantly through the scatter-
tensity of the EM field isSE~1.6x10° V/cm. This field is ing on ionized impurities(which is likely to be case for
one order of magnitude smaller than what is required tQjoped InSb at temperature about 77. KConsidering num-
bring the electrons to the boundary of the Brillouin ZoNne.pers presented above one gets ]_027-0_ Thus, for the case
Consequently we can assume that deviation of the electropf modulation instability that essentially develops in a sub-
Hamiltonian from Kane’s law as well as possible complica-picosecond time scale the collisionless assumption remains
tions related to Zener breakdown should not be important. yalid.

In a dense plasma of InSb the estimated characteristic |n the nonlinear stage of the modulation instability the
spatial length of exponentially growing modulationsNs initial, wide laser pulse will break down into narrower soli-
=27k~ 1~10u and growth timer=T" =45 fs for the near tonlike pulses with characteristic length corresponding to the
critical casg(i.e.,ny~n.=2x10"® cm~3). For a moderately optimum scale of instability £ \). In the near critical case,
doped sample with carrier densitg,=10"" cm 3 the  the group velocity of the EM waves is negligibly small and
growth time isT=0.9 ps. However, in a weakly doped InSb the instability, in fact, leads to dynamical light grating of the
with the carrier densityn,~10'* cm 3, as suggested in semiconductor. However, for the underdense case it may
Refs. 8 and 9, the growth time of modulations is 0.9 ns andead to generation of a train of subpicosecond solitary pulses.
would not harm the process of wake field generation, which The nonlinear evolution of the modulated localized EM
takes place on the picosecond time scale. Our model of theulse in the underdense plasma is studied by numerical simu-
modulation instability is valid provided the dissipation of the lations of Eq.(1), neglecting the density variation of carriers.
fields is small and its influence can be neglected. One of th&he behavior of an initially Gaussian-shaped pulse envelope
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|A(X,0)|=Amexp(—X2/2D2) in the dimensionless moving In conclusion we considered dynamics of modulation in-
coordinatesX = e¥%(w,/c)(z—v4t) and T= (w2 J2w,)t is  Stability of EM waves propagating in the NGS plasma. It is
presented in Fig. 1. The pulse amplitude and its width areshown that in a dense-doped InSb semiconductor plasma
respectively A,,=1 andD=200. The amplitude of the ini- the instability can develop on picosecond time scale. The
tially imposed modulation is 0.05 and the wave veckor numerical simulations confirm the analytical predictions that
=0.5 is chosen in the range<k; according to previous a modulated localized long pulse splits into a chain of soli-
estimations. In agreement with the analytical predictions, théary pulses. The production of subpicosecond pulses at wave-
modulation instability occurs resulting in the pulse splitting length A\ ,~10u is based on challenging nonlinear optical
into a set of narrow solitary pulses. The characteristic timgparametric down-conversion processes and pushes the fem-
for this process ranges in the real units from 0.23 to 2.3 psjosecond technology to its current limits. We hope that using
corresponding to the plasma densities from*®1G0  the modulation instability, it will be easier and less expen-

10 cm™2. The solitary wave generation becomes more evisjve to generate short subpicosecond pulses at midinfrared
dent when the long time evolution of the modulation insta-yayelengths.

bility is carried out(see Fig. 2
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