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Electromagnetically induced transparency using a vapor cell and a laser-cooled sample
of cesium atoms
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Electromagnetically induced transparer&T) was observed in a mismatched-wavelength cascade system
using a room temperature vapor cell and laser-cooled atoms. A cw probe laser beam monitored the cesium
6S,,,— 6P5, transition while another cw laser coupled the4 state to a higher excited state. The ratio of the
observed Rabi frequencies for coupling to thB;f— (11-13)D3), 5, transitions agreed closely with that
predicted using the transition oscillator strengths. A comparison of the EIT signals obtained using cold atoms
and the vapor cell is made.
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[. INTRODUCTION Doppler widthA wp . However, it has been shown by solving
the density matrix describing the atomic system in the pres-
Electromagnetically induced transparency or EIT is aence of the laser fields that EIT occurs when the following
guantum interference effect that occurs when a weak probless restrictive condition is mé16]:
light field in resonance with an atomic transition propagates )
through a medium with reduced absorption due to the effect Q
of a strong coupling light field on a linked transition. The yAwp
three levels involved can be in cascade,or V configura-
tions[1—7]. EIT has numerous applications and was recentlywhere y=(I';+I'3)/2 andl'; andI'; are the linewidths of

>1 2

used to slow[8,9] and even stop lighit10]. stateg 1) and|3). In our casd1) is the ground state ar|8)
EIT was first observed using a high-power pulsed laseis a low-lying excited S or D state resulting iny
that interacted with a strontium vapor inasystem[11,12. ~ ~0.25 MHz. For a thermal vapor of alkali-metal atoms,

EIT has since been studied with cw lasers in various medid wp~500 MHz and Eq.(2) is satisfied if(1>10 MHz.
including solids[13,14], vapor cells{15-23, atomic beams Such Rabi frequencies are readily obtained using focused cw
[24], and recently laser-cooled atoni5-34, and even laser beams.
Bose Einstein condensatg&9]. EIT in three- and four-level It was recently shown that the EIT signal obtained in a
systems has also been shown to have applications in nonligascade system is significantly larger than that found u&ing
ear optics such as four-wave mixifig5,36. Lasing without ~ or V configurations[21]. Moreover, for a given coupling
inversion has been demonstrated for systems with miglaser power, the maximum EIT signal is obtained using a
matched wavelengtH23,24]. Several groups have also pro- probe wavelengthy, that is longer than the coupling laser
posed optical switches and wavelength converters based owavelengthk.. This is not surprising because transitions at
EIT for the telecommunications industf$7—-39. longer wavelengths have smaller Doppler widths.

EIT is generated using a laser beam that couples two A requirement for observing EIT using atoms having a
atomic stateg2) and |3). This shifts the energies of the velocity v is
states resulting in the Autler-Townes splitting given by the

Rabi frequency = i +i _
Ap ()\p_)\c v—A, 3
_&nE
Q= A (@) whereA, andA are the detunings of the probe and coupling

laser beams from the respective resonances. The (plits
wheree s the electron chargér) is the expectation value of nug sign applies if the probe and coupling laser beams are
the valence electron position relative to the nuclduis the  co- (countejpropagating. The EIT signal is independent of
magnitude of the coupling laser electric field, afidis  the atomic velocity distribution for counterpropagating laser
Planck’s constant. EIT signals are obtained using a secorideams if\,=\. It has, however, been shown theoretically
probe laser that scans across a transition linking $2téo  and experimentally that the EIT signal is unaffected for small
another statél). The absorption of an atomic vapor is there- laser detunings from resonance by the atomic velocity distri-
fore expected to decrease if the Rabi frequency exceeds tliition in a cascade configuration if the coupling and probe
laser beams are counterpropagating apeh\ . [16,20-22.
Our group has previously examined EIT on a mismatched
*Corresponding author. Email address: www@yorku.ca cascade system in a rubidium vapor d&9]. A low-power
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FIG. 1. Apparatus for studying EIT using a cesium vapor cell.
See text for a description.

laser diode was scanned across the rubidiusg,5+5P5, 631,

transition while a higher-power cw dye laser was resonant
with a transition from the B3, to a higherSor D state. This
paper reports EIT observed in a cesium cell where the colrawn to scale.
pling laser was resonant with a number of transitions conis jllustrated in Fig. 2. A grating inside the diode laser hous-
necting the 3, state to excited states. This permitted theing could be adjusted using a piezoelectric crystal to scan the
determination of relative oscillator strengths for the couplingjaser frequency across the resonance. The frequency scan
laser transitions. was calibrated using a saturation spectroscopy Sifd@il
Laser-cooled atoms provide a preferred medium forgpserved using Cs cell 1 and a photodiode, P®function
studying EIT since collisional dephasing is greatly reducecbenerator controlled the laser frequency scan.
compared to a thermal vapor. Many of the experiments to The transparency of Cs cell 3 was induced using a cw ring
date have used the same laser for cooling the atoms aqﬁ,e laser(Coherent 699that coupled the B, state to the
investigating the EIT signal, complicating analysis of the re-higher states shown in Fig. 2. The ring laser linewidth is less
sults. In this experiment, atoms were trapped by diode lasefan 1 MHz and can be tuned over a range of 30 GHz with-
independent of both the probe and coupling lasers used tgut mode hopping. It generated 500 mW at the transition
generate and observe the EIT signal. Hence, the EIT Sign%l/avelengths that lie between 535 and 551 nm using py-
could be unambiguously observed. The resulting EIT signalgomethene 556 laser dye. Part of the diode and dye laser
agree with theory and were also compared to those observegams were directed through a diagnostic ¢t cell 2.

FIG. 2. Low-lying cesium states. The vertical energy axis is not

in the thermal cesium vapor cell. Fluorescence, produced by the radiative decay of the excited
state back to the By, state, was readily visible from this
Il. EIT IN A VAPOR CELL cell, thus ensuring that the ring dye laser wavelength indeed

coincided with a particular coupling transition.

The apparatus used in this experiment is shown in Fig. 1. The EIT signal was generated by focusing counterpropa-
Cesium atoms were contained in cylindrical Pyrex vaporgating vertically polarized probe diode laser and coupling
cells having a diameter and length of 2.54 cm. The cells werging dye laser beams into Cs cell 3. Each laser beam first
manufactured by attaching them to a vacuum chamber thggassed through a telescope that collimated the laser beams in
was pumped down to a pressure of less than 1.@rder to facilitate focusing by two separate planoconvex
X 10 ° torr using a diffusion pump and a liquid nitrogen lensesL; having a focal length of 10 cm. Cs cell 3 was
trap. The cell was baked overnight at a temperature ofocated midway between the two lendes that were sepa-
300 °C to remove impurities. Cesium from an ampoule wagsated by 20 cm. The diameter of the focused spot sizes of
then distilled into the cell. both the diode and dye laser beams was estimated to be

The EIT signals were obtained using a cw broad gairB0 wm. The overlap of the two laser beam focal spots was
grating stabilized diode las¢w Focus 6316 Velocity Lasér accomplished by optimizing the observed EIT signal. Two
that served as the probe laser. It generated 13 mW of lightalibrated neutral density filters NGand ND, were inserted
having a wavelength between 833 and 853 nm. The manun the laser beam paths to vary the powers of the diode and
facturer specified linewidth is less than 1 MHz. The diodedye laser beams.
laser excited the cesiunSg,— 6P5, transition at 852 nm as The EIT signal was observed by measuring the transmis-
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FIG. 3. EIT signal observed in a cesium vapor cell. The diode

probe laser was scanned across ti8,6F =4)— 6P5, transition
while the ring dye laser was resonant with the;p— 11D, tran-

sition.

sion of the diode laser beam through Cs cell 3. The infrared 0 0.5 1 15
diode laser beam passed through a dielectric mitrahat

was transparent to infrared light but reflected the visible cou- change of probe laser frequency (GHz)

pling laser beam. Residual scattered dye laser light was _ _ )

blocked by a cutoff filterF. A photodiode PD (Thorlabs FIG. 4. Effect of detuning the coupling laser. The diode probe

DET 210 then detected the diode laser beam. The photodi't—zzerr,n"é"j‘dS :ﬁzggred 25(:;0?2 éﬁ%’:@‘gjﬁg tr{arg‘:‘]i;i,‘t),gnwch;'r?
; ‘o ; : i y was tu — 5/2 iti -

gggzslghr:y rve\lsgrgzgttthoeadgl[gl.tal oscilloscdpektronix TDS ter by (@) 0 MHz, (b) 115 MHz, (c) 210 MHz, and(d) 345 MHz.

A diode laser beam power of 2@W was used to obtain
the EIT signals in Cs cell 3. This power optimized the EIT ferent coupling laser powers on the EIT signal for the case
signal, as approximately half of the diode laser power wasvhen the laser is resonant with th® §,— 11D, transition
absorbed when the laser was centered on t8g,@ =4) is shown in Fig. 5.
— 6P, transition. HereF denotes the hyperfine level. The  The width of the peakéfull width at minimum transmis-
cell was maintained at room temperature and the correspondion of the EIT peakshown in Fig. 5 is plotted in Fig. 6
ing cesium number was estimated to be 1.0versus the square root of the coupling laser beam power. This
X 10 atoms/cr [41]. peak width is a measure of the average Rabi frequency ex-

Figure 3 shows the EIT signal where the dashed line corperienced by the atoms that are exposed to a focused cou-
responds to the Doppler broadened absorption profile obpling laser beam that has a nonuniform spatial profile. The
served when the diode laser frequency was scanned over tbgerage Rabi frequency at low powers has a larger uncer-
6S,,(F=4)—6P3, transition in the absence of a coupling tainty because the EIT signal is smaller than at higher pow-
laser beani42]. The solid line was obtained using a coupling ers. Figure 6 demonstrates that the Rabi frequency depends
laser power of 365 mW. The ring dye laser was tuned to thdinearly on the square root of the coupling laser beam power.
center of the ®5,— 11Dg, transition. The coupling laser The width of the EIT peak shows no evidence of broadening
beam increased the transmission of the probe diode laseue to the Maxwellian velocity distribution of the atoms or
beam through the vapor from 60% to 90%. other dephasing mechanisms such as the laser linewidth.

Figure 4 shows the effect of detuning the coupling ringSimilar Doppler-free results have been observed in a cascade
dye laser from the center of thePg,— 11Dg, transition.  configuration using counterpropagating laser beams in a ru-
The frequency where the EIT increases the transmissiohidium vapor[20].
shifts with the laser detuning as expected. The effect of dif- Figure 7 shows the EIT signals obtained when the cou-
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FIG. 6. Dependence of measured Rabi frequency on coupling
laser power for the EIT signal observed in a vapor cell.

trap (MOT) [44]. The MOT consisted of a pair of anti-
Helmholtz coils having a diameter of 5 cm that generated a

0 0.5 1 15 magnetic field gradient of 10 G/cm midway between the two
’ ’ coils. Cesium atoms were loaded into the trap from a back-
change of probe laser frequency (GHz) ground vapor that had a pressure of 208 torr. Two diode

lasers(Spectra Diode Labs 5712hat generated up to 100

FIG. 5. Effect of various coupling laser powers. The diode probemW of light at 852 nm were used to cool the atoms. The
laser was scanned across th®, & F=4)— 6P, transition while

frequency of both diode lasers was stabilized by locking the
the power of the ring dye laser resonant with the;6— 11D¢, d 4 y 9

L . laser frequency to a cesium transition using saturation ab-
gsgig)loc? L\l/v;ans{/\\//arled as followsa) 365 mW, (b) 90 mW; (c) 4 mW, sorption spectroscopy. One diode laser called the cooling la-

ser beam was detuned 12 MHz below th&,gF=4)

pling laser frequency is centered on various transitions from_’6p3/2('::5) transition frequency using an acousto-optic

. modulator (Brimrose GPF-250-100.852The cooling laser
the 6P, state. The Rabi frequency can be expressed as beam was divided into three pairs of laser beams egach having
Q=Kfl (4)  a power of 6 mW counterpropagating along they, andz
directions. The second diode laser, called the repumper laser,
wheref is the oscillator strength for the coupling transitibn, excited the &;,(F=3)—6P3,(F=3 or 4) transition as
is the intensity of the coupling laser beam, afds a con- illustrated in Fig. 9. The number of cold atoms was estimated
stant. For transitions from theF,, to thenD3), 5o States, the  using a charge-coupled device came3pectraSource Instru-
Rabi frequencies and oscillator strengths are related by thments Teleris I to be 8< 10° occupying a roughly spherical

following: volume having a radius of 0.5 mm. The temperature of the
atoms was estimated to be about 4X by measuring the
Q(6P3,—nDsgpp) [T(6P3;,—nDs)p) expansion of the cold atom cloud after the MOT was sud-
Q(6P3,—nDgy) VY f(6P3,—NDsy) ) denly switched off.

EIT in the laser cooled atoms was observed using the
This ratio is predicted to equal 3.0 using computed oscillatosame probe diode and coupling ring dye lasers described

strengths[43]. The observed values are 3:0.3 whenn previously in Sec. Il. These laser beams were vertically po-
=11,2.9+0.3, whenn=12, and 2.90.3 whenn=13, in larized and intersected the cold atom cloud at an angle of

good agreement with the predicted value. approximately 5°. The nonzero crossing angle ensured that
any observed EIT signal was produced by the cold atoms and
I EIT IN A MAGNETO-OPTICAL TRAP not by the thermal background cesium vapor. The ring dye

laser beam was first collimated by a telescope and then fo-
Figure 8 shows the apparatus used to investigate EIT icused by lens, (f=50 cm) to produce a laser beam waist
laser-cooled atoms produced by a standard magneto-opticeddius of 0.5 mm to overlap the cold atom cloud. The probe
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FIG. 8. Apparatus for studying EIT using a MOT. The diode
lasers used to generate the cold atoms in the MOT are not shown.
See text for a description.
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the repumper excited theSg,,(F=3)—6P3,(F=3) transi-

tion and (b) the coupling laser was tuned to thd®£,(F

(2) 13D;,, =3)—11D;,, transition while the repumper excited the
6S,5(F=3)—6P3,(F=4) transition. Data were not taken
with the coupling laser tuned to excite th@ §,(F=5) peak

as the trap was then emptied of cold atoms. Scans were also
(h) 13Dsp, taken when the MOT was turned off. All of the scans shown
in Figs. 10—12 were obtained by subtracting the data taken
when the MOT was off in order to eliminate the effects of
the background vapor. The frequency scan was calibrated
using the known hyperfine splittings of thd>§, state.

The EIT signal is shown in Fig. 18 by the enhanced
transmission when the probe laser is at the center ofthe
=4 peak while in Fig. 1(b) the enhanced transmission is
evident when the probe laser is at the center of k3

tranmission of probe laser (arb. units)
Cs Cell
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e
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FIG. 7. Effect of different coupling transitions on the EIT signal.
The diode probe laser was scanned across tiSg(6=4)
— 6P, transition while the ring dye laser coupled thB £, state
to the (@) 11Dg,, (b) 11Dsp;, (€) 135y, (d) 12Dy, (€) 12Dg);,
(f) 14S,5,, (g) 13D3p, and(h) 13D, states.

diode laser beam passed through an aperunaving a ra-
dius of 0.5 mm before it intersected the cold atom cloud. The
overlap of the probe and coupling laser beams on the cold
atom cloud was accomplished by optimizing the observed
EIT signal.

The power of the probe diode laser beam that passed
through the cold atoms was detected by photodiode PD. The
diode laser beam incident on the cold atoms was attenuated
to 1 wW using neutral density filter ND This power was
selected as too many cold atoms were ejected from the trap
using higher probe laser powers while the detected signal vz
became quite small at powers less tharuIV.

Figure 10 shows signals obtained wh) the coupling FIG. 9. Relevant energy levels for studying EIT with laser-
laser was tuned to theRg,,(F=4)— 11Dy, transition while  cooled cesium atoms. The vertical energy axis is not drawn to scale.
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FIG. 10. EIT signal observed in a cesium MOT. The diode probe
laser was scanned across th®,g(F=4)—6P3,(F=3,4,5) tran-
sitions. The ring dye laser coupléd) the 6P,(F=4) level to the
11D, state while the repumper laser excited th8; &F=3)
—6P5,(F=3) transition and(b) the 6P5,(F=3) level to the
11D, state while the repumper laser excited th§;§F=3) T w
—6P3,(F=4) transition. 0 100 200 300

peak. These scans were taken with the ring dye coupling change of probe laser frequency (MHz)
laser heam gttenuated toa ppwer 95 m\.N using calibrated FIG. 11. Effect of detuning the coupling laser. The diode probe
neutral density filter NB. At higher coupling powers the laser was scanned across thd,g(F = 4)— 6P4,(F =3,4,5) tran-
signal was greatly reduced because the number of cold atondgions while the coupling laser was tuned from thesB(F = 4)
was reduced. Figure 11 shows the characteristic EIT depen-,;1p_, transition center bya) 0 MHz, (b) 7 MHz, (c) 13 MHz,
dence of detuning the coupling ring dye laser from theang(d) 26 MHz.
6P3,(F=4)—11Dg, transition center. The coupling laser
power was 95 mW for the scans at the four different detunyidth of the EIT signal depends on the square root of the
Ings. . coupling laser beam power and is independent of the Dop-
Figure 12 examines the dependence of the EIT signal oBjer width for a cascade system using counterpropagating
the power of the coupling ring dye laser beam. All four scan,eams wherex,>\. This has also been observed in ru-
were taken with the coupling laser fr(_e_quency tuned to theyigium atoms by Dunn and co-workdi20—22. The relative
center of the @;,(F=4)—11Dg, transition. The power of  ggcillator strengths for theRs,— nDa, 5/ transitions where
the coupling laser beam was varied using a calibrated neutr@l— 11_13 were found to agree well with simple theory. Ab-
density filter ND. The solid lines show fits to the data basedso|yte oscillator strengths could be determined knowing the
on the EIT model developed by Xiaet al. [15]. This was  |aser intensity of the coupling laser beam. However, the in-
done to determine the Rabi frequencies that were then plotensity of the focused laser beam varies throughout the cell
ted versus the square root of the coupling laser beam POWRaking it difficult to estimate.
as shown in Fig. 13. An uncertainty of 4 MHz was conser-  QOgcjllator strengths are most commonly determined by
vatively estimated for the Rabi frequency due to the ﬁttingmeasuring the absorption of light through a vapég]. A
accuracy. The data shown in Fig. 13 are consistent with thgjgnificant uncertainty in these measurements is to estimate
relationship predicted by Eq2). the atomic number density particularly if a transition be-
tween two excited states is considered and the atoms are not
IV. CONCLUSIONS in thermal equiliprium. Hence, feyv reliable oscillator
strengths for transitions between excited states ¢4&¢47).
Relative oscillator strengths can be determined by comThe method described here is independent of the atomic
paring the EIT signals generated for different coupling lasemumber density of any state. Information about transition
transitions. These measurements can be readily made usingeobabilities can also be inferred from measured radiative
vapor cell in which the coupling laser beam is focused. Thdifetimes. However, only a handful of lifetimes have been
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FIG. 13. Dependence of measured rabi frequency on coupling
laser power for EIT observed in a MOT.

(d) 24 mW window to approximately % 10* W/cn? at the focus mid-
way in the cell. This compares to a maximum coupling laser
intensity of 25 W/cr that was used to illuminate the cold
atoms in the MOT. Hence, using E¢) one expects the
maximum Rabi frequency in the cell to be larger than that
found using the cold atoms by a factor of between 2 and 45.
However, comparatively fewer atoms in the vapor cell are at
the focus of the coupling laser beam and therefore it is not
surprising that the observed ratio of maximum Rabi frequen-
cies observed in the cell and cold atoms is found to be 2.3
+0.2.

The advantage of studying EIT using cold atoms as op-
posed to a vapor cell is that the collision rate is much lower
and therefore the rate of dephasing is less. Hence, for a given
coupling laser intensity or Rabi frequency, the electromag-
-50 -25 0 25 50 netically induced transparency observed using cold atoms is

expected to be greater than is found in a vapor cell. Figure
change Ofpmbe laser frequency (MHz) 5(b), which corresponds to a Rabi frequency of 54
+4 MHz, shows a change in the absorption of the probe
laser beam at the line center of 50%. In comparison, Fig.

=3,4,5) transitions while the power of the ring dye laser resonantlz(a)’ which corresponds to a Rabi frequency of 45

with the 6P(F =4)— 11D, transition was varied as followgg) ~ —4 MHz, shows a change in the absorption profile at the
190 mW, (b) 95 mW, (c) 48 mW, and(d) 24 mW. The solid line is lin€e center of about 75%. Hence, the EIT obtained using cold

the theoretical fit to the data as is discussed in the text. atoms is greater than the EIT signal observed in a vapor cell

obtained using a comparable coupling laser intensity.
reported in the literature with uncertainties of less than 1%. In conclusion, EIT is not only an interesting phenomenon
The present method therefore provides a useful complemetith @ number of important applications, but can be used to
tary check on the determination of relative transition prob-determine quantitative data about atomic transitions.
abilities.

The maximum observed Rabi frequencies were 102
MHz found using the vapor cellsee Fig. & and 45
+4 MHz obtained using the laser-cooled atofsse Fig. The authors would like to thank the Natural Science and
13). The Rabi frequency strongly depends on the coupling=ngineering Research Council of Canada and the Canadian
laser intensity. In the cell, the maximum ring dye coupling Institute for Photonic Innovations for financial support. One
laser beam intensity varied fromx110° W/cn? at the cell  of us, J.C., acknowledges support from JDS Uniphase.
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