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Abstract. We report on an investigation of electromagnetically induced transparency (EIT) in sodium
vapour. In our experiment, sodium atoms are excited on the Dj-line with laser radiation containing
two components with a frequency difference close to that of the two hyperfine ground states of sodium
(1.772 GHz). Such an excitation leads to coherent trapping of atomic population in “dark” superpositional
states, which dramatically reduces the absorption of light. A frequency transparency window is measured
to have a subnatural width, which is a clear indication of coherent population trapping. Dependence of
EIT on laser frequencies and intensities, on the magnetic field strength as well as on the temperature of

the sodium vapour is studied.

PACS. 32.80.-t Photon interactions with atoms — 42.50.-p Quantum optics

1 Introduction and theoretical considerations

Electromagnetically induced transparency (EIT) is an ef-
fect of reduction (or even cancellation in an ideal case)
of light absorption by an atomic medium at particular
frequencies near an atomic resonance [1]. The origin of
this effect is the destructive quantum interference between
light-induced atomic transitions. The combination of co-
herent light excitation and spontaneous emission quickly
puts atoms into a superposition quantum state which is
insensitive to laser radiation. Thus, EIT is a technique
for the creation of a phase coherent atomic ensemble
(“phaseonium” [2]) which may be a basis for new types
of optoelectronic devices. Recently, EIT attracted a lot
of attention. A major driving force behind these studies
is the application of EIT to related topics of high sensi-
tivity magnetometry and gravitometry [3], lasing without
population inversion [4], enhancement of non-linear wave-
mixing processes [5], correlation of laser phase fluctuations
[6] and quantum noise reduction [7].

In the present paper we investigate the EIT effect
based on coherent population trapping [8]. The sim-
plest quantum system where coherent population trapping
(CPT) is possible is a three-level A atom (Fig. 1a). In this
system, a specific superposition of two ground states |1)
and |2) is formed which is completely decoupled from the
laser field at the two-photon resonance A; = As. The pop-
ulation of the system is optically pumped into this non-
coupled state (also called “dark state”) |[NC) and trapped
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Fig. 1. (a) Three-level A system. (b) Four-level system: A
system with additional radiative decay to an external state |0).
The spontaneous decay rates are denoted by ~ym, for |3) — |m)
decay channels (m = 0,1,2), and the detunings are A,, for
|m) — |3) transitions (m = 1,2). wp is the Larmor frequency
for the population precession between states |2) and |0) due to
the perpendicular magnetic field.

there. The consequence is a lossfree transmission of the
laser light at frequencies corresponding to the two-photon
resonance, in contrast to the exponential decay (Beer’s
law) at other frequencies [9].

However, it is very difficult to find a pure A scheme
in real atomic systems. For example, laser excitation
of alkali atoms involves tens of Zeeman sublevels. Usu-
ally, the A-type EIT experiments with alkali atoms are
performed by use of two lasers. When their radiations
are orthogonally linearly polarized then the interaction
scheme can be effectively approximated by the three-level
A system [10,11]. We use in our experiment two optical
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Fig. 2. The relevant structure of the 32S; /2 and 3P, /2 levels
of sodium. The mr quantum number denotes the projection
of the atomic angular momentum F' on the axis parallel to the
laser polarization (z-axis).

frequencies derived from one laser with an electro-optical
modulator (EOM). This method has an additional advan-
tage of perfect amplitude and phase correlation of both
laser frequencies. Therefore, the EIT frequency resolu-
tion is not limited by the bandwidth of the laser. How-
ever, the two harmonics produced by the EOM are spa-
tially overlapping and equally (linear) polarized. Their
frequency difference matches the hyperfine splitting of
the 3281/2 ground state of Na so that they are tuned
on the F =1 ¢— F' = 2(3?Pyp) and F = 2 +—
F' =2 (3°P, /2) transitions, respectively (for zero-velocity
atoms). In this configuration, two three-level A schemes:
F=1+—F =2+« F=2 (mp=+1and mp =-1)
are formed, and the Zeeman sublevel F' = 2, mp = 0 is
not excited by the laser radiation (Fig. 2). The A systems
are responsible for the creation of CPT, and the state
F = 2 mp = 0 serves as a sink in the regular optical
pumping process. In such a situation (sometimes referred
to as coherent optical pumping [12]), a fraction of the
atomic population is trapped in the CPT states and the
rest is pumped into the state F' = 2, mp = 0. We model
this process by using a four-level system consisting of the
A system with an upper state decaying not only to the
states |1) and |2) but also into the state |0) (Fig. 1b) [12,
13].

We consider an interaction of A atoms or four-level
atoms (Fig. 1) with the bichromatic linearly polarized
laser field propagating along the z-axis

E = Fje, cos(wit — k1) + Eqe, cos(wat — kax), (1)
where e, is the polarization unit vector. We assume that
the wave having an amplitude F; and frequency w; ex-
cites the |1)—|3) transition only, whereas the wave having
E; and w, excites the |2)—|3) transition only. Transmis-
sion of the light fields through the medium is governed
by the Maxwell wave equations. For slowly varying ampli-
tudes and in the steady state, they are reduced to following

equations (see, e.g. Ref. [14])

9gm _

ac (m=1,2)

(2)
for dimensionless field amplitudes g, = e, - dsy, En /2R7y.
Here d3,,, are the dipole moments of the |m) — |3) transi-
tions (m = 1,2), and + is the total spontaneous decay rate
of the excited state |3). (psm,) are the off-diagonal elements
(3| p|m) of the atomic density matrix p averaged over the
velocity distribution M (v): (p3m) = j;o p3m (V)M (v)dv.
The dimensionless optical length ( is determined as ( =
(372N /4w?) x with N being the atomic vapour density.

Absorption characteristics of the atomic medium are
determined by the imaginary part of the susceptibility
which is proportional to the stationary value of the imagi-
nary part of the optical coherence ps,, for the waves reso-
nant to |m)—|3) transitions. The absorption coefficient is
zero at the two-photon resonance for the A atom (dotted
curve in Fig. 3a) which results in the transparency of the
medium. In the case of coherent optical pumping (four-
level system in Fig. 1b), the stationary value of optical
coherences is zero for any laser detuning, hence the absorp-
tion is due to the transient regime of the pumping only.
Therefore, we calculate the temporal dependence of the
density matrix elements, and substitute into equation (2)
not the stationary, but averaged over the interaction time
values of optical coherences ps,,. Such an approach ac-
counts automatically for the finite time spent by atoms in
the laser light. One can see that the light absorption is gen-
erally weaker than in an atomic A medium (dashed curve
in Fig. 3a). Also, the absorption is not completely can-
celled for the two-photon resonance frequencies A; = As.
As a result, the contrast of the absorption spectra is much
smaller for the case of coherent optical pumping than
for the case of A-atoms. The numerical solution of the
Maxwell equations (2) is shown in Figure 3b for the cases
corresponding to absorption coefficients presented in Fig-
ure 3a. Furthermore we note, that the width of the CPT
resonance is proportional to the laser light intensity [8].
Therefore, as the light intensity weakens during the prop-
agation through the medium, the transparency window
(the narrow frequency range of the light absorption re-
duction) decreases with increasing the optical length [9].

The situation in the real laser-atom interaction scheme
essentially depends on the presence of a magnetic field too.
The components of the external magnetic field, perpen-
dicular to the z—axis, would induce transitions between
Zeeman sublevels of one hyperfine state. We model this
coupling in the frame of our four-level system by a pre-
cession of the population between states |2) and |0) (be-
tween |F'=2,mp = 1) and |F = 2,mp = 0)) with a Lar-
mor frequency wp = grupB/h (gr = 1/2 is the Landé
factor of the ground state [15]). With this notation we get
wp = 0.07y for B=1G (y =6.3x107 s~ ! for Na). The ef-
fect of the perpendicular magnetic field is twofold. Firstly,
since the state |0) is not a perfect trap state anymore, the
absorption increases for all detunings. At the same time,
transitions from the state |2) to the state |0) lead to a
decay of the superposition dark state |[NC). Therefore,
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Fig. 3. ( a) Dependence of the absorption coefficient (which is proportional to Im(ps1)) for the field E1 on the “Raman”
detuning § = A; — As. (b) Dependence of the intensity of the laser wave wi (normalized to the input intensity) on the optical
length ¢ for the exact two-photon resonance § = 0 (upper group of curves) and out of two-photon resonance d/y = 1 (lower
group of curves). For both figures, dotted curves correspond to the three-level A system, y1 = v2 = 0.57, input Rabi frequencies
g10 = g20 = 0.5. Dashed and solid curves correspond to the four-level system (Fig. 1b) with y1 = 0.5, v2 = 0.37, 0 = 0.2,

g10 = g20 = 0.5, interaction time ¢ = 100y ~*

the transparency of the medium at two-photon resonance
decreases further. The existence of CPT in such a system
requires that the pumping rate into |NC) should exceed
its decay. This gives the condition [13]

(97 +93) 7 > ws. (3)

Since the light intensity weakens during the propagation
through the medium (solid curves in Fig. 3b), this con-
dition may be violated after a sufficiently large optical
length even if the initial intensity (g%o + g%o) were high
enough. The transmitted intensity decreases linearly with
the optical length with the slope proportional to wp:
g2, = g0 — a(wp/v)¢. Therefore the condition equa-
tion (3) can be expressed in terms of the optical length
as

Cwp < (930 + 930) V- (4)

These considerations demonstrate the importance of a
magnetic shielding for the observation of EIT.

2 Experiment

The experimental setup is shown in Figure 4. The CW
dye laser, using Rhodamine 6G and driven by an Art-
laser provides a single frequency, coherent, linearly polar-
ized light for the experiment. The frequency of the laser
light is tuned to the D; transition (3281/2— 32P1/2) of
atomic sodium. An EOM, modulated by a precise fre-
quency generator (modulation frequency f) was used to

, and Larmor frequency wp = 0 (dashed curves) and wp /vy = 0.07 (solid curves).

produce a pair of two side bands having the same fre-
quency difference as the hyperfine splitting of the two
ground levels 3%S; 5, F =1 and 325 5, F =2 (1772 MHz
without magnetic field). By detuning the EOM from the
exact match of the splitting one can either fulfill or vi-
olate the two photon resonance condition necessary for
the establishment of CPT. The output of the EOM still
contains, apart from those first-order side bands, the ze-
roth order (carrier frequency) component and the second
order side bands. The light passes an electronically con-
trolled Fabry-Perot interferometer (FPI) which suppresses
the zeroth order and second order side bands. This is nec-
essary because the carrier frequency is tuned exactly in
the middle of the (Doppler broadened) 3281/2,F = 1-
32P1/2 and 3281/2,F =2— 32P1/2 transitions. Therefore,
it would be absorbed quite weakly and would give an ad-
ditional background to the signal. Another, minor effect
of the zeroth order would be that, for the atoms which
have already been prepared in the CPT state by side-
bands modes, two velocity groups of these atoms (Doppler
shifted by +886 MHz) would be excited by the central
mode and jump out of the CPT state. Thus, we could not
observe the EIT effect without using the FPI mode filter.

In order to avoid light reflection back into the laser
due to the FPI, a combination of two quarter-wave length
plates (QWP) and a polarizing beam splitter cube (PBS)
is used. After the second quarter-wave plate, the light is
again linearly polarized. A lens (L) provides focusing of
the beam within the cell. The waist of the focused beam of
0.53 mm (1/e-width of Gaussian transversal laser profile)
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Fig. 4. Scheme of the experimental setup. EOM, electro op-
tical modulator; PBS, polarizing beam splitter cube; QWP,
quarter-wave plates; FPI, Fabry-Perot interferometer; FPI con-
trol, acousto-mechanical re-adjustment of FPI, self tuned to
the highest possible output amplitude; L, focusing lens (f =
500 mm); HC, arrangement of three perpendicular pairs of
Helmbholtz coils; Na, vacuum cell filled with sodium; Detector,
photo diode with data acquisition system.

spreads over the whole cell. Therefore, one can consider
such a beam as nearly parallel within the probe region.
After passing the cell, the light intensity was detected by
a photodiode and then recorded by a computer controlled
data acquisition system. The cell itself is 10 cm long and
26 mm in diameter. It is filled by sodium without any
buffer gas and is heated by a DC-driven coil at each end
(the current was switched off during the scans). The cell
is placed inside an arrangement of three mutually orthog-
onal Helmholtz coil pairs in order to compensate stray
magnetic fields. However, since the wire of the heating
coil is permanent magnetic, it is not possible to compen-
sate the magnetic fields completely for the whole cell vol-
ume - a small inhomogeneous field along the laser light
propagation was always present. Optimum conditions for
the EIT effect are found from measurements of the laser
intensity transmitted through the cell at sequential scan-
ning the magnetic fields in all three dimensions, while the
difference of the first order frequencies (2f,) is fixed at
1772 MHz. An example of such a scan is shown in Fig-
ure 5. Corresponding to the discussion about the influence
of the transversal magnetic field (see Fig. 3), maximum
transmission at two-photon resonance corresponds to the
minimum magnetic field.

Figure 6 represents typical measurements of the trans-
mission signal in dependence on the frequency difference
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Fig. 5. Dependence of the transmitted light intensity on the
magnetic field applied in the direction of the laser wave propa-
gation (z-axis) at fixed magnetic fields in other directions and
laser frequency difference (w1 — wg) = 1772 MHz. Total laser
intensity I = 200 mW /cm?. Temperature of the cell 119 °C.
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Fig. 6. Dependence of the transmitted light intensity on
the laser frequency difference (w1 — w2). Total laser intensity
I = 200 mW/cm?. Temperature of the cell T = 119 °C.
(a) Magnetic field is maximally compensated in all directions.
(b) A magnetic field of 2.14 G is applied in the direction of the
laser wave propagation (z-axis).

(w1 — wa). The case of maximally compensated magnetic
field is shown in Figure 6a. The reduction of light absorp-
tion at the two-photon resonance is clearly visible. The
halfwidth dgyr of the intensity peak (transparency win-
dow) is smaller than the natural width + of the excited
state 32P1/2 (v =10 MHz). This fact indicates that the
EIT effect observed in our experiment is really due to
quantum interference in CPT, not due to the ac-Stark-
shift effect. We have measured the dependence of dgrT on
the input laser intensity (Fig. 7a). As expected, the width
dgrr linearly decreases with decreasing intensity. The
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Fig. 7. (a) Dependence of the width of the transparency window dgrr on the total laser intensity at fixed temperature T' =
129 °C. A - experimental points, solid curve - corresponding linear fit. (b) Dependence of dgrr on the optical length ¢ - bottom
axis (temperature T - top axis) at fixed total laser intensity I = 280 mW /cm?. e - experimental points, solid curve - exponential

decay fit.

minimum intensity necessary for the establishment of
CPT - the coherent saturation intensity I.. [9,16] - is quite
high in our experiment due to the residual magnetic field
along the cell and not perfectly eliminated central laser
mode (2—4% of the intensity of the sideband modes). We
stress that the laser bandwidth has no influence on dgrr
and I, since both frequencies are derived from one laser
source by use of an EOM, and their phase and amplitude
fluctuations are completely correlated. Therefore, in prin-
ciple, the transparency window can be extremely narrow
in this type of EIT experiments - below few tens of Hz [18].

Another series of transmitted intensity scans is taken
at different temperatures of the cell. Increase of the tem-
perature leads to an increase of the saturated sodium
vapour density N, and corresponds therefore to the in-
crease of the optical length { = (37r(:2N/4w%) z for the
light transmission. For example, the temperatures T =
120 and 130 °C correspond to the length ¢ = 36 and 84, re-
spectively, for our experimental parameters. We observed
the behaviour qualitatively in good agreement with the-
oretical considerations above (Fig. 3) based on the four-
level model Figure 1b. The transmitted intensity at two-
photon resonance decreases with the temperature (opti-
cal length), and the transparency window dgrr decreases
exponentially with the optical length ¢ (Fig. 7b). We
note, however, that in our experiment the light inten-
sity decays faster than expected from the calculations
based on the four-level model. The reason is that in the
real sodium excitation scheme, except for the A systems
F=1+—>F =2+ F =2(mp = +1) and the
sink state F' = 2, mp = 0, there are three two-level sys-
tems FF =1 +— F' = 2(mp =0) and F = 2 +—
F' =2 (mp = £2) (Fig. 2). The light excites these two-
level systems and is absorbed. If stray magnetic fields were
zero than the two-level systems populations were quickly
pumped into the dark states of the A systems and the

state F' = 2,mp = 0, giving a small additional absorp-
tion. However, even a small magnetic field present in our
experimental arrangement couples the dark states to the
two-level systems. This leads to fairly large absorption not
accounted for by the four-level theory.

We have also recorded the transmitted intensity versus
laser frequency difference (w7 — wa) for the cases of an ad-
ditional magnetic field applied parallel or perpendicular to
the laser polarization. The magnetic field parallel to the
laser polarization shifts the Zeeman sublevels in energy,
and we observe two peaks of transmitted intensity corre-
sponding to two separate A systems (with mp = —1 and
mp = +1) with different ground level splittings present
for m excitation. Appearance of the three peaks for the
perpendicular magnetic field (Fig. 6b) can be explained if
we choose the quantization axis parallel to the magnetic
field. Then the laser light excites both ¢+ and o~ transi-
tions so that 10 different A schemes are formed with three
possible ground level splittings [16,17]. The contrast of
each of the peaks is smaller than for the case of compen-
sated magnetic field (Fig. 6a), because the smaller part
of atomic population is pumped into corresponding dark
states.

3 Conclusion

We have investigated the EIT effect in sodium vapour il-
luminated by two-frequency laser radiation tuned to the
D; transition. The two frequencies derived from one laser
source by use of an EOM have equal polarizations. In this
configuration, the EIT effect is due to coherent population
trapping in superposition dark states. However, there is an
additional optical pumping to states not contributing to
the CPT states (external states). We have shown, via nu-
merical calculations, that this leads to a smaller contrast
of the transparency window as compared to the case of
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CPT without losses. A weak magnetic field, which may be
present in the experiment, couples the superposition dark
state and the external state giving losses out of the CPT
state. This leads to further decrease of the contrast and
sets a lower limit for the light intensity necessary for the
observation of EIT. In our experiment, we have demon-
strated the reduction of light absorption for the frequency
difference corresponding to the two-photon resonance con-
dition. The width of the transparency window is smaller
than the natural width of the excited state in a wide range
of the interaction parameters. This fact confirms that the
EIT effect is based on a quantum interference effect. We
have measured the transparency window dgrr in depen-
dence on the laser intensity and the temperature of the
sodium vapour. It is found that Jdgrr increases propor-
tionally to the laser intensity, as it should be in CPT,
while it decreases exponentially with increasing tempera-
ture (optical length). We have also demonstrated that the
transparency window can be splitted into two or three win-
dows by application of an external magnetic field paral-
lel or perpendicular to the light polarization, respectively.
The distance between the windows is proportional to the
magnitude of the magnetic field strength. Thus, one can
change properties of EIT in a quite wide range by chang-
ing laser intensity and temperature of the gas, and by
application of an magnetic field.

S. B. thanks the members of the Institut fiir Experimental-
physik, TU Graz, for hospitality and support. This work was
supported by the Austrian Science Foundation under project
No. S 6508.
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