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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
A 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 buffdiS§860-294©9)51001-9

PACS numbg(s): 42.50.Md, 32.10.Fn, 32.30.Bv, 42.50.Gy

Coherent population trappin@PT), originally described version, although it is not essential to the phenomenon
by Alzettaet al.[1], is a quantum-mechanical effect that hasreported here. The effect could also be interpreted as a stimu-
drawn attention recently in view of applications in fields lated coherent Raman emission at the ground-state hyperfine
such as atom coolinfR], magnetometry3], lasing without ~ frequency. By extension, the resulting device, using a micro-
inversion[4], and frequency standar@§—7]. In the case of Wwave cavity that provides gain through stimulated emission,
alkali-metal atoms, CPT may be readily observed throughnay be said to belong to the group of atomic oscillating
coupling of the two ground-state hyperfine levels to a com-devices such as the hydrogen and rubidium masks
mon excited state, such asPastate, via two laser radiations ~ We consider the three-level scheme shown in Fig. 1 as
in a A configuration. When the frequency difference betweerfepresenting the two hyperfine ground levels selected and the
the two radiations is equal to the ground-state hyperfine freexcited Pg), state of the cesium atom. This is a rather sim-
quency, the atoms can no longer absorb light. The atoms afified model of the actual physical situation. However, due
trapped in the ground state and a so-called dark line is crdo the applied magnetic field, the various ground-state
ated in the fluorescence spectrum. Doppler broadening cfeeman hyperfine levels are all well resolved. Of the several
this dark line may be avoided by means of the Dicke effecthree-level schemes that can be excited, only one is selected
through the use of buffer gasgs]. For example, a linewidth by choosing the appropriate difference angular frequency
as narrow as 50 Hz in cesium at 9.2 GHz has been reporteld»>— w1). It is found that this simple model is sufficient to
with neon as a buffer gd§,8]. Furthermore, as pointed out €xplain the essentials of the experimental observations re-
by Orriols[9], in view of the intrinsic properties of CPT, the ported below. Although the following discussion is applied
dark line itself is not subject to a light-shift effefcd0] of the  to the cesium atom, it can also be extended to the general
type encountered in the case of intensity optical pumpingase ofA transitions in alkali-metal atoms. In this figusg
with one laser. These two characteristics make CPT vergnd y, are the population and coherence relaxation rates,
interesting in the field of atomic frequency standards. respectively, in the ground state ahid is the decay rate of

In the present work we are interested in the coherencéhe excitedP state, including spontaneous emission and the
induced in the ground state by the CPT phenomenon and igecay caused by the collisions with the buffer-gas atoms. In
associated magnetization that is expected to radiate at tiaur experiments we have used both neon and nitrogen as
hyperfine frequency. We report the observation of this coherbuffer gases, at pressures of 37 and 19 Torr, respectively. We
ent emission in a microwave cavity with@ of 3000 tuned have evaluated /27 to be of the order of 600—-700 MHz
at the hyperfine frequency of 9.2 GHz. This process does ndor these buffer gasdg]. Nitrogen has the added property of
require a population inversion as in the case of the standard

S . . 6 2P3; m
maser approach where oscillation is achieved when the /

threshold gain for oscillation is reached through a significant
population inversion and a high-cavity quality factor. As is
shown by theoretical analys[9,11], CPT traps essentially 1

all atoms in the ground state. Furthermore, in the simple @2
three-level system studied in these articles, both ground-state
levels remain equally populated when the two laser radia-
tions have equal intensities. One can thus say that the coher- .,

e
. .. . . . / vhe = 9192 MHz
ent microwave emission takes place without population in- 2_ s QY‘ 1 / ,“;
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FIG. 1. Three-level system considered in the present work. Al-
*Present address: Partement de Physique, Universite Mont-  though the diagram addresses the case of cesium, it can also be
real, Montreal, Canada. applied to the case of the other alkali-metal atoms.
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CESIUM CELL under the form of a pulse, the hyperfine coherence builds up
BUFFER GAS at the ratey,+ wﬁ/l“* at the beginning of the pulse. The
> B, result is
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(J where wg is the Rabi frequency of the optical excitation

associated with the sidebands. The power, as given by Eq.
4.6 GHz (1), builds up with the coherence. For a long pulse, where
v,t>1, steady state is reached and the system emits continu-

[ >

Fluorescence signal

ously; 8,6, , is given by the first part of E¢3). In such
- - a case, calculations show that the emission linewidth is equal
Synth-l | Gen. [*— Gen. Heterodyne receiver to (y,+ wa/I'*)/ . After the laser pulse, the system evolves

I freely in the cavity at the hyperfine frequenay,,,. The
ower output may be calculated in a self-consistent approach
y equating the power emitted by the atoms to the power

tElissipated in the cavity14,15. However, in the present

Case, the cavity is relatively low and the amplitude of the
rf field in the cavity is weak. There is no radiation damping

uenching the scattered optical radiation from the atomi(gl4]' The power is given by
q 9 P Peiss= 3,1 NKe 2727(458,,18,1,), ()

ensemble[13]. This effect has the advantage of avoiding
optical pumping of the atomic ensemble by the scatteredvhere 7 is measured from the end of the light pulse and
radiation, which would tend to destroy the coherence in thevheres,, d,., is given by the steady-state value reached at
ensemble. The relaxation ragg is controlled by diffusion to  the end of the laser pulse as given by ER). when y,t>1.
the walls of the cell, collisions with the buffer gas, and theAfter the laser pulse the power decays at the ragg.2
spin-exchange collision rate, which is a function of the den- Although the cesium atom has many more energy levels
sity of cesium atom$12]. At the temperatures of operation than the three-level system studied, the above analysis pro-
in our experiments, the cesium density was sufficiently highvides an essential basis for the interpretation of the experi-
for spin exchange to be the determinant contributoytoln ~ mental observations reported below. In fact, the experiments
our case the two coherent laser radiationsmatand w, are ~ Were done in a magnetic field larger than 2@ (100 mG.
sidebands created by modulating the frequency of a lasdn such a field all ground levels are well separated relative to
tuned to theS,;, to P4, transition(D,, line at 852 nny. their width and the hyperfine resonance lines are all well
A simple perturbation analysis provides the essential theresolved. However, the laser, having a broad spectrum, ex-
oretical background for analyzing the experimental data recites all transitions from the ground state. In practice, in the
ported in this Rapid Communicatidi1]. The main results experimental setup used, the CPT phenomenon is also ob-
are that when the two sidebands have equal intensities arggrved for allAmg=0 transitions of the ground state. The
are resonant with the two transitions, as shown in Fig. 1, theontrast(2—3%) and relative amplitude of the observed dark
optical excitations interfere and all atoms are trapped in théines agree, within experimental error, with calculations
ground state with both levelg and ' having equal popu- made with the help of Clebsch-Gordan coefficiefid].
lations. The process furthermore creates a strong coherenEgom this observation, it is expected that the distribution of
between the two levelg and »’ that manifests itself as a populations among the ground-state energy levels is not
macroscopic magnetization that oscillates at the frequencinuch perturbed from equilibrium by the excitation process
w,— wy [12]. When the ensemble is placed in a cavity tunedand the assumption relative to the approximate equality of
to the frequencyw,— w,, as illustrated in Fig. 2, coupling ground-level populations should thus be valid for each indi-
between the cavity mode and this magnetization takes placédual three-level system, giving rise to a dark line.

FIG. 2. Experimental setup used for the observation of either th
dark line or the coherent emission. The acousto-optic modulato
(AO) is used solely to modulate the laser-beam intensity and creal
the laser pulses for transient studies.

and the ensemble emits energy at the rate The two laser radiations are provided by the first side-
. bands of a frequency-modulated semiconductor laser diode
Par= 2w, NK(45,,16,1,), (1) [16,17. The modulation signal at the angular frequengy

) ) ) . ~(w,,12) is added directly to the laser injection current. It
wheres,, ., is the off-diagonal element of the density matrix js possible to obtain a frequency modulation index- 1.
and represents the ground-state hyperfine coherence existingis technique ensures a very high correlation between the
in the ensembled,/,=6,,,/*). The termkis defined as  two optical radiations used in th& scheme and avoids any
_ 2 divergence often encountered when two independent laser
k=NQL7uopa/hVe. @ peams are used. The laser diode is coupled to an external
cavity (Littrow configuration) for tuning purposes. The laser
In these expressionsl is the total number of atoms contrib- sidebands, depending on actual operating conditions, such as
uting to the CPT,7 is the filling factor,Q_ is the loaded temperature, current, and microwave coupling, have been
cavity quality factor,V¢ is the cavity volume,uq is the  observed on occasion to be of slightly different amplitudes,
permeability of free space, angg stands for Bohr magne- at most 10%. This effect could cause a small intensity optical
ton; k is in units of s. When the laser radiation is applied pumping effect in the cesium ensemble and could also cause
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FIG. 3. Spectrum of the coherent emissidr:41°C: buffer FIG. 4. Emission profile of the coherent radiation measured for
gas, neon: horizontal axis, 100 Hz/div: vertical axis, 10 dB/div: different laser power densities: neon is the buffer gas; horizontal
resolution bandwidth. 10 He- peak value FBW. ' "axis, 700 Hz/div; vertical axis, 2 10 *®W/div; resolution band-

width, 10 kHz; curve a, 6W/cn?; curve b, 25uW/cn?; curve c,
one ground level to be more populated than the other. How? # wien.

ever, this effect does not create any coherence or oscillating
magnetization. Consequently it cannot produce emission ahe technique of population inversion. We have also studied
coherent microwave radiation of the type observed in thehe profile of the emitted coherent radiation in the continuous
experiments reported here. Calculations show that, in oumode by scanning the modulation frequency of the laser. The
system, the cavitfQ is much too low by at least three orders results are shown in Fig. 4. The emission profile approxi-
of magnitude to provide sufficient gain for maser action evermates a Lorentzian shape as expected from the calculations.
if the populations were totally inverteld 8]. Thus, this in- We have verified that its width is proportional to the laser
tensity optical pumping effect, if it exists, is totally negli- intensity (power broadeningand is equal to the linewidth of
gible in the present experiments. the dark line that is observed at the same time. The fre-
The quartz cell, containing the cesium vapor and thequency, corresponding to the maximum emission power, co-
buffer gas, is placed inside a §& microwave cavity tuned incides with the center of the dark line and is equal to the
to the hyperfine frequency of the cesium atom. The wealkcesium hyperfine frequency shifted by the buffer gas and the
static magnetic field,, which defines the axis of quantiza- magnetic field. The dependence of the emission frequency on
tion, is set parallel to the cavity axis. The active atomic re-laser frequency was also measured by locking the synthesizer
gion is a cylinder situated at the center of the microwaveto the peak of the emission profile. Preliminary experiments
cavity and has a height of 1 cfeell length and a diameter have shown that the light shift was essentially due to other
controlled by the laser-beam diameter. The loaded cavitgauses than the CPT excitation itself, such as the residual
factor of the cavity with the quartz cell inserted @, carrier and other spectral sidebands. These experiments
=3000. The setup also makes it possible to observe the flushowed a quadratic dependence of the frequency shift on
rescence radiation and the dark line in the radial direction byaser intensity, an effect that is described elsew#8g
means of a photodetector. The heterodyne receiver is a high- The minimum width observed is a function of the tem-
performance spectrum analyzer that can be used either fmerature of the cell. At 41°C in neon, it is 120 Hz, the main
observe the spectrum of the emitted radiation in the frecontribution originating from spin-exchange collisiofi<].
guency domain, or to perform an analysis in the time domainn the case where nitrogen is used as a buffer gas, scattered
when it is operated in the video mode. Its sensitivity isradiation is quenched, as was mentioned above. It is then
10 2°W/Hz. A Fabry-Perot cavity that is not shown in Fig. 2 possible to operate at a higher temperature than in the case of
is used to monitor the spectrum of the modulated laser radiaaeon, without the disadvantage of loss of coherence due to
tion. The acousto-optic modulat¢AOM), driven by a rf  the incoherent fluorescence radiation. With nitrogen and with
source at a frequency of 80 MHz and a pulse generator, ia laser beam larger than in the previous experiments, we
used when the transient behavior of the emission is studieatould measure a power above 100 fW for a cell at 50 °C with
Continuous operationThe microwave emission gener- a linewidth of the order of 300 Hz. This power is in agree-
ated by the Cs atoms in the coherent superposition of the twment with Eq.(1) within approximately 50%, the difference
hyperfine ground states is shown in Fig. 3 for a cell contain-essentially originating from a lack of knowledge of the den-
ing neon as a buffer gas and at a temperature of 41 °C. Thaty of atoms contributing to CPT. We have verified that
laser power density is 10@W/cn?. A power output of within experimental error the emitted power is proportional
10 ®W and a signal-to-noise ratio of 40n a resolution to the square of the atomic density within the range 25°C—
bandwidth of 10 Hz are measured. The frequency is twicé0 °C, as predicted by Eql).
the modulation frequency of the laser. No threshold in radia- Transient operationThe transient behavior of the emitted
tion emission as a function of laser intensity was foundpower upon laser pulsing is shown in Fig. 5. The laser is
within the noise limits, in contrast to standard masers usingurned on for 6 ms and is delayed by 1.5 ms with respect to
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ATTE |ﬂr I for measuring the factoaz)'é,/l“*, since y, is obtained from
d8/01y the free-induction decay following the pulse. The time con-
LA_ stant of the buildup was found to be in agreement within
""\ experimental errors with the linewidth of the dark line as
,l/«“"‘ ) measured on the same setup.
- N (c) We have verified that the frequency of emission dur-
! ing the pulse when steady state has been reached is equal to
\ twice the angular frequency of modulation of the laser or
I\ w,— wq . After the pulse, the frequency of the free-induction
I , Yy decay is the hyperfine frequenay,,,, , shifted by the buffer
= -r--— gas and the magnetic field.
In this paper we have described the realization of a rela-
tively simple system that produces coherent radiation at the
. . hyperfine frequency of the ground state of cesium by means
Time [3ms/div.] oﬁ;oherent gopulgtion tragping. We have shown ¥hat the
FIG. 5. Transient behavior of the emitted power observed fore_xperimental res:ults obtaiqed are in good agreement With a
different laser power attenuations: neon is the buffer gas; horizontslimple perturbation analysis of the phenomenon. The emis-
axis, 3 ms/div; vertical axis, 2 dB/div; peak value, #BW; reso- ~ sion originates from the oscillating magnetization created by
lution bandwidth, 10 kHz; curve a, 10@W/cn?; curve b, 40 the hyperfine coherence introduced in the ensemble by the
uW/cn?; curve ¢, 15uWi/cn?. The sideband’s frequency difference phenomenon of coherent population trapping. The effect
is equal to the hyperfine frequency. does not require a population inversion as in the standard
intensity optical pumping approach and may be said to take
the heterodyne receiver detection synchronism. The rise timelace without population inversion. The effect does not have
and the fall time of the laser pulse are of the order gisl @ threshold either in laser intensity or density. The maximum
and are totally negligible when compared to the rise time an@f the emission is characterized by a large signal-to-noise
decay time of concern in the present experiments. Severaétio and, in principle, its frequency, aside from buffer-gas
interesting phenomena predicted by the theory can be verand magnetic-field shifts should be affected only by second-
fied with the resulting patterns and measurements can bery effects(light shift) due to the presence of a residual car-
made to determine many physical parameters of the systerrier and other sidebands. The emission profile center can thus
In particular are the following: provide a good reference for the stabilization of a microwave
(@) The decay of the power after the laser pulse is a meaoscillator, leading to a frequency standard with promising
sure of the decay of the coherence in the ground state angharacteristics.
allows a measurement of,. We have found that this decay
rate was within experimental error in agreement with the We wish to thank Professor N. Beverini for his expert
decay rate measured on the same setup by the standard popelp in filling the cells with buffer gases, and C. Novero, D.
lation inversion ands/2 pulse technique. Andreone, and E. Arimondo for their comments and coop-
(b) The power buildup time constant is correlated to theeration. This work has been partially supported by A&ll-
laser intensity in agreement with E@). It provides a means ian Space Agengy
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