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Coherent microwave emission in cesium under coherent population trapping
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Microwave emission has been observed at the ground-state hyperfine transition frequency of a cesium
atomic vapor driven into a nonabsorbing state by means of coherent population trapping. The coherent emis-
sion observed is due to the oscillating magnetization generated by the coherence, which is induced between the
ground-state hyperfine levels when they are coupled to an excited state by means of two laser radiations via a
L scheme. The experiments described were done in a quartz cell containing buffer gases such as neon and
nitrogen, reducing the linewidth through the Dicke effect. The cell was placed inside a microwave cavity tuned
at 9.2 GHz, the ground-state hyperfine frequency of cesium, and a power output of the order of 100 fW was
measured in the case where nitrogen was used as the buffer gas.@S1050-2947~99!51001-9#

PACS number~s!: 42.50.Md, 32.10.Fn, 32.30.Bv, 42.50.Gy
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Coherent population trapping~CPT!, originally described
by Alzettaet al. @1#, is a quantum-mechanical effect that h
drawn attention recently in view of applications in field
such as atom cooling@2#, magnetometry@3#, lasing without
inversion@4#, and frequency standards@5–7#. In the case of
alkali-metal atoms, CPT may be readily observed throu
coupling of the two ground-state hyperfine levels to a co
mon excited state, such as aP state, via two laser radiation
in a L configuration. When the frequency difference betwe
the two radiations is equal to the ground-state hyperfine
quency, the atoms can no longer absorb light. The atoms
trapped in the ground state and a so-called dark line is
ated in the fluorescence spectrum. Doppler broadening
this dark line may be avoided by means of the Dicke eff
through the use of buffer gases@5#. For example, a linewidth
as narrow as 50 Hz in cesium at 9.2 GHz has been repo
with neon as a buffer gas@7,8#. Furthermore, as pointed ou
by Orriols @9#, in view of the intrinsic properties of CPT, th
dark line itself is not subject to a light-shift effect@10# of the
type encountered in the case of intensity optical pump
with one laser. These two characteristics make CPT v
interesting in the field of atomic frequency standards.

In the present work we are interested in the cohere
induced in the ground state by the CPT phenomenon an
associated magnetization that is expected to radiate a
hyperfine frequency. We report the observation of this coh
ent emission in a microwave cavity with aQ of 3000 tuned
at the hyperfine frequency of 9.2 GHz. This process does
require a population inversion as in the case of the stand
maser approach where oscillation is achieved when
threshold gain for oscillation is reached through a signific
population inversion and a high-cavity quality factor. As
shown by theoretical analysis@9,11#, CPT traps essentially
all atoms in the ground state. Furthermore, in the sim
three-level system studied in these articles, both ground-s
levels remain equally populated when the two laser rad
tions have equal intensities. One can thus say that the co
ent microwave emission takes place without population
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version, although it is not essential to the phenomen
reported here. The effect could also be interpreted as a st
lated coherent Raman emission at the ground-state hype
frequency. By extension, the resulting device, using a mic
wave cavity that provides gain through stimulated emissi
may be said to belong to the group of atomic oscillati
devices such as the hydrogen and rubidium masers@12#.

We consider the three-level scheme shown in Fig. 1
representing the two hyperfine ground levels selected and
excitedP3/2 state of the cesium atom. This is a rather si
plified model of the actual physical situation. However, d
to the applied magnetic field, the various ground-st
Zeeman hyperfine levels are all well resolved. Of the seve
three-level schemes that can be excited, only one is sele
by choosing the appropriate difference angular freque
(v22v1). It is found that this simple model is sufficient t
explain the essentials of the experimental observations
ported below. Although the following discussion is applie
to the cesium atom, it can also be extended to the gen
case ofL transitions in alkali-metal atoms. In this figureg1
and g2 are the population and coherence relaxation ra
respectively, in the ground state andG* is the decay rate of
the excitedP state, including spontaneous emission and
decay caused by the collisions with the buffer-gas atoms
our experiments we have used both neon and nitrogen
buffer gases, at pressures of 37 and 19 Torr, respectively.
have evaluatedG* /2p to be of the order of 600–700 MHz
for these buffer gases@7#. Nitrogen has the added property o

FIG. 1. Three-level system considered in the present work.
though the diagram addresses the case of cesium, it can als
applied to the case of the other alkali-metal atoms.
R12 ©1999 The American Physical Society
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quenching the scattered optical radiation from the ato
ensemble@13#. This effect has the advantage of avoidin
optical pumping of the atomic ensemble by the scatte
radiation, which would tend to destroy the coherence in
ensemble. The relaxation rateg2 is controlled by diffusion to
the walls of the cell, collisions with the buffer gas, and t
spin-exchange collision rate, which is a function of the de
sity of cesium atoms@12#. At the temperatures of operatio
in our experiments, the cesium density was sufficiently h
for spin exchange to be the determinant contributor tog2 . In
our case the two coherent laser radiations atv1 andv2 are
sidebands created by modulating the frequency of a la
tuned to theS1/2 to P3/2 transition~D2 line at 852 nm!.

A simple perturbation analysis provides the essential t
oretical background for analyzing the experimental data
ported in this Rapid Communication@11#. The main results
are that when the two sidebands have equal intensities
are resonant with the two transitions, as shown in Fig. 1,
optical excitations interfere and all atoms are trapped in
ground state with both levelsm andm8 having equal popu-
lations. The process furthermore creates a strong coher
between the two levelsm and m8 that manifests itself as a
macroscopic magnetization that oscillates at the freque
v22v1 @12#. When the ensemble is placed in a cavity tun
to the frequencyv22v1, as illustrated in Fig. 2, coupling
between the cavity mode and this magnetization takes p
and the ensemble emits energy at the rate

Pat5
1
2 \vm8mNk~4dmm8dm8m!, ~1!

wheredmm8 is the off-diagonal element of the density matr
and represents the ground-state hyperfine coherence ex
in the ensemble (dm8m5dmm8* ). The termk is defined as

k5 NQLhm0mB
2/\Vc . ~2!

In these expressions,N is the total number of atoms contrib
uting to the CPT,h is the filling factor,QL is the loaded
cavity quality factor,VC is the cavity volume,m0 is the
permeability of free space, andmB stands for Bohr magne
ton; k is in units of s21. When the laser radiation is applie

FIG. 2. Experimental setup used for the observation of either
dark line or the coherent emission. The acousto-optic modul
~AO! is used solely to modulate the laser-beam intensity and cr
the laser pulses for transient studies.
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under the form of a pulse, the hyperfine coherence builds
at the rateg21vR

2/G* at the beginning of the pulse. Th
result is

dmm8dm8m5
~vR

2/2G* !2

~g21vR
2/G* !2

~12e2~g21vR
2 /G* !t!2, ~3!

where vR is the Rabi frequency of the optical excitatio
associated with the sidebands. The power, as given by
~1!, builds up with the coherence. For a long pulse, wh
g2t@1, steady state is reached and the system emits con
ously; dmm8dm8m is given by the first part of Eq.~3!. In such
a case, calculations show that the emission linewidth is eq
to (g21vR

2/G* )/p. After the laser pulse, the system evolv
freely in the cavity at the hyperfine frequencyvm8m . The
power output may be calculated in a self-consistent appro
by equating the power emitted by the atoms to the pow
dissipated in the cavity@14,15#. However, in the presen
case, the cavityQ is relatively low and the amplitude of th
rf field in the cavity is weak. There is no radiation dampin
@14#. The power is given by

Pdiss5
1
2 \vm8mNke22g2t~4dmm8dm8m!, ~4!

where t is measured from the end of the light pulse a
wheredmm8dm8m is given by the steady-state value reached
the end of the laser pulse as given by Eq.~3! wheng2t@1.
After the laser pulse the power decays at the rate 2g2 .

Although the cesium atom has many more energy lev
than the three-level system studied, the above analysis
vides an essential basis for the interpretation of the exp
mental observations reported below. In fact, the experime
were done in a magnetic field larger than 1025 T ~100 mG!.
In such a field all ground levels are well separated relative
their width and the hyperfine resonance lines are all w
resolved. However, the laser, having a broad spectrum,
cites all transitions from the ground state. In practice, in
experimental setup used, the CPT phenomenon is also
served for allDmF50 transitions of the ground state. Th
contrast~2–3%! and relative amplitude of the observed da
lines agree, within experimental error, with calculatio
made with the help of Clebsch-Gordan coefficients@11#.
From this observation, it is expected that the distribution
populations among the ground-state energy levels is
much perturbed from equilibrium by the excitation proce
and the assumption relative to the approximate equality
ground-level populations should thus be valid for each in
vidual three-level system, giving rise to a dark line.

The two laser radiations are provided by the first sid
bands of a frequency-modulated semiconductor laser d
@16,17#. The modulation signal at the angular frequencyvm
;(vmm8/2) is added directly to the laser injection current.
is possible to obtain a frequency modulation indexm f;1.
This technique ensures a very high correlation between
two optical radiations used in theL scheme and avoids an
divergence often encountered when two independent l
beams are used. The laser diode is coupled to an exte
cavity ~Littrow configuration! for tuning purposes. The lase
sidebands, depending on actual operating conditions, suc
temperature, current, and microwave coupling, have b
observed on occasion to be of slightly different amplitud
at most 10%. This effect could cause a small intensity opt
pumping effect in the cesium ensemble and could also ca
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one ground level to be more populated than the other. H
ever, this effect does not create any coherence or oscilla
magnetization. Consequently it cannot produce emission
coherent microwave radiation of the type observed in
experiments reported here. Calculations show that, in
system, the cavityQ is much too low by at least three orde
of magnitude to provide sufficient gain for maser action ev
if the populations were totally inverted@18#. Thus, this in-
tensity optical pumping effect, if it exists, is totally negl
gible in the present experiments.

The quartz cell, containing the cesium vapor and
buffer gas, is placed inside a TE011 microwave cavity tuned
to the hyperfine frequency of the cesium atom. The we
static magnetic fieldB0 , which defines the axis of quantiza
tion, is set parallel to the cavity axis. The active atomic
gion is a cylinder situated at the center of the microwa
cavity and has a height of 1 cm~cell length! and a diameter
controlled by the laser-beam diameter. The loaded ca
factor of the cavity with the quartz cell inserted isQL
53000. The setup also makes it possible to observe the fl
rescence radiation and the dark line in the radial direction
means of a photodetector. The heterodyne receiver is a h
performance spectrum analyzer that can be used eithe
observe the spectrum of the emitted radiation in the
quency domain, or to perform an analysis in the time dom
when it is operated in the video mode. Its sensitivity
10220W/Hz. A Fabry-Perot cavity that is not shown in Fig.
is used to monitor the spectrum of the modulated laser ra
tion. The acousto-optic modulator~AOM!, driven by a rf
source at a frequency of 80 MHz and a pulse generato
used when the transient behavior of the emission is stud

Continuous operation. The microwave emission gene
ated by the Cs atoms in the coherent superposition of the
hyperfine ground states is shown in Fig. 3 for a cell conta
ing neon as a buffer gas and at a temperature of 41 °C.
laser power density is 100mW/cm2. A power output of
10215W and a signal-to-noise ratio of 104 in a resolution
bandwidth of 10 Hz are measured. The frequency is tw
the modulation frequency of the laser. No threshold in rad
tion emission as a function of laser intensity was fou
within the noise limits, in contrast to standard masers us

FIG. 3. Spectrum of the coherent emission:t541 °C; buffer
gas, neon; horizontal axis, 100 Hz/div; vertical axis, 10 dB/d
resolution bandwidth, 10 Hz; peak value, 10215 W.
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the technique of population inversion. We have also stud
the profile of the emitted coherent radiation in the continuo
mode by scanning the modulation frequency of the laser.
results are shown in Fig. 4. The emission profile appro
mates a Lorentzian shape as expected from the calculat
We have verified that its width is proportional to the las
intensity~power broadening! and is equal to the linewidth o
the dark line that is observed at the same time. The
quency, corresponding to the maximum emission power,
incides with the center of the dark line and is equal to
cesium hyperfine frequency shifted by the buffer gas and
magnetic field. The dependence of the emission frequenc
laser frequency was also measured by locking the synthes
to the peak of the emission profile. Preliminary experime
have shown that the light shift was essentially due to ot
causes than the CPT excitation itself, such as the resi
carrier and other spectral sidebands. These experim
showed a quadratic dependence of the frequency shift
laser intensity, an effect that is described elsewhere@18#.

The minimum width observed is a function of the tem
perature of the cell. At 41 °C in neon, it is 120 Hz, the ma
contribution originating from spin-exchange collisions@12#.
In the case where nitrogen is used as a buffer gas, scatt
radiation is quenched, as was mentioned above. It is t
possible to operate at a higher temperature than in the ca
neon, without the disadvantage of loss of coherence du
the incoherent fluorescence radiation. With nitrogen and w
a laser beam larger than in the previous experiments,
could measure a power above 100 fW for a cell at 50 °C w
a linewidth of the order of 300 Hz. This power is in agre
ment with Eq.~1! within approximately 50%, the differenc
essentially originating from a lack of knowledge of the de
sity of atoms contributing to CPT. We have verified th
within experimental error the emitted power is proportion
to the square of the atomic density within the range 25 °
50 °C, as predicted by Eq.~1!.

Transient operation. The transient behavior of the emitte
power upon laser pulsing is shown in Fig. 5. The laser
turned on for 6 ms and is delayed by 1.5 ms with respec

;

FIG. 4. Emission profile of the coherent radiation measured
different laser power densities: neon is the buffer gas; horizo
axis, 700 Hz/div; vertical axis, 2310216 W/div; resolution band-
width, 10 kHz; curve a, 60mW/cm2; curve b, 25mW/cm2; curve c,
6 m W/cm2.
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the heterodyne receiver detection synchronism. The rise
and the fall time of the laser pulse are of the order of 1ms
and are totally negligible when compared to the rise time
decay time of concern in the present experiments. Sev
interesting phenomena predicted by the theory can be v
fied with the resulting patterns and measurements can
made to determine many physical parameters of the sys
In particular are the following:

~a! The decay of the power after the laser pulse is a m
sure of the decay of the coherence in the ground state
allows a measurement ofg2 . We have found that this deca
rate was within experimental error in agreement with
decay rate measured on the same setup by the standard
lation inversion andp/2 pulse technique.

~b! The power buildup time constant is correlated to t
laser intensity in agreement with Eq.~3!. It provides a means

FIG. 5. Transient behavior of the emitted power observed
different laser power attenuations: neon is the buffer gas; horizo
axis, 3 ms/div; vertical axis, 2 dB/div; peak value, 10215 W; reso-
lution bandwidth, 10 kHz; curve a, 100mW/cm2; curve b, 40
mW/cm2; curve c, 15mW/cm2. The sideband’s frequency differenc
is equal to the hyperfine frequency.
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for measuring the factorvR
2/G* , sinceg2 is obtained from

the free-induction decay following the pulse. The time co
stant of the buildup was found to be in agreement with
experimental errors with the linewidth of the dark line
measured on the same setup.

~c! We have verified that the frequency of emission d
ing the pulse when steady state has been reached is equ
twice the angular frequency of modulation of the laser
v22v1 . After the pulse, the frequency of the free-inductio
decay is the hyperfine frequency,vm8m , shifted by the buffer
gas and the magnetic field.

In this paper we have described the realization of a re
tively simple system that produces coherent radiation at
hyperfine frequency of the ground state of cesium by me
of coherent population trapping. We have shown that
experimental results obtained are in good agreement wi
simple perturbation analysis of the phenomenon. The em
sion originates from the oscillating magnetization created
the hyperfine coherence introduced in the ensemble by
phenomenon of coherent population trapping. The eff
does not require a population inversion as in the stand
intensity optical pumping approach and may be said to t
place without population inversion. The effect does not ha
a threshold either in laser intensity or density. The maxim
of the emission is characterized by a large signal-to-no
ratio and, in principle, its frequency, aside from buffer-g
and magnetic-field shifts should be affected only by seco
ary effects~light shift! due to the presence of a residual ca
rier and other sidebands. The emission profile center can
provide a good reference for the stabilization of a microwa
oscillator, leading to a frequency standard with promisi
characteristics.

We wish to thank Professor N. Beverini for his expe
help in filling the cells with buffer gases, and C. Novero,
Andreone, and E. Arimondo for their comments and coo
eration. This work has been partially supported by ASI~Ital-
ian Space Agency!.
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