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Effect of residual Doppler averaging on the probe absorption in an alkali vapor medium in the presence of a coherent
pump beam is studied analytically for the E type system. A coherent probe field is assumed to connect the ground level
with the intermediate level whereas a coherent control beam is supposed to act between the intermediate energy level and
the uppermost level. Optical Bloch equations (OBE) for a three-level & type system and a four-level E type system are
derived by using density matrix formalism. These equations are solved by an analytic method to determine the probe
response, which not only depends on the wavelength difference between the control (pump) field and the probe field but
shows substantially different features depending on whether the wavelength of the control field is greater than that of the
probe field or the reverse. The effect of temperature on probe response is also shown. Enhancement in probe absorption
and additional features are noticed under a strong probe limit at room temperature. The four-level E type system has two
ground levels and this leads to substantial modification in the simulated probe absorption as compared to the three-level
system.

Keywords: cascade type system, density matrix method, residual Doppler averaging, electromagnetically in-

duced transparency (EIT)
PACS: 42.50.Gy, 32.10.Fn

1. Introduction

Probe field propagation through alkali atomic vapor in the
presence of a coherent control field is a topic that has been
thoroughly investigated under different level schemes start-
ing from the basic three-level A, Vee, and =131 to different
multi-level systems. This has led to the prediction of electro-
magnetically induced transparency (EIT)*! and its subsequent
observation.®! In multi-level systems, the probe response is
often studied in the presence of more than one additional co-
herent fields. Y type,®”) inverted-Y type,[3-1% M type,!!12]

13,14

and N type!!*!4 systems are prime examples of such level

schemes. The applications of EIT include slowing down of
probe laser beam in atomic vapor kept at room temperature, %]
stopping and storage of light,l'®!7l increased higher order

nonlinearity, %191

etc. The EIT experiment is usually done
with a weak probe field and strong control field, *°! but Pandey
et al. has observed splitting of EIT in room temperature Rb va-
por by using a probe field with greater intensity compared to a
pump field>!1 and then termed this as the strong probe condi-
tion. They have used a E type system and showed the influence
of residual Doppler averaging in splitting of EIT. Salomaa et
al.??) first studied the effect of residual Doppler averaging in
two-photon spectroscopy when the phenomenon of EIT was

unknown. In the literature, many reports can be found on

*Project supported by UGC, New Delhi, India.

Corresponding author. E-mail: mondal.suman27 @ gmail.com
fCorresponding author. E-mail: arindam.ghosh.phy @ gmail.com
$Corresponding author. E-mail: m2amitava@gmail.com

© 2018 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/27/9/094204

narrowing of the EIT line width due to Doppler averaging in
measurements performed by using an alkali vapor cell at room

temperature. 2324

1 However, under the two-photon resonance
condition, the choice of specimen as well as wavelengths of
the applied fields play important roles. Shepherd et al.>]
showed the effect of wavelength mismatch on the probe ab-
sorption profile for a three-level = type system by using the-
oretical as well as experimental studies. They pointed out the
role played by electromagnetically induced transparency as
well as Autler—Town splitting!?%! due to each velocity group
of atoms within the vapor in causing transparency in the probe
absorption profile. Sandhya ef al.!?’! presented a theoretical
study on the atomic coherence effect on a four-level system
but by using three radiation fields instead of the usual two-
field configuration employed in a simple E type system. By
using a radio-frequency field to couple two closely spaced up-
per levels, they showed the occurrence of an additional absorp-
tion profile within an EIT window. Boon et al.!?8! reported
a theoretical study on the effect of wavelength mismatch be-
tween the control field and the probe field on the probe trans-
parency profile for the three basic level schemes Z, A, and
Vee under a strong control field regime. EIT using Cs under
Doppler free and Doppler broadened conditions was reported
by Clarke er al.'*! for wavelength mismatched control and
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probe fields. Effects of the very strong control field as well
as its detuning on the probe absorption profile were shown in
that article. Niu ez al.’% investigated the effect of Doppler
broadening on Autler—Towns splitting!*®! in six-wave mixing
in a cascade four-level system as well as a folded four-level
system. Three different resonant fields were applied to the sys-
tems concerned. Their dressed state model can be used to ex-
plain the strong wave number ratio dependence of the Autler—
Towns splitting in the six-wave mixing spectrum. In this work,
we show through analytic calculation how the wavelength mis-
match between the probe and pump (control) beams can pro-
duce an enhanced absorption like feature instead of EIT at a
control field Rabi frequency ten times higher than that of the
probe field by using the transition parameters like spontaneous
decay rates and relative transition strengths of '3>Cs, but under
a similar situation it is shown that for the transitions of 8’Rb,
one gets transparency. The role of different velocity groups
of atoms towards probe absorption is also shown. The effect
of extra ground level on the probe absorption in a E type sys-
tem is also presented. When the intensity of the probe field is
made greater than the pump field, an enhanced absorption peak
formed on the simulated Doppler averaging background is no-
ticed for the n*S;/, — n*P3/, — n’Ds ), transitions of both
133Cs and ¥Rb, where the principal quantum number n = 5
for 8’Rb and n = 6 for '33Cs. This absorption peak widens
and shows a dip at its middle when the probe field intensity is
increased further.

2. Theoretical analysis

The interaction Hamiltonian for the three-level E type
system (shown in Fig. 1) can be written as follows:

Hr =Hy+H, +H,. 1

Here Hp is the Hamiltonian of the unperturbed system,
whereas H; and H; represent the perturbations due to the in-
teraction of the probe and control fields with the three-level
atomic system, respectively,

Hy = han | 1) (1] + han|2) (2| +haws|3) (3], 2)
Hi = fg [|2><1|Qle_i%t+c.c.}, 3)
H, = —g [|3><2|Qze*i‘°cf+c.c.}. )

The energies of the three states |1), |2) and |3) are given by
hwy, hoo, and Aiws, respectively. The probe field has a Rabi
frequency of € and a circular frequency of @,, whereas the
Rabi frequency of the control or pump field is represented by
£, and its circular frequency is given by @.. Here the Rabi
frequencies are defined by Q. = p;;E,/h, x stands for probe
(x = 1) or control (x = 2) field, y;; is the transition dipole ma-
trix element associated with the transition | j) — |i). E, stands

for the electric field amplitude for the probe (x = p) or con-
trol (x = c) field. The Rabi frequencies are taken to be real
here. The probe frequency detuning under the Doppler free
condition is given by A; = @, — @y, where @] = 0, — @ iy
The control frequency detuning under a similar condition is
Ay = O — W32, Where W3 = @3 — @,. The time evolution of
the density matrix operator p of the system is governed by
the Liouville equation (or the Master equation) with the phe-
nomenological decay terms added

adp i

dt  h

The term Apejax stands for the relaxation operator. A set of

[va} JrArelaxp~ (5)

9 optical Bloch equations (OBE) for the three-level = system

are derived by using Eqgs. (1)—(5) and then solved analytically

under steady state condition (i.e., dp/dt = 0) by using the
3

condition of population conservation ). p;; = 1 in order to de-
i=1
termine the probe response term po;.13!]

Ay
3)
pump
field
we
2)
probe
field
Wp
1)

Fig. 1. (color online) Three-level E type system.

The addition of an extra ground level to the three-level
type system makes it look like that shown in Fig. 2. The only
modification in the Hamiltonian of this system will be the ad-
dition of one term in the unperturbed Hamiltonian (Eq. (2)) as
given below:

Hy = nhex|0)(0] + R [1)(1]
+ha|2) (2] + has(3) (3] ©)
Here the two ground energy levels are represented by level
|1) and level |0) (Fig. 2). hay is the energy of the additional
ground state |0). A set of 16 optical Bloch equations can be de-

rived for this four-level system starting from the Master equa-
tion (Eq. (5))

apin
o —%Y10P11 + Y21P22 + Y01 P00
102
+Tl (P21 —p12), (7
d
T2 — (1 + 20) P22 + Yz
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+% (P12 —p21) — % (P23 —p32), ®)
% = —Y32P33+%(P23—P3Z)7 ©)
% = %10P11 + 12022 = %01P00; (10)
% =i A1+W] P21

+i%P31+i%(P11—P22)7 (11)
% —i :(A1+Az)+i (m;m)} P31

+i%l)21 - i%l)n, (12)
% =1 _M-FW] P32

_i%PSI - i% (P33 —p22), (13)
% —i :A1+i(%”2”“’): poi =i, (14)
% = i%PlO%—i%pm—WPm 15)
% i :A2+i”°12”32): protiSpm.  (16)

Equations (11)—(16) have their transpose conjugates too,
which are not shown here. To determine the probe response
term P>, these equations are solved under the steady state
condition (i.e., dp/dt = 0) by using an analytical technique,
|

Q93 )

3
subject to the condition of population conservation Y, p;; = 1.
i=0
The imaginary and real parts of p,; are responsible for the ab-

sorption () and dispersion (f3) of the probe field,

4

o =""21m (p), a7
4

B =" Re (o). ()

Equation (17) can be used to determine the probe absorption
under the Doppler free condition. If the atoms are kept in a va-
por cell at absolute temperature 7, the thermal motion of the
atoms would cause Doppler averaging. Assume that the atoms
follow the Maxwell distribution, the Doppler averaging can be
included into the calculation in the following manner:

o

0g =

—o0

aM (v) dv, (19)

00

BM (v) dv,

J —oo

(20)

where oy and By stand for the probe absorption and
probe dispersion under Doppler averaging. Here M (v) =
(u\/f)_l e/ The u is the most probable velocity of the
atoms at temperature T, u = \/2RT /M, where R is the univer-
sal gas constant and M is the molar mass of the atomic gas. v
stands for the velocity of any atom. The value of v can ide-
ally be anything starting from —oo to +oo. In this work, we
are mainly interested in probe absorption under different con-
ditions. The imaginary part of p,; is given as

4 (A +m)P+ %3

S Q| (P11 —p22)

Im (p21) = .
1

21)
Q{(A+ M)A — 1)

Q
2|1+ 72

By using this expression in Eq. (17), we can simulate probe ab-
sorption under the Doppler free condition. Equation (17) can
be used to put the expression for & in Eq. (19) to find out the
probe absorption at temperature 7. Here A; and A; are the de-
tunings of the probe and control fields respectively but the cor-
responding Doppler shifts are given by Fvk, and £vk.. k, and
k. are the propagation constants of the probe and the control
fields, respectively. Thus while taking the Doppler broadening
into account, the detunings of the probe and control fields must
be taken as Ay = @y — W1 F vkp and Ay = @ — 03 Fvke.[2)
"= Y“”%"”'O, Py = B0 where 151 and Py stand for the
spontaneous decay rates to the two ground levels |1) and |0)

from the intermediate level |2) (Fig. 2). The spontaneous de-
cay rate from the uppermost level |3) to the intermediate level
|2) is 732 (Fig. 2). Y10 and }o; represent the non-radiative decay
rates between the two ground states |1) and |0) respectively.

16 {(A1 +A2)2+}’22} 2 {(A1 +A2)2+7§}

Ay
Y 3)
1
1
' pump
32 1 field
N
— 1
a 1
|
T T 2)
1 1
probe 1 1
. 1 1
field Y211 Y20l
Wp 1 1
1 1
1 1
A 4
, — [0)
1 ’701: :710
v T |1

Fig. 2. (color online) Four-level E type system.
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3. Results

We have used the line parameters of three = type transi-
tions to study the probe absorption for a simple three-level =
type system and the effect of an extra ground level (thereby
transforming the three-level system into a four-level system)
on the probe absorption. The three transitions are (A) '33Cs
6%S1/, — 6°P3), — 6°Ds ), (B) ¥Rb 528/, — 5°P3); —
72812, and (C) ¥'Rb 52S;, — 5?P3, — 5?Ds),. Here we
just want to mention that these three level schemes are actu-
ally multi-level systems each having two ground levels. The
wavelength for the 625, 2= 6°P; /2 transition for 133Cs s
852 nm,[*?] whereas that for the 6P 2 6°Ds /2 transi-
tion is 917 nm (case-A). For 8’Rb, the wavelength for the
5251/2 — 52P3/2 transition is 780 nm!*3! and that for the
5%P3 ), — 5°Ds 5 is 776 nm**! (case-C). The 52P5 ), — 7255
transition of 8’Rb occurs at 741 nm[3# (case-B). Hence, the
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—40

propagation constants kp and k. of the probe and control fields
differ from each other and their difference is substantial for
the first two cases (case-A and case-B) compared to that of
case-C. For the four-level Z type system, we have taken the
values of 1 and 95 for 33Cs from Ref. [32] and those for
87Rb from Ref. [33]. The value of 3, for 33Cs is taken from
Ref. [35]. For 8Rb, Y32 would assume two different values for
the two different spontaneous transitions 52Ds j, — 52P3 1%
and 7%S, 52— 52P, /2.[37] We have not allowed spontaneous
decay of population from the uppermost level |3) to the ground
levels (|1) and |0)) because of the dipole selection rule. The
values of 19 and 951 are kept fixed at 0.01 MHz throughout
the simulation if not specified separately. Furthermore, we
have kept the probe Rabi frequency (£2) fixed at 1 MHz if not
mentioned otherwise. The probe and control fields are taken

to be counter-propagating.

0.020

—T=10 K
0.015+

0.010+

0.005 4

100 0 100

0.60 1
— T=100 uK

0.45

0.301

—20 0 20 40
Probe detuning/MHz

Fig. 3. Probe absorption of three-level = type system at four different temperatures: (a) 7 =300 K, (b) T = 10 K, (¢) T = 100 mK,

and (d) T = 100 pK for 133Cs. Q; = 1 MHz and £, = 10 MHz.

Figure 3 shows the probe absorption for 133Cs at four dif-
ferent temperatures using the three-level & type system at a
control Rabi frequency (£2;,) of 10 MHz. Here the most strik-
ing part is the formation of an enhanced absorption like peak
at the zero probe detuning (A; = 0 MHz) at T = 300 K. This
enhanced absorption converts into an EIT at lower tempera-
ture under the two-photon resonance condition. The forma-
tion of EIT under two-photon resonance is quite obvious, !
but its transformation into an enhanced absorption like feature
near room temperature is due to the residual Doppler averag-
ing which becomes prominent at higher temperature. Plots
of probe absorption at 7 > 300 K obviously show this en-
hanced absorption like feature at two-photon resonance (not

shown here). Enhancement in probe absorption from a trans-
parency background for 8Rb under the strong-probe condi-
tion was reported by Pandey et al.'>!! in a room temperature
vapor cell but we are observing this feature for '3>Cs under
the weak probe condition. There are reports on probe ab-
sorption in cold Rb vapor showing multiple EIT,*®! but no
enhanced absorption was found. For ®’Rb, the simulation
shows the usual EIT for the 5°S, 52— 5°Ps 2= 52Ds /2 tran-
sition but when the parameters, specifically, the wavelengths
of the 5%S;/, — 5°P3/, — 7S, transitions are used in the
simulation, the EIT window appears under the background of
enhanced absorption at 7 = 300 K with £; = 1 MHz and
€, = 10 MHz (Fig. 4). Thus the change in specimen and
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transition parameters drastically modifies the probe absorption
feature. The longer lifetime of the uppermost energy level |3)
of 8’Rb makes the coherence dephasing rate of the dipole for-
bidden transition!!**! between |3) and |1) be smaller than that
of 133Cs, thereby making 3’Rb more favorable for the obser-
vation of EIT in the three-level & type system. That is why
even at 2; = 1 MHz and 2, = 10 MHz EIT is observed in the
simulated probe absorption for 8’Rb (Fig. 4), whereas '33Cs
does not show any transparency (Fig. 3(a)).

It is to be remembered that for the two different transi-
tions of 8’Rb, the wavelength of the control field (acting from
|2) to |3), Fig. 1) is smaller than that of the probe beam (acting
from |1) to |2), Fig. 1), whereas for '33Cs, the reverse is true,
i.e., the wavelength of the probe field is smaller than that of the
control field. In Fig. 5, the contribution towards probe absorp-
tion by different velocity groups of atoms in the case of 133Cs
and 8’Rb is shown at T = 300 K. From this figure, we can
see how the contribution towards enhanced probe absorption
for 133Cs turns into a transparency in the case of 8’Rb around
A1 = 0. The effect of residual Doppler averaging on the ab-
sorption line shape for the 528, /2= 52P, /2= 7?8, /2 transi-
tion is more significant than that of the 5°S; 2= 5°P3 2
52Ds /2 transition because of greater wavelength mismatch be-
tween the control and probe beams for the former. This is quite
evident in the absorption line shapes around A; = 0 where a
strong EIT signal is formed in the background of an enhanced
absorption peak for the former (olive curve in Fig. 4) but much
weaker EIT is seen for the latter with no enhanced absorption
like feature (red curve in Fig. 4) like the former.

0.004
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=
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3. 0.0027
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S —— 528,/5552P3/35>72S, /5 of SRb
& 5281 /9-352P3/5—>52D5 5 of 8"Rb

-300 —200 —100 O 100 200 300
Probe detuning/MHz

Fig. 4. (color online) Probe absorption of the three-level E type sys-
tem at 7 = 300 K for two different transitions (case-B and case-C) as
mentioned in the figure. 21 = 1 MHz and ©, = 10 MHz.

From Fig. 5, it is seen that the effects of different ve-
locity groups of atoms are different for the three different
transitions, case-A: 133Cs 68, /2= 6°P; /2= 6°Ds /2 (control
wavelength 917 nm, probe wavelength 852 nm), case-B: 8’Rb
5781/, — 5*P3, — 7°S) /5 (control wavelength 741 nm, probe
wavelength 780 nm), case-C: 8’Rb 5281/2 — 52P3/2 — 52D5/2

(control wavelength 776 nm, probe wavelength 780 nm) at
Q| =1 MHz and Q, = 10 MHz for each case. With the help
of these graphs, it is easier to understand how the effect of
velocity is altering the probe absorption in the three different
cases as mentioned in Figs. 5(a)-5(c). When the contribution
of the v = +10 m/s group of atoms towards probe absorption
is plotted along with the v = 0 m/s velocity groups of atoms
(Fig. 5(d)) for the three different transitions just mentioned,
we can easily see the reason why we obtain an enhanced ab-
sorption like peak around zero probe detuning (A; = 0) in
case-A instead of the EIT like feature and indeed we find EIT
for case-C. For case-B, however, the contributions of velocity
groups differ from the corresponding velocity groups of case-
C and the cumulative effect of this difference over the entire
velocity spectrum substantially modifies the EIT window as
compared to case-C. The effect of wavelength mismatch be-
tween the control and probe laser fields has also been shown
by Urvoy et al.!*"! using an open three-level Z type system. In
multi-level systems, the spectra get altered accordingly.[!]

The situation is modified significantly in case-A if an ad-
ditional ground level is added to the simple three-level = type
system. It is to be remembered that the alkali ground state
is an Sy, state, which has two hyperfine levels. So, for al-
kali atoms, for all practical purposes, we shall have to con-
sider two ground hyperfine levels in analyzing a E type sys-
tem. For case-A, the transition wavelength from the middle
state (|2) in Fig. 2) to the uppermost state (|3) in Fig. 2) is
greater than the transition wavelength from one of the ground
states (|1) in Fig. 2) to the middle state (|2) in Fig. 2). For this
case, the enhanced absorption is no more seen in the simulated
probe absorption curve (compare Fig. 6(a) with Fig. 3(a)) at
Q1 =1MHz and 2, = 10 MHz. In fact, no EIT is found either
(black curve in Fig. 6(a)). With the increase in the control Rabi
frequency, the probe absorption starts showing transparency,
which gets stronger as the control Rabi frequency is increased
further (Fig.6(a)). This transparency is due to the creation
of usual Autler-Towns doublets!?! at higher control field in-
tensity. However, for a different specimen like 87Rb with
the 528, /2= 5%P, 2= 52Ds /2 transition (case-C) parameters
used in the simulation (control wavelength (776 nm) is less but
very near to the wavelength of the probe field (780 nm)), we
get a transparency signal in the probe absorption curve even at
Q) =1 MHz, ©, = 10 MHz and this transparency line shape
resembles the conventional EIT signal at comparatively higher
control Rabi frequency too. The interesting point is that if we
interchange the wavelengths of the probe and control fields in
Fig. 6(a), the feature of the probe absorption curve becomes
more like that of the green curve in Fig. 4. This undoubtedly
establishes the influence of wavelength mismatch in the ab-
sorption line profile.

094204-5



Chin. Phys. B  Vol. 27, No. 9 (2018) 094204

0.0009

Probe absorption/arb. units

superposing for 133Cs —v=0m/s
absorption peak —ov=+410 m/s
peaks due to instead of any EIT —vy=—10 m/s
different velocity —v=+420m/s
groups of atoms —v=-20 m/s
0.0006 1 —wv=-50 m/s

to +50 m/s

0
T T T T T
—40 —20 0 20 40
for 87Rb :Zii%/;/s
X —ov=-—10m/s

g 0.0006 transparency dip :Zzirgg E:é:

=] —v=-50 m/s

5. to +50 m/s

Q2

o

<

~

=]

o

= 0.0003 7

o

=

o}

@

Q

®

P ()

=

ey 00— : . T .

—40 —20 0 20 40

Probe detuning/MHz

0.0004

—v=0m/s

—v=+10 m/s|
—v=—10 m/s|
—v =420 m/s|
—v=—20 m/s|
—v=—50 m/s|
to +50 m/s|

for Rb

0.0003 4 b—d——

0.0002

0.0001 +

Z40 0 20 0 20 40

—v=0 m/s, 133Cs 681/2—)6133/2—)6])5/2
—v=0m/s, 87Rb 581/2—)5P3/2—)781/2
—v=0m/s, 5’Rb 5S,/555P3/,5D5/2
—v=10 m/s, '33Cs 6S1/,56P3/756D5 5
—v=10 m/s, 5'Rb 5S,/555P3/5>7S1/2
—v=10 m/s, 8TRb 531/7—)5P3/Q—)5D5/2

0.0006

0.0004-

0.0002+

Z15 0 15
Probe detuning/MHz

Fig. 5. (color online) Effect of velocity for the three-level Z type system in (a) '3Cs 65, , — 67P3, — 6?Ds 5, (b) ¥’Rb 578/, — 52P5, —
7S, /2: (©) 87Rb 528, 2= 52P, 2 = 52Ds /2. (d) Difference in absorption due to two different velocity groups of atoms: v =0 m/s and
v = +10 m/s for the three different cases as mentioned in the figure. Q; = 1 MHz and ©, = 10 MHz.
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Fig. 6. (color online) Probe absorption at different control Rabi frequencies for four-level Z type system at T = 300 K for (a) *3Cs
6%S1/2 — 6°P3 /5 — 6°Ds and (b) 8'Rb 578/, — 57Py /5 — 5°Ds)p. 2 = 1 MHz.

If now the roles of the control and probe fields are re-
versed, i.e., 21 is made greater than 2;, we can get some
features in the probe absorption for the three-level E type sys-
tem which are not obtained for the usual case of Q| < ,.
We begin with case-A: '%Cs 6°S;, — 6°P3/, — 6°Ds 5. In
Fig. 7, plots of probe absorption vs. probe detuning under
the Doppler free condition as well as under the Doppler av-
eraging are shown. Under the Doppler free condition, we get
probe absorption curves resembling a Lorentzian line profile,
no transparency appears. Obviously, in absence of the con-
trol field (€2, = 0), the probe absorption is enhanced. This
enhancement is prominent when the difference between the

control and probe Rabi frequencies is less. However, under
Doppler averaging (at 7 = 300 K), the simulated probe ab-
sorption curves show distinctly different features, there is a
hint of transparency near zero probe detuning from which the
probe absorption suddenly rises, but around A; = 0 probe ab-
sorption dips (Fig. 7(c)) again. If the probe Rabi frequency is
increased (Fig. 7(d)), not only the width of the transparency
like window increases but the central dip in absorption also
widens. This may have a useful application in manipulating
the probe pulse propagation in a Doppler broadened alkali va-

por medium.
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Fig. 7. (color online) Probe absorption vs. probe detuning for 133Cs 62S; 2= 6°P5 2= 6°Ds /2 transitions under (a), (b) Doppler free
and (c), (d) Doppler averaged conditions for the three-level Z type system.
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Fig. 8. (color online) Probe absorption vs. probe detuning for 8’Rb 528, 2= 52p, 2= 52Ds /2 transitions under (a), (b) Doppler free
and (c), (d) Doppler averaged conditions for the three-level Z type system.

The effect of residual Doppler averaging resulting from
wavelength mismatch causes a distinctly different feature in
the simulated absorption line shape of the probe field for the
three-level Z type system when we use the parameters of 8’Rb
528, /2= 52P, /2= 5°Ds /2 transitions (case-C) in the simula-

tion (Fig. 8). This shows the crucial role played by this mech-
anism in absorption spectroscopy. Simulated probe absorp-
tions under the Doppler free condition for these transitions
of 8Rb at £, = 5 MHz, Q; = 15 MHz and ©, = 5 MHz,
Q; =50 MHz are given in Figs. 8(a) and 8(b), respectively.
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Comparing Fig. 8(c) with Fig. 7(c), it is observed that the
probe absorption suddenly rises from a transparency like back-
ground near zero probe detuning under the Doppler broadened
condition but unlike Fig. 7(c) there is no central dip in the ab-
sorption peak for £, =5 MHz and Q; = 15 MHz. With the
increase in the value of 2 (Fig. 8(d)), the central enhanced
absorption gets wider and a small dip at A = 0 occurs. How-
ever, this small dip in probe absorption is indeed much smaller
than the central absorption dip at A; = 0 in Fig. 7(d). We can
investigate this more deeply if we compare the contribution
towards probe absorption around zero probe detuning by the
different velocity groups of atoms for the two cases.
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— 2, =15 MHz,
2,=0 MHz
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0.6 1

Probe absorption/arb. units

—50 —25 0 25 5
— 2,=50 MHz, ;=15 MHz (b)
— 2, =50 MHz,

2, =0 MHz

Probe absorption/arb. units

Y 0 25 50

Probe detuning/MHz

For the four-level E type system, however there is marked
difference in the simulated probe absorption line shape un-
der the high probe field regime (Fig. 9) as compared to the
three-level system (Fig. 8). Under the Doppler free condition,
the probe absorption shows a transparency window (Fig. 9(a))
at £, =5 MHz and Q; = 15 MHz. The transparency win-
dow widens and its depth increases at €, = 15 MHz and
Q; =50 MHz (Fig. 9(b)). Under Doppler averaging, the sim-
ulated probe absorption shows the signature of transparency,
which increases at £, = 15 MHz and Q; = 50 MHz. The

transparency window resembles the EIT line shape.
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0.021 1 v
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40 0O 40
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0.012 : : :
200  —100 0 100 200
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Fig. 9. (color online) Probe absorption vs. probe detuning for 8’Rb 52§, /2= 52P4 2= 52Ds /2 transitions under (a), (b) Doppler free
and (c), (d) Doppler averaged conditions for the four-level E type system.

The addition of the extra ground level in a three-level &
type system largely redistributes the population in the ground
levels in the presence of the control and probe fields. In fact,
optical pumping starts building up the population in the other
ground level (level |0) in Fig. 2) and it reaches a maxima
around zero probe detuning (A; = 0). With other conditions
remaining the same, this leads to a loss of population from the
other ground level ((level |1) in Fig. 2) as well as from the
emission-absorption cycle of the laser fields. This causes a dip
in the probe absorption in the four-level  type system.

4. Conclusion

In summary, we have shown the effect of wavelength mis-
match between two coherent fields forming a simple three-
level E type system using three different sets of transition pa-
rameters out of which two cases are just opposite to each other,

i.e., in one case the upper laser wavelength is considerably
greater than the wavelength of the laser that is acting from the
ground level and vice versa for the other case. For the third
case, the wavelength of the laser that is acting from the ground
level is slightly greater than the other. The effects of residual
Doppler averaging under wavelength mismatch in three dif-
ferent sets of transitions show distinctly different absorption
line shapes. With the addition of the extra ground level, the
simulated probe absorption under the Doppler broadened con-
dition shows a transparency window for both '33Cs and ’Rb,
but one does not resembles the other transparency line shape
for the same control and probe intensities. Thus the choice
of sample as well as the choice of transition wavelength both
affect the probe absorption in a E type system. The most inter-
esting part is the enhanced absorption peak bulging out from
the middle of the Doppler averaged probe absorption profile
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for 133Cs for three-level Z type system at £, = 10 MHz and
Q1 =1 MHz, a feature which has not been reported earlier
and we have referred to it as enhanced probe absorption. How-
ever, at higher control field intensity it quickly disappears and
the transparency appears. The four-level E type system shows
a transparency window under both Doppler free and Doppler
averaging conditions in the high probe field regime, making it
considerably different from the three-level system. The mod-
els discussed here can be used to compare the experimental
findings. More studies on such systems are expected in the
future.
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