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Inversionless amplification of coherent terahertz radiation
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We experimentally demonstrate inversionless amplification of the emission from electronic transitions in a
solid state system inside a cavity. A semiconductor-based terahertz~THz! emitter is exposed to a coherent,
phasematched THz background field during the emission process leading to an increase in the overall emitted
THz power of more than one order of magnitude. The experimental concept and results are discussed within a
three-level model and an extended density matrix approach.
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Time-resolved spectroscopy and imaging in the THz
gion of the electromagnetic spectrum are important a
growing fields of research with a wide range of application1

Many of these applications are, however, hampered by
insufficient power and efficiency of the available TH
sources. Up to now, a variety of broadband2–4 and tunable5,6

THz sources has been developed. Most of these sources
on the coherent motion of charge carrier distributions crea
by impulsive excitation with femtosecond laser pulses,
example, the widely used semiconductor surface field em
ter. In this type of emitter, the photogenerated carriers
accelerated by the semiconductor surface field and e
pulsed THz radiation.7 The optical-to-THz conversion effi
ciency of such impulsively excited emitters is on the order
1025. One of the main limitations to the efficiency is the fa
loss of coherence due to carrier-carrier scattering. This
stricts the coherent motion of the photoexcited charge ca
ensemble and the coherent emission time is limited t
small fraction of the intrinsic radiative lifetime,5 typically
below 1023. Consequently, only a small fraction of the e
ergy deposited in the system is emitted coherently. The
maining part is dissipated in an incoherent manner and, t
unusable for time-domain experiments. Considerable amo
of interest is therefore directed towards possible ways of
creasing THz emitter efficiency.

Here, we report an increase of the overall emitted T
power of more than one order of magnitude via amplificat
without inversion~AWI ! ~Refs. 8–10! for a semiconductor
surface field emitter. By exposing the emitter to a cohere
phasematched THz background field during the emiss
process11 more energy is radiated before coherence is
and the amount of coherently emitted THz radiation is a
plified. This concept is experimentally implemented by pla
ing the emitter inside a high repetition rate THz resona
and synchronously optically exciting it with a femtoseco
laser source. Our results constitute the first experime
demonstration of AWI on electronic transitions of a so
state system. Previously, AWI has only been observed
magnetic field coupled transitions in gases~e.g., Refs. 12,13!
and for coherent atomic matter waves.14,15 Related phenom-
ena on Fano type interferences and electromagnetically
duced transparency~EIT! were reported for certain quantum
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well structures by Faistet al.16 and Schmidtet al.,17 respec-
tively. For a more general overview on the topic see, e
Scully and Zhu~Ref. 18 and references therein!. Due to the
inversionless nature of the amplification effect we belie
our results to be of considerable fundamental and pract
interest.

In order to demonstrate the generality of the adopted a
plification mechanism we use a three-level model and a d
sity matrix approach for our theoretical analysis. The thr
level system~Fig. 1! serves as the minimal description of a
impulsively excited THz emitter based on the coherent m
tion of charge carriers. It allows to model the photoexcitati
from a ground levelu0& to a superposition of electronic state
u1& andu2& which oscillates in space and thereby emits T
radiation. The energy gap between the ground levelu0& and
levels u1& and u2& corresponds to optical frequencies, th
upper two levelsu1& and u2& are separated by a few me
corresponding to THz frequencies. More complex THz em
ters can be described by taking more states into account
this simple system already contains the basic characteri
of any charge motion related THz emitter. As real partic
excitations and correlations are excited by the laser—wh
have complicated interaction pathways under the influenc

FIG. 1. Three-level model for an impulsively excited THz em
ter. The upper two levels are responsible for the emission of T
radiation. The influence of a THz background fieldETHz

BG in addition
to the exciting laser fieldEopt is studied by use of a density matri
approach.C, D, andY denote the intraband and interband popu
tion densities and polarizations, respectively.
©2003 The American Physical Society06-1



m
tic
ad

t

s
ie
s

-

t

io
n
b

v
lin
t
re

ab

ce

na
e
i

d
th
e
lo

e

er

und
,

-
ad-
e

ted.
t that
ac-
a-

to
ld
d the
ut
the
co-
will
it-

um

a-
as

er-

a-
in a
on-

of

on

e

JANKE, HARING BOLIVAR, BARTELS, KURZ, AND KÜNZEL PHYSICAL REVIEW B 67, 155206 ~2003!
the THz background field—a simpler description of the a
plification mechanism via a parametric effect is problema

Generally, intraband and interband dynamics are
equately treated using a density matrix approach.19 We adopt
this approach and extend it as described in Ref. 20 to take
influence of a THz background fieldETHz

BG in addition to the
exciting laser fieldEopt into account. Six coupled equation
are derived for the time evolution of the population densit
of electronsCii and holesD00, the intraband polarization
Ci j and for the optical interband polarizationsY0i :

d

dt
Cii 52

1

T1
Cii 1

i

\
@m i0E0Ŷ0i* 2m i0* E0* Ŷ0i #

1
i

\
ETHz

BG @m i j Ci j 2m j i Cji #,

d

dt
Ci j 52F 1

T2,intra
1 iv i j GCi j 1

i

\
@m j 0E0Ŷ0i*

2m i0* E0* Ŷ0 j #1
i

\
ETHz

BG @m j i Cii 2m j i Cj j #,

d

dt
Ŷ0i52F 1

T2,inter
1 i ~v i02vL!G Ŷ0i1

i

\
E0@m i02m i0Cii

2m j 0Cji 2m i0D00#2
i

\
ETHz

BG m i j Ŷ0 j

for i , j 51,2 andD005C111C22. E0 andvL are the ampli-
tude and frequency of the exciting laser field,m i j the transi-
tion matrix elements andv i j the respective transition fre
quencies ~where v i j 5v i2v j ). T1 and T2 are
phenomenological relaxation and dephasing times, where
energy relaxation timeT1 is typically long compared to the
picosecond intraband and interband dephasing timesT2 and
arbitrarily chosen to be 1 ns. A rotating wave approximat
for the exciting laser fieldEopt and the interband polarizatio
Y0i has been included in the above equations
setting Eopt(t)5E0(t)•e2 ivLt1E0* (t)•e1 ivLt and Y0i(t)

5Ŷ0i(t)•e2 ivLt. The population densitiesC11 andC22 of the
upper two levels are numerically derived from the abo
equations and displayed in Fig. 2. The vertical dashed
indicates the dephasing time, i.e., the coherence time of
system which is taken to be 1 ps. Initially, both levels a
equally populated by broadband optical excitation att50
with a 100 fs FWHM Gaussian shaped laser pulse. In
sence of a THz background field@Fig. 2~a!# the population of
both states remains equal, as reflected by the congruen
the curves forC11 and C22, while slowly decaying to the
ground state by energy relaxation. In contrast, an additio
resonant THz background field can be employed to driv
population change, evident by the splitting of the curves
Figs. 2~b!–2~d!. For clarity, a single-cycle THz backgroun
field of large magnitude centered at 1 THz is assumed in
calculation. The sooner the THz background field is pres
after the optical excitation, the less coherence has been
by dephasing and the larger the population change will b
shown in Figs. 2~b! and 2~c! for two different arrival times of
15520
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2 ps and 50 fs. In both cases, the population of the low
level C11 is increased while that of the upper levelC22 is
decreased which signifies emission. For a THz backgro
field with inverted phase@Fig. 2~d!# the effect is reversed
i.e., the population of the lower levelC11 is decreased while
that of the upper levelC22 is increased which signifies ab
sorption. Since this type of emission or absorption is an
ditional effect induced by the THz background field, th
emitted THz power can be amplified as well as attenua
The phase dependence is a direct consequence of the fac
the inversionless amplification effect is based on the inter
tion of the THz background field with the coherent polariz
tion between levelsu1& and u2&. It is thus mandatory to ex-
ternally control the phase of the THz background field
accomplish amplification. At large, if a THz background fie
is present as long as coherence prevails in the system an
phase is set accordingly, emission will be amplified witho
the need for population inversion. Furthermore, the larger
magnitude of the THz background field is and the less
herence has been lost by dephasing, the larger the gain
be. Ideally, the total energy deposited in the system is em
ted before dephasing sets in. This would yield a maxim
possible gain of about three orders of magnitude.

Experimentally, the amplification of coherent THz radi
tion is realized by use of a specific THz resonator,
sketched in Fig. 3. The pulse train from a 1 GHz repetition-
rate Ti:sapphire femtosecond laser source21 is split into exci-
tation and probe pulses. First, pulsed THz radiation is gen
ated and detected in a standard configuration@Fig. 3~a!#
using bulk InGaAs as surface field emitter, two off-axis p
raboloids and a photoconductive antenna as receiver
typical time-domain THz emission setup. This standard c
figuration is used to quantify the THz emission in absence

FIG. 2. Density matrix calculation. Shown are the populati
densities of the upper two levels of the three-level systemC11

~black squares! andC22 ~gray squares! as a function of time for~a!
no additional THz background~BG! field, ~b! additional THz BG
field present 2 ps after optical excitation,~c! THz BG field present
50 fs after optical excitation, and~d! THz BG field with inverted
phase with respect to~c!. The vertical dashed line indicates th
coherence time of 1 ps.
6-2
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a THz background field. The THz resonator is then form
by surrounding the emitter with two spherical mirrors,
shown in Fig. 3~b!. The direction of excitation is changed s
that the THz pulses generated in the specular reflection
rection will travel back and forth between the resonator m
rors and provide the THz background field for the emitt
With this reverse excitation scheme the effect of the reso
tor can be evaluated by direct comparison as the detec
path remains unchanged in both configurations. Inside
THz resonator most of the impinging radiation is transmit
through the emitter, the residual reflectivity is exploited
using the emitter itself as output coupler. Due to the lin
geometry of the resonator, half of the available radiation
coupled out into the direction opposite to the detection p
and, thus, lost for the experiment.

To ensure optical pumping of the emitter synchronous
the impinging THz background field, the cavity lengthsL
~repetition ratesf rep, respectively! of the exciting laser and
THz resonator must be identical. The 1 GHz repetition r
of the exciting laser allows to build a compact THz resona
with a round trip length of only 30 cm (f rep5c/L, wherec is
the speed of light!. This gives clear advantages with respe
to alignment and handling compared to previous attem
with a conventional 80 MHz system which required
roundtrip length of roughly four meters.11 To ensure that the
THz background field has the correct phase relationship
order to achieve amplification, the overall roundtrip pha
change has to be a multiple of 2p. Here the Gouy effect
which introduces an extra phase shift ofp for each focus
passed through, has to be taken into account. This requ
the resonator geometry to be near concentric. Furthermo
is crucial to control and minimize the resonator loss; the l
introduced by the resonator mirrors is negligible compared
that stemming from the emitter. The latter is considera
reduced by thinning the emitter and by applying an ant
flection coating.

FIG. 3. Experimental setup.~a! Standard configuration to gen
erate and detect THz radiation with an InGaAs surface field em
and a photoconductive~pc! antenna as receiver in a typical time
domain THz emission setup. The THz beam path is indicated by
area colored in light gray.~b! THz resonator setup with modifie
excitation path. Two spherical mirrors comprise the THz resona
15520
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Time-resolved experiments are performed with the st
dard emission setup and in the THz resonator configura
for the same emitter. For evaluation purposes the tim
domain measurement data is converted into frequency s
by Fourier transformation. The amplification effect can th
be determined by straightforward comparison. The main
sult is shown on a linear scale in Fig. 4. The spectral int
sity of the THz emission is amplified by roughly a factor
15 for frequencies between 0.3 and 0.6 THz~solid line! com-
pared to the spectral intensity of the same emitter with
resonator~dashed line, magnified by a factor of 10 for cla
ity!. Over the integral of the spectrum the gain amounts
more than one order of magnitude. We estimate the t
emitted power in this case to be on the order of 10mW. In
the light of losing half of the available radiation due to th
adverse outcoupling effect mentioned above, this result
phasizes the potential of our concept. The dip at 1 THz
caused by the transmission characteristics of the emi
modulating both the intracavity transmission as well as
output coupling from the THz resonator. Because transm
sion through the emitter is close to unity around 1 THz, the
frequency components are trapped inside the resonator. T
by further optimizing the emitter with respect to its transm
sion characteristics and outcoupling ratio, still higher gain
feasible.

To experimentally demonstrate the phase dependency
served in the density matrix calculation, additional measu
ments were performed with a slightly detuned resonator. T
detuning leads to erroneous synchronization of the opt
pumping of the emitter and the impinging THz backgrou
field in the time domain. The temporally short THz pul
providing the background field for the emitter consists o
superposition of individual frequency components with
certain phase relationship. Therefore, a temporal detuningDt
corresponds to a linear phase shiftDw(n)52pnDt for a
certain frequency componentn of the THz background field.
The resulting running phase thus allows us to test the ph
dependence of the THz background field while avoidi
modifications to the resonator geometry. This allows us
work under identical experimental conditions with respect
the synchronized case. The result is shown in Fig. 5 o

r

e

r.

FIG. 4. Spectral intensity of amplified emission~solid line! and
standard emission~dashed line! of the same emitter on a linea
scale. The latter is magnified by a factor of 10 for clarity.
6-3
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logarithmic scale~dotted line!. Also shown are amplified
emission~solid line! and standard emission~dashed line!. In
the detuned case, the spectrum is strongly modulated
the modulation swing centered on the standard emission
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