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Observation of a three-photon electromagnetically induced transparency in hot atomic vapor
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We demonstrate experimentally the effect of a three-photon electromagnetically induced transparency in hot
8Rb atomic vapor driven by two coherent electromagnetic fields. The narrow transparency window is ob-
served on the background of high-contrast Doppler-free subnatural absorption resonance. Our analytical cal-
culations and numerical simulations are in good agreement with the experimental data. Both the transparency
and the absorption resonances can find applications in high-precision metrology.
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Mediated by the effects of coherent population trappingphoton EIT resonance, respectively.
(CPT) [1] and electromagnetically induced transparency The experimental setup and the relevant level$¥#tb
(EIT) [2], nonlinear optical interactions can be significantly are shown in Fig. 1. The probe and drive fields are indicated
enhanced in comparison with two-level resonant systemsy dashed and solid lines, respectively. The probe radiation
This was first recognized fol-type three-level configura- is tuned at the transition%,, (F=3) — 5Py, (or 5P3)
tion [3] and subsequently developed for a variety of multi-and is characterized by Rabi frequerf@y . The drive radia-
level systems. tion has Rabi frequenc{)p and its frequency is redshifted

In particular, a four-leveN-type configuration displaying from the corresponding transition by the amount of the
large nonlinearity attracts a lot of attention because of itgground-state hyperfine splitting.,=3.035 GHz.
broad range of applications in quantum and nonlinear optics The overlapped laser beams propagate to be parallel to
[4]. This system demonstrates either an efficient self-actiogach other. The residual divergence of the laser beams is of
at a single-photon energy levgs] or strong interaction of the order of 3x10 2 rad. The beams are focused into the
two electromagnetic fields via refractiié—8] and/or ab- cell by the lens with a focal length &F=30 cm. The ex-
sorptive[9] nonlinearities. Several experimental studies oftended cavity diode lasers with maximum power 12 mwW
spectral properties of redl-type configurations have been (drive) and 8 mW (probe and linewidth <100 kHz are
performed quite recentlj10]. used in our experiment.

Doppler-free absorption resonances that can be observed The 8Rb cell filled with 3 Torr of neon buffer gas is
in an N-type level configuration represent another importantplaced into a chamber with three layersoimetal shielding
feature of the system. Such resonances remove the strict rgy eliminate the influence of the stray magnetic fields on our
strictions on the Doppler-free geometry imposed by conven-

tional nonlinear spectroscogy1].

We report here an experimental observation of a new kind | | ager, Q Cell P\D1 = 5P 12,(5P3y)
of strong and narrow Doppler-free absorpti@p to ~95%) = [ = . >
and transmission resonances in hot rubidium vapor. We study 7/ il i i’4| O}&: a
propagation of two electromagnetic fields through isotopi- | ' Y
cally pure ®Rb atomic vapor. Onédrive) field is redshifted ' a 2
from eitherD or D, lines of ®Rb, while the othekprobe Laser, Qp | Reference Cell g0
field is nearly resonant with one of the atomic transitions. |/, | 3
The resonances occur when the frequency difference be- 7T 1 |
tween the drive and probe fields is equal to the hyperfine PD. Mirror || 2
splitting of the ground state of the atom, and the probe field Q\Q
is tuned to the center of the Doppler-broadened atomic tran- (a) (b)
sition[see Fig. 1b)]. Our numerical simulations, which take

into account the relevant atomic levégee Fig. 2a)], are in

gOO(_j ag!’eement with the ex_perlmen_tal re_sult;. S tope and 3 Torr of Ne. The reference cell contains a natural mixture

Slmpllfylng the problem via the adiabatic elimination of a of BRb and®Rb isotopes. PhotodioddD, andPD, are used to
virtual state|a), we transform the level configuration to the detect transmitted and scattered radiation, respectigaiyEnergy
well-known cascade three-level scheiffédg. 2(b)]. Using  diagram of®Rb and frequency tunings of the probi, and drive
this approach, we prove analytically that the absorption and),, fields for which three-photon EIT resonance was observed. The
transparency resonances, observed in our experiment, can féequency of the drive field) is less than the frequency of probe
treated as three-photon Raman-like absorption and thredield Qp by the ground-state hyperfine splitting.

FIG. 1. (a) Experimental setup. Atomic cell contaiff&Rb iso-
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FIG. 2. (a) Effective scheme describing interaction of the elec-

tromagnetic fields and the atomic system. Because the~fields are F|G. 4. The measured and calculated absorption spectra for the

weak enough and the detunidy is large, the virtual levela) is probe and drive fields(a) Experiment: curveA is for the probe,

almost empty.(b) Further simplification of the schem@). The  curveB is for the drive. Initial powers of the probe and drive fields

effective probe field is characterized by Rabi frequer@y  are equal to 5 mW and 8 mW, respectivelly) Numerical simula-

=QpO%/A. tions: curveC is for the probe, curv® is for the drive. We assume
that Doppler linewidth(full width at half maximum is equal to 600

The 3 | Ilis k MHz, the linewidth of the coherencg,.=5 kHz, and the detuning
measuremer_lts. € s-cm-iong cell 1S . e_pt ata te_mpera'gurgf the driving field from the corresponding transition 3.035 GHz.
of 62 °C which corresponds to the rubidium atomic density

of 5x 10" cm 3. The reference cell containing the natural

; 87 8501 ; ;
lmlxtu:(e of “Rb z_arr;]d ﬂRb Isotopes '? usbe_g_ to calibrate th_e erved when the drive frequenay, obeys the condition
aser frequency. The fluorescence of rubidium atoms excite 5~ vp— .y, Wherevp is the probe frequency. The maxi-

by the driving laser from the cell is detected by a photodiode, absorption is-95% at this point, whereas the back-
PD,. ! )
N round Doppler-broadened absorption resonance is only
The observed spectra are presented in Figs. 3—5. The dg-4%_ This background absorption increases up-&1% if

pendence of transmission of the probe field on the frequenc%e drive field is off. The finding of this resonance is the
of the drive laser radiation is shown in FigiaBby curveA. ain result of this paper

The fluorescence spectrum of Rb atoms in the reference cerirl1 The broad, nearly inv.isible resonance in region “ii” re-
is shown in Fig. 8) by curve B. This spectrum has been Its f h, ical . h :
detected by the photodiode followed by an inverted ampli-su ts from the optical pumping caused by both strong drive

. ) and probe fields tuned to the same transifion—|a). The
fier. The reference spectrum displays the resonances COMaximum transmission of the probe field at this resonance
sponding to theD, lines of ®Rb and®'Rb. The frequency

reaches as high as 100% due to a complete depletion of the

sweeping range for the drive laser is about 8 GHz, whic :
covers the hyperfine splitting of the rubidium ground—stater}[)hoeplélr?\tlgr;r?(; ttEg ;r%%ir f?er%usnd StatB £ 3,55, by both

The powers of the drive and probe lasers at the entrance of . PR :
; The resonance in region “iii” represents the EIT effect in
the cell are equal to 10 mW and 3.2 mW, respectively. g P
It is instructive to distinguish the drive tuning in three

The narrow resonance in the frequency region “i” is ob-

particular frequency regions, denoted as “i,” “ii,” and “iii.” g % A N
The atomic-field configurations for these regions are shown &| 10MHz Y \
in the energy-level diagrams in Fig(i3. H g
[a) B
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|c> ,'J_ E le> le> | (b) FIG. 5. (a) The three-photon resonance for the drive field at

o> ——  |b>— |b> different intensities of the probe fieldA, 0.44 Wicnf; B,
0.56 W/cnt; C, 0.68 W/cnt; D, 1.0 W/cnt. Drive intensity is
FIG. 3. (a) Curve A shows theprobefield transmission versus equal to 0.8 W/crfy temperature of the cell 60 °C, and the angle
the drive detuning; curveB shows the fluorescence in the reference between the laser beams F0rad. (b) The three-photon resonance
cell. Absorption in region “iii” is almost 100% (b) Tunings of the  for various detunings of the drive field: curde +40 MHz; curve
drive field for particular regions of curvA. B, 0 MHz; curveC, —50 MHz. Probe intensity is about 1 W/ém
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the Doppler-broadened medium. The transparency reso- proadening of the ordéWp8¢=1 MHz, whereW,, is the
nance results from the atomic coherence between hyperfirBoppler linewidth. The width is much less than the width of
sublevels of the ground state induced by the applied electrahe observed structure, thus it does not have an influence on
magnetic fields. the total width but on the resolution of fine details such as
The origin of the strong narrow resonance in region “i” the dip between the peaks.
can be interpreted in terms of the three-photon absorption To explain the experimental results, let us perform here
process shown in Fig.(@ and Fig. 3b). The first probe simplified analytical calculations by introducing the virtual
photon is absorbed by transferring the atoLn from the groungl, ¢ |§>, as shown in Fig. @). Using the fact that the de-
state|b) into an intermediate “virtual” stat¢a). The stimu-  tuning for the drive laser is very large even in terms of Dop-
lated emission of a photon at the drive frequency occurgler width, we can eliminate this level by using adiabatic
transferring from the “intermediate” state into stdts. And transformation, as pgf.3]. Finally, we transform the scheme
finally, the second probe photon is absorbed from the statgito an effective cascade configuratigfig. 2(b)] that is de-
|c) into the final statda). The total “budget” of the above scribed by an effective Hamiltonian
three-photon process indicates that two probe photons are
absorbed and one photon is emitted at the drive frequency. |Qp|2— Q5|2
In addition, the atomic polarization at the transitiga) HZﬁ( o+ T)|C><C|
—|b) is induced by the above-mentioned multiphoton ab-

sorption process, and a parametric process simildrl&) |Qp|?+]Qp|?

should occur. Indeed, a new coherent field has been detected +h| 26— A |a)(al

at the frequencyy= vp+ w.,. This field has the same po-

larization as that of the drive field and its power reaches Q505 .

~3% of the probe power for high densities of atomic vapor. +h A |c)(bl+Qela)(c|+adj. |. @

For low densities of atomic vapor, the new field vanishes

while three-photon resonance persists. Because the amplithe steady-state propagation of the electromagnetic fields
tude of the new field is small, it does not affect significantly obeys the Maxwell equations

the population transfer from state) to state|b). The new

field is readily observed by the transmission spectrum of the Qp Qp Qp
external Fabry-Perot cavity or by the beat-note sigmath W:'K<pac+ A Peb= 7y (Pect Paa)> N
the drive at a frequency of 6.07 GHz. v

Narrow three-photon resonance can be observed for the 20, Q Q
probe as well as for the drive fieldFig. 4). However, if the —DZiK<—Ppr+—D(pCC— Paa)> , 3)
probe field has absorption, the drive field has amplification 9z A A v

(transparency increaseBy the termthree-photon EIT we

mean changes in the transparency for the probe field. Thehered is the probe detuning from transiti¢o) —|a), A is
linewidths of the resonances for the probe and drive fieldshe probe detuning from transition|b)—|a), «
coincide and are subnatural for moderate intensities. =3N\?y/(87), v is the radiative decay rate of the level

A set of line shapes of the transparency resonance for th@), (- - -),=Jdv (- - -)/{m[1+ (v/vy)?]} stands for averag-
drive field as a function of the probe detuning and variousng over Doppler distributio14], v+ is the averaged ther-
probe field intensities is shown in Fig(é. The Doppler-free  mal atomic velocity, ang;; are the matrix elements resulting
subnatural absorption spike splits into two components whefrom the solution of the Bloch equations generated by
the intensity of the probe increases. Figufb)Ppresents the HamiltonianH in Eq. (1).
change of the line shapes of the resonance for various drive Let us find properties of the EIT window in the case of
field frequencies. sufficiently weak fields [Qp|>|Qp|,Aype>|Qp||Qp|,

We perform numerical simulations of the experiment. Thewhere v, is the homogeneous decay rate of the low-
results of the calculations are presented in Fi§).4One can  frequency atomic coherence® y,.). This decay is deter-
see that the simulations have good agreement with the exnined by the time of flight of atoms through the atomic
perimental data. The difference between simulation and exseam and by the divergence of the laser beams. We assume
periment may result from the inhomogeneity of laser fieldthat aimost all of the atomic population is in the stdtg, so
profiles and residual Doppler broadening because of the mig,,~1. Then the field propagation is determined by the
alignment of laser beams. The laser beam divergence is ¢dng-lived atomic coherencg.,. The steady-state solution
the order of6¢=3x 103 rad, which gives residual Doppler of the Bloch equation gives

(5 100P
<pcb>v:| A X |QD|2 |QD|2 ) (4)
’y+WD+|(25_T {ch_ki 5+ A +|Qp|2
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whereWp=vpvt/c is the Doppler linewidth. Doppler-free geometry. This rather contraintuitive result
Equation(4) resembles a usual solution for the transpar-demonstrates an important role of quantum coherence in op-
ency window for the case of EIT in a cascade configuratiortics. The coherence results in the extension of the possible
having a weak probe fiellp=0Q%Qp/A and a strong field applications of hot atomic vapors by eliminating Doppler
Q5. The difference from the usual EIT solution arises due tddroadening without cooling. For example, this effect might
ac Stark shifts that modify the field detunings. The center obe employed to enhance gain of gas lagerith or without
the EIT window is observed at~ —|Qp|?/A. The width of  population inversiop or to obtain a high index of refraction
the EIT structure is~|Qp|2/Wp . without absorption. The narrow subnatural width of the reso-
It is worth mentioning that, in the cascade configuration,nances could be very useful in quantum computing. The
both optical transitiongb)—|c) and|c)—|a) are Doppler- three-photon transparency resonance inherits the properties
broadened. The narrow EIT spike can be observed if thef the regular EIT resonance but has one significant advan-
two-photon transitiob)— |a) is Doppler-free. This is pos- tage in comparison with usual EIT: It has almost no Doppler
sible if the fields applied to transitionb)—|c) and[c)  packground. This unique feature is important for different

—|a) are counterpropagating and the frequencies of theppiications such as atomic clocks and magnetometry.
fields nearly coincide. In our case, the microwave transition

|b)—|c) is Doppler-free if the probe and drive fields propa-  This work was supported by the Office of Naval Re-
gate in the same direction. The other transitions are Doppleisearch, the Welch Foundation, the Texas Advanced Research
broadened. This indicates a significant difference betweeand Technology Program, the U.S. Air Force, and DARPA.
our configuration and the usual cascade configuration. The authors are grateful for T. Zibrova’'s assistance with the

In conclusion, we observe a new kind of Doppler-freesemiconductor lasers. A.S.Z. appreciates valuable discus-
subnatural absorption and transparency resonances in a na@iens with M. D. Lukin.
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