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Efficient frequency up-conversion in resonant coherent media
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We demonstrate an efficient frequency up-conversion based on generation of large atomic coherence in a
cascade system. Two infrared, low power laser fields tuned to the vicinity of the two-photon transition in Rb
vapor were converted spontaneously into infrared and blue radiation. Extension of the technique into other
spectral regions using highly excited states seems feasible.
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Effects of atomic coherence and interference are curre
becoming an important tool in resonant nonlinear phys
@1#. These effects have been demonstrated to yield reso
enhancement of second harmonic generation@2#, four-wave
mixing @3#, and frequency conversion without stringe
phase-matching requirements@4–9#. Nonlinear phenomena
induced by tiny optical fields due to extraordinarily larg
Kerr nonlinearities has been observed already@10# and are
expected to yield a new regime of quantum nonlinear op
@11#.

In this paper we demonstrate that techniques of ato
coherence and interference can be used for efficient
quency up-conversion of low power, continuous wave~cw!
laser fields. Specifically, we describe an experiment in wh
two infrared laser beams have been efficiently converted
far infrared and blue radiation in a fully resonant wave m
ing process.

The present approach is related to but different from e
lier studies involving lasers without inversion@13#, fre-
quency conversion@4#, and parametric oscillators driven b
maximal coherence, as well as Raman generation by ph
and antiphased states in molecules@6#. Here we operate in a
very different parameter domain involving relatively we
laser fields and much closer to the single-photon resona
most importantly, however, we work with a cascade atom
configuration. Finally, we note that the effects related to
present observation have been seen using excitation
short laser pulses@12#. The earlier experiments were tran
sient in nature and used significantly higher levels of pow
than those used here.

Consider a four-state cascade atomic medium@Fig. 1~a!#
in which ub&→ua&→uc& transitions are driven by a pair o
external resonant fields with Rabi frequenciesV1 andV2. In
systems of this kind the dephasing rate of the upper stattb
is much slower than the corresponding rate of the interm
ate statesta ,td . Whenever this is the case optical fields c
excite a large atomic coherence on the dipole-forbidden t
sition ub&→uc&, thereby transferring a large fraction of pop
lation into the excited state. This allows one to create a la
population inversion on an infrared (uc&→ud&) transition by
exciting the upper state. At the same time theub&→uc& co-
herence results in a reduction of resonant absorption for d
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ing fields and modifies the corresponding refractive ind
When the coherence is created in a medium with a su
ciently large density-length product, a correlated pair
fields with frequencies corresponding to the optical tran
tions of the second cascadeuc&→ud&→ub& can be spontane
ously generated in a very efficient nonlinear mixing proce

We work in atomic 87Rb in which the ground stateub&
5u5S1/2& is coupled to the slowly decayinguc&5u5D5/2&
level ~lifetime tc is 240 ns! by two infrared lasers at 780 nm
and 776 nm. The intermediate stateua1&5u5P3/2& has a life-
time of ta1532 ns. The uppermost level of the cascade h
a dipole-allowed path to theud&5u6P3/2& state (td
5112 ns). This transition has a very strong dipole mome
but a very slow radiative decay due to a long wavelen
(5.5 mm). Finally, the stateu6P3/2& has a dipole-allowed
transition to the ground state with a wavelength in the b
spectral region~420 nm!. In what follows we show that it is
the interplay between population inversion in the infrar
transition and large two-photon coherence that results in
generation of infrared and blue radiation. Specifically, sp
tral components of the amplified spontaneous emission
5.5 mm beat with those of two-photon coherence result
in generation of the 420 nm field with a large nonlinear ga

In the experiment@Fig. 1~b!# radiation from two extended
cavity diode lasers ECDL1 and ECDL2 was combined o
polarizing beam splitter and focused before entering a 12
long Rb cell. The output power of each laser was ab
10–15 mW, and spot sizes were about 400mm in the cell

FIG. 1. ~a! 87Rb atoms in double-cascade configuration intera
ing with four optical fields.~b! Schematic of experimental setup
ECDL1,2 are lasers, PB is beam splitter, and PD is photodetec
©2002 The American Physical Society01-1



h
re

ed
ra
m
e

re
e

th
a
ot
tie
o
an
th
lli
a
t

ity
tu

d
r

re
m

ra

ie
e

he
a

or

Rb
d
en-
f
i-

ane-
n-
een

of
ing
The
d
sh-
n-
mi-

ent
n-

ur-

be
le-
n.
tate
, a
a

mic
ton
n
s a

ng

si-

rms
nd
l to
be-
of

en
g
ion

lue

v

RAPID COMMUNICATIONS

ZIBROV, LUKIN, HOLLBERG, AND SCULLY PHYSICAL REVIEW A 65 051801~R!
region. The two collinear laser beams passed throug
Brewster cell containing either natural or isotopically pu
Rb maintained atT;100 °C and were subsequently block
by filters. Collimated, intense blue radiation as well as inf
red radiation propagating along the path of the driving bea
were detected and analyzed. Fluorescence from the sid
the Rb cell was also monitored simultaneously.

Under conditions corresponding to optimal temperatu
alignment, and tuning of the driving beams the output pow
of the forward blue radiation reached the 15mW level. We
note that this corresponds to conversion efficiency that, at
given power level, exceeds that of typical nonlinear cryst
by several orders of magnitude. We further note that b
processes can be similarly enhanced using build-up cavi
Figure 2 shows typical dependencies of the intensity of f
ward radiation and orthogonal fluorescence at 420 nm,
the absorption of the 780 nm drive laser as a function of
tuning of the 776 nm drive laser. A large increase of co
mated blue radiation is apparent as the 776 nm laser
proaches two-photon resonance. Note that, in general,
output intensity of the collimated blue field and the intens
of fluorescence display different dependencies upon the
ing of the driving fields. For example, the curve~i! corre-
sponding to collimated radiation has a strong asymmetry
shape. We further observe that the collimated infrared fiel
affected only marginally by the presence of the blue gene
tion. In contrast, a very good correlation between infra
field and side fluorescence at 420 nm is evident. At the sa
time collimated blue generation occurs only when the inf
red field is present@14#.

The spectral properties of the generated light were stud
using Fabry-Pe´rot reference cavities. The frequency of th
generated 420 nm field followed the tuning of either of t
driving lasers. The spectral width of the blue radiation w
measured to be<3 MHz, limited by the resolution of the
reference cavities@15#.

We have also performed measurements in which abs

FIG. 2. ~a! Generated intensity of blue@420 nm, curves~i!, ~ii !#
and infrared@5.5 mm, curve~iii !# radiation as a function of drive
~776 nm! laser tuning. The 780 nm driving laser is tuned to the b
side of theF52→F953 absorption line of87Rb ~detuning from
the line center is about 150 MHz!. Driving power is 10 mW and 11
mW at 780 nm and 776 nm, respectively.~b! Transmission of a
weak 420 nm probe beam passing through the optically driven
por cell. ~i! Both driving beams are off.~ii ! 780 nm is present.~iii !
780 nm and 776 nm beams are present. Curve~iii ! is shifted upward
due to spontaneously generated background.
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tion of a weak 420 nm probe field passing through the
cell was studied@Fig. 2~b!#. In this experiment the secon
harmonic of an 840 nm extended-cavity diode laser was g
erated using a LiIO3 crystal. Typically a few nanowatts o
power were obtained~i.e., more than three orders of magn
tude less than in the present process!. The driving intensities
were chosen to be much lower than in the case of spont
ous generation@small spontaneous generation results in u
wanted background radiation; see the difference betw
curves~ii ! and ~iii ! for large detunings in Fig. 2~b!#. In the
case when the driving fields were not present about 95%
the blue probe light was absorbed. When a pair of driv
beams was applied large amplification was observed.
particular value of the amplification coefficient was limite
by saturation of the medium. Whereas the saturation thre
old could be increased by increasing the driving field inte
sities, for stronger fields the spontaneous generation do
nates.

We now turn to a theoretical discussion of the pres
results. In order to understand the origin of the efficient no
linear generation we consider a situation in which the fo
state system@Fig. 1~a!# is interacting with four optical fields.
The main features of resonant nonlinear generation can
understood by considering the coherence of the dipo
forbiddenub&→uc& transition and the upper state populatio
In an idealized case when the dephasing of the upper s
uc& is negligible and when there is no Doppler broadening
pair of laser fieldsV1 ,V2 can drive the atomic system into
stateuC&5cosuub&1sinuuc&, if the sum frequency of the two
fields is close to the two-photon resonance in the ato
medium. This state corresponds to a maximal two-pho
coherenceurbcu25rbbrcc and can result in a large populatio
of the excited stateuc&. Note that the cascade coherence i
running wavercb5 r̄cbexp(ikcbz) with a wave vectorkcb
which is equal to the sum of the wave vectors of the drivi
fields, modified by appropriate refractive indices.

Consider now propagation of the pair of optical fieldsE1 ,
E2 in the medium with initial coherence in a cascade tran
tion. The relevant Maxwell equations are

]E1

]z
5S k1

rdd2rbb

Gdb
1 idkDE12

k1

Gdb
r̄cbE2* , ~1!

]E2*

]z
5S k2

rcc2rdd

Gdc
DE2* 1

k2

Gdc
r̄bcE1 , ~2!

wherer i i are populations of atomic states andG i j are com-
plex relaxation rates of optical coherences.dk5k181k28
2kbc is the wave vector mismatch. In these equations te
proportional to populations of levels describe linear gain a
loss as well as phase shifts, whereas terms proportiona
coherence are responsible for nonlinear cross coupling
tween fields. Both are proportional to coupling constants
the corresponding transitions:k153/(4p)Nl1

2gd→b , k2

53/(4p)Nl2
2gc→d (g i denote radiative decay rates betwe

levels u i &→u j &). Note that for the current problem involvin
a strong infrared and a weak short wavelength transit
k2@k1.

a-
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Interesting insight into propagation dynamics can
gained by studying the eigenvalues of two normal mo
corresponding to Eqs.~1! and ~2!. In the case when absorp
tion of driving fields can be disregarded they are

L1,25a7Fa22urbcu22k2

rcc2rdd

Gdc

3S k1

rdd2rbb

Gdb
1 idkD G1/2

, ~3!

where

a5~1/2!@k1~rdd2rbb!/Gdb1 idk1k2~rcc2rdd!/Gdc# .

Let us consider again an idealized limit when the populat
in the intermediate levels is negligible,raa5rdd50, coher-
ence is maximal,urbcu25rbbrcc , anddk50. Note that the
last condition can easily be achieved due to the large dis
sion of the refractive index near two-photon resonance. S
a phase-coherent medium yields two normal modes w
propagation constantsL150 and L25a. The first normal
mode corresponds to undistorted propagation of a pai
fields E1 , E2 with a ratio of amplitudes determined by th
Rabi frequencies of the driving fieldsE1 /E2* 5V1 /V2* .
Such lossless propagation is known from studies of EIT i
L medium, in which case it corresponds to stable propa
tion of so-called matched pulses@1,17#. The stability is nor-
mally ensured due to large absorption of the second eig
mode.

We now show that such a matched-pulse propagatio
unstable in the case of a cascade medium. To this end
note that the real part of the second eigenvalue Rek2 can be
large and positive if

Re~k2!5
k2gdc

gdc
2 1Ddc

2
rcc2

k1gdb

gdb
2 1Ddb

2
rbb.0. ~4!

This implies that when the linear gain coefficient for a fie
E2 exceeds the linear loss for fieldE1 a properly phased pai
of fields can be exponentially amplified. The essence of
process is that a light field amplified by a phase insensi
gain mechanism on theuc&→ud& transition beats with coher
ence on the cascade transition and, as a result, gene
correlated components of radiation near resonance with
ud&→ub& transition. For the present problem involving
strong long-wavelength transition between highly exci
states and a weaker transition in the short-wavelength reg
this gain coefficient can be very large,;k2rcc /gdc .

It should be noted that the above regime is very differ
from that corresponding to the usual two-photon parame
gain @16#, which takes place in the off-resonant case, wh
the coherence and population in the upper state are sma
the latter case of the usual, off-resonant parametric amp
cation, photons are emitted only in pairs, i.e., infrared p
tons are generated only if blue photons are present, and
versa. In the resonant case one of the fields~infrared! is
generated regardless of the presence of the second~blue!
component.
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In order to make a detailed comparison between the
oretical predictions and experimental results we have car
out numerical simulations in which the Maxwell equatio
for four optical fields interacting with four-state atoms ha
been solved. In the present experimental demonstration
coherence generated is not ideal. In particular, decay f
the upper state and Doppler broadening result in a decre
value of this coherence. Due to the Doppler broaden
larger values of coherence appear when the driving fields
tuned to the wings of the absorption lines. For typical expe
mental conditions we calculated both coherence and the
per state population to be on the order of a few percent.
describe the atomic and field dynamics density matrix eq
tions were solved numerically with parameters correspo
ing to atomic Rb. All saturation effects were included expl
itly. To describe the effect ofspontaneous generation,
spontaneous emission must be taken into account. In ord
model this effect we include a weak seed field on theud&
→ub& transition with initial intensity proportional to the up
per state population. For the present experimental condit
we find that the linear amplification factor is on the order
exp(30), in which case the properties of the output radiat
are determined by saturation effects and do not depend~to a
very good approximation! upon the initial conditions.

Results of the numerical simulations are presented in F
3. These calculations can predict the major qualitative f
tures of the observed line shapes reasonably well. It is
markable that the spectra of both infrared and blue fie
display several peaks corresponding to large amplificat
For instance, the infrared spectrum displays three com
nents corresponding to the Autler-Townes splitting. Ho
ever, it must be emphasized that none of those componen
due to parametric two-photon amplification: by artificial
excluding the generation of the blue field nearly identic
spectra of the fieldE2 have been obtained. At the same tim
it is clear that the spectrum of blue radiation (E1) does not

FIG. 3. Theoretically calculated spectra of generated radiat
~a!,~c! Contour plots of generated intensity of infrared and bl
fields ~darker shading corresponds to higher intensity! as a function
of spectral frequency of the corresponding component and of
tuning of the 776 nm driving laser.~b!,~d! Total generated intensity
as a function of 776 nm laser tuning.
1-3
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follow exactly that of the fieldE2, as it should in the case o
ideal coherence. Clearly, since coherence is not perfect
eration favors some parts of the spectrum over others du
absorption of driving fields and phase-matching consid
ations. Note that phase matching and hence efficient gen
tion of a certain component frequency can be optimized
small tuning of one of the driving lasers, in agreement w
earlier observations@4#.

It is important to remark on the saturation behavior of t
present system; here it is determined by the depletion of
upper state population which is accompanied by a decre
in the relevant coherencerbc . This is different from the
effects of competition between amplified spontaneous em
sion and parametric gain, which dominates in the case
off-resonant excitation. As discussed by Boyd and
workers this completion mechanism requires the effec
two-photon Rabi frequencies on the excitation pathb→a
→c and on the generation pathb→d→c to become equal
In the case when input driving fields are very far from t
corresponding single-photon resonances@18# and amplified
spontaneous emission is resonant, nonlinear generation
be inhibited already for very low generated power. In t
present case the input driving fields are themselves clos
resonance; hence this competition mechanism will take p
.
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only when the generated power becomes comparable to
input power and does not inhibit efficient generation.

One obvious limitation of the present, resonant proces
that it is effective in a relatively narrow range of frequenci
associated with specific atoms. We note, however, that
decay configuration required to achieve efficient frequen
conversion is typical for excited states of many atomic s
tems. In particular, it is interesting to consider the extens
of the present technique to the highly excited Rydberg sta
These states are typically very long lived, and yet coupled
strong dipole-allowed transitions in the far infrared or ev
microwave spectral regions. Such levels can be den
spaced and can potentially be used for stepwise tuning ov
large bandwidth. We believe that this lays the ground wo
for the extension of the present proof-of-principle demo
stration for generation of deep uv radiation in a broad cl
of atomic systems.
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