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Frequency up-conversion and trapping of ultrashort laser pulses in semiconductor plasmas

V. I. Berezhiani
Institute for Fusion Studies, The University of Texas at Austin, Austin, Texas 78712

and Department of Plasma Physics, Institute of Physics, Tbilisi, Georgia

S. M. Mahajan
Institute for Fusion Studies, The University of Texas at Austin, Austin, Texas 78712

R. Miklaszewski
Institute of Plasma Physics and Laser Microfusion, 00-908 Warsaw, P.O. Box 49, Poland

~Received 24 July 1998!

It is shown that the interaction of ultrashort laser pulses with nonstationary semiconductor plasmas can,
under appropriate conditions, lead to a variety of interesting phenomena including controlled upshifting of the
laser frequency, leading to the possibility of tunable lasers in a wide range of frequencies, and trapping
~nonpropagation! of a substantial part of the incident pulse.@S1050-2947~99!09201-X#

PACS number~s!: 42.65.Ky, 42.70.Nq
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The availability of high-power ultrashort laser pulses h
opened up new vistas in the physics of electromagnetic~EM!
radiation propagation in nonstationary dispersive media
temporal variation in the properties of the medium impl
that the solutions of Maxwell’s equations cannot be f
quency eigenstates. This phenomenon is the approp
counterpart of what happens in spatially inhomogeneous
dia for which a wave with a definite wave number cannot
an eigensolution. The temporal inhomogeneity can lead
quite spectacular consequences in the propagation dyna
of pico~femto! second pulses: for example, a pulse can
frequency shifted as it passes through a medium in which
dielectric properties vary as a function of time@1#. Since the
magnitude of the frequency shift can be readily controll
this pulse-nonstationary medium interaction can lead, am
other things, to the creation of tunable laser sources.

Gaseous media, undergoing rapid ionization induced
an external source, or by a propagating strong EM pu
@multiphoton~or tunneling! absorption#, are obvious system
where manifestations of this phenomenon can be studie
representative example of such a study is Ref.@2#, dealing
with the propagation of a linearly polarized EM wav
through an instantly ionized~by an external agent! gas. Due
to the electron plasma created by ionization, there is a s
den reduction in the refractive index of the gas. Since
spatial homogeneity of the medium does not allow a cha
in the wavelength, the waves~both reflected and transmitted!
must instantly increase their frequency to compensate for
change in the refractive index so as to satisfy the new
persion relationv5(v0

21vp
2)1/2, wherev05ck0 is the ini-

tial frequency of the EM radiation andvp is the plasma
frequency corresponding to the newly created plasma.
value of vp can be controlled externally, and consequen
the suggested mechanism can be used for an effective co
of the frequency upshift of the EM radiation@3#. Wilks,
Dawson, and Mori@2# also deduced an interesting addition
consequence: the appearance of a time-independent res
magnetic field with a characteristic wavelength equal to
vacuum wavelength of the passing radiation. Recent the
PRA 591050-2947/99/59~1!/859~6!/$15.00
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and experiment have conclusively demonstrated that a p
erful short laser pulse propagating in a gas can experien
strong frequency blueshift caused entirely by the plas
generated by the pulse itself@4#.

In this paper, we explore a kind of collisionless plasm
made possible by the action of ultrashort pulses on semic
ductor materials. We will concentrate on two basic problem
~1! we shall demonstrate that semiconductor materials
become excellent sources for the creation of highly effecti
efficient, and dependable tunable lasers in an extrem
broad frequency range, and~2! we shall investigate the pos
sible consequences of the interaction of the pulse wit
moving ionization front~the instantly created ionization fron
has infinite speed of propagation!. Although the interaction
of laser pulses with semiconductor plasmas have been s
ied for a long time@5#, their collision-dominated dynamic
had little in common with the motions associated with or
nary collisionless gaseous plasmas. To observe collision
collective phenomena in semiconductors, the pulse dura
tL must be less than the characteristic relaxation time of
carriers, which is typicallytR'10212– 10213 s. The ready
availability of femtosecond pulses, therefore, has ushere
a new era in the physics of semiconductors; it has now
come possible to reproduce a variety of physical proces
normally associated with high-temperature gaseous plas
@6#. In fact, semiconductor plasmas, as experimental syste
have several advantages over the gaseous ones: auto
confinement, homogeneity, and an easy density control o
a large range coupled with the possibility of carrying o
relatively inexpensive table-top experiments. The implic
tions for physics as well as for the resulting technology
enormous.

One- or two-photon absorption of the impinging EM r
diation is a very efficient method of producing a high-dens
cold electron-hole plasma in a semiconductor. The opt
response of the medium is rather sensitive to the optic
induced redistribution of carriers between bands. In our
cent studies@7#, for example, we demonstrated that an i
tense, short (tL'100 fs) laser pulse tuned near the tw
859 ©1999 The American Physical Society
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photon resonance in an InSb semiconductor waveguide,
generates large densities of excess carriers via two-ph
absorption~TPA!, and then accelerates them creating a la
nonlinear rapidly varying current in the electron-ho
plasma. It was further shown that for intensities of ordeI
.109 W/cm2, the dynamics of the laser pulses is domina
by the pulse-current interaction that leads to a lar
frequency blueshift. The phenomenon pertains for a w
variety of semiconductors as long as the energy gained
the carriers from the laser pulse is greater than the en
needed~by TPA! to generate the free carriers. This is t
principal point of departure of the above-mentioned stu
from the conventional approach, where the TPA merely c
tributes to the imaginary part of the third-order susceptibi
@8#.

There is, however, a serious constraint on the working
the above-mentioned mechanism. Since the pulse has fir
create a plasma of high enough density and then accelera
significant blueshift can result only for rather high intens
pulses~typically ;109 W/cm2). How can we, then, blueshif
a pulse of moderate or low intensity? To answer this qu
tion, we investigate the dynamics of a short, moderate~to
low! intensity laser pulse~to be called the pulse! propagating
in a semiconductor in which another short but intense pu
~to be called the source pulse! is used for the rapid creatio
of the required electron-hole plasma. To avoid compli
tions, let us assume that the pulse propagates in a pl
semiconductor waveguide and its frequency is below
band-gap resonance, i.e.,\vo,Eg , whereEg is the gap en-
ergy separating the bottom of the conduction band from
top of the valence band.

We can imagine the following experimental scenario: T
plane of an appropriate semiconductor sample is unifor
illuminated with the source pulse, whose frequencyvs is
tuned near a one-photon resonance,\vs'Eg . An electron-
hole plasma is suddenly but almost uniformly created in
waveguide with a thickness typically of the order of a fe
mm. The propagating pulse encounters a time-varying m
dium ~with increasing plasma density!, and responds by up
shifting its frequency.

The carrier density generated by the source pulse is de
mined by

]n

]t
5

as

\vs
I s , ~1!

where I s is the intensity of the source, andas is an appro-
priate resonant absorption coefficient. Since we are intere
in femtosecond time scales, we have neglected@in Eq. ~1!#
nano~pico! second processes like the radiative and nonra
tive recombination of electron-hole pairs, and of carrier d
fusion @5#.

Frequency upshift of the pulse can be estimated by
relation v(t)5v0„11n(t)/nc)

1/2, where nc5m* eRv0
2/

4pe2 is the critical plasma density~corresponding to the
initial frequencyv0), m* is the effective carrier mass, an
eR is the dielectric constant. For sufficiently intense, fem
second, source pulses (I s'109– 1012 W/cm2), plasma densi-
ties as high asnmax'1018– 1020 cm23 can be excited withou
damaging the semiconductor samples. These densities a
the range (1 – 100)nc , the critical density associated wit
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mid-infrared pulses with a vacuum wavelengthl.10m (nc

,1018 cm23). Consequently, frequency upshifts as high
vmax'10v0 can be affected by such an arrangement. Na
rally the pulse duration should be short~femtosecond range!
to avoid strong absorption losses. If the frequency of
pulse is larger than the band gap (\vm.Eg), additional ab-
sorption will result due to the electron-hole generation by
pulse itself, and the pulse will damp out in amm or so. Due
to two-photon absorption, the Pulse would suffer some
tenuation ~absorption! even for lower frequencies (\vm
.Eg/2). However, because of the strong intensity dep
dence of this process, for sufficiently short propagat
lengths, and at the intensities we are interested in, the t
photon absorption can be arranged to be negligible. For m
infrared pulses~see below!, both one and two-photon absorp
tion processes are energetically forbidden.

In the mid-infrared range (l'10m), pulses as short a
130 fs, and containing only four optical cycles, were crea
decades ago@9# by the use of semiconductor switching. Th
generation of short pulses with longer wavelength@in the
mid~far!-infrared range withl0.10m# is still not common-
place~see the current state of the art in Ref.@10#!. Because of
the requirement of lower free-carrier density for the sa
amount of upshifting, the proposed mechanism will be ev
more effective for pulses in the far-infrared range.

We now examine the workability of the mechanism for
concrete physical system. Consider an undoped GaAs s
conductor waveguide~Fig. 1! with a room-temperature band
gap energyEg51.43 eV, an effective electron massm*
50.07me , and the lattice constanteR512. On illuminating
the plane of the waveguide by a 200-fs source pulsets
5200 fs, with a wavelength ls50.86m ~i.e., \vs
51.44 eV) and an intensityI s51.531011 W/cm2, an
electron-hole plasma withnmax5831019 cm23 can be gener-
ated. The thickness of the plasma layer, defined by the
verse of the absorption coefficient, isas

21'16m. At this
level, the fluence of the laser is 0.3 KJ/m2, which is below
the surface damage threshold~'1 KJ/m2! @11#. Let us use
this setup to upshift a CO2 pulse with a wavelengthl0
510.6m (\v050.117 eV) and durationtL5ts5200 fs. For
this pulse the corresponding critical density isnc58.3
31018 cm23, and consequently the frequency upshift can
estimated to bevmax'3.3v0 . The upshifting takes place
during the electron-hole plasma formation~;200 fs!, while
the pulse travels a distanceL52vgtL511m at v5vmax. It
follows from the definitionvg5]v/]k, the dispersion rela-
tion v25c2k2/eR1vp

2 ~leading to vguv5vmax
5kc

2/eRvmax),
and the fact thatk does not change as the density chang
with time and is given byeR

1/2v0 /c, wherev0 is the original
wave frequency~with no free charges! in the semiconductor.

FIG. 1. Illustration of the experimental setup.
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This distance is much smaller than the collision lengthLcoll
5(tR /tL)L'100m, allowing us to construct a waveguide
which the collisional effects can be safely neglected. It
worthwhile to remark that for waveguides with lengths co
parable toLcoll the collisions can lead, in addition to absor
tion, to a frequency spectral breaking of the pulse@12#, i.e.,
the spectrum of the transmitted pulse breaks up into
peaks; one has an upshifted central frequency while the o
has a downshifted central frequency.

During this process of the major spectral transformat
of the pulse, another equally spectacular phenomenon is
pected to take place in the interior of the medium. Sim
calculations yield that a static magnetic field with a stren
equal to the magnetic field of the laser pulse, and with
spatial wavelengthl5eR

21/2l053m, will be generated. The
implications of this high magnetic field, which can be high
than 1 KG@and which would decay in a ‘‘relaxation time’
of the carriers~;1 ps!#, are yet unexplored. The effects
would have on the transport properties of the carriers, or
the crystalline structure of the medium, and other relev
phenomena will be a fascinating problem to study.

The preceding qualitative reasoning strongly indica
that for an appropriately chosen system consisting of a se
conductor, an ultrashort source pulse, and an ultrashort p
we expect to find~1! a strong frequency upshifting of th
ultrashort pulse, and~2! a simultaneous generation of
strong, static but spatially periodic magnetic field. We n
develop a quantitative framework to investigate the verity
these notions; we will present the results of an analytic
well as a numerical simulation of the processes descri
earlier. Since we are dealing with ultrashort pulses in se
conductors, our simulations will deal with the dynamics
pulses rather than plane waves. We remind the reader
plane-wave analysis is the standard~and relevant! mode of
treating similar phenomena in the interaction of microwa
pulses with gaseous plasmas.

To describe the dynamics of the laser pulse, we use
full wave equation~the basic hyperbolic system! rather than
its conventional parabolic or the envelope approximati
Our formalism enables us to retain effects~like the wave
reflection! which are not accessible to the truncated tre
ment. In any case, the envelope approximation breaks d
when the pulse width becomes comparable to the wa
length; the full description then becomes a zeroth-order
cessity. The suggested geometry of the waveguide allow
one-dimensional description; we can assume that all phys
quantities vary only along the pulse propagation directionz,
i.e., along the waveguide. The electric field of the pulse
assumed to be linearly polarizedE5 x̂E(z,t), and the equa-
tion governing its propagation can be written as

]2E

]t2 2
c2

eR

]2E

]z2 1
4p

eR

]J

]t
50, ~2!

whereJ, the current density of free carriers, satisfies@13#

]J

]t
1

1

tR
J5

e2

m*
nE. ~3!

Here n is the electron density produced by the sou
pulse @see Eq.~1!#, tR is the relaxation time, and it is as
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sumed that the free electrons are born in the conduction b
with zero initial velocities, and are distributed isotropicall
Due to their heavier mass, the hole contribution to the c
rent can be neglected without any loss of generality.

Assuming that the wave processes under considera
take place in times less than the carrier relaxation time~;1
ps!, Eqs.~2! and ~3! imply

]2E

]t2 2
c2

eR

]2E

]z2 1v0
2 n

nc
E50. ~4!

An equivalent equation for the magnetic field follows b
using the relation]E/]z52(1/c)]B/]t (B5By),

]2B

]t2 2
c2

eR

]2B

]z2 1v0
2E

t0

t

dt8
n~ t8!

nc

]B

]t8
50. ~5!

In deriving Eq.~5!, we assumed that the plasma generat
begins at a timet5t0 , precisely the time at which the sourc
pulse is switched on to illuminate the plane of the wav
guide. Note that since we are considering undoped samp
the contribution of the intrinsic free carriers is negligib
(nc@nint) so thatn(t)50 for t,t0 .

The solution for the pulse, propagating in the semico
ductor with no free charges (t,t0), can be represented as

E5E0~z,t !exp~2 iv01 ik0z!1c.c., ~6!

where E0 is slowly varying amplitude of the pulse,v0
@T21 and k0@L21, where T and L are the duration and
spatial extent of the pulse, respectively, and the wave n
ber k05(eR)1/2v0 /c. For an instantaneously produce
electron-hole plasma,n(t)5nmaxH(t2t0), whereH(t) is the
Heaviside function.

Equation~4! tells us that just after the birth of the carrier
the frequency of the fieldv52]f/]t (E5uEuexp if)
shifts, while its wave number remains unchanged,k
5]f/]z5k0 . The new frequency is given byv5v0(1
1nmax/nc)

1/2. Similarly from Eq. ~5!, one can show that a
static magnetic field

Bst5
nmax

nc1nmax
B~ t,t0 ,z!exp ik0z ~7!

is also generated. Notice that fornmax@nc , the static mag-
netic field in the material approaches the value of vacuum~or
of the initial! magnetic field associated with the puls
@5B(t,t0)#. The formula given in Eq.~7! is really valid for
a long pulse. For shorter pulses, Eq.~7! conveys only a
qualitative picture, and the right-hand side must be repla
by an integral.

To confirm and refine the results of these simple e
mates, we numerically solve the full wave equation coup
with the equation giving the current carried by the new c
riers. From this we will simulate the frequency upshiftin
and the magnetic-field generation. The simulation empl
an initial Gaussian pulseuEu5Em exp@2(z2eR

21/2ct)2/T2#,
with Tv0510 propagating in the waveguide fort,t050; at
time t050, the source pulse is switched on and generate
uniformly distribution of free carriers. Without loss of gen
erality, we assume that the density of the carriers grows
early, n5nmaxt/T for 0,t,T, to a valuen5nmax510nc at
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862 PRA 59V. I. BEREZHIANI, S. M. MAHAJAN, AND R. MIKLASZEWSKI
t5T ~and then stays constant fort.T) when the source is
switched off. The spatiotemporal behavior of the pulse el
tric field in dimensionless coordinatest→t/T and z
→(eR

1/2/cT)z is presented in Fig. 2. One can see that, imm
diately after switching the source, the pulse experience
sudden decrease in intensity. This loss is due to the en
expended in the carrier acceleration~that is born with zero
velocity!, and partially to the energy carried away by t
reflected pulse. After the source is switched off, the evo
tion of the transmitted and the reflected pulses follows
familiar dynamics of pulse propagation in dispersive med
i.e., they spread out, developing a frequency chirp. In Fig
we display the spectral content of the initial, reflected, a
transmitted pulses. We see that both pulses are upsh
considerably in conformity with the simple estimates giv
earlier. In Fig. 4, we plot the evolution of the magnetic fie
Between the transmitted~moving to the right! and reflected
magnetic pulses~moving to the left, very low amplitude!, we
can see a spatially varying but temporally static magn
field with almost the same spatial period as that of the in
dent pulse.

The preceding example of the pulse propagation in
uniformly produced electron-hole plasma is, in fact, a p
ticular case of the interesting wave processes that take p
in the media which support a propagating~moving! interface

FIG. 2. The plot of the electric-field intensityE ~normalized to
its initial value! vs z and t. The maximum densityn5nmax

510nc . One can see the splitting into a reflected~relatively small!
and a transmitted pulse.

FIG. 3. Spectral contents of the reflected and the transmi
pulses shown in Fig. 2.
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between regions with different dielectric and polarizati
properties. Phenomena arising in the course of the interac
of electromagnetic waves with a moving ionization or r
combination front ~separating the neutral gas from th
plasma! have attracted considerable attention in the past@14#.
Due to recent technological advances in producing short
trastrong laser pulses, there is a resurgence of interest in
old problem@15#. The reasons are obvious: Such pulses c
easily produce moving ionization fronts, and what was
sentially an academic pursuit can become practical and
ful.

Due to strong absorption losses, it is difficult to produ
moving, self-supported, and long-lived ‘‘ionization’’ front
in bulk semiconductors. However, on illuminating the pla
of a waveguide with a source pulse incident on a angle to
surface, the front of the electron-hole plasma will mo
with superluminal velocityv5c/sinb, whereb is an angle
of incidence. Note that for normal incidence, and th
corresponds to the case previously considered,v→`. The
dynamics of superluminal propagation~but with finite veloc-
ity! of the front exhibits essentially the same features
the dynamics associated with the infinite velocity front~cor-
responding to the uniform electron-hole production!: simi-
larly, frequency upshifting of the reflected and transmitt
waves as well as the generation of a stationary magnetic
takes place. However, now the strength of the observed
fects will depend on one or more parametersv. A remark-
able effect, however, also appears on the scene. It seems
for a range of velocities~of the front propagation!, it be-
comes possible to trap a part of the incident radiation lead
to the formation of spatially localized, high frequency, osc
lating structures; the group velocity of the wave packet
close to zero.

In order to describe the physics of moving fronts app
priately, we must modify our formalism by modeling th
electron-hole plasma density asn5n(t1z/v), i.e., a front
‘‘moving’’ toward the incident pulse. Since the convention
tool of Lorentz transformations is not available for the sup
luminal case, we plan to formulate the problem by introdu
ing the following transformation of variables:t5t1z/v,
and j5z. In these variables, the equations for the elec
and the magnetic fields take the forms
d

FIG. 4. Normalized magnetic fieldB vs z and t. One can see
three distinct ‘‘pulses’’: two propagating~the reflected and trans
mitted pulses!, the other static in time.
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]2E

]t22
c2

eR
S ]

]j
1

1

v
]

]t D 2

E1v0
2 n~t!

nc
z E50 ~8!

and

]2B

]t2 2
c2

eR
S ]

]j
1

1

v
]

]t D 2

B

1
v0

2

nc
E

t0

t

dt8S n~t8!
]B

]t8
2

c

v
E

]n

]t8D50. ~9!

Before interaction~i.e., t,t0), the pulse, propagating to
ward the ‘‘ionization’’ front ~carrying the electron-hole
plasma!, can be represented as

E5E0~j,t!exp~2 iVt
~0!t1 ikj

~0!j !, ~10!

whereE0 is the slowly varying amplitude of the pulse, an
Vt

(0) and kj
(0) are the frequency and wave number in~j,t!

space. Note thatv andk, the frequency and wave number
laboratory variables@i.e., ~z,t!#, can be found by using the
relationsv5Vt andk5kj2Vt /v. For simplicity let us as-
sume that the moving boundary is sharp, and is represe
by a step functionn5nmaxH(t2t0). From Eqs.~8! and ~9!
one can immediately derive that the frequencyVt
52]f/]t will be upshifted, while the wave number re
mains unaffected,kj5kj

(0) . The corresponding dispersio
relation reads

Vt
25v0

2 nmax

nc
1kj

2c2e0
21. ~11!

After simple algebra, we find that, in laboratory variable
the characteristic frequencies and the wave numbers of
two waves are

v6

v0
57

1

V21 FVS 11
nmax

nc

~V21!

~V11! D
1/2

61G ~12!

and

k6

k0
5

1

V21 FV6S 11
nmax

nc

~V21!

~V11! D
1/2G , ~13!

wherev05e0
21/2ck0 , andV5e0

1/2v/c.
Since V.1, it is clear thatv1,0, andk1.0. Conse-

quently this branch, to be called the reflected wave, pro
gates in the same direction as the density step. Note, h
ever, that this nomenclature is purely formal; the reflec
pulse can never catch up with the density step, which pro
gates with superluminal velocity (V.1), and the group ve-
locity of the reflected wave is~naturally! subluminal,vg

1

,c/e0
1/2. This wave is some kind of a photon wake produc

by the moving ionization step during interaction with th
incident wave.

For the second branchv2.0, butk2 can have either sign
depending on the value ofV. For V.Vc5(nmax/nc)

1/221,
k2.0. The wave, then, can be called the transmitted wa
and will propagate in the direction opposite to that of t
density step. Alternatively, forV,Vc , k2,0 implying that
even this branch is reflected. However with a group veloc
ed

,
he

a-
w-
d
a-

d

e,

y

given by vg
2,vg

1 , it cannot catch up with the first branc
~not to speak of catching up with the front!. A most interest-
ing consequence of the departure from the instant ioniza
case is that, whenV'Vc , the group velocity of this branch
tends to zero. This means that the EM field is trapped ins
the semiconductor waveguide, forming a localized, hig
frequency, oscillating structure. One can simply genera
this result for the case when the density step moves in
opposite direction, i.e., it overtakes the pulse. In this ca
the high-frequency field trapping takes place ifV5Vc
'(nmax/nc)

1/211.
The generation of the static magnetic field takes place

as before. Indeed the form of the third term in Eq.~9!, which
can be written as

v0
2

nc
E

t0

t

dt8S n~t8!
]B

]t8
2

c

v
E

]n

]t8D
5v0

2 nmax

nc
FB~j,t!2B~j,t0!1

c

v
E~j,t0!G , ~14!

reveals that a static component, determined by the incid
wave, will be excited. The static magnetic field for the pu
~for the slowly varying envelope! is found to be

Bst5

nmaxS 11
1

VD
ncS 11

1

VD 2

1nmax

B~t0 ,z!exp@ ik0~111/V!z#.

~15!

For V→`, this formula reduces to Eq.~7!, derived for the
uniformly produced plasma. For other speeds (V.1), the
strength and wavelength of the magnetic field are somew
modified.

In Fig. 5, we show the results of numerical simulatio
when the ionization front moves with a velocityV'Vc to-
ward the pulse. Each plot is at a time later than the preced
one. All other parameters are exactly the same as in prev

FIG. 5. Plot of the electric field illustrating the pulse interactio
with a sumerluminal ionization front moving with aV close toVc

52. The high-frequency field is trapped in space.
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simulations. Notice that the peak of the pulse moves v
slowly toward the left; it is essentially trapped and diffus
as the time goes on.

The interaction of ultrashort laser pulses with plasma c
ated in semiconductor waveguides, thus, can lead to a va
tt.

s.

v.
.

s

y

-
ty

of physically interesting phenomena ranging from wave tr
ping and the creation of large static magnetic fields to
blueshifting of the pulses. We believe that collisionless so
state plasmas are ripe for a thorough investigation; the res
are likely to be exciting and useful.
pt.

.
.
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