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In the present paper, an overview on work concerning coherent pop-
ulation trapping within the hyperfine manifold of the sodium D;-line is
given. Besides manifestation of coherent population trapping for different
A-schemes, also phase dependent processes in closed contour systems
(four-level double A-schemes) are discussed, including the case of phase de-
pendent electromagnetically induced transparency.

PACS numbers: 32.80.-t, 42.50.-p

1. Introduction

In 1976, Alzetta and co-workers (Dipartimento di Fisica, Universita di Pisa)
[1, 2] discovered the appearance of non-excited regions within the fluorescence
path while exciting sodium vapour in a fluorescence cell placed in an inhomo-
geneous magnetic field. The laser light used had several frequency components,
emitted by a dye laser which was running simultaneously with different longi-
tudinal modes. Six free spectral ranges of the laser resonator gives a frequency -
distance of approximately the hyperfine splitting of the sodium ground state
(32S1/2, F =2 — F = 1) and fits exactly to the spliiting of two Zeeman compo-
nents of the hyperfine manifold in a certain spatial region of the cell (see Fig. 1). In
this region the resonance fluorescence vanishes or is at least much weaker, there-
fore this effect was first called a “black line”. Soon later, Arimondo and Orriols [3]
explained this effect as an optical pumping of the atoms into a non-absorbing
superposition of the ground states, which later gave rise to the name “coherent
population trapping” (CPT). Independently, Gray et al. [4] observed a similar ef-
fect when exciting a weakly collimated sodium atomic beam with two independent
laser frequencies from both hyperfine ground levels. Later on also the name “dark
resonance” was used.

Let us consider a three-level A-atom (Fig. 2a), consisting of two ground and
one excited levels. From the upper level, both transitions to the ground levels
are dipole-allowed. Excitation of one transition leads to the well-known effect of
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_ Fig. 1. Observation of a “black line” in the fluorescence path of multifrequency laser
light in a sodium vapour cell. Sketch of the experiment performed by Alzetta et al. [1].

optical pumping to the other ground level, where the probability is given by the
branching ratio. After some fluorescence cycles, the atoms are pumped to the
second, non-excited ground level (we therefore call it a “dark state”). This optical
pumping influences the number density of atoms in the excited state and thus the
observed fluorescence intensity. An increase in the intensity is possible, if a second .
light wave is resonant with the second transition, since no atoms can now fall into
a dark state. The better both exciting fields are in resonance with the transitions,
the larger the population of the excited state — but surprisingly the fluorescence
vanishes (the population of the upper state reaches zero), if the frequency difference
between the exciting fields matches exactly the ground state frequency splitting
V12 = (E9 — E1)/h. In this case a Raman resonance condition

0p = (1 —v2) — (Va1 —vs2) =0 (1)
(often called also a two-photon resonance condition) is fulfilled, where vg; =
(Es — E1)/h, vsy = (Es — E3)/h are the transition frequencies, vy, v2 are the
light frequencies. v3; in Fig. 2 indicates the spontaneous transition rates.

A theoretical treatment of such a three-level A-atom in a two-frequency
electromagnetic field is given e.g. in the review article of Arimondo [5], using the

IC)

Fig. 2. Three-level A-scheme: (a) using eigenstates of the atomic Hamiltonian, (b)
using coherent superposition states, (c) three-level A-scheme with losses to an additional
state |0). v — light frequencies, 2 — Rabi frequencies, § — detunings, ¥ — spontaneous
decay rates.
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density matrix formalism. The energy due to atom—field interaction is given by
the Hamiltonian

oo 2, '
VaL = hoo g 1 (1 + M teren 19 (2l + he. (2)

£2; = dii&i/h are the Rabi frequencies measuring the strengths of the exciting
fields, where dy; are the dipole moments, &; are the amplitudes of the light fields.

The time evolution of the density matrix p(t) then is given by

iii% = = [Ho+ Vaz, o(t)] + Rp(t), 3)
where Hy is the Hamiltonian of the unperturbed atom and relaxations between
the different levels are taken into account by the relaxation superoperator R. The
set of differential equations is usually solved numerically. In Fig. 3a the result for
the steady state population of the excited state |3), pss, is given in dependence on
the Raman detuning 6r, showing indeed population p33 = 0 for §g = 0. But this
numerical solution does hardly allow a physical understanding of the effect.
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Fig. 3. Numerical solution of the equations for the density matrix elements (presen-
tation is similar as in Ref. [5]): (a) the population pss of the upper state is zero for a
Raman detuning ér = 0; (b) additionally, the populations of the “coupled” state |C)
and the “non-coupled” state | NC) are shown.

The state vector of the atom can be treated not only in the usual basis
|1), |2), |3), but also in another basis, constructed as coherent orthogonal super-
positions

INC) = (2:/2)I1) - (21/2)12),

IC) = (2/D)I1) +(23/2)12),  13)=13),

where 2 = /|[f1]2 + |2;]2 (Fig. 2b). When calculating the transition matrix
elements, for 6r = 0 one gets (3|Var|NC) = 0 and the time development of the
population pyc N¢, Siven by a‘it-(ch, N¢ ), is identical to zero. Atoms already being -
in state |NC) or being pumped into this state by spontaneous decay from |3), will
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stay there since the atoms undergo no interaction with the fields. [NC) therefore

is a dark state for our two-frequency field, and the trapping of population in this

“non-coupled” state is called coherent population trapping. The other basis state,

|C), is coupled strongly to the exciting fields, so all the population is pumped

to the coherent dark state |[NC) after some fluorescence cycles. The populations

pne,ne and pe,c are shown in Fig. 3b. In this picture the effect can be seen as

optical pumping to a non-absorbing coherent dark state. Another interpretation

is possible when treating the dipole transition moments. In case of ég = 0 the

phase of the transition moments is just opposite, and the common action of both
exciting fields interferes to zero. A common detuning of both exciting waves is

influencing the pumping rate into the coherent dark state, but not the effect itself
(as long as ég = 0). Therefore the effect can be seen even in fluorescence cells,

where the velocity of moving atoms creates Doppler shifts which are practically

the same for both transitions if they have nearly the same transition frequency.

Nevertheless, most of the experiments presented here have been performed using

a sodium atomic beam.

2. Manifestation of coherent population trapping
within the hyperfine manifold of the sodium D;-line

Even first observed by Alzetta when investigating sodium resonance lines,
the situation is not so simple as may be assumed when having in mind only .the
well-known hyperfine structure of the sodium D-lines. One easily can see that a
A-system is formed, e.g., by the hyperfine states 325'1/2, Fg =1, Fg = 2, and
32P, J2) Fe = 2 (two components of the hyperfine spectrum of the D;-line). But
in fact one has to consider also the manifold of magnetic quantum numbers, and
here no simple three-level A-schemes can be found. Since all experiments described
forthcoming have been performed on the sodium D;-line, we present in Fig. 4 the .
hyperfine manifold with quantum number designations, but will omit the quantum
numbers in the following figures.

As the two ground states, one may select also two mp states belonging to
the same F' value, and create the A-systems with only one excitation frequency.

2
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Fig. 4. Magnetic substates of the sodium D;-line.

Fig. 5. Geometrical arrangement of atomic beam, magnetic field B, excitation and
observation direction.
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As long as there is a (small) magnetic field present, the mp states are not com-
pletely degenerated, and the definition of o+ and o~ light makes sense. The two
circular polarizations are present if linearly polarized light is used, shined to the
atomic beam perpendicular to the external magnetic field, the polarization plane
chosen also perpendicular to the magnetic field. The Raman resonance condition
may be fulfilled when scanning the external magnetic field from negative to posi-
tive values. The geometrical arrangement and the field scanning is similar to the
well-known Hanle effect (zero field level crossing), therefore we call it a Hanle effect
configuration. A sketch of the experimental arrangement is given in Fig. 5.

Of course, also in our experiment the Hanle effect is present: it causes a de- -
polarization of the emitted fluorescence light when the magnetic field B is crossing
zero. But when looking for the total (unpolarized) fluorescence intensity, we ob-
serve no fluorescence at all for the crossing point, indicating that no excitation of
the upper levels take place. From the point of excitation, the difference between
o- and w-polarized light vanishes for zero field, so additional transitions Amp = 0
can be excited. But the situation is more complicated: additional to optical pump-
ing to the coherent dark state a pumping into incoherent dark states (here all mp
states belonging to Fi = 1) takes place. Therefore always competing processes take
place, which will be described in more detail in Sec. 3. These processes take place
also for [B| # 0 and are not restricted to the region of the Raman resonance. As
an example the excitation of transitions Fg = 2 — Fe = 1 with o-polarized light
is shown together with the level scheme in Fig. 6. The total fluorescence intensity
shows a well pronounced dip around |B| = 0 due to coherent population trapping.

When two-frequency laser light is used for excitation (we use for this pur-
pose =%1st side bands created by an electro-optical modulator (EOM)), it is pos-
sible to create A-systems between mp states belonging to Fg = 2 and Fg = 1,
and for example, F. = 2 [6]. We usually select a certain magnetic field strength
|B| and are scanning the frequency splitting. At |B| = 0 one will observe a-

a) b)
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Fig. 6. (a) Level scheme and (b) total fluorescence intensity for o-excitation Fg =2 —

F.=1.
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Fig. 7. (a) Level scheme and (b) total fluorescence intensity for m-excitation Fg =2,
Fp=1—-F. =1
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Fig. 8. (a) Level scheme and b) total fluorescence intensity for g-excitation Fy = 2,
Fg =1 — F. = 1. The dashed and the dotted A-systems have the same splitting
frequency Av = (E — E1)/h = 1771.6 MHz. Besides the A-systems formed by o*- and
o~ -excitation, there exist six other ones excited either by only o*- or only o~-polarized
light. These additional systems have the same frequency splittings as the systems drawn.

single dip around a frequency splitting of 1771.6 MHz, and the experiment corre-
sponds to the case described above (the frequency for driving the EOM is then
885.8 MHz). When choosing |B| > 0 and m-polarized excitation, the Raman reso-
nance condition is fulfilled for two different splitting frequencies, forming two differ-
ent A-systems (Fig. 7), and a double dip is observed. Using o-polarized excitation
at |B| > 0, several A-systems having three different frequency splittings are excited
and therefore three dips occur (Fig. 8) [7].

3. A closer look to the establishment of CPT

As told before, the coherent trap state is usually not the only one dark state
within the manifold of mp ground states. Therefore we have to treat another
model for establishment of CPT, where we include the loss of atomic population
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Fig. 9. (a) Level scheme with all excitation and fluorescence channels. Full lines: tran-
sitions forming the A-schemes involved, dashed: one-photon transitions excited by laser
light, dotted: spontaneous transitions. The level Fy = 2, mr = 0 acts as an incoher-
ent dark state since it is not excited by laser light, but distributes its population to
other states by a rate vo,c. (b) Calculated time behaviour of pa3 using the simplified
level scheme of Fig. 2c. Dashed lines: vo,c = 0.0773,0; solid lines: ¥0,c = 0.0017v3,0. The
population is shown for two detunings, ér = 2 and 6r = 0. In case of pumping to the
coherent dark state (§g = 0) the time behaviour is marginally influenced by the natural
trap state Fig =2, mp = 0.

by introducing a state |0) to which the atoms can decay from |3). This state may be
coupled to one or both ground states by a small rate, allowing in this case the atoms
to relax back to excitable states (Fig. 2c). In Fig. 9a the level scheme is shown
again in which additional to the excitations all possible fluorescence transitions are .
indicated. The state Fig = 2, mp = 0 is not excited by one of the light fields and is
acting as an incoherent dark state. But the relaxation yo,c takes care for recycling
of the population of this state. In Fig. 9b the time development of the population of
the excited state, pas, is calculated for two different values of coupling 7o,¢. For a
large coupling (e.g. vo,c = 0.0773,0, which corresponds to the influence of the earth
magnetic field) and large detuning from the Raman resonance (6r = £2) the popu-
lation of state |3) becomes nearly constant after short time (dashed curve), but for
70,c = 0.00173,0 all the population is trapped in Fg = 2, mp = 0. CPT is practi-
cally not present for this case. The situation changes for ég = 0: now additionally
to pumping to Fig = 2, mp = 0 pumping to |[NC) takes place. In this case the
coupling vo,¢ does not influence much the time behaviour, since it is dominated
by coherent processes. Experimentally we have checked these predictions by mea-
suring the fluorescence intensity of an atomic beam along the interaction region
with laser light (beam diameter ca. 8 mm) according to Fig. 10.

When the interaction region is not shielded from the earth’s magnetic field
and the detuning 8 is large, one observes — as usually — an intensity which is ap-
proximately constant over the whole fluorescence zone (Fig. 11a). This behaviour
is due to the strong coupling vo,c by the Larmor precession in the earth magnetic
field (ca. 0.7 Gs). In case of CPT (6r = 0) the fluorescence intensity at the begin-
ning of the interaction region, where the atoms are entering the laser beam, is the
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. Fig. 10. Experimental arrangement for measuring the time development of the fluores-

cence intensity.
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Fig. 11. (a) Fluorescence intensity along the path of the atomic beam. Dotted curve:
Or outside the CPT-dip; solid line: §r = 0. (b) Intensity in dependence of the Raman
detuning at different positions (A, B, C) along the fluorescence path. Earth magnetic
field present (7o,c large).

same as in the case of large detuning. But now after some fluorescence cycles a
large number of atoms is pumped into a coherent dark state, and the fluorescence
decreases dramatically, but the coupling is still remarkable and does not lead to a
complete vanishing of fluorescence. Please note that the position along the atomic
beam does not correspond directly to a timescale due to the velocity distribution
of the atoms in the beam. Along the fluorescence path in Fig. 11a the intensity has
been recorded in dependence on the splitting frequency of the exciting laser fields
for three positions A, B, C. Indeed, the CPT-dip is most pronounced at the end
of the fluorescence zone (Fig. 11b). When shielding the interaction region by some
cylinders of y-metal, the coupling 7o ¢ gets much smaller, and atoms which are
pumped to the dark state ' = 2, mp = 0 stay there for longer time. The dotted
curve in Fig. 12 (the Raman detuning ég outside the CPT-dip) therefore shows a
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Fig. 12. TFluorescence intensity along the path of the atomic beam. Dotted curve: 6y
outside the CPT-dip; solid line: g = 0. The earth magnetic field is shielded (70,c small).

decrease in intensity along the fluorescence path. In case of ég = 0 additionally
the coherent dark state is present, and the atomic population is trapped in one of
the dark states much earlier (full line in Fig. 12) [8].

We can now understand the real case of establishment of a dark resonance
within the mp manifold of the sodium D-lines as concurring optical pumping into
incoherent and coherent dark states, where some relaxations exist. The width of
the CPT-dip is mostly determined by relaxation processes and by the intensity of
the exciting fields. The smaller the relaxations, the smaller the pumping rate for
coherent trapping can be and still have a noticeable influence. Even though there
exist no theoretical lower intensity limit for CPT within an ideal A-system, in
practice the pumping rate to the CPT state has to be comparable to the pumping
rate into the natural dark states [8]. The shapes of the CPT resonances for the
Hanle effect configuration have been investigated in Refs. [9-11]. A

When investigating not the fluorescence intensity but the intensity which is
transmitted through an absorption cell, one gets increased transparency in case of
establishing CPT. This effect is called electromagnetically induced transparency
(EIT) and has been studied also extensively [12-15].

4. CPT within closed interaction contours

In Fig. 2 the normally used A-scheme is shown. If an additional electromag-
netic field is present, driving transitions between both ground states |1) and |2),
all three levels are connected by electromagnetic waves and we can speak about
a closed interaction contour. In case of the sodium D;-line, this would be a mi-
crowave field with 1771.6 MHz (Fig. 13a). One can get a closed interaction contour
also in multilevel systems, and in some cases it is possible to create closed systems
only using optical transitions. In Fig. 13b,c some possibilities of creating closed
systems within the hyperfine states of the sodium D;-line are shown.

It was shown first by Buckle et al. [16] that in case of closed interaction
contours the phase factors of the wave functions, which usually can be neglected,
play an important role. These phase factors are determined by the phases of the -
involved atomic dipoles and the phases of the coherent electromagnetic fields, and
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2)

Fig. 13. Closed interaction contours within the manifold of the sodium D;-line hyper-
fine states. (a) System closed by a microwave field, (b) four optical transitions form a
four-level double A-system, (c) if for both A-systems the upper level is the same, one
gets a degenerated double A-system.

interference effects in the dynamics of the populations appear. In this paper an
atom under influence of electromagnetic waves forming a closed interaction contour
is called a “one atom interferometer”. In this first paper spontaneous emission was
neglected. In the next years there was only one experiment performed [17] showing
that atoms can be reanimated to absorb photons only by a microwave field of a
certain phase compared to the two-frequency laser light pumping the atoms in the
coherent dark state. But here the experiment was performed on an atomic beamn
and the microwave field and the optical fields did not act at the same place.

A more detailed theoretical paper by the group of Matisov [18] was concerned
with general multilevel closed contours, including spontaneous relaxations. Also
here it was stated that a non-absorbing coherent superposition of two states (in
which eventually the population can be trapped) can be established (for the double
A-system of Fig. 13b) only for certain values of a total phase &:

@ = (61 - 02) — (63 — 64), (4)

with 6,, = Xm + ¢m (m = 1...4), where x,, are the phases of the corresponding
matrix elements of the atomic dipole moment, ¢,, are the phases of the electro-
magnetic waves. Since the values of x,, depend only on the selected transitions,
one gets at the interaction region & = Pom + (01 — p2) — (3 — ¥4). In this way
the establishment of CPT can be controlled by changing the phase of one of the
optical waves.

For the most simple case of Fig. 13a one can choose the properties to give
simple analytical solutions: 2; = 2 = 2, y1 = y2 = v (a symmetrical A-system),
and one gets in case of fulfillment of a three—photon resonance condition AV =
(v1 —v2) — vz = 0 (see Ref. [18])

40220% sin? ¢ :
Q2372 + 4(22 — 23)? + 12022023 sin’ & 5)
One can easily see that ps3 = 0, that means establishment of coherent population
trapping, can occur only for certain values & = n7 (n = 0,1,2,. ..), while the
highest population is observed for & = (2n + 1)7/2 (n = 0, 1, 2,...), and the

coherent trap state is completely destroyed for the latter case. One of the features
of Eq. (4) is that for higher intensities the phase dependence is more pronounced,

P33 =
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that means the phase region where noticeable trapping is taking place, gets smaller.
The FWHM of the CPT region gets

o 2
AP = V72I(2y2 +12022) ) (©)

We have investigated this behaviour first on the scheme of Fig. 13b since
it is easier for us to apply optical frequencies [19]. Each pair of frequencies has
been produced from a separate carrier frequency, generated by a dye laser system.
In order to avoid optical interference, we have sent the two pairs to an atomic
beam from opposite directions. The experimental setup is shown schematically in -
Fig. 14. The total phase is given by

D = Patom + (()01 - ()02) - (303 - 904); (7)
and a four-photon resonance condition )
Av= (1 —vy)—(v3—14) =0 (8)

has to be fulfilled. For observation of the effect, one has to establish for a certain
time stable phase relations between the four waves. In the first moment it seems to
be impossible to fulfill this condition, since each of the four waves has a frequency
of ca. 5 x 101* Hz and a line width of ca. 10° Hz. But a closer look to Eq. (7) shows
that only the differences of frequencies have to be stable — and we can produce
these differences very accurately and phase-stable by means of an electro-optical
modulator (EOM). Moreover, when driving both EOM’s with the same frequency
(e.g. by means of two frequency generators referenced to the same time basis), we
get an absolute correlation between the phases of the four waves at the places of
the EOM’s. During its way to the fluorescence zone, certain but constant phase
differences occur due to the optical distance from the EOM’s, so the waves at

synchronization
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generator 1 generator 2
cw dye cw dye
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system 1 system 2
photomultiplier
digital computer
oscilloscope

Fig. 14. Experimental investigation of phase-dependent population trapping on a
sodium atomic beam (atomic beam direction perpendicular to the drawing plane).
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Fig. 15. (a) Calculation of the upper state populations pss, ps4s in dependence of the
total phase @. (b,c) Experimentally observed fluorescence intensity while changing the
total phase with time for (b) I = 10 mW/cm?, (c) I = 100 mW/cm®. The phase
increases with time like AP = 8xt.

the interaction region have a temporarily constant, but not freely chosen total
phase &. In order to vary temporarily the phase, we apply to one of the EOM’s a
slightly different frequency than to the other one, say 886 MHz and 886 MHz +
5 Hz. In such a case the four photon resonance condition is not hurted substantially,
but the phase is now varying linearly with time as 2”’t

Figure 15 shows the fluorescence signal obser ved from the interaction reglon
of the atomic beam and the two pairs of laser frequencies as a function of time and
therefore of the time-dependent phase. As can be seen comparing Fig. 15b and c,
the phase dependence indeed is more pronounced for higher intensity of the beams.
More detailed calculations of the double A-system treated here showed [19] that
there is also a dependence on the relative strengths of the transitions involved,
expressed by the ratio

= gl/ 2 )
3/824

The coherent dark state shows the most pronounced phase dependence for
r = 1, but this ratio is not realized in case of the scheme of Fig. 13b. Due to
the special way of creating our frequency pairs by an EOM, the +1st side bands
have always the same intensity, but the dipole moments of the transitions involved
are different, so one cannot choose arbitrary ratios 2,/2; or £25/424. But even in
our case 7 = 1 is observable when investigating a degenerated A-system like the
one of Fig. 13c. Figure 16a shows the calculated shape of the CPT-dip for different
values of r, Figs. 16b and ¢ show experimental curves. In case of the degenerated
system the contrast is much higher. But in all experimental curves one can seé that
the intensity, even for @ = 0, does not go down to the theoretically predicted value
of zero. This can be understood by additional excitation of states which are not
participating in forming the double A-system, and due to the fact that the inter-
action region was not shielded against the earth magnetic field, so the lower states

of these single photon transitions were filled from the reservoir of non-excitable
incoherent dark states.
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Fig. 16. (a) Calculation of the upper state populations pss, pss in dependence of
the total phase @ for different values of the ratio r. (b,c) Experimental results for

(b) r = 1/3 and (c) r = 1 (degenerated four-level system). The phase increases with
time like AP = 8xt.
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Fig. 17. Phase dependent fluorescence signal for (a) Ay = 10 kHz, (b) Av = 100 kHz.
For an easier determination of the contrast k/a, the atomic beam was chopped with a
frequency of = 500 Hz. (c) The dependence of the contrast on the frequency difference
Av. Full line: calculated behaviour.

What happens now when the phase is varying much faster in time (again
the four-photon resonance should not be harmed substantially), e.g. with frequen-
cies going up to 100 kHz? In such situations only for very short time the atom
feels a phase leading to establishment of CPT — it becomes a transient effect.
Figures 17a and b show the change in the fluorescence intensity with time for
different frequencies of changing the total phase. It can be clearly seen that the
contrast gets worse with increasing frequency. For a better determination of the
contrast, now also the atomic beam was chopped. The dependence of the contrast
on frequency fits well to our theoretical model (Fig. 17¢) [20].
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5. Phase dependent electromagnetically induced transparency

The same behaviour as observed when investigating the fluorescence of an
atomic beam when shining in two pairs of laser frequencies should be observed
in principle when sending the composition of all four frequencies through an ab-
sorption cell. In this case the transmitted intensity should depend strongly of the
total phase @waves. But for practical reasons the experiment is not as simple as
it might look like. First of all, the laser beam after an EOM does contain not
only the two first order side bands used for excitation of the A-schemes, but also
the carrier frequency (ca. 1/3 of the total intensity) and second order side bands
(even with lower intensity). When exciting an atomic beam — the experiment is
nearly Doppler-free in that case — the additional side bands are not in resonance
with any atomic transitions and therefore do not play a role. But in a cell these
frequencies would be in resonance with Doppler-shifted transitions corresponding
to certain velocity groups within the atomic vapour, increasing in this way the
fluorescence background. Therefore we had to suppress the non-useful side bands
by a Fabry—Perot mode filter which allows only the first order side bands to pass.
The second reason is that we had to compensate carefully the earth magnetic field
in order to get the most possible contrast, minimizing in this way the Larmor
coupling between the magnetic hyperfine states.

. 8,~177L6 MHz
: :
E ST M
07 0 a9 o 0 2 4 6 8 10 12 14 16 18
Fig. 18 e Fig. 19 rahlengh(en)

Fig. 18. Phase-dependent electromagnetically induced transparency: variation of the
phase with time (increase like AP = 40wt).

Fig. 19. Phase-dependent electromagnetically induced transparency: variation of the
phase when increasing the way of one frequency pair to the cell (the phase increases like

AP = (27/16.9)z[cm]).

Indeed it was possible to observe a strong dependence of the transmitted in-
tensity on the total phase [21]. The phase could be changed as before by applying
slightly different frequencies to the two EOM’s or by varying the way of one fre-
quency pair to the cell by shifting a stack of triple mirrors. The results are shown
in Figs. 18 and 19. Additionally, in Fig. 19 two curves for different splittings of
the pairs of frequency are shown: when the splitting is outside the CPT window,
one does not observe a dependence on the phase but gets always absorption.
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The case of phase dependent EIT is of special interest since the electromag-
netic waves do not only influence the properties of the absorbing medium, but
these influence vice versa also the light waves: the refraction index (and therefore
the light velocity within the medium) is dependent on the phase and on the spatial
coordinate along the absorption path. On the other hand, in a medium the total
phase of the four waves is also varying along the light path.

6. Conclusion

The manifestation of CPT has been investigated systematically by our group
using as a model system the hyperfine manifold of the sodium D;-line. A large
number of applications of CPT has been shown by different groups, e.g. for mea-
suring extremely small magnetic fields [22, 23], or for laser cooling by velocity
selective coherent population trapping processes [24, 25]. Moreover, it seems that
“dark resonances” are present in a large number of previous experiments, without
calling this effect explicitly.
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