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Abstract

Induced transparency on a blue probe light in a Doppler broadened V-type mismatched system using a low power near infrared
coupling diode laser was experimentally observed. Extensive theoretical model was used which utilizes the three-level V-type
scheme. Appropriate modifications were made to take into account the hyperfine splitting of the ground 5°2S;, and excited
57P;;; and 6 2P, states. Calculated probe absorption line profiles reproduce with great accuracy measured absorption profiles.
The influence of the 5 2P, /2—6 2P, /2> unlinked states coherence on the induced transparency was discussed in the context of the used

theoretical model.
© 2006 Elsevier B.V. All rights reserved.

PACS: 42.50.Gy; 32.80.Qk; 42.50.Nn

1. Introduction

Quantum coherence and interference among atomic
states coupled by laser field provide a variety of phenomena
for fundamental and practical applications. Electromagnet-
ically induced transparency (EIT) is a phenomenon of
induced transparency in an initially absorbing medium,
experienced by a weak probe field due to the presence of
the strong coupling field [1,2]. It was first discussed theoret-
ically by Imamoglu and Harris [3] and for the first time
experimentally observed in neutral strontium [4]. Since
then, several theoretical EIT descriptions in different atomic
systems appeared, followed by corresponding experimental
observations. EIT is a main driving force for the phenom-
ena like lasing without inversion (LWI) [5,6], slow light gen-
eration [7] (phaseonium-type media), enhancement of non-
linear wave-mixing [7,8], quantum information storage [9],
magneto-optical switch [10], etc.
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The light amplification and the lasing without inver-
sion have been the subject of substantial experimental
work due to the possibility of generating laser light at
regions of the electromagnetic spectrum which are not
conventionally accessible. Several experiments have dem-
onstrated non-inversion amplification in the A-type sys-
tems [6,11]. However, A-type systems involve coherent
population trapping and these effects can be understood
as an amplification with inversion in a dressed state basis
picture. The first observation of continuous wave inver-
sionless lasing was demonstrated by Zibrov and co-work-
ers [12]. Their scheme utilized almost matched (equal
probe and coupling field frequency) three-level Rb atom
in a V-type configuration. V-type LWI presents the can-
cellation of absorption caused by the quantum interfer-
ence without any hidden inversion in a dressed state
basis.

Mismatched (unequal probe and coupling field fre-
quency) V-type systems with coupling field frequency lower
than the probe field frequency are ideal candidates for the
high-frequency inversionless laser systems [13]. On that



408 S. Vdovié¢ et al. | Optics Communications 272 (2007) 407413

account, the study of electromagnetically induced transpar-
ency in such systems represents the first step in a high-
frequency inversionless lasers realization. EIT creates the
reduction in absorption upon which the LWI is based.
Additionally, the V-type configuration provides optimal
transparency in the Doppler-broadened systems, particu-
larly for the cases in which the probe frequency is much
larger than the coupling field frequency [13,14]. Therefore,
the EIT investigation in the Doppler broadened
mismatched V-type system could provide new insights for
other inhomogeneously broadened media such as quantum
wells. The first and unique experimental observation of cw
mismatched transparency in a V-type Doppler broadened
system was presented by Boon et al. [15]. These authors
produced the transparency on the 52S;, — 67P);
transition (blue line at 422 nm) by the application of the
near infrared coupling laser on the 52S;, — 5%P;), tran-
sition (780 nm). Using the coupling field power of 800 mW,
corresponding to the Rabi frequency of 2.2 GHz, they
obtained the induced transparency on ®Rb F =2 —
F.=1,2,3 transition (422 nm) which removes 73% of
the absorption.

Up to now it has been thought that mismatched wave-
length systems subjected to Doppler broadening can only
be realized for high coupling powers [16]. In the present
paper, we investigate the EIT in the Rb mismatched V-type
Doppler broadened system using the low power coupling
field. Our atomic system is similar to the one in Ref. [15].
The transparency is induced on a weak blue 420 nm probe
field (52S;, — 6°P3), transition) by application of a
780 nm coupling field. For coupling field power of only
35mW, we obtained the induced transparency on *’Rb
Fy=2 — F.=1,2,3 transition which removes 67% of
the absorption in a peak of the Doppler broadened line
profile. Due to the low coupling field power, most of the
induced transparency is a result of the ground 5
’s, /2(Fg = 2) level population decrease induced by the cou-
pling field saturation effect.

We performed standard but very elaborate density
matrix analysis, which enabled to distinguish between the
coherent and incoherent mechanisms responsible for the
observed transparency.

2. Experiment

A simplified experimental scheme is presented in Fig. 1.
The rubidium vapor was generated in a 5Smm long
T-shaped all sapphire cell (ASC) containing pure rubidium.
The cell was heated in the specially designed oven to
increase the atom number density. This enables measurable
absorption at 420 nm probe transition, which has a small
transition dipole moment. The optimal absorption cancel-
lation was observed for the vapor temperature of about
110 °C. The dominant mechanism for the absorption can-
cellation at lower vapor temperatures is the optical pump-
ing of the ground state hyperfine levels, which masks the
EIT signal. At higher vapor temperatures, increased optical

thickness on coupling transition is limiting the observation
of EIT signal.

Coupling and probe laser fields were supplied from two
current and temperature stabilized cw external cavity diode
laser systems (TOPTICA DL100) with a linewidth of about
1 MHz. The coupling and the probe fields propagated col-
linearly. In this way, for an atom velocity group the Dopp-
ler shifts of the coupling laser and probe laser are partially
cancelled. This configuration can reduce the requirement
for the coupling intensity to create effective atomic coher-
ence [17]. The residual two-photon Doppler linewidth [14]
at 110 °C is about 300 MHz. The overlap of coupling and
probe beams was optimized using the dichroic mirror
DMI. The beams of approximately the same size were
focused by a lens with focal length of 45 cm, giving the
beam waist of about 100 um in the centre of the cell. The
coupling field of 50 mW maximum output power was
tuned to *Rb 5 Sy, — 57%Py), transition at 780 nm. Its
wavelength was stabilized using Doppler-free saturated
absorption spectroscopy [18], providing negligible fre-
quency drift during the measurements. The probe beam
frequency was scanned across the hyperfine structure of
the ¥Rb 52S,, — 6°P;; transition region with a
0.23 GHz/ms scanning rate. The relevant energy level
structure of ®Rb isotope is shown in Fig. 2. The probe field
power was about 10 uW. The available coupling field
power was 35 mW, which gives an estimated Rabi fre-
quency of 500 MHz. The Rabi frequency is calculated
using the 57?S;, — 5?P;), transition dipole moment [19]
and coupling beam profile in the centre of the cell. After
passing through the cell the two beams were separated with
a dichroic mirror DM2. The probe beam was directed
through the Schott BGI18 filter (in order to reduce any
residual coupling laser signal) to the photodiode, and
detected at the oscilloscope (HAMEG HM1507-3).

3. Theory

Theoretical modeling was carried out utilizing a three-
level V scheme with appropriate modifications to take into
account the hyperfine splitting of the °Rb 528, 2 ground
and 5?P;), 6 2P3), excited states. A system of 55 coupled
differential equations for the slowly varying density-matrix
elements in the 10-level scheme of *’Rb was obtained.
Additional terms were included in the equations to account
for the repopulation of the ground states due to spontane-
ous decay from the excited states (repopulation terms) and
the thermalization of the hyperfine ground and excited lev-
els (collisional mixing term). The repopulation terms were
calculated from the appropriate radiative decay rates
r f;‘d. The collisional mixing term IT was calculated from
the collisional cross section [20], average atom velocity
and the atomic number density. In our experimental condi-
tions, it amounts to about 12 MHz, which is fast enough to
prevent optical pumping of the ground hyperfine levels.

The coherence decay rates (y;,) were calculated accord-
ing to the relation:
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Fig. 2. Energy-level picture of the V scheme employed in **Rb isotope
including hyperfine splittings of ground 5 %S, ,, and excited 5 ?Ps», 6 2Ps),
states. The ground and excited hyperfine energy separations are given in
MHz. The states are denoted by numbers starting with the state of lowest
energy.

1 (e} o)
“/ijzi(r;t‘kr_;t)- (1)

' denotes total decay rate of atomic level i (i=1,
2,...,10, see Fig. 2). It is a sum of radiative and collisional
decay rates. Collisional decay rates include inelastic colli-
sion decay rates and elastic collision decay rates. Inelastic
collisions contribute to the population and coherence decay
and in our model they are included through the thermaliza-
tion process with inelastic decay rate equal to I1. On the
other hand, elastic collisions do not cause population de-
cay, they only contribute to the decay of coherence. Total
decay rates I''", used in simulation, for the 10-level system
shown in Flg. 2 are given below:
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The radiative decay rates are set to I'S? = I'itd = 6 MHz,
F[;}d = = r;d =TI3=3MHz in the case of
52P5(Fe) — 57%Si5(F,) hyperfine transitions [19] and
=% =13MHz, I{=TI5=TI3=TI% =0.65
MHz in the case of 62Ps;(F.) — 5725, (F ) hyperfine
transitions [21]. IS and I's*" are 5 2P3), and 6 2Ps), elastic
collision decay rates. They are deduced from the experimen-
tal values for the self broadening of Rb resonance lines [22].
In our case, their values are about 30 MHz and 24 MHz for
5P, — 528y, and 6%P;, — 57%S;,, resonance line,
respectively.

The differential equations were solved by invoking
steady-state conditions and integrated using a standard
fourth-order Runge-Kutta method. The population of
the ith atomic level (i =1, 2,...,10) is given by the diagonal
density-matrix element p;;, whereas off-diagonal elements
represent the slowly varying envelope of the coherences.
The real and imaginary parts of the coherence on particular
hyperfine transition are related to the refractive index and
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the absorption, respectively. The probe absorption line
consists of three Doppler broadened hyperfine transitions
(52S12(Fy =2) — 6?P3(F. = 1,2,3)). Hence, the total
probe absorption is calculated by adding the contributions
of the three hyperfine components, i.e., it is equal to
Im(p17) + Im(pys) + Im(pyo).

Doppler broadening is taken into account by numerical
integration over the velocity distribution. The atomic
velocity distribution enters into density matrix equations
through the probe and coupling laser detuning 4,;; and A4y,
defined as

i=178,9
J=345

Apl[ - CUp — y; _kp * Uy

A (3)
Clj_wc_wlj_kc'vz
Here o, and o, denote the frequencies of the applied opti-
cal fields, v, is the atomic velocity along the cell length, k,
and k. are the wave numbers of the applied fields. w;; and
wy; are 5 ZSI/z(Fg = 2) — 6 2P3/2 and 5 zsl/z(Fg = 2) —
52Ps, transition frequencies, respectively.

The coherently induced transparency is driven by the
coherence py; (k=3,...,6; [=7,..,10) on the 5°2P;)—
6 ?P3), unlinked transitions, which has both real and imag-
inary components. By changing the coherence decay rates
v of the unlinked transitions, the transparency of the med-
ium changes. In Fig. 3, we show the dependence of calcu-
lated total probe absorption upon dephasing of the
52P3/,—6 *P3), unlinked transitions. The calculations were
performed for coupling field Rabi frequency of 500 MHz,
w, = w7 and o, = w4. Total probe absorption is calcu-
lated following the density-matrix formalism described
above by setting different values for coherence decay rates
v of the unlinked transitions. For the y,; coherence decay
rates faster than about 400 MHz the probe absorption
remains unchanged. The transparency obtained at this level
of coherence decay rates is independent upon the unlinked
states coherences and is a result of the ground
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Fig. 3. Total probe absorption (equal to —Im(p;;)—Im(p;3)—Im(p;s))
with respect to the dephasing of the 5%P;»—62P;;, unlinked states
coherences. The calculations are performed for coupling field Rabi
frequency of 500 MHz, w, = w7 and @, = w4

5281)2(F, = 2) level population decrease induced by the
coupling field saturation effect. In Fig. 3, the total probe
absorption is normalized to this value. By decreasing the
unlinked coherence decay rates below 100 MHz, a strong
dependence on the value of coherence dephasing is
observed. An ideal coherence exists and it creates maxi-
mum transparency. It is obtained by setting the total coher-
ence decay rates of the unlinked transitions equal to zero
(infinite coherence time of unlinked transitions). In our
experiment, the coherently induced transparency maximum
reaches about 50% of the value determined with coupling
field saturation mechanism only.

In Fig. 4, we present calculated probe absorption line
profiles for different values of unlinked states coherences
and the experimental trace, Fig. 4(e). As the unlinked states
coherence decay increases, the EIT window changes in
intensity and shape. y;; coherence decay rate of 46.3 MHz
corresponds to the value calculated according to relations
(1) and (2). An interesting shape of the EIT window is
obtained for zero coherence decay. It consists of numerous

P BT TE
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Fig. 4. (a)~(d) Calculated 5°2S;,(Fy =2) — 6?P3,(F. =1,2,3) Dopp-
ler broadened probe absorption line profiles for different values of 5 2P3,—
6 23> unlinked states coherence decay rates (e) experimental trace for the
coupling field power of 35 mW at *’Rb 5 2S;)(F, =2) — 5 *P3;y(F. =2)
transition that should be compared with the calculated profile in (d) case.
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Fig. 5. Detailed view of the calculated probe absorption line profile in the
case of ideal coherence. The contributions of each 52S,(F, =2) —
6 2P;2(F, = 1,2,3) hyperfine line forming corresponding probe absorp-
tion line are shown. Regarding one hyperfine line there are nine EIT
resonances which comes as a result of the 52P;/ and 6 ?P3), hyperfine
splittings.

sharp EIT resonances. The interpretation of these sharp
EIT resonances is clearly seen by inspection of Fig. 5 in
which the contributions of each hyperfine line forming
the probe absorption line are given. For a given hyperfine
transition there are nine EIT resonances resulting from
the 5?P;), and 6 ?Ps; hyperfine structure. In a Doppler
broadened medium the atomic transition frequency g
must be replaced with cufge = g + k - U, where k is the laser
wavevector and ¥ is the atomic velocity. Different velocity
groups correspond to different detunings 6 = k<% of the
probe and coupling laser fields and therefore all nine EIT
resonances can be obtained. Three group of resonances

T T T T T T T T T T T . T e T
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Fig. 6. The experimental traces of the probe field absorption with and
without coupling laser. The coupling field power equals to 35 mW and is
tuned to the °Rb 5 ZSI/Z(Fg =2)—5 2P3/2(Fe = 2) transition.

denoted with (a), (b) and (c) correspond to the velocity
groups for which the coupling laser is resonant with
52812(Fg =2) — 5%P3p(Fe = 1,2,3) transitions, respec-
tively. Three resonances in each group (a), (b) and (c)
reflect the 6 2P;), hyperfine structure.

4. Experimental results

The experimental traces of the probe field absorption
with and without coupling laser are shown in Fig. 6. Two
pairs of hyperfine lines corresponding to each rubidium iso-
tope are the result of the hyperfine splitting of the Rb
ground 5281/2 state, which is 3036 MHz for ®Rb and
6835 MHz for ®Rb. The hyperfine lines resulting from
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Fig. 7. The effect of coupling laser frequency detuning from **Rb 528, »(F, = 2) — 5?P3)(F. = 2) transition on 528, 5(F, = 2) — 62P3;s(F. = 1,2,3)

line profile, measurements and theory.
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the splitting of the upper 6 *Ps, state are not resolved due to
Doppler broadening, which amounts (for the composite line
shape) about 1086 MHz (FWHM) at 110 °C. The coupling
laser field is in resonance with the 8°Rb 528, p(Fy=2) —
52P5)(F. = 2) transition. When the coupling laser is
turned on, 67% of the absorption in the centre of the
52812(Fy=2) — 6?P3p(Fe=1,2,3) line is removed.
The absence of optical pumping effects caused by the cou-
pling field is indicated by the lack of corresponding increase
in the 528, 5(F, =3) — 6?P3(F. = 2,3,4) absorption.

In Fig. 4(d) and (e) a comparison between the experi-
ment and theory for 5 2S;/y(Fy =2) — 6 *P3/(F. = 1,2,3)
Doppler broadened line profile at coupling field power of
35 mW and unlinked dephasing coherences of 46.3 MHz
can be done. From the discussion given above, it is clear
that the decrease of the absorption is predominately due
to the coupling field saturation mechanism. Nevertheless,
about 8% of the absorption decrease is a result of the
coherent effect between unlinked 5 ?P;/, and 6 2Py, states
— electromagnetically induced transparency.

The effect of coupling laser frequency detuning from
¥Rb  528,5(Fy=2) — 5%P3;(F. =2) transition on
5281p(Fg=2) — 6%P3p(F,=1,2,3) line profile is
shown in Fig. 7. The transparency window shifts following
the coupling laser field detuning. In the same figure, the
theoretical simulations of the probe absorption for the cou-
pling field detuning of —150 MHz and 223 MHz resemble
the experimentally measured profiles.

5. Discussion

Several complex physical mechanisms are involved in
a real experiment, which mask the EIT signal. There
are two major mechanisms which mask the EIT signal
in the V-type configuration. The first one is optical
pumping between the hyperfine ground-state levels. In
our experiment, we suppress this mechanism by heating
the rubidium cell. In this way, the thermalization of
the ground-state hyperfine level populations is faster than
one optical pumping cycle. The second mechanism is
coupling field saturation. It can never be experimentally
resolved from the EIT signal in the V-type systems. Nev-
ertheless, we showed theoretically how these two effects
can be distinguished. Coupling field saturation is an
incoherent effect, so the transparency induced by this
mechanism does not depend upon the value of coherence
between the 5 ?P;/,—6 2P/, unlinked states. This transpar-
ency is determined only by the coupling field strength,
which remains constant in EIT experiments. On the
other hand, EIT is a coherent effect and the induced
transparency is strongly dependent upon the unlinked
states coherence. The maximum transparency would be
obtained in the case of ideal coherence between unlinked
states.

Due to the requirement of strong coupling field for the
transparency to be observed another effect cannot be
ignored, namely the Autler—Townes splitting of the lower

coupled level. This splitting produces the hole in the probe
field absorption profile that is enhanced by the EIT win-
dow. If the dephasing on the unlinked transition is not suf-
ficiently small, then the Autler—Townes splitting is
observed and not EIT. Fortunately, in the V-scheme the
transparency that is induced at line center can still be
observed in the normal way, because the secondary
Autler-Townes components associated with the high-
velocity groups that overlap with line center are very small
in magnitude [13].

In our previous work the coherent accumulation pro-
cess through the excitation by a train of the fs pulses
has been demonstrated [23,24]. A recent work [25] on
coherent effects describes the observation of the electro-
magnetically induced transparency in rubidium prepared
by a comb of optical pulses produced by a cw mode-
locked diode laser. The authors proposed possible appli-
cations in magnetometry [26], atomic clocks [27] and fre-
quency chains [28]. We are currently working on the
coherently induced transparency in the rubidium Dopp-
ler-broadened mismatched V-type system by using a fem-
tosecond mode-locked laser as a coupling laser. We find
this experiment challenging and expect that it could pro-
vide interesting prospect regarding the coherent effects in
atomic systems.

6. Conclusions

We have observed induced transparency on a blue probe
light in a Doppler broadened mismatched V-type system
using a low power near infrared coupling laser. Measured
transparency on the 8Rb 528, nFy=2) — 62P3/2
(Fe = 1,2,3) transition shows 67% reduction of absorption
in the peak of the Doppler broadened line profile.

Using the extended theoretical modeling of the 10-
level °Rb atoms with included Doppler broadening we
are able to simulate the experimental results. The depen-
dence of the induced EIT window in the *Rb
F,=2 — F.=1,2,3 absorption line profile on 5?P;/—
6 ?P3), unlinked states coherence was analyzed theoreti-
cally. In this way it was possible to separate two main
mechanisms responsible for the reduction of the absorp-
tion in the V-type system: electromagnetically induced
transparency and coupling field saturation. We conclude
that the observed transparency was predominantly a
result of the coupling field saturation mechanism. There
is about 8% of the cancellation of absorption via quan-
tum interference due to coherently prepared rubidium
atoms.

The results presented in this paper show that a high
level of transparency can be obtained even with low
power coupling diode lasers. It may provide new
insights in the high-frequency inversionless laser technol-
ogy [15] and possibly simplify its practical realization.
This might add a new option in obtaining violet laser
action at 420 nm beside that recently published in Ref.
[29].
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