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Abstract. An effective four-level system around the D2 line of 3*Rb at room temperature, is experimentally
investigated by fluorescent studies under the action of two driving fields L1 and L2. This system exhibits
unique features in fluorescence as a function of frequency separation between L1 and L2. In particular, at
two-photon resonance, when the Rabi frequency of L1 exceeds that of L2, signatures of Electromagnetically
Induced Transperancy effect (EIT) arising from the three-level A sub-system is present as a sub-natural
dip in fluorescence from the fourth level. At comparable strengths of L1 and L2 the fluorescence features
indicate a regime, where the effects arising from optical pumping and EIT effect due to ground hyperfine
level coherence coexist. We see in the coexistence regime, saturation effects arising from difference frequency
crossing (DFC) resonances and optical pumping around the EIT window. At low strengths of L1, all signs
of coherence vanishes from the system and the fluorescent features result from incoherent optical pumping
through the Autler-Townes split states of the excited state hyperfine levels, which are split due to the
stronger L2 laser. The dominant role of the L1 laser in creating a robust transparency signal even in
the presence of an off-resonant excitation is brought out. The results are supported by density matrix
calculations.

PACS. 32.80.Qk Coherent control of atomic interaction with photons — 33.80.Be Level crossing and optical

pumping

1 Introduction

Quantum superposition of life-time broadened atomic
states and resultant changes in absorption of a resonant
probe light has been the subject matter of intense theo-
retical and experimental study in the past decade [1-3]. A
few examples of the varied phenomena given rise by atomic
coherence in three or multi-level systems are Lasing With-
out Inversion (LWI) [4-7], Electromagnetically Induced
Transparency (EIT) [8,9] and enhancement of non-linear
susceptibilities [10,11]. EIT has been observed in room
temperature Rb vapour cells in three and four level config-
urations. Determination of hyperfine structures [12], lad-
der type EIT in Doppler broadened systems [9], enhance-
ment of index of refraction [13], sub-natural fluorescence
features [14] and width of EIT resonance [15] are a few of
the many experiments done in rubidium system at room
temperature.

In contrast, very few papers have addressed the na-
ture of the transparency signal obtained in these mea-
surements. Often, in the presence of a strong pump laser,
a combination of destructive quantum interference ef-
fect and the ac-stark shifting of the excited state level
contribute towards a decrease in the absorption of the
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probe [16]. The experiment performed in [16], separates
effects of true quantum interference and that of level split-
ting. This, they achieve by keeping the Rabi frequency
of the pumping laser well below the life-time broadened
decay rates of the atomic states. For such low pumping
strengths the ac Stark shift has a negligible contribution
to the decrease in the absorption profile of the probe. Nev-
ertheless, they show that even with such low pumping
strengths a reduction of 15.5 percent takes place in the
absorption of the probe which is purely due to the destruc-
tive quantum interference of the excitation pathways.

In [17], EIT effect in the A system of the D1 hyperfine
manifold of levels of 8"Rb is studied. Here they examine
the nature of transparency signal as a function of chang-
ing line-width of the coupling laser. The line-width is in-
creased by introducing an external noise generator in the
current driver. They show a gradual loss of transparency
as a function of increasing line-width of the coupling laser.

However, a controlled loss of coherence and subsequent
changes in the spectral features from a multi-level system
have been studied only to a limited extent. It has been
shown that the presence of close-lying excited levels in
a hyperfine structure only slightly perturbs the EIT sys-
tem [18]. It was also shown that by tuning to the “center of
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Fig. 1. The four-level scheme around the D2 line of ¥ Rb.

gravity” of hyperfine levels, EIT can be achieved in atoms
with a multi-level hyperfine structure [19].

In this paper we have looked for signatures of induced
transparency and level splitting, in fluorescence, arising
predominantly from an off-resonant transition in an effec-
tive four level system around the D2 line of ®®Rb. This
experimental study in fluorescence is similar in spirit to
the experiment of Wong et al. [20]. In this paper the au-
thors study the several pump-probe resonance features
present in absorption of a probe, arising from a four-level
scheme around the D1 line of sodium, in a vapour cell at
room temperature. They study these resonances for a co-
propagating geometry of the pump and probe field which
eliminates Doppler broadening. The various spectral fea-
tures are explained as those resulting from the underlying
three level A system and V system. In particular, they
show that for the A scheme possible in the D1 transition,
a transmission peak AP due to EIT is present in absorp-
tion, at the two-photon resonance for the highest pump
power. At lower pump powers they show that a dip AD
due to optical pumping replaces the peak (Fig. 2 in [20]).
They also show saturation effects due to Difference Fre-
quency Crossing (DFC) accompanied by optical pumping
from the underlying double A scheme.

In close analogy, we have studied the pump-probe reso-
nances in Rb in fluorescence at room temperature. Sur-
prisingly, the fluorescence, though dominated by an off-
resonant excitation of the four-level scheme still show the
AD and AP features at the two-photon resonance. The flu-
orescence also carries signatures of optical pumping and
saturation effects in the underlying double A scheme. We

also get a coexistence regime in fluorescence similar to
what was seen in absorption. We explore the dominant
role played by the L1 laser in maintaining a robust trans-
parency signal even in the presence of off-resonant exci-
tations. In addition, we argue that the presence of a dip
in fluorescence can only be ascribed to EIT in the un-
derlying A subsystem. This makes the identification of
transparency easier compared to earlier schemes. A de-
tailed four-level density matrix calculation supports our
experimental observations.

2 Level scheme

The response of 8°Rb vapour to the presence of two
lasers L1 and L2 around the D2 line is studied. The
level scheme of 3Rb relevant for this experiment is given
in Figure 1. The laser L1 is scanned around the levels
5S1/2, F' = 2 to 5P3/9, ' = 1,2/, 3". The laser L2 is held
fixed at a given detuning from the level 5S; /5, F' = 3 to
5P3/9, ' = 3’ (Hyperfine levels of 5P3,5 manifold are de-
noted primed). The laser L2 also off-resonantly excites the
transition 5S; 5, F' = 3 to 5Pg/5, F' = 4'. The three-level
A system entering the EIT scheme are the ground hyper-
fine levels 55,5, F' = 2,3 and their common upper level
5P3/5, I' = 3'. These are denoted respectively as [1), |2)
and |0). The majority of fluorescence occurs from the “un-
connected” fourth level 5P/, F = 4’ denoted as |u). The
fluorescence from this level and from levels |0) and F' = 2’
are studied as a function of the detuning of laser L1 (d1.1)
from the transition 5S; /5, F' = 2 to 5Pg/5, F' = 3" and for
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a fixed 7. For the purposes of later discussions we de-
note the Rabi frequencies of laser L1 by (21, of laser L2
addressing the FF = 3 — F = 3’ transition by 75 and
the Rabi-frequency of the off-resonant transition (3 — 4')
by £ [21]. Note that since the same laser L2 addresses
the transitions F' = 3—3’ and F' = 3 —4' the ratio of their
Rabi strengths QLQ/.QI is a constant.

The D2 line of ®Rb has other excited state hyperfine
states, 5P3/3 F' = 1’ and 2’ which do not affect our es-
sential results. This is because the F = 1’ level does not
participate in the A system as it is not accessed by the L2
laser and the transparency due to F' = 2’ level need not
be considered separately from that produced by F = 3’ as
we will show later. So this renders the system effectively
as a four-level system.

3 Experimental set-up

The experimental arrangement is shown in Figure 2.
The L1 and L2 lasers were external cavity diode lasers
(ECDLs). The output power of L1 laser was typically 20
mW and that of L2 Laser was 130 mW. Both L1 and
L2 lasers were single mode at 780 nm with linewidths
less than a few MHz. The vapour cell at room tem-
perature contains both 8Rb and ®Rb in their natural
abundance ratios. The lasers L1 and L2 are copropagat-
ing and collinear and overlap along the entire length of
the cell. The L1 laser is focussed with a beam diameter
at the waist of about 1 mm. A tunable Acousto-Optic-
Modulator(AOM) is used in the path of the L2 laser to
shift its frequency in the range of 60-100 MHz. With
the help of the AOM the laser L2 can be locked at de-

tunings oz from 5P3/5, F' = 3/, ranging from +60 MHz
to —180 MHz.

The L1 and L2 lasers are linearly polarized with or-
thogonal polarizations. After the cell the two beams are
separated using a polarizing beam splitter and their trans-
mission recorded on a photodiode. The main diagnostic of
the processes in the cell is by fluorescence. The fluores-
cence from the cell is collected by a femto-watt detector
which is insensitive to the frequency of light incident on
it. Fluorescence is recorded at a given detuning o for
various scanned values of dr,1. The L1 laser is scanned at
the rate of 20 MHz/s, which is sufficiently slow for adia-
batic transfer of populations between the various hyperfine
levels.

4 Results and discussions

Unique to this level scheme is the role of laser L1. Since
F = 2 is the lower of the two hyperfine states, in the
absence of L1, significant population transfer between the
ground state hyper-fine levels do not take place. It is clear
that for a fixed L2 the fluorescence from the vapour cell
will be a constant due to constant population in |2) (the
state 55,9, ' = 3). This fluorescence is predominantly
from the “cyclic” transition 5S; /5, F' = 3 and 5P3 /5, I’
4 (|ju)).

In the presence of a slowly scanned L1, optical pump-
ing redistributes population between the ground state hy-
perfine levels. The resultant features in fluorescence are
dependent on two factors: one is the effective difference in
frequencies of L1 and L2. These are conveniently expressed
as differences in detunings 677 and d75 from F = 3'. The
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other is the ratio of Rabi frequencies of L1 and L2 i.e.
the ratios of 211 and {2r5. It is to be noted that in the
absorption study of a probe connecting a ground state
and an excited state, its detuning from the excited state
and the population of the ground state decide the signal
strength. Our fluorescence study, is from a system con-
sisting of several excited states, under the action of two
laser fields L1 and L2. The fluorescence is dominated by
an off-resonant transition whose ground state population
gets redistributed due to optical pumping. So in parame-
ter regimes where the optical pumping effect is dominant,
fluorescence maximum results, when an atom of a certain
velocity v sees

1 L1 on resonance with |[0) (6z1 —k-v = 0) and L2
resonant with |u) (0p2 — 121 MHz — k - v = 0). Here
121 MHz is the hyperfine separation between the ex-
cited levels 3’ and 4’. This will enable this atom with
velocity v to get maximally optically pumped from |1)
to |2) and also be in resonance with the dominant flu-
orescing transition |2) and |u). We expect to see max-
imal fluorescence in this case;

2 L1 on resonance with |0) (61 —k-v = 0) and L2
non-resonant with |u). In this case, though the optical
pumping mechanism is efficient, because the atom is
not resonant with the dominant transition (|2) — |u)),
the resulting fluorescent maximum will not be as large
as [1]. Nevertheless, in this case, if the atoms see any
of the other excited state (|0) or F/ = 2) on resonance
(02 —k-v =0o0r 0 —k-v = —63 MHz), then
the fluorescence will be enhanced. Here 63 MHz is the
hyperfine separation between F = 3’ and F = 2/;

3 L1 not on resonance and L2 on resonance with |u).
Because of inefficient optical pumping, an excess fluo-
rescence over background is not seen. The background
fluorescence is maintained by the average population
in |2).

The peculiar features of such velocity selected transfer re-
sulting in narrow width fluorescence peaks have been ex-
perimentally studied by us [25] and theoretically explained
in detail [26]. It has been found that any change the lev-
els |0) and F’ = 2 may undergo due to a strong L2 and
a weak L1 can be brought out through these fluorescence
studies. In particular for co-propagating and collinear L1
and L2, the Autler-Townes (AT) split positions of |0) and
F’ = 2, due to L2 at dp2, can be brought out in fluores-
cence, with a slowly scanned L1. At appropriate labora-
tory detunings 7,14, the AT split positions of |0), due to
L2 at d2, as seen by an atom with a velocity v is given
by [27]

5L27k~V 1
Siie—k-v = fig\/(dm —kev)2 402, (1)

For large detunings d7.2, 27,2 may be neglected in compar-
ison and hence the simplified equations are

Or1+ ~ 0r2 (2)
(5L1_—k-V%O (3)
011 ~k-v. (4)

These are the AT split positions of |0) as seen by an atom
with velocity v. It is evident that atoms of all velocity class
see the level at 0,14+ (Eq. (2)) to be at the same position
whereas the level at 61,1 (Eq. (4)) appears shifted by dif-
ferent amounts for atoms of different velocity. It is through
this velocity non-selective and velocity selective AT split
levels of |0), that optical pumping takes place to F = 3
and results in fluorescence peak features as brought out
in [25]. Trace B of Figure 3 brings out these fluorescence
features due to optical pumping very clearly. For a fixed
detuning 672 = 13 MHz, we expect fluorescence peaks at

1k -v= 5L17 = 5L2 — 121 MHz = —108 MHz. As ex-
plained earlier fluorescence peak results whenever an
atom of a particular velocity class v sees L1 in reso-
nance with one of the the AT split level of |0) (i.e.,
at dr1—) and L2 at resonance with |u). In trace B of
Figure 3, fluorescence due to this is shown as a huge
peak labeled [1;

2 61— =k v =452 — 184 MHz = —171 MHz. (Here
184 MHz is the hyperfine separation between |u) and
F’ = 2.) At this detuning, an atom of a particular
velocity class v sees L1 in resonance with one of the
AT split level of F/ = 2 and L2 at resonance with |u).
This results in a peak at G at —171 MHz;

3 dp1+ = 0r2 = 13 MHz. At this detuning, as explained
earlier optical pumping of all velocity class of atoms
from [1) to |2) takes place. This results in a fluores-
cence peak labelled a in Figure 3. Though there is an
excess number over average of atoms in |2), these ap-
pear at different detunings to upper levels |0) and |u)
for different velocities of atoms. Hence even though this
results in a fluorescence peak at «, the peak is not as
prominent as (37 due to inefficient excitation processes
to the upper levels.

Thus, if one were to see fluorescence as a function of
detuning 071 from doubly driven scheme of Figure 1,
with a weak L1 and a strong L2 one will see fluores-
cence peaks at dp1+ = 612 , 0p1— = dp2 — 121 MHz and
0r1— = 02 — 184 MHz due to Autler-Townes splitting
of upper levels |0) and F’ = 2. Incidentally, it has been
pointed out in literature [27], that sub-Doppler and sub-
natural linewidth features are indeed possible for large
detunings in the asymmetric AT level splitting case for
the level at 6514+ = dr2 and recently it has been exper-
imentally verified [28]. It should be noted however that
this reduction, is a reduction in the width of the peak in
fluorescence and is an incoherent reduction and does not
involve quantum cancellation of probability amplitudes as
is the case with EIT.

Thus we see that for 270 > (211, optical pumping
is the dominant effect resulting in peaks in fluorescence.
We will now discuss situations where the optical pumping
effect is inhibited and the resultant signatures in fluores-
cence.

It is very well-known that destructive interference
between dressed states in a three level system leads to
cancellation of absorption at resonance and coherent pop-
ulation trapping (CPT) [1]. The resonance referred to here
is the two-photon resonance and for the A sub-system of
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Fig. 3. Trace A gives the saturation absorption spectrum of L1 laser showing its instantaneous frequency. Trace B is a typical
fluorescence spectrum from the cell when 211 < 2p2. The peaks «, 81 and (2 are at 13 MHz, —108 MHz and —171 MHz

respectively.

Figure 1, it occurs at d;,7 = d12. This means, for negligible
decay rates Iy of the upper level |0) and I of level |2)
and for comparable strengths {257 and {272 the popula-
tion gets locked in the dressed non-coupled state (|[NC'Y).
Here [NC) is given by

QLQ QLI
INC) = 12).

VI201)% + |2L2)? VI201)% + | 212)?
(5)

This results in quantum cancellation of absorption ampli-
tudes to |0) from both the lower levels |1) and |2) resulting
in transparency.

On closer examination of our system, we see that
the two-photon resonance condition for transparency dis-
cussed above, for the three level system comprising the
lower hyperfine levels |1) and |2) and the upper level |0),
occurs at the same detuning dp14 = dp9, at which we got a
peak in fluorescence due to optical pumping. For appropri-
ate 211 and {279, at this two-photon detuning, the three
level A sub-system must enter in a coherent population
trapped state (CPT) in which neither L1 nor L2 will be
absorbed. In the absence of L1 absorption optical pump-
ing of atoms do not take place and in the absence of L2
absorption to |0), fluorescence contribution from this level
is decreased. However the off-resonant excitation by L2 to
the unconnected level |u) does take place. We experimen-

1) -

tally find that for 271 > (219 this off-resonant excitation
does not totally destroy the CPT state and the clear sig-
nature of transparency in the form of a sub-natural dip in
fluorescence is seen. Figure 4 brings out these features for
the same 015 as in Figure 3 but with 271 > 215.

Trace A of this figure is the saturation absorption spec-
trum of L1, which gives the frequency of L1 at any instant
during the scan. Figure 4B shows the fluorescence profile
from the cell when laser L2 is blocked. We see that in the
absence of laser L2, the fluorescence does not show any
distinctive feature. For our experiment, this is taken as
the background level. Trace 4C is a typical fluorescence
profile in the presence of both the lasers L1 and L2 with
211 > 212 > 2. There is a prominent dip in fluorescence
around d7; = 13 MHz. This dip is at the two-photon res-
onance condition

01 —0r2=0 (6)

for the occurrence of EIT, in the A sub-system [1), |2) and
|0). The dip has a sub-natural width FWHM = 5.6 MHz.
This occurs at the same position «, where for the same de-
tuning, a peak in fluorescence appeared (trace B of Fig. 3)
due to optical pumping. We wish to point out that this
is the same effect seen in absorption, in the four-level A
scheme in the hyperfine manifold around the D1 line of
sodium [20] (Fig. 2 in [20], trace (b) and trace (c)), at
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the two photon resonance detuning. In their paper also,
they see a dip in probe transmission going to a peak in
transmission as a function of increasing pump power.

In our experiment, accompanying this dip, we also see
a loss of peaks at positions of 8; and (3. This is a very
intriguing result because at these detunings we are far
away from the two-photon resonance. We are tempted to
argue that this is indeed a signature of adiabatic transfer
of population from the ground state directly to the |[NC')
state.

The width of the dip is comparable to the natural
width of the excited state in several of the experimental
realisation. We attribute this to the lifting of Zeeman de-
generacy due to earth’s field. Nevertheless we argue that
the mere presence of a dip in fluorescence can only point
to existence of an underlying CPT state. The reasons are
as follows.

— At the two-photon resonance, the transparency condi-
tion is satisfied both for |1), |2) and |0) subsystem and
for |1), |2) and F’ = 2 subsystem simultaneously. So
even though there are 5 levels (F' =2, 3 and F' =2/,
3" and 4, see Fig. 1) addressed by L1 and L2 together,

at the two photon resonance, under transparency con-
ditions there are no free levels available for absorption
of L1. The F’ = 4 level cannot absorb L1 due to selec-
tion rule violation. Even if the cyclic transition from
F =2 to F = 1’ exists, this does not cause redistri-
bution of atoms between the ground hyperfine states.
Because the system exhibits transparency for the two
excited states |0) and F' = 2 simultaneously at the
same two-photon resonance detuning, all the absorp-
tion pathways that transfer population through L1 are
inhibited.

During transparency the L2 laser is also not absorbed
by |0) and F’ = 2. The absorption of L2 by the off-
resonant transition between F/ = 4 and F = 3 (be-
tween |u) and |2)) does not give rise to population
redistribution (due to absence of absorption to |0)).
Thus this gives rise to a uniform feature in the entire
transparency window since L2 is held fixed at a fixed
detuning §r.

The transparency signal is also present when we look
at the fluorescence profile at 2,1 = Q212 (Fig. 5). Here
the EIT dip feature at « of sub-natural width 4.5 MHz
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is centered in a peak of width 30 MHz. The central
broad peak around a occurs due to optical pumping.
As the intensity of (2; is increased we see this fea-
ture washing out (trace C of Fig. 4). This is similar
to what has been observed in absorption by [20] for
comparable pump and probe field strengths. Most in-
terestingly the satellite peaks at a; and as occur due to
the double A scheme shown in Figure 1. In the double
A configuration neither L1 nor L2 address the same
excited state. Instead they address two different ex-
cited states, F' = 3’ (addressed by the fixed L2 laser)
and F' = 2’ (addressed by the scanned L1 laser). When
the detunings of each of the lasers with respect to the
different hyperfine level they address match, that is
when 75 is fixed at 13 MHz from F = 3/, the detun-
ing of L1 from F = 2’ matches that of 672 whenever
dp1 = 63 £ 13 MHz, then the same velocity class of
atoms is addressed by both L1 and L2. In our case
the laser L1 causes saturation of this velocity class
for transitions F' = 2 to F' = 2’. Thus this velocity
class becomes depleted in the ground hyperfine state
F = 2. This is shown by a small circle if Figure 1.
Since spontaneous emission from F = 2’ to F' = 3
is permitted, the very same velocity class gets accu-
mulated in F' = 3. This is shown with a relatively
bigger circle in the figure. This causes an increased
absorption of L2 and hence an increased fluorescence
at these frequencies. In literature this resonance is re-
ferred to as the cross-transition resonances [20]. This
is also called as the difference frequency crossing reso-
nance because for the case of degenerate ground hyper-

fine levels, this occurs whenever the difference between
the laser frequencies wy; and wro matches the hyper-
fine separation of the excited states. In our case, be-
cause of the non-degeneracy of ground hyperfine states,
this occurs whenever |wr1 — wra| ~ 3036 + 63 MHz,
where 3036 MHz is the ground hyperfine separation
and 63 MHz is the hyperfine separation between F' = 2/
and F = 3’. Thus it is seen on either side of the two-
photon resonance where |wr1 — wre| = 3036 MHz. As
L2 is held fixed at 13 MHz where our transparency dip
a occurs, the DFC features appear approximately at
—50 MHz (a1) and 76 MHz (a2) respectively.

Thus we see that, we have a pure transparency effect
present for 271 > (275. This appears in the form of a
sub-natural dip in the fluorescence feature. Furthermore
this is the only prominent feature in the entire spectrum
(trace C of Fig. 4). The absence of any other feature even
away from the two-photon resonance may be indicative of
transfer of population directly from the ground state to
the |[NC) state.

A combination of optical pumping and transparency
occurs for 271 = 212. Here the system retains the coher-
ence of the ground hyperfine levels which gives rise to the
sub-natural transparency dip. However, the dephasing of
the ground state coherence permits optical pumping even
slightly away from the transparency window. This explains
the peak feature centered on the transparency dip in Fig-
ure 5. In addition, the system also exhibits DFC reso-
nances away from the two-photon resonance at a; and as.
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We have seen earlier (Fig. 3) that when 271 < 212
all trace of coherence vanishes. The system just has peaks
at (1, f2 and a due to optical pumping through the in-
coherent level splitting of upper hyperfine levels |0) and
F'=2.

Thus in our experiment we see a transition from a
coherent EIT effect, to coexistence of EIT and optical
pumping effect, to ultimate destruction of coherence in
the form of absence of transparency and saturation effects,
and presence of optical pumping effects due to incoherent
AT splitting. It is clear from these arguments that a dip
in fluorescence, if present, can only signify partial or com-
plete coherence of the ground state hyperfine levels.

It has been pointed out earlier that [18] the presence
of off-resonant transitions only slightly decoheres the EIT
signal. The presence of Zeeman sublevel due to earth’s
field has resulted in broadening of the peaks as is the case
in [20].

We emphasise the crucial role played by the laser L1,
as compared to the role played by L2. Since L2 is held fixed
its non-absorption to the common excited states |0) and
F = 2 can at best cause a reduction in over-all DC fluores-
cence. But, on the other hand, it is the total inhibition of
optical pumping pathways to L1 at two-photon resonance
that causes maximal reduction in fluorescence from the
off-resonant transition. This is clear when one compares
Figures 3, 4 and 5. A clear requirement of {2717 > 2 for
transparency (Fig. 4) and the reverse effect of the total
absence of transparency (Fig. 3) with 215 > 21 clearly
indicates the dominant role played by L1 laser. Since L1
does not participate in the off-resonant excitation the de-
phasing due to this transition does not open up any optical
pumping pathways to L1. Thus the transparency is robust
even in the presence of these excitations. It might be ar-
gued that this is a generic requirement for transparency
in such effective four-level systems.

The transparency effect and the absence of optical
pumping has close analogies with systems described in [21]
and [24]. In contrast to [21] we do not see here suppres-
sion of simultaneous absorption of two photons. The peak
due to level splitting arises from a sequential absorption
by the optically pumped atom into level |2) from level |1).

5 Numerical modelling

Using density matrix formalism we have numerically mod-
elled the four-level system of Figure 1 with two co-
propagating laser beams L1 and L2. The analysis is very
much on the lines of [26]. The four levels under consid-
eration are: the two ground hyperfine levels F' = 2, 3
(]1) and |2)) and the two excited levels F' = 3/, 4
(|0) and |u)). For simplicity, we have considered an one-
dimensional situation, where the two driving fields are
in the +z-direction and the atom is moving along the
z-direction with a velocity v. The detuning of the L1 laser
taking the Doppler effect into account is Ap; =01 —k-v
and the L2 laser’s detuning is Ayo = §2 —k-v. The total
Hamiltonian for the system consisting of the atom and the

light fields is written in the interaction picture as
H = Hy+ Hy (7)

where Hj is the Hamiltonian for the bare atom and Hy is
the atom-light interaction Hamiltonian. They are given as

Ho = huon 1) (1] + Feoal2)(2] + ool 0){0] + Faw, ) (ul

and

_h
2
+QL2|2><0| exp (72@)[1215)
+QL1 exp (7iwL1t)|].><0| + HC]

H[ [Q’|2><u| exp (72@)[1215)

The dynamics of the system described by this Hamiltonian
can be studied using the density matrix p = > p;;|9)(j|.
The time evolution of the density matrix p is given by the
Liouville equation

dp 1 1

with I' representing the relevant decay rates from vari-
ous excited states. The rate equations of the four levels
for an atom moving with a velocity v are derived un-
der the rotating wave approximation [26]. For each ve-
locity v, steady state values of p;; are obtained by numer-
ically solving the 15 rate equations for the four levels, for
various values of 71 and dp2, subject to the constraint
P11+ p22 + poo + puw = 1. Thus for an atom with a veloc-
ity v we obtain the population of each level and coherence
between various levels, for a given value of d;; and dpo.
The fluorescence emitted by atoms with a velocity v is
given by

Fluorescence(Ar1, Ar2) = Iywpuu + Lo1po0 + Fogpoo(. |
9

As the detector collects fluorescence from atoms which
are in thermal motion, we take the average of each p;;
value over the range of velocities, weighted by the one
dimensional Maxwellian velocity distribution. Thus, the
Maxwell weighted averaged fluorescence, is calculated for
a fixed dr2 and for various scanned values of dr,1. Figure 6
reproduces the essential experimental features. Trace A is
the saturation absorption signal of L1. Trace B shows the
computed fluorescence signal with 271 > 2. Trace C is
for 271 = (215 and trace D for 21,1 < 21,2. We see a nice
transition from the coherent EIT effect for 2517 > 219
to the incoherent optical pumping effect at 251 < 219
passing through a coexistence regime at 271 = {215. Since
this simulation does not involve the excited level F/ = 2,
peaks associated with this level are absent. Thus the peak
at 02 and the DFC peaks a; and as are absent. A dressed
state analysis of the full five level system is underway and
will be discussed elsewhere.

The simulation also studied the role of off-resonant
level |u). (The fluorescent contribution of this level from
that of the level |0) cannot be distinguished in the ex-
periment). Seen in Figure 7 is the total fluorescence cal-
culated from the system (from levels |0) and |u)) when
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Fig. 6. Trace A is the saturation absorption spectrum of L1. Traces B, C, D are the numerically evaluated fluorescence from
the four-level system for 2p1/212 = 10, 1, 0.1 respectively.
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Fig. 7. Figures (a), (b), (c) and (d) show computed fluorescence spectra from |u) and from |0). The specific conditions are
discussed in the text.
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6r2 = 13 MHz. At the two-photon resonance condition
611 = 612 = 13 MHz, we see the transparency effect in the
form of a dip in fluorescence from |u) AND in the form
of a 100 percent dip in fluorescence, from |0) (Figs. 7a
and 7b). A decrease in fluorescence from |0), is directly
due to the transparency effect which results in CPT of
atoms in the lower levels |1) and |2). A decrease in fluo-
rescence from |u), is due to inhibition of optical pumping
of atoms to the level |2) because of transparency related
absence of absorption of L1. Unlike the dip in Figure 7b,
the transparency dip from |u) in Figure 7a does not reach
to zero because it is riding on the DC signal produced by
the transition |2) — |u). Had we frequency discriminated
our fluorescence, this is what we would have seen from |u)
and from |0). However, Figures 7a and 7b clearly bring out
the fact that, the frequency insensitive fluorescence we see,
is predominantly from |u). The fluorescence from |0}, as
shown in Figure 7b, is two times less than that from |u).

Figures 7c and 7d give the fluorescence from |u) and |0)
respectively, when the off-resonant transition is switched
off. We see the transparency signal from |0) to be the same
as that of Figure 7b. It is therefore clear that the presence
or absence of the non-resonant transition does not affect
the underlying EIT effect provided (271 > 212. Thus we
see that the fluorescence dip is a good and reliable marker
for the transparency effect.

6 Conclusions

An effective four level system around the D2 line of 3°Rb,
is studied in fluorescence, under the action of two co-
propagating and collinear fields L1 and L2. It was found
that at two-photon resonance, the signature of the EIT
effect in the underlying three level A subsystem is also
present as a sub-natural dip in fluorescence, from an off-
resonant fourth level. This effect is prominent when the
strength of L1 (£211) exceeds that of L2 (£212) i.e., when
211 > 212. We ascribe this to a complete loss of opti-
cal pumping pathways to L1 at transparency, combined
with the selection rule non-availability of the off-resonant
level to L1. At 271 = {22, we get a coexistence regime,
where we see that the dip in fluorescence due to trans-
parency, being centered on a broader peak due to opti-
cal pumping. We also see in this regime, DFC resonances
from the double A system present in our hyperfine mani-
fold. When (217 < {212, the transparency dip along with
the DFC peaks vanish and the system losses all signs of
coherent and cooperative effects. Instead the fluorescence
now shows prominent peaks corresponding to the Autler-
Townes split states of the excited state hyperfine levels,
split due to the stronger laser L2. Thus we see, as a func-
tion of 271, a gradual transition from a purely coherent
regime, which exhibits transparency, to the coexistence
regime where the coherent transparency effect, the co-
operative DFC effect and the incoherent optical pump-
ing effect coexist, to a regime of total incoherence in the
form of AT split states of excited levels. We emphasise
the dominant role played by the laser L1 in maintaining a

robust transparency signal. We argue that, the mere pres-
ence of a dip in fluorescence from such generic four-level
or multi-level systems must signify transparency effects
in the underlying three level subsystems. This, makes the
identification of transparency easier. We reproduce the es-
sential features of our experiment with a four-level density
matrix simulation.

I thank Ms. D. Amudha Kumari and Mr. D. Sanjay for help
during the initial stages of the experiment. I had the plea-
sure of discussions with Prof. R. Srinivasan and Dr. Hema
Ramachandran which helped clarify many crucial points.
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