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Intracavity self-induced transparency of a multilevel absorber

M. Müller, V. P. Kalosha,* and J. Herrmann
Max Born Institut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, Rudower Chaussee 6, D-12489 Berlin, Germany

~Received 5 January 1998!

Intracavity self-induced transparency of a three-level absorber is studied in the scope of solid-state laser
generation of an ultrabroadband electromagnetic pulse that drives the population of all absorber levels through
complete Rabi flopping. We show that at sufficient pump rates a Ti:sapphire laser forces an intracavity GaAs
single quantum-well absorber, which provides an inter-valence-band transition in the THz domain in addition
to two direct optical interband transitions, into the self-induced transparency regime and acts as an all-solid-
state ultrabroadband pulse emitter. In dependence on the resonator bandwidth, the intracavity pulse energy and
the absorber dipole moments we obtain a multilevel self-induced transparency pulse spectrum which extends
from the THz domain up to the ultraviolet. The steady-state sub-10-fs pulse consists of only a few optical
cycles with the high-frequency components at its leading edge and a single to subcyclic THz component at its
trailing edge.@S1050-2947~98!05108-7#

PACS number~s!: 42.50.Md, 42.65.Re, 42.50.Hz, 78.47.1p
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I. INTRODUCTION

Solitary waves rendering a multilevel absorber transpa
have been a topic of research for many years. On one h
the interesting concept of electromagnetically induced tra
parency~EIT! predicts the approximately lossless propag
tion of matched pulses on the pump and Stokes transitio
a three-level lambda system@1,2#. These matched pulses a
not shape preserving, are resonant with only one of
atomic transitions, and do not induce Rabi flopping of t
atomic level population. On the other hand, the concep
self-induced transparency~SIT! for strong pulses, that relie
on reversible light-matter energy exchange owing to co
plete Rabi flopping of the population in a two-level syste
@3#, has been extended to multilevel systems@4#, predicting
the simultaneous lossless propagation of secant-shape
serving, different-wavelength pulses~simultons! in a three-
level absorber. Such simultons are spectrally narrow eno
to be resonant with only one of the atomic transitions a
they are strong enough to induce simultaneous Rabi flopp
on the corresponding transitions. Simultons as copropaga
different-wavelength SIT pulses in three-level systems
double-photon pulses, each pulse is one-photon reso
with the corresponding transition and hence linearly depe
ing on its individual pulse area. In contrast, strong-field tw
photon absorption on a single transition, such as a two-le
system with forbidden single-photon resonance, was sh
to support Lorentzian-shaped two-photon resonant s
induced transparency pulses@5# which exhibit a quadratic
pulse area dependence. An experimental verification
different-wavelength two-photon SIT pulses has be
achieved in three-level atomic vapors@6#. Analytical expres-
sions for simultons in three- and five-level systems bes
the twin secant shape were obtained by Hioe and Grobe@7#.
Moreover, it was proposed recently@8# to use a three-leve
system for coherent soliton control of copropagati
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different-wavelength pulses on the pump and Stokes tra
tion, respectively.

In the present paper we develop the theory of intracav
multilevel self-induced transparency by solid-state laser g
eration of an ultrashort pulse which drives the absorber tr
sitions to transparency. The strong resonant interac
which is shorter than the dephasing of the induced polar
tion induces complete Rabi flopping of the population on
quantum levels and returns the absorber to its initial st
which yields a multicomponent pulse spectrum with prom
nent spectral components at each transition of the multile
quantum system. We denote such multiplephoton reson
ultrabroadband pulses as multilevel self-induced transp
ency ~MSIT! pulses. In contrast, multiphoton parametric i
teraction happens at pulse durations larger than the dep
ing time of the induced polarization@9#, hence Rabi flopping
of the population is excluded and the polarization is assum
to respond instantaneously to the electric field, which allo
a power series expansion of the material response in term
nonlinear susceptibilities. As will be shown below, intraca
ity solid-state laser generation of ultrabroadband MS
pulses is independent of a specific choice of initial prepa
tions and dipole moments of the three-level system an
substantially differs from the copropagation of narrow-ba
simultons@4# as well as the matched pulse propagation
EIT @1#.

By use of exact Maxwell-Bloch equations for real field
and polarizations without slowly varying envelopes~SVEA!
and beyond the usual employed rotating wave approxima
~RWA! we describe on the same footing two very rece
topics of ultrafast laser physics as the generation of su
short light pulses as short as 6.5 fs@10# and the intracavity
generation of THz radiation@11# both by use of an intracav
ity single quantum-well GaAs absorber inside a Ti:sapph
laser. We adopt a three-level absorber model with dip
active transitions between all levels corresponding to a G
absorber with one conduction but two valence, heavy h
~hh! and light hole~lh!, bands. By excitation of such a bul
GaAs absorber with sub-20-fs Ti:sapphire light pulses
generation of single-cycle near-infrared THz pulses@12# as

i-
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PRA 58 1373INTRACAVITY SELF-INDUCED TRANSPARENCY OFA . . .
well as hh-lh quantum beats in the THz domain by dir
interband transitions@13# was shown. Tunable THz emissio
from a single quantum-well GaAs absorber that is due
inter-valence-band transitions induced by simultaneous s
pulse excitation of hh and lh excitons was reported in R
@14#. Inter-valence-band hh-lh transitions can be viewed
coherent charge oscillations between hh and lh states@14#.
The direct observation of THz emission accompanied w
ultrashort light-pulse induced coherent charge oscillation
double and single quantum-well structures@14–16# as well
as Bloch oscillations in a superlattice in the Wannier-St
regime@17# marks an important step forward in current sem
conductor physics. The optically induced THz radiation
double quantum wells by coherent interwell charge osci
tions due to resonant tunneling@15# as well as in single quan
tum wells by inter-valence-band transitions between hh
lh states@14# or intersubband transitions in the confined co
duction band@16# has been described by coherent multisu
band semiconductor Bloch equations in Refs.@18–20#. How-
ever, the basic physics of optically driven coherent T
emission are covered already by discrete three-level Bl
equations with dipole-allowed transitions between all lev
as shown in Refs.@21,22#. As we have shown previously fo
the intracavity 2p-pulse laser generation, the substitution
a simple homogeneously broadened two-level abso
model@25# by a more realistic quantum-well absorber mod
using semiconductor Bloch equations@26# yields quantitative
changes in the steady-state pulse duration and energy, bu
very fact of intracavity self-induced transparency as well
the pulse parameter dependencies on the laser and abs
control parameter are correctly described. Moreover, for
envisaged ultrashort intracavity pulse generation with p
intensities of TW/cm2 and a typical dipole moment of th
direct interband transition (d/e50.3 nm, GaAs! one obtains
a peak Rabi frequency in the order of the transition f
quency which is much larger than the frequency accordin
the excitonic binding energy (Eex54.2 meV, GaAs! as the
characteristic strength of the Coulomb exchange interact
Hence in the semiconductor Bloch equations@23# the en-
hancement of the Rabi frequency that is due to Coulo
exchange interaction can be neglected@24#. Therefore we
self-consistently treat the additional THz emission during
herent quantum-well absorber mode locking in the fram
work of intracavity self-induced transparency in a homog
neously broadened three-level absorber. Our model desc
the basic physics of an all-solid-state sub-10-fs-pulse gen
tor with a spectral content from the THz domain to the
traviolet in dependence on the resonator bandwidth.

The paper is organized as follows. In Sec. II we outli
the resonator model with intracavity resonant three-level
sorber and solid-state amplifier which are described
Maxwell-Bloch equations without RWA and SVEA. Our nu
merical results of SIT-pulse generation by a two-level a
three-level intracavity absorber in dependence on the dip
moments, the initial population, the resonator bandwid
and the pump rate are presented and discussed in Sec. II
the conclusions are drawn in Sec. IV.

II. BASIC EQUATIONS AND RESONATOR MODEL

We treat intracavity MSIT-pulse generation in the fram
work of a solid-state laser with an ultrabroadband reson
t
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and an additional intracavity quantum-well absorber. At s
ficient pump rates the saturable solid-state laser gain fo
the multilevel absorber into the SIT regime resulting in in
racavity MSIT-pulse generation. In the context of cohere
absorber mode locking of solid-state lasers we have stu
previously SIT-pulse formation in RWA by use of an intr
cavity two-level absorber@25#, which aims to describe the
recent generation of few-cycle optical pulses as short as
fs in duration by a Ti:sapphire laser as reported in Ref.@10#.
To incorporate self-consistently THz-radiation emissi
from the quantum-well absorber accompanied by the
trashort optical pulse generation as recently reported in R
@11# we extend our model to an intracavity three-level a
sorber without RWA using real fields and polarizations. A
exact non-RWA description of the multilevel absorber
mandatory, because in the sub-10-fs time domain the en
aged THz-radiation emission exhibits a single to subcyc
character. In addition, also the description of few-cyclic re
nant interaction of a two-level system by use of the RW
neglects important features of the population dynamics,
pecially inversion oscillations at twice the instantaneous f
quency of the driving field, as recently studied in Re
@27,28#.

A. Resonator model

A broadband resonator is assumed to contain a solid-s
amplifier, modeled by an incoherently pumped two-lev
system, and a coherent three-level absorber. To simp
Maxwell’s equations as much as possible we consider o
cally thin layers of both absorber and amplifier in conta
with ideal mirrors of an ultrabroadband resonator configu
tion ~Fig. 1!. Therefore during successive resonator roun
trips we consider iterative pulse shaping by coherent refl
tion @25# from the absorber and gain media, whereas
remaining free-space propagation and focusing by cur
mirrors is effectively summarized by a frequency-depend
linear resonator transmissionT(v). The coherent reflection
from a vacuum interface to a resonant medium in the reg
0,z,L is given by the solution of the one-dimension
boundary value problem to Maxwell’s equations as@29#

E~z,t !5Ein~z,t !2
2p

c E
0

L ]

]t
PS z8,t2

uz2z8u
c Ddz8. ~1!

Here Ein(z,t) is an incident field from the left half spacez
,0, given by a vacuum solution to the homogeneous M
well equations andP(z,t) is the resonant macroscopic pola
ization of the absorber 0,z,L. At any space-time point

FIG. 1. Resonant layer of the absorber or gain medium w
delayed feedback by an end mirror.
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1374 PRA 58M. MÜLLER, V. P. KALOSHA, AND J. HERRMANN
(z,t) the resultant fieldE(z,t) is a superposition of the inci
dent field Ein(z,t) and the sum over the retarded induc
polarization current (]/]t)P(z8,t2uz2z8u/c) throughout the
absorber 0,z8,L. For an optically thin layerL!l the lat-
ter gives for the Rabi frequency of the coherently reflec
wave from the absorber or gain medium

Vcoh ref~ t !52aa,g

d

dt
ua,g~ t !, ~2!

where the Rabi frequency of the real electric fieldV(t)
5daE(t)/\ is defined throughout corresponding to the
pole moment of the largest absorber transitionda , ua is the
sum of the real parts of the multilevel absorber off-diago
density matrix elements, andug is the real part of the off-
diagonal density matrix element for the gain medium. T
light-matter coupling constants of the thin absorber and g
respectively, are given byaa52pda

2NaLa /\c and ag

52pdgdaNgLg /\c with length La,g!l, dipole moments
da,g , and density of resonant systemsNa,g . In what follows
we characterize both the coherent absorber and gain me
by their associated superradiance times that are relate
their coupling constantsaa,g and the transition frequencyv
by TR

a,g51/aa,gv. For pulses longer than the characteris
dephasing timestp@ta,g the small signal absorption or gai
is simply given byta,g /TR

a,g . Note that the assumption of a
optically thin layer works well for the 10-nm-thick quantum
well absorber used in the experiments of Refs.@10,11#, but
for the 1-mm-thick Ti:sapphire laser rod it results in negle
of pulse reshaping due to propagation through the ampli
However, the principal ultrashort pulse shaping effects of
solid-state amplifier are described exactly in the scope o
non-RWA two-level system.

We consider the thin resonant layer in close contact t
resonator end mirror@10# ~see Fig. 1! in a way that the co-
herently reflected field from the resonant layer Eq.~2! con-
structively interferes with the linear reflected field from t
end mirror. For the structure of Fig. 1 it yields the followin
equations for the Rabi frequencies of the reflected~ref!,
transmitted~tr!, and the intrinsic~intr! field inside the reso-
nant layer, in dependence on the incident~in! field and the
induced polarization current of the layer@25#:

V ref~ t !5Re2iKL d V tr~ t2Dt !2aa,g

d

dt
ua,g~ t !, ~3!

V tr~ t !5V in~ t !2aa,g

d

dt
ua,g~ t !, ~4!

V intr~ t !5V tr~ t !1Re2iKL d V tr~ t2Dt !. ~5!

The delayed feedback due to a metallic end mirror tha
contacted at a distanceLd!l ~Fig. 1! is characterized by a
complex reflectivityR5uRueiDf, a standing-wave phase shi
2KLd with wave numberK and a temporal delay of the wav
Dt52Ld /c!Tcyc, where Tcyc is the period of an optica
cycle. Note that the intrinsic field inside the resonant lay
which drives the coherent polarization, already contains
contribution of the induced polarization current. In what fo
lows we assume optimal contact withuRu51 and Df
12KLd50, which effectively doubles the intrinsic field.
d
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A resonator round-trip, consisting of subsequent refl
tions at the gain and absorber structure~Fig. 1!, is completed
by applying to the field an overall linear resonator transm
sion functionT(v) of bandwidthDv and a stepwise spectra
dependence according to

T~v!55
0, v,vg2

Dv

2

T0 , vg2
Dv

2
,v,vg1

Dv

2

0, v.vg1
Dv

2

~6!

which is centered at the amplifier maximumvg .

B. Three-level absorber

A unified description of optical resonance phenomena
N-level systems has been achieved in the framework o
generalized (N221)-dimensional Bloch vector rotation be
cause of the underlying SU(N) symmetry @30,31#. The
SU(N) symmetry group reveals the existence ofN constants
of motionCn5Tr$r̂n%, n51, . . . ,N, wherer i j is the density
matrix. With r i i ,0 being the incoherent initial population th
conserved quantities can be calculated asC15( ir i i (t), en-
suring the conservation of probability,C25( ir i i ,0

2 , express-
ing the conservation of the Bloch vector length and for
three-level system also the higher order nonlinear constan
motionC35( ir i i ,0

3 exists. The knowledge of the constants
motion in a high-dimensional dynamic system allows an i
mediate insight into the dynamics without an explicit so
tion @31#. The eight-dimensional Bloch vector of the thre
level system SW 5(u1 ,u2 ,u3 ,v1 ,v2 ,v3 ,w1 ,w2) is related
to the density matrix elements by p152r12,
p252r23, p352r13, w15r222r11, w25(2r332r22

2r11)/A3 @31#, pi5ui1 iv i . Without adopting the usua
RWA or SVEA we obtain in relaxation time approximatio
the complete three-level Bloch equations for dipole-allow
transitions between all quantum levels~Fig. 2! in the follow-
ing form:

d

dt
p11S 1

ta
2 iv1D p15 iV intr~2h1w11p2* 2h2p3!, ~7!

FIG. 2. Three-level system with dipole-allowed transitions b
tween all levels. The dipole moment of the infrared transition 1-2
thought to be externally controllable.
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d

dt
p21S 1

ta
2 iv2D p25 iV intr@h2~A3w22w1!1h1p32p1* #,

~8!

d

dt
p31F 1

ta
2 i ~v11v2!Gp3

5 iV intr~A3w21w11h1p22h2p1!, ~9!

d

dt
w11

w12w1
0

Ta
52V intrIm~2h1p12h2p21p3!, ~10!

d

dt
w21

w22w2
0

Ta
52V intrIm~A3h2p21A3p3!. ~11!

The three-level Bloch equations~7!–~11! of a thin absorber
with feedback mirror~see Fig. 1! are driven by the Rab
frequency of the intrinsic field inside the absorberV intr ac-
cording to Eq.~5! which self-consistently contains the in
duced polarization current that is responsible for the coh
ently reflected field, Eq.~3!. The dipole moments of the
intermediate absorber level~2! to the lower~1! and upper
level ~3! are related to the 1-3 transition dipole moment
h15d21

a /d31
a ,h25d32

a /d31
a . The transition frequencyv1 in

Eq. ~7! relates to the infrared 1-2 transition andv2 in Eq. ~8!
relates to the second optical transition 2-3~see Fig. 2!. If
relaxation is negligible (Ta ,ta@tp) the length of the three
level Bloch vector uuSW uu254@1/31r22,0(r22,021)
1r11,0(r11,021)1r22,0r11,0#, as a combination of the con
stants of motionC1,2, will be conserved during coheren
rotation according to Eqs.~7!–~11!.

To solve the three-level Bloch equation system, Eqs.~7!–
~11!, in the transition regiontp

21'v11v2, which is most
relevant for Ti:sapphire laser pulse generation as reporte
Refs.@10,11#, one has to resort to numerics, as will be do
below. As always, only in the limiting cases a substan
simplification of Eqs.~7!–~11! is possible. First, for long
characteristic pulse durationstp

21!v2 ,v1, by introduction
of different-wavelength pulses with slowly varying env
lopes, resonant only with their corresponding transitions,
by use of the RWA one arrives at a simulton problem sim
to that studied by Konopnicki and Eberly@4#. Second, in the
ultratransient regimetp

21@v11v2, which requires attosec
ond pulse durations in the optical domain, it is possible
diagonalize the three-level Bloch equations with respec
the eigenmodes of the imaginary parts of the off-diago
elements

v i~ t !52b isin @j iQ~ t !# ~ i 51,2,3!,

Q~ t !5E
2`

t

V intr~ t8!dt8. ~12!

The eigenfrequenciesj i(h1,2) are governed by the roots of
cubic determinant:

j15A2A11h1
21h2

22r1/3cos~f/3!, ~13!

j25A2A11h1
21h2

22r1/3cos@~f12p!/3#, ~14!
r-

in

l

d
r

o
o
l

j35A2A11h1
21h2

22r1/3cos@~f14p!/3#, ~15!

with r5p3/2, cosf52q/2r, and

p5h1
413h1h2

21h1
2~22h2

2!1~11h2
2!2, ~16!

q52h1
623h1~3h2

22h1
3!~22h2

2!12~11h2
2!3

13h1
2~213h1h2

2226h2
22h2

4!. ~17!

At particular combinations of nonzero dipole moments of
three transitions, one eigenfrequency identically vanish
e.g., j1uh15h25150, resulting in an ultratransient polariza
tion trapping analogous to coherent population trapping
EIT. Such ultratransient polarization trapping in three-lev
systems relies always on the existence of specific nonz
dipole moments between all three transitions. The eig
mode amplitude ratiose1,2(h1,2)5b1,2/b3 are governed by
the solution of the diagonalized equation system, whereas
remaining free amplitudeb3 will be fixed by the conserva-
tion law for the length of the Bloch vector. The eigenmo
solution for the imaginary parts of the off-diagonal matr
elementsv i(t)52b i sin @jiQ(t)# permits an explicit expres
sion for the real macroscopic polarization current as drive
Maxwell’s equation, Eq.~1!, with the macroscopic polariza
tion Pa5Nad31

a ua , ua5h1u11h2u21u3, and

d

dt
ua~ t !52b3~v11v2!S v1

v11v2
h1e1sin@j1Q~ t !#

1
v2

v11v2
h2e2sin@j2Q~ t !#1sin@j3Q~ t !# D .

~18!

C. Solid-state amplifier

We consider a coherent intracavity absorber that is pla
inside an ultrabroadband resonator together with a solid-s
laser gain medium described by two-level Bloch equation

d

dt
pg1S 1

tg
2 ivgD pg52ihgV intrwg , ~19!

d

dt
wg1

wg2wg
0

Tg
522hgV intrIm~pg!, ~20!

where wg
0.0 accounts for stationary incoherent pumpi

and hg5d21
g AAa/d31

a AAg is the effective ratio of the dipole
moments of the gain and the 1-3 absorber transition incl
ing the effective beam cross section in the absorber and g
respectively. As for the absorber, the amplifier Bloch eq
tions are driven by the intrinsic field inside the amplifierV intr
according to Eq.~5!. The real macroscopic polarization o
the gain medium is given byPg5Ngd21

g ug , with the real part
of the complex off-diagonal matrix elementpg5ug1 ivg .

The solid-state amplifier works in the incoherent line
regime withhgV intr

max!1 corresponding to the Ti:sapphire la
ser with an intracavity coherent GaAs quantum-well a
sorber of Refs.@10,11#. Since the envisaged generation
ultrashort optical pulses involves a huge number of reson
modes, i.e., the pulse duration in the order of the opti
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cycleTcyc is much shorter than the resonator round-trip tim
of Trep'10 ns@10#, we replace the periodic boundary cond
tions for the field and quantum states by initial conditions
infinity and calculate the energy of the pulse by*2`

` E2(t)dt.
To date, the Ti:sapphire laser exhibits the largest amp

cation bandwidth with an associated dephasing time of o
tg52.5 fs. Its population relaxation timeTg'3 ms is much
larger than the resonator round-trip timeTrep which defines
the repetition period of the emerging pulse train. Theref
from Eq. ~20! we obtain that the initial inversion in the nex
round-trip is determined by the final inversion of the prece
ing round-trip according to the map@32#

wk11
, 5wg

01~wk
.2wg

0!expS 2
Trep

Tg
D , ~21!

where wk11
, is initial inversion before the pulse arrived i

round-tripk11 andwk
. is the final inversion after the puls

has gone in round-tripk. Since the amplifier works in the
incoherent regimehgV intr

max!1, dynamic pulse reshaping tha
is due to the gain medium is negligible. SinceTrep!Tg ,
saturation of the amplifier is achieved by the total pulse tr
according to the inversion map Eq.~21!.

III. NUMERICAL RESULTS OF STEADY-STATE
MSIT-PULSE GENERATION

We have numerically implemented the above descri
resonator model and solved for solitary wave solutions
iterating an arbitrary seed pulse until a self-reproduc
steady-state pulse has been reached. The parameters
amplifier are chosen throughout to model a Ti:sapphire la
according to Refs.@10,11# with tg52.5 fs, Tg53 ms, vg

52p/Tcyc, Tcyc52.8 fs, TR
g50.1 fs, andhg50.1. The ex-

ternal pump is adjusted by varying the steady-state ampl
inversion wg

0'628 % in order to obtain intracavity puls
energies in the range'1502500 nJ. The largest absorbe
transition frequency 1-3~Fig. 2! is chosen to be equal to th
amplifier transitionv11v25vg and the infrared absorbe
transition frequency 1-2 to bev15(v11v2)/10. The dipole
moment of the largest absorber transition 1-3 is chosen
cording to the direct interband dipole moment of a Ga
absorberd31

a /e50.3 nm. As absorber relaxation times we u
throughout a phase relaxation time of all transitionsta550
fs @33# and a population relaxation time of all levelsTa

5100 fs @34#. The absorber superradiance timeTR
a , which

controls the strength of the light-matter interaction, will
varied between 50 and 100 fs@25#. The resonator is chose
to possess a constant round-trip time ofTrep510 ns and a
linear transmission ofT050.97 with different bandwidth
Dv.

A. SIT-pulse generation by two-level intracavity absorber

Let us start with intracavity SIT-pulse generation by
two-level absorber, settingh15h250 and a resonator band
width Dv to cover the complete spectrum of the emerg
SIT pulse inside the passband. In Fig. 3 the steady-s
pulse, inversion, and spectrum for increasing intracav
pulse energy, i.e., pump rate, is depicted. In general,
non-RWA results extend the previous RWA-SVEA mod
-
ly
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@25# down to the single and even subcyclic domain. Below
certain threshold pulse energy, i.e., pump rate, the lase
mains in the free running regime because the Rabi freque
is too weak to induce complete Rabi flopping. Above t
mode locking threshold, in the SIT regime, the comple
Rabi flopping of the inversion forms a stable ultrashort i
racavity SIT pulse with self-reproduction during each cav
round-trip.

In difference to the RWA model which yields smoo
adiabatic inversion in the self-induced transparency regi
the non-RWA calculations reveal additional modulations
the inversion~Fig. 3!. These non-RWA inversion modula
tions result from the proportionality of the population to th
instantaneous pulse energy around the extrema of the o
lating electric field @28#. This induces modulations with
doubled frequency as compared to the oscillatory driv
field. Hence, at each extremum of the electric field a ma
mum of the non-RWA population modulation occurs@28#.
Between these modulation maxima the electric field cros
zero and its time derivative becomes maximum which is
flected as a minimum in the non-RWA population modu
tion @27,28#. As will be shown below, the amplitudes o
these non-RWA modulations become greatly enhanced in
case of the three-level MSIT pulse.

For increasing energy~front to background plots, Fig. 3!
we obtain pulse shortening down to a near single cyclic
gime ~middle plot!, further increasing of the energy yield
coherent pulse splitting with two complete Rabi flops of t
populations~background!. The flat top, dipped spectrum o
the near single-cyclic pulse~middle plot! indicates transition
to pulse splitting. Introduction of a pulse envelope f
several-cyclic pulses recovers the 2p ~front! and 232p
54p ~background! envelope-area conservation of two-lev

FIG. 3. Two-level absorber SIT-pulse generation. Electric fie
ground-state population, and spectral intensity of the steady-s
pulse due to an intracavity two-level absorber withTR

a550 fs. The
pulse energy is 154 nJ~front!, 280 nJ ~middle!, 328 nJ ~back-
ground!. Throughout, the electric field is normalized byE052
3107 V/cm corresponding to a Rabi frequencyV051 fs21 and
intensity I 051.2 TW/cm2.
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SIT @3,25#. In two-level absorber SIT the populations of th
lower and upper level monotonically follow the pulse env
lope with superimposed non-RWA modulations at twice
oscillation frequency of the driving electric field~see Fig. 3!.
In general, the monotonic following of the population wi
the pulse envelope will change in multilevel SIT because
the constants of motion@31#.

B. MSIT-pulse generation by three-level intracavity absorber

Nowadays, intracavity quantum-well GaAs absorber
successfully used for ultrashort pulse generation@10# as well
as intracavity coherent THz emitter@11#. We consider a cor-
responding intracavity three-level system with equal dip
moments for the direct hh and lh transitions to the cond
tion bandd315d32 and an inter-valence-band dipole mome
d21 that owing to valence-band mixing is controllable exte
nally by applying a dc bias@21#. By finding such an intra-
cavity steady-state MSIT-pulse solution that is due to
three-level absorber we describe the generation of the o
cal, infrared, and, as will be shown, ultraviolet constitue
of an ultrabroadband electromagnetic field pulse wh
drives all three levels through complete Rabi flopping. Su
intracavity MSIT-pulse generation can be viewed as an
solid-state ultrabroadband pulse generator ranging from
THz up to ultraviolet domain.

The complex non-RWA dynamics of resonant three-le
systems was to our knowledge previously studied only
intense stationary bichromatic fields@35#. We study an ex-
tremely nonstationary and strong electromagnetic field wh
induces self-induced transparency by an ultrafast adiab
following of all level populations with the driving field
Adiabatic following in a three-level system has been stud
previously in the RWA and SVEA in Ref.@36#. It was theo-
retically found@36,37# and experimentally verified@38# that
for adiabatic inversion of a three-level system with doub
photon resonant pulses a counterintuitive excitation orde
most efficient. Counterintuitive excitation means that fro
the two temporally overlapping pulses, the pulse which
resonant with the energetically upper transition of the thr
level system has to precede the pulse which is resonant
the energetically lower transition. Hence, to adiabatically
vert a three-level system it is most efficient that a first pu
strongly drives the thermally empty upper states, befor
second pulse strongly interacts with the thermally popula
lower states.

1. Influence of different dipole moments

We start the discussion of three-level MSIT-pulse gene
tion from the l configurationh150,h251 and gradually
increase the dipole moment of the infrared THz transitionh1
@see Figs. 4~a!–4~d!#. Obviously, the MSIT pulse drives a
level populations through increasing complex dynamics
the infrared dipole moment 0<h1<3 of the 1-2 transition is
increased@see curves 1,2,3 in Figs. 4~a!–4~d!#. In compari-
son to the two-level absorber~Fig. 3! the amplitude of the
population modulation at doubled frequency of the real el
tric field becomes strongly enhanced. Since the populatio
each level is forced to Rabi flopping and simultaneously f
fills the conservation laws, the individual population of t
upper level 3~curve 3! performs two complete Rabi flops
-
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with a maximum population of only 0.5, whereas level
~curve 1! and level 2~curve 2! perform one complete Rab
flop with almost full inversion of the infrared transition 1-
@Fig. 4~a!#. Since we start in every round-trip from the a
sorber ground state~1,0,0!, it is in accordance with all three
conservation laws to expect a MSIT scenario of total inv
sion by bringing the entire population to the upper level
However, instead of total inversion, at its peak the MS
pulse fully inverts only the infrared transition 1-2, whereas
the leading and trailing edges of the pulse both optical tr
sitions become partially inverted. The fact that simul
neously with the 1-3 transition also the second optical
transition becomes partially inverted at the leading edge
the pulse, before the infrared 1-2 transition becomes inve
at the pulse peak, reveals that, besides the direct 1-3 ex
tion, the above mentioned counterintuitive 1-2-3 excitation
the most efficient way to excite the three-level system.

Despite the complex population dynamics, the tempo
structure of the steady-state electric field consists in all s
ations of only four to five optical cycles with increasin
asymmetry and nonmonochromaticity@Fig. 4~a!–4~d!#. The
high-frequency optical components are concentrated on
leading edge of the pulse@see Fig. 4~d!#, whereas the infrared
components follow at the trailing edge. That again resu
from a counterintuitive double-photon 1-2-3 excitation yiel
ing maximum adiabatic inversion of the three-level syst
@37#. It is interesting to note that our numerical round-tr
model self-consistently produces a stable multicompon
pulse which naturally exhibits counterintuitive temporal o
dering of the spectral components, since the stability o
pulsed laser regime requires always an improved energy
traction of the steady-state pulse in comparison to the co
isting free running laser regime. The durations of the MS
pulses defined as full width at half maximum~FWHM! of
the intensity envelope run from 7 to 10 fs. Enhancemen
the infrared dipole moment up toh153 yields strong in-
creasing of the amplitude of the population modulations
the infrared transition~level 1 and 2!, with full modulation
depth making them indistinguishable from multiple Ra
flopping on the infrared transition. In contrast to the strong
driven infrared transition, the upper level 3 of the two optic
transitions still performs two Rabi floppings with only mod
erate non-RWA population modulations at doubled f
quency of the electric field@Figs. 4~a!–4~d!#.

Besides the temporal characterization of the MSIT pu
and its self-induced population dynamics, most valuable
characterization of the steady-state MSIT pulse is its ul
broadband spectrum as shown in Fig. 5. Obviously we fin
multicomponent spectral structure. As can be seen from
5, with increasing infrared dipole moment we obtain a stro
enhancement of the infrared spectral component at the t
sition frequencyv1, as well as the spectral component at t
lower optical transitionv2. However, most significant is the
strong enhancement of the optical second harmonic signa
is necessary to emphasize that such increasing effective
eration of the second and higher optical harmonics is enti
due to the non-RWA high-frequency population oscillation
which are in our coherent three-level system easily cont
lable by the infrared transition dipole momenth1.1. Such
higher harmonics production in the three-level system
sembles, at least for the infrared transition, the hig
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FIG. 4. Three-level absorber MSIT-pulse generation. Electric field~uppermost part! and individual level populations~lower parts! of the
steady-state pulse due to an intracavity three-level absorber withTR

a5100 fs,h251 and different infrared-transition dipole moments~a!
h150, ~b! h151, ~c! h152, ~d! h153. The pulse energy amounts always to'200 nJ. The level populations are 3 upper level,
intermediate level, 1 ground state. No additional bandwidth limitation due to linear resonator transmission.
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harmonics generation from a superdriven two-level sys
as studied in Ref.@39#. Note that the second optical harmo
ics at the largest infrared dipole moment ofh153 reaches a
peak intensity of 1/5 of the intensity of the fundamental s
nal @Fig. 5~d!#. For thel configurationh150,h251 in Fig.
5~a! ~long-dashed line! we depicted additionally the spec
trum of the corresponding two-level SIT pulse (h15h2
50). Obviously, the characteristic side lobes of thel system
MSIT-pulse spectrum disappears for the two-level system

Since the resonator bandwidthDv is chosen to cover the
complete emerging generation spectrum, any peak from
infrared region up to the third optical harmonics is strong
individually broadened. For instance, the individual spec
width of the dominant infrared peak atv1 corresponds to a
m

-

he

l

single to subcyclic temporal structure. Moreover, by the
herent light-matter interaction, those spectral compone
which exceed the Lorentzian gain profile@dotted line, Figs.
5~b!–5~d!# experiences gain by a temporarily stimulat
emission process. Note that our simple coherent three-l
absorber yields principal emission peaks at exactly
maxima of the absorption spectrum, corresponding to
transition frequenciesv1 ,v2 ,v11v2. The increasing spec
tral complexity in Fig. 5 is due to the non-RWA cohere
three-level dynamics. In contrast, a more sophistica
quantum-well absorber model, which is based on three-b
semiconductor Bloch equations~SBE! @19# with inhomoge-
neous broadening due to freely movable carriers and its C
lomb interaction yields a shift and splitting of the THz
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emission peak in comparison to the absorption line. Note
the validity of a SBE description of THz emission from
quantum-well absorber is somewhat controversial@40#. Our
focus in dealing with a simple coherent three-level absor
model is to study exactly the non-RWA interaction dynam
of ultrabroadband electromagnetic pulses, especially to pr
the existence of intracavity MSIT pulses in a solid-state la
resonator. Regarding the underlying coherent three-level
namics, the most important quantum-well specific feature
an externally controllable dipole moment of the infrar
transition 1-2, yielding a three-level system with dipol
allowed transitions between all levels. This point subst
tially differs from conventional atomic three-level system
where the symmetry of the wave functions requires at le
one of the three dipole moments to vanish.

2. Influence of pulse energy

As for the SIT-pulse generation by a two-level absorb
the MSIT-pulse generation by a multilevel absorber requ
a minimum pulse energy, i.e., pump rate, below which
laser remains in free running operation. Increasing of
pulse energy yields shortening of the pulse. Analogous to
SIT-pulse generation by a two-level absorber~Fig. 3!, the
MSIT-pulse generation by the three-level absorber exhi
coherent pulse splitting too, at an increased pulse ene
which is sufficient to provoke two times excitation and r
turning of the population to the initial state. In Fig. 6 w
have plotted the electric field and the population of all lev
~curves 1,2,3! for MSIT-pulse splitting in a three-level sys
tem withh15h251 and a total pulse energy of 544 nJ, i.
approximately 272 nJ for each individual pulse. Unlike SI
pulse generation by the two-level absorber, where pu
splitting always occurs at increased energies, for three-le
MSIT-pulse formation at large infrared dipole momentsh1

FIG. 5. Spectrum of three-level MSIT pulses. Spectral intens
versus angular frequency for different infrared-transition dipole m
ments according to Fig. 4. The dotted lines depict the Lorentz
gain profile with bandwidth corresponding totg52.5 fs centered at
vg5v31, the long-dashed line in the case~a! depicts the spectra
intensity of a two-level SIT pulse withTR

a5100 fs and a pulse
energy of 180 nJ just below coherent pulse splitting. No additio
bandwidth limitation due to linear resonator transmission.
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.h2 we did not observe steady-state pulse splitting at
larged energies since for elevated pump rates there exist
steady-state pulse at all.

3. Influence of different initial populations

Throughout the preceding discussion of three-level MS
pulse generation we started from incoherent initial popu
tions of level 1,2,3 as~1,0,0!, respectively, which corre-
sponds to an equilibrium initial distribution at low
temperatures (kBT!\v1) on the infrared transition. At a

finite-temperature initial population distribution as (2
3 , 1

3 ,0)
the resulting steady-state MSIT pulse is depicted in Fig
Here the magnitude of Rabi flopping is decreased becaus
the constraints by the three conserved quantitiesC151,C2
55/9,C351/3 which restrict the amplitude of the populatio
dynamics on the intermediate level 2~curve 2!, whereas the
population of the upper level 3~curve 3, Fig. 7! performs
again twice Rabi flopping as in Figs. 4~a!–4~d! for ~1,0,0!.
Both the infrared spectral component and the higher or

harmonics becomes increasingly suppressed for (2
3 , 1

3 ,0)
@Fig. 8~a!# until they vanish completely for an equilibrium
initial distribution at high temperatures (kBT@\v1) on the

infrared transition (12 , 1
2 ,0) @Fig. 8~b!#.

4. Influence of resonator bandwidth

Up to now we have studied MSIT-pulse generation by
three-level absorber inside an idealized solid-state laser r
nator with sufficient bandwidth to cover the complete eme
ing MSIT-pulse spectrum inside the passband. To figure
the influence of finite feedback bandwidth on the MSI
pulse generation, we repeated the calculations of Fig. 4~d!

y
-
n

l

FIG. 6. Coherent three-level MSIT-pulse splitting. Electric fie
~uppermost part!, and individual level populations~lower parts! of
the steady-state pulse due to an intracavity three-level absorber
TR

a5100 fs, h15h251 at a pulse energy of 544 nJ. The lev
populations are 3 upper level, 2 intermediate level, 1 ground st
No additional bandwidth limitation due to linear resonator transm
sion.
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with a typical Ti:sapphire laser bandwidth ofDl5400 nm
centered at 800 nm@10#. For an infrared dipole moment o
h153 we redraw in Fig. 9 simultaneously the spectral inte
sities of the MSIT pulses due to aDl5400 nm resonator
~solid line! and an infinite bandwidth resonator~long-dashed
line!. Obviously, all spectral components outside the reso
tor’s passband~arrows! are diminished, but in a nonmonoto
nous way, suppressing the infrared component to much
of an extent than the predominantly suppressed higher o
cal harmonics. Thus, in the case of usual resonator ba
width Dl5400 nm, the lack of feedback for the ultraviol
region of the MSIT suppresses strongly the non-RWA hig
harmonic population oscillations on the infrared 1-2 tran
tion, which would be present for the ultrabroad-bandwid
resonator@see Fig. 4~d!#. As can be seen from Fig. 9, th
efficiency of frequency conversion that is due to an additi
ally introduced THz emitter inside a conventional narro

FIG. 7. Influence of different initial populations on three-lev
MSIT-pulse generation. Electric field, and individual level popu
tions of the steady-state pulse due to an intracavity three-leve
sorber withTR

a5100 fs, h15h251 at a pulse energy of 200 nJ
The initial populations arer11,052/3 and r22,051/3. The level
populations are 3 upper level, 2 intermediate level, 1 ground s
No additional bandwidth limitation due to linear resonator transm
sion.

FIG. 8. Spectral intensity versus angular frequency for differ
initial populations ~a! r11,052/3, r22,051/3 and ~b! r11,05r22,0

51/2 and other parameters according to Fig. 7. No additional ba
width limitation due to linear resonator transmission.
-

a-

ss
ti-
d-

-
-

-

bandwidth solid-state laser resonator is much less than
owing to non-RWA frequency generation that is due
MSIT-pulse generation by an intracavity three-level absor
inside a resonator with enhanced feedback bandwidth.

IV. CONCLUSION

Recent experiments dealing with the intracavity usage
GaAs single quantum-well absorbers to generate ultras
optical pulses@10# as well as coherently induced THz
radiation emission from a mode-locked solid-state laser@11#
are self-consistently addressed by exact multilevel Maxw
Bloch equations without RWA and SVEA at a unified bas
of multilevel self-induced transparency in a three-level a
sorber combined with an effective two-level solid-state a
plifier inside an ultrabroadband resonator. Unlike the exp
ment in Ref. @11#, the mode locking and the infrare
emission is achieved by one coherent three-level abso
only. We have shown that a broadband resonator with so
state laser gain medium and an intracavity three-level
sorber permits the generation of ultrabroadband electric fi
pulses by non-RWA frequency mixing during multilev
self-induced transparency. The dependence of intraca
MSIT on the absorber dipole moments, initial population,
well as on the laser pump rate and the resonator bandw
has been discussed. For sufficient resonator bandwidth
infrared dipole moment we have found the spectrum of
three-level MSIT pulse to be extended from the infrared
gion up to the third optical harmonic at an averaged side l
suppression ratio as low as only one order of magnitu
compared to the principal optical laser spectrum. For cho
parameters of the GaAs single quantum-well absorber
Ti:sapphire laser in correspondence to the experiment
Refs. @10,11# our model predicts steady-state MSIT puls
with energies and durations which are in close agreem
with experimental data@10,11#. At increased absorber den
sity and elevated pulse energy, i.e., laser pump rate, we
near single-cyclic MSIT-pulse generation as well as coher
MSIT-pulse splitting.
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FIG. 9. Influence of resonator bandwidth. Solid line: spect
intensity versus angular frequency forTR

a5100 fs,h153, h251 at
a pulse energy of 219 nJ and a finite resonator bandwidth ofDl
5400 nm centered at 800 nm. Dotted line: the same for infin
resonator bandwidth@as in Fig. 5~d!# with energy 217 nJ. The ar
rows indicate the spectral limits of the resonator passband.
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