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We investigate ladder-type electromagnetically induced transparency 共EIT兲 in rubidium gas. The
theoretical absorption profile of a weak probe laser beam at 780.2 nm 共5S1/2 → 5P3/2兲 is modeled in
the presence of a strong coupling laser beam at 776.0 nm 共5P3/2 → 5D5/2兲 and the absorption
transparency window is characterized. We use two grating-feedback diode lasers and observe EIT
experimentally in rubidium and compare the results to the theory. This experiment brings quantum
optics into the advanced undergraduate laboratory and utilizes equipment and expertise commonly
available in laboratories equipped to perform diode-laser-based absorption spectroscopy of
rubidium. © 2009 American Association of Physics Teachers.
关DOI: 10.1119/1.3028309兴
I. INTRODUCTION
Electromagnetically induced transparency 共EIT兲 is a novel
phenomenon used to modify the optical response of an
atomic medium to a resonant laser field. In EIT a nonresonant pump field can result in the reduction in the absorption
of a weak, resonant probe field, provided the fields are coherently coupled by a common state. Because EIT provides
for the active control of the response of a medium to a resonant light field, it offers a unique means of coherently controlling photons and holds great promise for fields such as
quantum computing and telecommunications.
Electromagnetically induced transparency was first observed in 1991 using high-power pulsed lasers in strontium
vapor.1 Later experiments were done using continuous
sources in vapor cells, atomic beams, magneto-optic traps,
and Bose-Einstein condensates. We refer readers to the comprehensive topical reviews by Marangos2 and Fleischhauer et
al.3 Fundamental and commercial applications of EIT in
atomic physics and quantum optics include lasing without
population inversion,4 reduction of the speed of light 共slow
light兲,5 quantum memory,6 optical switches,7,8 all-optical
wavelength converters9 for telecommunications, and quantum information processing.10 Clarke et al.8 have used EIT in
a rubidium ladder system to create an optical switch that can
change at rates up to 1 MHz.
A classical analog of EIT that is useful experimentally
consists of two coupled RLC circuits.11 Electromagnetically
induced transparency and the closely related topic of coherent population trapping is also the focus of Ref. 12. The
rubidium experiment presented here complements and extends this work by allowing students to directly observe and
characterize EIT in an atomic system using grating-feedback
diode lasers.
Grating-feedback diode laser systems provide reliable,
tunable 共5 – 10 GHz兲, narrow-band 共⬍1 MHz兲 laser light.
Low-cost systems have been developed that are suitable for
construction by undergraduates,13–16 making possible a wide
range of experiments in atomic physics.17–21 Diode laser systems provide sufficient optical power 共10– 80 mW for the
laser systems in Refs. 13–16兲 to make possible experiments
more typically done using high-power laser systems such as
two-photon spectroscopy22 and EIT.
Doppler-free saturated absorption spectroscopy is a simple
experiment often performed using a tunable diode laser
tuned to the 5S1/2 → 5P3/2 D2 line in rubidium 共
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= 780.24 nm兲.13,23 The experiment introduces students to basic laser absorption spectroscopy and allows them to investigate atomic energy levels, hyperfine structure features, and
the effect of a Doppler shift on atomic spectra. Two-photon
spectroscopy of rubidium22 using the 5S1/2 → 5D5/2 transition
共 = 778.1 nm兲 allows for the simultaneous observation of
Doppler-free and Doppler-broadened fluorescence spectra
from which the hyperfine levels of rubidium can be resolved.
The experiment presented here uses much of the same equipment as the single- and two-photon experiments in rubidium
and can be easily implemented by laboratories with the apparatus for these experiments.
In this paper we describe the relevant theory, present theoretical and experimental results for ladder-type EIT in rubidium, and describe the experimental procedure and
equipment.24
II. THEORY
The term electromagnetically induced transparency was
coined in a 1990 paper by Harris et al.25 They showed that
when a strong coupling laser field is used to drive a resonant
transition in a three-level atomic system, the absorption of a
weak probe laser field can be reduced or eliminated, provided that the two resonant transitions are coherently
coupled to a common state. Shortly thereafter, they reported
the first observation of EIT in a strontium gas vapor.1 The
initial research by Harris and his collaborators is now referred to as lambda-type EIT, where two low-level energy
states are coupled to a common excited state. The use of the
term EIT has since broadened to include V-type and laddertype configurations. Figure 1 shows the different energy levels and transitions used in the three configurations of EIT.
Conventions vary, but we will use the 兩1典 → 兩3典 transition for
the dipole forbidden 共nondipole coupled兲 transition for all
types.
In EIT two laser beams, designated coupling 共C兲 and
probe 共 P兲, are used to excite electronic transitions in the
atoms. The strong coupling laser is used to couple the
兩2典 → 兩3典 states such that a probe laser tuned to the 兩1典 → 兩2典
transition passes through the medium without being absorbed. Although lambda-type EIT may have the most promise for commercial applications because of the easier
achievement of complete transparency on the D1 line in rubidium, ladder-type EIT has also been used for basic research because the EIT transitions in rubidium are readily
© 2009 American Association of Physics Teachers
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Fig. 1. Three configurations for EIT: 共a兲 ladder; 共b兲 lambda; and 共c兲 V. The
frequencies c and  p correspond to the coupling and probe laser frequencies, respectively.

accessible using low-power coupling diode lasers. Laddertype EIT is the focus of the theoretical and experimental
work presented here.
The energy level diagram shown in Fig. 2 shows the relevant transitions for ladder-type EIT in rubidium. The 5S1/2
→ 5P3/2 transition at 780.2 nm 共vacuum wavelength兲 serves
as the probe transition. The 5P3/2 → 5D5/2 transition at
776.0 nm serves as the coupling transition. The hyperfine
splitting of the 5S1/2 ground state 共⬃GHz兲 is greater than the
Doppler broadening of the transition 共⬃510 MHz兲 in room
temperature rubidium. The hyperfine energy splitting of the
5P3/2 state 共⬃MHz兲 is within the Doppler width. This splitting does not impact the experiment because it is the twophoton resonance that is important.26 The hyperfine energy
splitting of the 5D5/2 state is relevant, and the energy levels
are shown in the expanded view to the right in Fig. 2. Electrons in the 5D5/2 state can return to the ground state through
the 5P3/2 state or via 5D → 6P → 5S cascade decay, emitting
420 nm light.
The theory for lambda, ladder, V-type, and two-photon
EIT has been well documented 共see Refs. 2 and 3 and references therein兲. Gea-Banacloche et al. have presented a simplified theoretical model for EIT in a rubidium ladder
system.27 Our theoretical development summarizes the salient features of their work. Their approach follows a standard semiclassical analysis in which the laser fields are
treated classically and the atoms are modeled quantum mechanically. Interested readers are referred to Refs. 28 and 29
for a discussion of the semiclassical theory of atom-field interactions. A fully quantized model of EIT for single photons
is in Ref. 30.

2.9 MHz
5.5 MHz

5D5/2

776.0 nm

5P3/2

7.6 MHz

5D5/2

9.0 MHz
9.4 MHz

6P3/2

F=0
F=1

15.9 MHz

F=2

23.0 MHz

F=3

28.8 MHz

F=4

F=1
F=2
F=3
F=4

F=5

420.2 nm

780.2 nm

5S1/2

F=2
3.036 GHz

5S1/2

F=3

6.835 GHz

F=2

85

Rb

F=1
87

Am. J. Phys., Vol. 77, No. 2, February 2009

 pn 0 ⬙
,
c

共1兲

and the dispersion coefficient is given by

␤=

 pn 0 ⬘
,
2c

共2兲

where n0 is the background index of refraction and c is the
speed of light.
To determine the complex susceptibility we analyze the
density matrix for the three-level system. The on-diagonal
density matrix elements ij correspond to the probability of
being in a particular state, and the off-diagonal elements are
proportional to the electric-dipole moment of the transition
and describe the coherence associated with the transition.
The density matrix elements are calculated from the Liouville 共or Von Neumann兲 equation of motion28
i
˙ = − 关H, 兴.
ប

共3兲

For the EIT-ladder system the coupled equations are given
by27

˙ 32 = − 共␥32 − i⌬2兲32 + ig32Ec共33 − 22兲 + ig21E*p 31 ,
共4a兲

˙ 21 = − 共␥21 − i⌬1兲21 + ig21E p共22 − 11兲 − ig32Ec*31 ,
共4b兲

˙ 31 = − 关␥31 − i共⌬1 + ⌬2兲兴31 − ig32Ec21 + ig21E p32 .
共4c兲
The decay rates, ␥ij, are related to the natural decay rates
of the states, ⌫i, by the relation ␥ij = 共⌫i + ⌫ j兲 / 2. The natural
decay rate of the ground state ⌫1 is zero, ⌫2 / 2 is 6 MHz,
and ⌫3 / 2 is 0.97 MHz. The probe laser is denoted by  P,
and its detuning from the 兩1典 → 兩2典 transition frequency 12 is
given by ⌬1. The coupling laser is denoted by c, and its
detuning from the 兩2典 → 兩3典 transition frequency 23 is ⌬2.
The coupling and probe field amplitudes are Ec and E p, respectively. The dipole moment matrix elements for the transitions are 2បg ji. The Rabi frequency of the coupling laser
field is ⍀c = 2g32Ec.
If we solve Eq. 共4兲 in steady state 共˙ = 0兲, neglect the population of states 兩2典 and 兩3典 共that is, 22 ⬇ 33 ⬇ 0, 11 ⬇ 1兲, and
assume only the coupling field is strong, the solutions for 31
and 21 can be approximated as

Rb

Fig. 2. Energy level diagram for rubidium. The relevant hyperfine levels for
85
Rb and 87Rb are shown in the expanded view on the right-hand side.
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The optical response of the medium to the probe laser field
is characterized by the absorption and dispersion characteristics of the medium and can be obtained from the real and
imaginary parts of the complex susceptibility  = ⬘ + i⬙.
The absorption coefficient is given by

31 ⬇ −

ig32Ec
 ,
␥31 − i共⌬1 + ⌬2兲 21
A. J. Olson and S. K. Mayer
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Fig. 3. Theoretical curves for the 共a兲 absorption and 共b兲 dispersion of the
probe beam. The coupling laser detuning ⌬2 is zero and the Rabi frequency
⍀c is 80 MHz.
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The matrix element 31 corresponds to the coherence that
develops between states 兩3典 and 兩1典 due to the presence of the
two laser fields driving the resonant 兩1典 → 兩2典 and 兩2典 → 兩3典
transitions. The matrix element 21 yields information about
the transition rate at the probe frequency and is clearly impacted by the intensity and detuning of the nonresonant coupling laser. The matrix element 21 is related to the complex
susceptibility by the polarization relation,
1
P = 0E p关共 p兲e−ipt + c.c.兴 = − 2បg21N21e−ipt + c.c.,
2
共7兲
where N is the density of atoms and c.c. is the complex
conjugate.
We substitute 21 from Eq. 共6兲 into Eq. 共7兲 and include the
effects of Doppler broadening 共see Ref. 27兲 and calculate the
absorption and dispersion of the gas. The results can be
graphed using software such as MATHEMATICA and the absorption and dispersion characteristics of the medium can be
investigated as a function of the adjustable parameters 共for
example, ⍀c and ⌬2兲.
Figure 3 shows the theoretical absorption and dispersion
curves when the coupling laser is on resonance with the
118

兩2典 → 兩3典 transition and the coupling laser Rabi frequency is
80 MHz. The EIT transparency window is clearly evident in
the absorption curve shown in Fig. 3共a兲. Figure 3共b兲 shows
the dispersion curve. The dispersion is related to the index of
refraction of the gas. The rapidly changing dispersive curve
at the EIT resonance point is a characteristic of EIT phenomena and is responsible for the reported slowing of light associated with EIT.5 We did not characterize the dispersion
curve experimentally.
Figure 4 shows the effect of strengthening the coupling
laser field and reveals the Aulter-Townes splitting31 present
at strong coupling field strengths. The absorption and dispersion curves from this atomic system correspond to those generated from analysis of the classical analog of EIT 共massspring system兲 done in Ref. 11.
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A diagram of the experimental apparatus is shown in Fig.
5. The main components are two grating-feedback diode lasers and accompanying optics, a rubidium vapor cell, and the
detection apparatus for absorption and fluorescence 共optional兲. The laser systems were hand-built, grating-feedback,
extended-cavity diode lasers operating in a Littrow
configuration.14 The laser diodes were Hitachi model HL
78516, specified to provide nominally 50 mW of optical
power with a typical free-running wavelength of approximately 785 nm. The laser injection current was provided by
a low-noise current control circuit.32 The diode lasers were
each temperature stabilized using a proportional, integral,
and differential feedback circuit33 to regulate the current
through a Peltier element located under the laser mount. Details regarding building grating-feedback laser systems are
found in Refs. 13–16. Tunable diode lasers, current control
circuits, and temperature control circuits with similar characteristics are also commercially available.34
The laser beams were nominally linearly polarized upon
exiting the lasers, with a vertical plane of polarization. An
aperture, centered on the laser output, provided a circular
beam profile. The coupling laser beam was sent through a
polarizing beamsplitter cube, which was oriented to transmit
vertical polarization, and then focused into the rubidium cell
using a 150 mm focal length lens. This setup provided approximately 25 mW of coupling laser power at the cell. The
probe laser beam was first attenuated with an aperture that
narrowed the beam width and attenuated the power to approximately 500 W. A 90/ 10 beamsplitter diverted a portion of the beam to a second rubidium cell and onto a silicon
photodetector, which provided a frequency reference. The
polarization of the probe laser beam was rotated to the horizontal plane using a quarter-wave plate and linear polarizer
共a half-wave plate could be used兲. The intensity of the probe
laser was controlled using neutral density filters. The probe
laser beam was focused onto the rubidium cell using a 150 or
80 mm focal length lens. The polarization configuration of
the probe laser beam allowed it to be separated by the polarizing beamsplitter after the cell and sent to a photodetector to
monitor absorption using a ThorLabs Det210 silicon photodetector.
The 100 mm long rubidium vapor cell from Opthos Instruments had optical quality windows and contained natural rubidium 共72% 85Rb, 28% 87Rb兲. It was used at room temperature. The coupling and probe laser beams were aligned to
counterpropagate through the rubidium cell. During the iniA. J. Olson and S. K. Mayer
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Fig. 4. Theoretical absorption spectra for various coupling laser strengths and zero coupling laser detuning.

tial alignment the adjustable apertures following the lasers
were stopped down to ensure maximum overlap of the centers of the counterpropagating beams.
The fixed frequency of the coupling laser was set to the
5P3/2 → 5D5/2 transition wavelength by adjusting the temperature and current. The frequency of the probe laser beam
was scanned by approximately 3 GHz across the 5S1/2
→ 5P3/2 Doppler-broadened absorption profile by driving a
piezoelectric transducer in the flexure of the laser assembly.
The laser wavelengths were monitored using a Burleigh WA2500 WavemeterJr wavelength meter.
While the Doppler-broadened absorption profile of the
probe laser beam was monitored, the fluorescence spectrum
was simultaneously monitored 共optional兲 using a Burle 931A

Fig. 5. Apparatus for the ladder-type EIT experiment. Components include
grating-feedback diode lasers 共DL兲, quarter-wave plates 共 / 4兲, linear polarizers 共Pol兲, neutral density filter 共NDF兲, beamsplitter 共BS兲, polarizing beam
splitter 共PBS兲, lenses 共L兲, rubidium cells, and photodetectors 共PD兲. The fluorescence detection equipment 共optional兲 includes a 420 nm interference filter and photomultiplier tube 共PMT兲.
119
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photomultiplier tube, with a 420 nm interference filter in
place. The photomultiplier tube was placed perpendicular to
the axis of beam propagation. Both the absorption and fluorescence signals were recorded via a digital oscilloscope and
computer for different combinations of the coupling and
probe laser intensity and beam alignment and focusing.
IV. EXPERIMENTAL RESULTS
AND DISCUSSION
Sample Doppler-broadened absorption spectra with EIT
features are shown in Fig. 6 for different coupling laser
strengths. Only the first two absorption lines are shown. The
corresponding fluorescence signals are shown in Fig. 7. The
hyperfine features of the 5D5/2 state are clearly visible in the
absorption and fluorescence spectra for 87Rb. The data were

Fig. 6. Doppler-broadened absorption peaks with EIT features. The peak on
the left 关right兴 originates from the 87Rb Fg = 2 关85Rb Fg = 3兴 energy state.
Spectra were taking using coupling lasers powers of 12 and 25 mW.
A. J. Olson and S. K. Mayer
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Fig. 7. Fluorescence spectra from the 5D → 6P → 5S cascade decay. The
peak on the left 关right兴 originates from the 87Rb Fg = 2 关85Rb Fg = 3兴 energy
state. Spectra were taking using coupling laser powers of 12 and 25 mW.

taken with a 550 W unfocused probe laser beam. The EIT
window is evident in the spectra in Fig. 6. The transmission
increased from 22% to 34% for 85Rb when the coupling laser
power was increased from 12 to 25 mW.
Quantitative comparison with our theoretical result is
complicated due to the uncertainty in determining the coupling laser Rabi frequency27 and the omission of the hyperfine structure of the 5D5/2 state in the theoretical model. Our
experimental results show qualitative agreement with our
theoretical absorption profiles for low coupling laser power.
As predicted, the effect of increasing the coupling laser
power clearly increased the EIT effect, although the power
was not sufficient to observe the Aulter-Townes splitting predicted theoretically for higher coupling laser power and seen
by others experimentally.35
Figure 8 shows an expanded view of the EIT features in
the absorption spectra and corresponding fluorescence spectra for 87Rb and 85Rb. The hyperfine splitting of the 5D5/2
state is clearly resolvable in the fluorescence spectra. Badger
et al.36 have studied the effects of hyperfine splitting on the
EIT absorption profile and found that hyperfine splitting on
the order of or greater than the Rabi frequency of the coupling laser beam results in a noticeable broadening of the
transparency window 关Fig. 8共b兲兴 or even distinct peaks in the
absorption profile 关Fig. 8共a兲兴. Moseley et al.35 have proposed
the use of EIT resonances for spectroscopy of two-photon
transitions. The hyperfine features observed in the Fig. 8

Fig. 8. An expanded view of the hyperfine features of EIT in the absorption
spectra 共solid兲 and corresponding fluorescence spectra 共dashed兲 for 共a兲 87Rb
and 共b兲 85Rb. The fluorescence spectra are inverted for clarity. The vertical
scale is relative. The resolved peaks in the 87Rb spectra correspond to the
F = 4, F = 3, and F = 2 hyperfine levels of the 5D5/2 state.
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spectra were analyzed and found to have structure corresponding to that characterized in the two-photon spectroscopy laboratory by Olson et al.22
Other research groups have reported EIT behavior using
the same rubidium ladder system we have employed 共see, for
example, Refs. 26, 27, 35, 37, and 38兲. Our experimental
conditions are most similar to those of Xiao et al.37 They
used two diode lasers and a room-temperature rubidium cell
and reported a 52.5% reduction in absorption for a coupling
beam power of 20 mW. A key difference of our experiment
is the lack of magnetic shielding, which can result in a Zeeman shift in the rubidium energy levels. The magnetic field
recorded in the region of our rubidium cell was
0.18– 0.24 mT, corresponding to a Zeeman shift of approximately 8 MHz. Fulton et al. cite Zeeman splitting and Stark
shifting of the 5P and 5D states as contributing causes to a
reduction in the occurrence of EIT.26 We anticipate that improved optimization of the laser focus, alignment, and intensity would also result in an increase in the depth of the transparency window. Further improvements could be achieved
by electronically frequency-locking the coupling laser.
V. SUMMARY
We have described an EIT experiment using rubidium atoms that is suitable for the advanced undergraduate laboratory. The theoretical absorption profile of a weak probe laser
beam is modeled in the presence of a strong coupling laser
beam and the absorption window is characterized. By using
two grating-feedback diode lasers we achieved a 34% reduction in absorption using a relatively low-power coupling laser beam. This work complements and extends the analysis
of EIT-like behavior in a classical system11 by allowing students to directly observe and characterize EIT in an atomic
medium. Moreover, it provides laboratories equipped to perform absorption spectroscopy of rubidium with a novel opportunity to investigate coherent phenomena.
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