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Frequency up-conversion and trapping of ultrashort laser pulses in semiconductor plasmas
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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
(nonpropagationof a substantial part of the incident pul$81050-294{©9)09201-X]

PACS numbds): 42.65.Ky, 42.70.Nq

The availability of high-power ultrashort laser pulses hasand experiment have conclusively demonstrated that a pow-
opened up new vistas in the physics of electromagriEfit) erful short laser pulse propagating in a gas can experience a
radiation propagation in nonstationary dispersive media. Astrong frequency blueshift caused entirely by the plasma
temporal variation in the properties of the medium impliesgenerated by the pulse its¢#].
that the solutions of Maxwell's equations cannot be fre- In this paper, we explore a kind of collisionless plasma
quency eigenstates. This phenomenon is the appropriateade possible by the action of ultrashort pulses on semicon-
counterpart of what happens in spatially inhomogeneous meguctor materials. We will concentrate on two basic problems:
dia for which a wave with a definite wave number cannot bg1) we shall demonstrate that semiconductor materials can
an eigensolution. The temporal inhomogeneity can lead thecome excellent sources for the creation of highly effective,
quite spectacular consequences in the propagation dynamiefficient, and dependable tunable lasers in an extremely
of pico(femto) second pulses: for example, a pulse can bebroad frequency range, ari®) we shall investigate the pos-
frequency shifted as it passes through a medium in which theible consequences of the interaction of the pulse with a
dielectric properties vary as a function of tirfid]. Since the  moving ionization fron{the instantly created ionization front
magnitude of the frequency shift can be readily controlledhas infinite speed of propagatjorAlthough the interaction
this pulse-nonstationary medium interaction can lead, amongf laser pulses with semiconductor plasmas have been stud-
other things, to the creation of tunable laser sources. ied for a long time[5], their collision-dominated dynamics

Gaseous media, undergoing rapid ionization induced byad little in common with the motions associated with ordi-
an external source, or by a propagating strong EM puls@ary collisionless gaseous plasmas. To observe collisionless
[multiphoton(or tunneling absorption, are obvious systems collective phenomena in semiconductors, the pulse duration
where manifestations of this phenomenon can be studied. A must be less than the characteristic relaxation time of the
representative example of such a study is Ref, dealing  carriers, which is typicallyrg~10"12-10"s. The ready
with the propagation of a linearly polarized EM wave availability of femtosecond pulses, therefore, has ushered in
through an instantly ionizetby an external agengas. Due  a new era in the physics of semiconductors; it has now be-
to the electron plasma created by ionization, there is a sudcome possible to reproduce a variety of physical processes
den reduction in the refractive index of the gas. Since thenormally associated with high-temperature gaseous plasmas
spatial homogeneity of the medium does not allow a changgs]. In fact, semiconductor plasmas, as experimental systems,
in the wavelength, the wavéboth reflected and transmitted have several advantages over the gaseous ones: automatic
must instantly increase their frequency to compensate for theonfinement, homogeneity, and an easy density control over
change in the refractive index so as to satisfy the new disa large range coupled with the possibility of carrying out
persion relationn = (w3+ wﬁ)l’z, wherewg=cky is the ini-  relatively inexpensive table-top experiments. The implica-
tial frequency of the EM radiation and, is the plasma tions for physics as well as for the resulting technology are
frequency corresponding to the newly created plasma. Thenormous.
value of w, can be controlled externally, and consequently ~One- or two-photon absorption of the impinging EM ra-
the suggested mechanism can be used for an effective contrdiation is a very efficient method of producing a high-density
of the frequency upshift of the EM radiatioiB]. Wilks, cold electron-hole plasma in a semiconductor. The optical
Dawson, and Mor[2] also deduced an interesting additional response of the medium is rather sensitive to the optically
consequence: the appearance of a time-independent residiraduced redistribution of carriers between bands. In our re-
magnetic field with a characteristic wavelength equal to theent studieq7], for example, we demonstrated that an in-
vacuum wavelength of the passing radiation. Recent theoriense, short £ ~100fs) laser pulse tuned near the two-
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photon resonance in an InSb semiconductor waveguide, first source - pulse
generates large densities of excess carriers via two-photon

absorption(TPA), and then accelerates them creating a large l l l i
nonlinear rapidly varying current in the electron-hole Pulse

plasma. It was further shown that for intensities of ortler .

>10° W/cn?, the dynamics of the laser pulses is dominated —

by the pulse-current interaction that leads to a large- B

frequency blueshift. The phenomenon pertains for a wide

variety of semiconductors as long as the energy gained by FIG. 1. lllustration of the experimental setup.
the carriers from the laser pulse is greater than the energy

needed(by TPA) to generate the free carriers. This is the

principal point of departure of the above-mentioned studﬂmd'mfr"’lrEd pulses with a vacuum wavelength-10u (n,

8 a3 . .
from the conventional approach, where the TPA merely con=~ 10'® cm™). Consequently, frequency upshifts as high as
~10wy can be affected by such an arrangement. Natu-

tributes to the imaginary part of the third-order susceptibility “’max X
[8]. rally the pulse duration should be sh@@mtosecond range

There is, however, a serious constraint on the working of® @void strong absorption losses. If the frequency of the
the above-mentioned mechanism. Since the pulse has first B/S€ is larger than the band gafay,>E,), additional ab-
create a plasma of high enough density and then accelerate :§9rpt|qn will result due to the' electron—holle generation by the
significant blueshift can result only for rather high intensity PUISe itself, and the pulse will damp out iran or so. Due
pulses(typically ~10° W/cm?). How can we, then, blueshift to twol-photon abs_orptlon, the Pulse would suff_er some at-
a pulse of moderate or low intensity? To answer this questénuation (absorption even for lower frequenciesif,
tion, we investigate the dynamics of a short, modefae ~ Eo/2)- However, because of the strong intensity depen-
low) intensity laser pulséto be called the pulgeoropagating dence of this process, for sufficiently short propagation
in a semiconductor in which another short but intense pulséndths, and at the intensities we are interested in, the two-
(to be called the source pulsis used for the rapid creation _photon absorption can be arranged to be negligible. For mid-
of the required electron-hole plasma. To avoid complicaiNfrared pulsegsee below, both one and two-photon absorp-
tions, let us assume that the pulse propagates in a planiPn Processes are energetically forbidden.
semiconductor waveguide and its frequency is below the !N the mid-infrared rangeN~10u), pulses as short as
band-gap resonance, i.6.0,<E,, whereE, is the gap en- 130 fs, and containing only four optical cycles, were created

ergy separating the bottom of the conduction band from th&€cades agfo] by the use of semiconductor switching. The
top of the valence band. ggneratlpn of short puls_es with Ionger yvavelen(]ﬂn the
We can imagine the following experimental scenario: TheMid(far)-infrared range with\o>10x] is still not common-

plane of an appropriate semiconductor sample is uniformiyplace(see the current state of the art in Ref0]). Because of
iluminated with the source pulse, whose frequenay is the requirement of lower free-carrier density for the same

tuned near a one-photon resonante.~E,. An electron- amount of upshifting, the proposed mechanism will be even
s g- . ! .
hole plasma is suddenly but almost uniformly created in thénere effective for pulses in the far-infrared range.

waveguide with a thickness typically of the order of a few W& now examine the workability of the mechanism for a
um. The propagating pulse encounters a time-varying meconcrete physical system. Consider an undoped GaAs semi-

dium (with increasing plasma densjtyand responds by up- conductor waveguidéFig. 1) with a room-temperature band-
shifting its frequency. gap energyE,=1.43eV, an effective electron masgs*

The carrier density generated by the source pulse is detef= 0-0MMe, and the lattice constarz=12. On illuminating

mined by the plane of the waveguide by a 200-fs source pulage (
=200fs, with a wavelengthA;=0.86u (i.e., fiwg
an  ae =1.44eV) and an intensityl=1.5x 10" W/cn?, an

A o ls, (1)  electron-hole plasma with,,,,=8x10™ cm™2 can be gener-

ated. The thickness of the plasma layer, defined by the in-

. . . . 71’\/ .
wherel is the intensity of the source, and, is an appro- Verse of the absorption coefficient, i “~16u. At this

priate resonant absorption coefficient. Since we are interestdg@Vel, the fluence of the laser is 0.3 KJimvhich is below
in femtosecond time scales, we have negleftecEq. (1)]  the surface damage threshalel KJ/nf) [11]. Let us use
nandpico) second processes like the radiative and nonradiais setup to upshift a COpulse with a wavelengthg
tive recombination of electron-hole pairs, and of carrier dif-=10-6« (fwo=0.117 eV) and duratiom_= ;=200 fs. For
fusion [5]. this pulse the corresponding critical density I = 8.3
Frequency upshift of the pulse can be estimated by the< 10°° cm ™%, and consequently the frequency upshift can be
relation  w(t)= wo(1+n(t)/n)¥2  where n,=m* egwd/ estimated to bewma~3.3wg. The upshifting takes place
47e? is the critical plasma densitycorresponding to the during the electron-hole plasma formatior200 f9, while

initial frequencyw), m* is the effective carrier mass, and the pulse travels a distan¢e=2v,m =11u at 0= wpyay. It

er is the dielectric constant. For sufficiently intense, femto_fpllowszfrorzn ;he def'?'t'on’)g_: dwl Kk, the dispersion rela-
second, source pulsek& 10°— 102 W/cn?), plasma densi- o @“=c°k“/ert+ w;, (leading to gl 0y =K/ RO,

ties as high as,,~10-10°° cm™2 can be excited without and the fact thak does not change as the density changes
damaging the semiconductor samples. These densities arewith time and is given byr’wy/c, wherewy is the original

the range (1-100)., the critical density associated with wave frequencywith no free chargesn the semiconductor.
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This distance is much smaller than the collision lenigt, ~ Sumed that the free electrons are born in the conduction band
=(7r/7.)L~100u, allowing us to construct a waveguide in With zero initial velocities, and are distributed isotropically.
which the collisional effects can be safely neglected. It isDue to their heavier mass, the hole contribution to the cur-
worthwhile to remark that for waveguides with lengths com-rent can be neglected without any loss of generality.

parable tol ., the collisions can lead, in addition to absorp- ~Assuming that the wave processes under consideration
tion, to a frequency spectral breaking of the pUlsg], i.e.,  take place in times less than the carrier relaxation tirmi

the spectrum of the transmitted pulse breaks up into twd®9, Egs.(2) and(3) imply

peaks; one has an upshifted central frequency while the other

has a downshifted central f PE_C*PE_ ,n
downshifted central frequency. . - S +wl—E=0. @)
During this process of the major spectral transformation Jgt°  eg 0z Ne

of the pulse, another equally spectacular phenomenon is ex- A val ion for th ic field foll b
pected to take place in the interior of the medium. Simple An equivalent equation for the magnetic field follows by

calculations yield that a static magnetic field with a strength!Sing the relatiowE/oz=—(1/c)dB/dt (B=By),
equal to the magnetic field of the laser pulse, and with a ?B 2 &°B th n(t’) B
t

spatial wavelength = e ¥\ =3y, will be generated. The ————
ot €R 0z

=0. (5)

+wo

o n, ot'

implications of this high magnetic field, which can be higher

tof;atr;]el c{;?rggps?j\ihlgg]Wgrueldygffjiye:(rp])Iﬁrerdela}?r?goer;fggs it In dgriving Eq.(5), we as;umed tha}t the pla.f,ma generation
would have on the trar,13p0rt properties of tﬁe carriers, or Or?eglns_ atatimé=to, prec_lsely_the time at which the source
the crystalline structure of the medium, and other re,levangu!Se N swﬁched_on o illuminate _the_plane of the wave-

. L ' uide. Note that since we are considering undoped samples,
phenomena will be a fascinating problem to study.

. o g I the contribution of the intrinsic free carriers is negligible
The preceding qualitative reasoning strongly indicate -
that for an appropriately chosen system consisting of a sem Ne>Nipy) SO thatn(t) =0 for t<t,.

pprop y y 9 The solution for the pulse, propagating in the semicon-

conductor, an ultrashort source pulse, and an ultrashort puls .
we expect to find(1) a strong frequency upshifting of the Guctor with no free chargeg€ty), can be represented as

ultrashort pulse, anc(?) a simultaneous generation of a E=Eq(zt)exp —iwg+ikgz) +c.C., (6)
strong, static but spatially periodic magnetic field. We now

develop a quantitative framework to investigate the verity ofwhere E, is slowly varying amplitude of the pulsey,
these notions; we will present the results of an analytic as>T~ ! and ko>L !, whereT and L are the duration and
well as a numerical simulation of the processes describedpatial extent of the pulse, respectively, and the wave num-
earlier. Since we are dealing with ultrashort pulses in semiber k,=(egr)"?wq/c. For an instantaneously produced
conductors, our simulations will deal with the dynamics of electron-hole plasmay(t) =n,,,H(t—to), whereH(t) is the
pulses rather than plane waves. We remind the reader thafeaviside function.

plane-wave analysis is the standdehd relevantmode of Equation(4) tells us that just after the birth of the carriers,
treating similar phenomena in the interaction of microwavethe frequency of the fieldw=—d¢/dt (E=|E|expiep)
pulses with gaseous plasmas. shifts, while its wave number remains unchangdd,

To describe the dynamics of the laser pulse, we use the y¢/9z=k,. The new frequency is given byw=wq(1
full wave equation(the basic hyperbolic systgmather than  +n__ /n)Y2. Similarly from Eq.(5), one can show that a
its conventional parabolic or the envelope approximationstatic magnetic field
Our formalism enables us to retain effeclike the wave
reflection which are not accessible to the truncated treat- ~ Nmax
ment. In any case, the envelope approximation breaks down Bst_m
when the pulse width becomes comparable to the wave-
length; the full description then becomes a zeroth-order neis also generated. Notice that fap,,&n., the static mag-
cessity. The suggested geometry of the waveguide allows ietic field in the material approaches the value of vacom
one-dimensional description; we can assume that all physicalf the initial) magnetic field associated with the pulse
guantities vary only along the pulse propagation direcion [=B(t<tg)]. The formula given in Eq(7) is really valid for
i.e., along the waveguide. The electric field of the pulse isa long pulse. For shorter pulses, EJ) conveys only a
assumed to be linearly polariz&t=XE(z,t), and the equa- qualitative picture, and the right-hand side must be replaced

B(t<tg,z)expikyz @)

tion governing its propagation can be written as by an integral.
To confirm and refine the results of these simple esti-
PE  c? &°E . am 9d o @ mates, we numerically solve the full wave equation coupled

with the equation giving the current carried by the new car-

W i et , i g th W
riers. From this we will simulate the frequency upshifting,

whereJ, the current density of free carriers, satisfi&g] and the magnetic-field generation. The simulation employs
an initial Gaussian puls¢E|=E,, exd —(z—eg ’ct)?/T?],
a 1 e with Twe= 10 propagating in the waveguide forty=0; at
—+—J=—nE. (3 : _ : ;
ot TR m time t,=0, the source pulse is switched on and generates a

uniformly distribution of free carriers. Without loss of gen-
Here n is the electron density produced by the sourceerality, we assume that the density of the carriers grows lin-
pulse[see Eq.(1)], 7 is the relaxation time, and it is as- early,n=n,4/T for 0<t<T, to a valuen=n,=10n. at
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FIG. 2. The plot of the electric-field intensify (normalized to FIG. 4. Normalized magnetic fiel® vs z andt. One can see

its initial valug vs z and t. The maximum densityn=n.,, three distinct “pulses”: two propagatinghe reflected and trans-
=10n.. One can see the splitting into a reflecteelatively smal) mitted pulse} the other static in time.
and a transmitted pulse.

between regions with different dielectric and polarization

t=T (and then stays constant for-T) when the source is ; L . .
switcr(1ed off. The s};/)atiotemporal ber)1avior of the pulse eIecpropertles. Phenomena arising in the course of the interaction

tric field in dimensionless coordinates—t/T and z of electromagnetic waves with a moving ionization or re-

—>(e§’2/cT)z is presented in Fig. 2. One can see that, imme_comblnatlon front (separating the neutral gas from the

. e . lasma have attracted considerable attention in the bt
diately after switching the source, the pulse experiences . ; .
sudden decrease in intensity. This loss is due to the ener ue to recent technological advances in producing short ul-

expended in the carrier acceleratitthat is born with zero astrong laser pulses, there is a resurgence of interest in this

velocity), and partially to the energy carried away by the old problem[lS]. The reasons are obvious: Such pulses can
reflected pulse. After the source is switched off, the evolu-eas'l.y produce moving Ionization fronts, and what was es-
tion of the transmitted and the reflected pulses follows th entially an academic pursuit can become practical and use-
familiar dynamics of pulse propagation in dispersive media,UI' . e
i.e., they spread out, developing a frequency chirp. In Fig. 3 Dpe to strong absorption Iosses., It |s“(.j|ff|_cult. to”produce
we display the spectral content of the initial, reflected, aanOV'ng’ self—supported, and Iong-hveq |op|zqt|on fronts
transmitted pulses. We see that both pulses are upshifté bulk seml_condt_Jctors. However, on |_Ilum|nat|ng the plane
considerably in conformity with the simple estimates givenO a waveguide with a source pulse incident on a angle to the
earlier. In Fig. 4, we plot the evolution of the magnetic ﬁeld.sgrface, . f_ront of the electr'on-hole p'asf“a will move
Between the transmitte@noving to the right and reflected W'th Sl_JperIumlnaI velocity =c/sin g, Whef?ﬂ is an angle .
magnetic pulseémoving to the left, very low amplitudewe of incidence. Note that for _normal |nc!dence, and this
can see a spatially varying but temporally static magnetic?orresmnds to the case prewously cons!dec_eq,oo. The
field with almost the same spatial period as that of the inci-dynamICS of S”pe”“”.“'ﬂa' propagatldout with finite veloc-
dent pulse. ity) of the front exhibits essentially the same features as
The preceding example of the pulse propagation in éhe dyna}m|cs assomafted with the infinite veIocﬂy_fr()gcmr-
uniformly produced electron-hole plasma is, in fact, a par_respondlng to the unllfc_)rm electron-hole produc}nosuml—.
ticular case of the interesting wave processes that take plad@y: frequency upshifting of the reflected and transmitted

in the media which support a bropadatifmoving interface  Waves as well as the generation of a stationary magnetic field
PP propagatimyoving takes place. However, now the strength of the observed ef-

fects will depend on one or more parametersA remark-

1'0i /\<\ 77777 reflected able effect, however, also appears on the scene. It seems that,
0.6 // \/\ \ transm. z=15 for a range_of velocitiegof the front propagatip)n.it be- .

| . —— - transm. z=20 ‘ comes possible to trap a part of the incident radiation leading
0.6 - / ! \ \ to the formation of spatially localized, high frequency, oscil-

(o) - lating structures; the group velocity of the wave packet is

0.4 — close to zero.

i In order to describe the physics of moving fronts appro-
0.2 - priately, we must modify our formalism by modeling the

. electron-hole plasma density as=n(t+z/v), i.e., a front
0.0 : “moving” toward the incident pulse. Since the conventional

3.2 3.6 tool of Lorentz transformations is not available for the super-

luminal case, we plan to formulate the problem by introduc-
ing the following transformation of variableg:=t+z/v,

FIG. 3. Spectral contents of the reflected and the transmitte@nd é=z. In these variables, the equations for the electric
pulses shown in Fig. 2. and the magnetic fields take the forms
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Before interactior(i.e., 7<), the pulse, propagating to-
ward the “ionization” front (carrying the electron-hole
plasma, can be represented as

E=Eo(¢& nexp —iQ P r+ik{¢), (10)
whereEj, is the slowly varying amplitude of the pulse, and
Q9 and k! are the frequency and wave number (&)
space. Note thab andk, the frequency and wave number in
laboratory variablegi.e., (z,§], can be found by using the
relationsw =), andk=k,—Q_/v. For simplicity let us as-
sume that the moving boundary is sharp, and is represent
by a step functiom=n,,H(7— 7). From Eqgs.(8) and (9)
one can immediately derive that the frequendy,
=—g¢ldr will be upshifted, while the wave number re-
mains unaffectedk,=k{®). The corresponding dispersion
relation reads

n
2_ 2 ‘max 2.2 _—1
L (11)

After simple algebra, we find that, in laboratory variables,

ON AND TRAPPING P. . . 863

FIG. 5. Plot of the electric field illustrating the pulse interaction
with a sumerluminal ionization front moving with \é close toV,
=2. The high-frequency field is trapped in space.

given byv§<vg , it cannot catch up with the first branch
(not to speak of catching up with the frgnA most interest-
ing consequence of the departure from the instant ionization
&qse is that, whel~V_, the group velocity of this branch
tends to zero. This means that the EM field is trapped inside
the semiconductor waveguide, forming a localized, high-
frequency, oscillating structure. One can simply generalize
this result for the case when the density step moves in the
opposite direction, i.e., it overtakes the pulse. In this case,
the high-frequency field trapping takes place \ff=V,
~ (Nmax/N) "%+ 1.

The generation of the static magnetic field takes place just
as before. Indeed the form of the third term in E®), which
can be written as

the characteristic frequencies and the wave numbers of the

two waves are

ot 1 Nmax (V— 1) Y2
w—0—+—v_1 [V(1+ n. (VF1) *1 (12
and
kt nmax(v_l) 1z
k_o__V—l Vi(l+n—c(v+1) , (13

wherewo= ¢, *’cky, andV=ef'%/c.

SinceV>1, it is clear thatw' <0, andk™>0. Conse-

qguently this branch, to be called the reflected wave, propa-
gates in the same direction as the density step. Note, how-
ever, that this nomenclature is purely formal; the reflected
pulse can never catch up with the density step, which propa-

gates with superluminal velocit/(>1), and the group ve-
locity of the reflected wave ignaturally subluminal,vg+
<C/eé
by the moving ionization step during interaction with the
incident wave.

For the second branah™ >0, butk™ can have either sign

depending on the value &f. For V>V = (Npa/n)2—1,

2

47 , B ¢ on
n ) AT\ o s B
znmax c
= Wo n B(g,T)—B(g,To)‘l‘;E(f,To) ’ (14)
C

reveals that a static component, determined by the incident
wave, will be excited. The static magnetic field for the pulse
(for the slowly varying envelopes found to be

nman(

1ty

1
\%
B

1+ =
2
) +nmax

By (70,2)exdiko(1+1NV)zZ].

Ne

(15

/2 This wave is some kind of a photon wake produced

For V—oo, this formula reduces to Edq7), derived for the
uniformly produced plasma. For other speedis>(1), the
strength and wavelength of the magnetic field are somewhat
modified.

k™>0. The wave, then, can be called the transmitted wave, In Fig. 5, we show the results of numerical simulation
and will propagate in the direction opposite to that of thewhen the ionization front moves with a velocity~V, to-

density step. Alternatively, fov<V., k™ <0 implying that

ward the pulse. Each plot is at a time later than the preceding

even this branch is reflected. However with a group velocityone. All other parameters are exactly the same as in previous
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simulations. Notice that the peak of the pulse moves verpf physically interesting phenomena ranging from wave trap-
slowly toward the left; it is essentially trapped and diffusesping and the creation of large static magnetic fields to the
as the time goes on. blueshifting of the pulses. We believe that collisionless solid-

The interaction of ultrashort laser pulses with plasma crestate plasmas are ripe for a thorough investigation; the results
ated in semiconductor waveguides, thus, can lead to a variesre likely to be exciting and useful.
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