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We measure the absorption and dispersion in a Doppler-broadened A-type three level system by resonant stimulated
Raman spectroscopy with homodyne detection. Through studying the dressed state energies of the system, it is found that
the absorption and dispersion satisfy the Kramers—Kronig relation. The absorption and dispersion spectra calculated by
employing this relation agree well with our experimental observations.
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1. Introduction

Coherent effects in A-type three-level systems have been
studied extensively for many years. There are various phe-
nomena associated with these systems, for example, coherent
population trapping,[!! lasing without inversion,?! stimulated
Raman adiabatic passage,’’! and electromagnetically induced
transparency (EIT).[4-®! Because of its wide applications in the
fields of nonlinear optics and quantum storage, EIT has es-
pecially attracted a great deal of attention over the past two
decades. Physically, EIT is explained as the result of quan-
tum Fano interference,”l where the destructive interference
between two excitation pathways leads to the cancellation of
the response at a particular frequency.

We first present a brief review of the previous studies
on the dispersive properties of the EIT resonance. Xiao et
al.'®1 measured the dispersion of EIT in rubidium atoms using
a Mach—Zehnder (MZ) interferometer and homodyne detec-
tion. Somewhat differently, a heterodyne interferometer was
employed by Muller ef al.!) to investigate the parametric dis-
persion of the coupling field. Zhu and co-workers!'"! reported
an experimental observation of large Kerr nonlinearity based
on EIT, using frequency modulation spectroscopy to measure
simultaneously the phase shift and the amplitude attenuation
experienced by the probe laser.

Recently, we performed an investigation of the resonant
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stimulated Raman gain and loss spectra in the Rb atomic
vapor, 121 and measured the gain and loss of the probe beam
in the presence of a coupling field. The main feature of the
experiment is that the stimulated Raman spectrum is directly
related to the EIT resonance. One particularly interesting re-
sult is that the concept of Raman gain can be employed to
explain the phenomenon of EIT. We have also found that in
a Doppler-broadened system, the gain and loss can co-exist,
leading to the polarization interference between atoms of dif-
ferent velocities. As a result, there is a sharp transition from
gain to loss as the probe field frequency is scanned when the
coupling field is detuned.

In this paper, we study the absorption and dispersion in
a Doppler-broadened A-type three-level system by stimulated
Raman spectroscopy with homodyne detection. As is well
known, the slowing of light in the EIT resonance is due to its
steep dispersion.[!3] However, compared with the absorption,
the dispersion of the EIT resonance is rarely measured directly.
This is partly because it usually requires more sophisticated
techniques, such as homodyne or heterodyne interferometry.
The advantage of using stimulated Raman spectroscopy is that
it has higher sensitivity and the EIT spectrum is Doppler-free,
so a small signal with large noise can be observed. Moreover,
based on the Kramers—Kronig (KK) relation, we derive a gen-
eral model that provides a unified explanation of the absorp-
tion and dispersion spectra.
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2. Experiment

There are many ways to measure the dispersion proper-
ties of a medium. Here, we use the MZ interferometer together
with homodyne detection because of its flexibility. The exper-
imental setup is shown in Fig. 1. The probe and the coupling
beams, which couple the D1 transition of Rb® from the hyper-
fine states 5S; 5, F =2 (|0)) and 5S; /,, F =3 (|2) ) to the state
5Py 5, F' =2 (1)), respectively, are provided by two indepen-
dent 795 nm diode lasers. An acousto-optic modulator (AOM)
is employed to modulate the intensity of the coupling field by
a signal generator (SG). The beams from the probe and the
coupling lasers are horizontally and vertically polarized, re-
spectively. A half-wave plate and a polarizing beam splitter
(PBS1) are used to adjust the intensity of the probe beam. The
probe beam is split into two paths by a beam splitter (BS1).
In one path (the signal arm of the MZ interferometer), it is
first combined with the coupling beam through a polarizing
beam splitter PBS2 and then sent into the rubidium vapor cell
at room temperature. The polarizing beam splitter PBS3 af-
ter the cell is used to filter out the coupling beam. The other
path constitutes the reference arm of the interferometer, where
the high reflecting mirror is mounted on a piezoceramic trans-
ducer. To make sure that the signal and the reference beams
overlap, we monitor the interferometer fringes with a charge-
coupled device camera. The small phase shift due the Rb%
atoms in the cell is measured by homodyne detection with
detectors D1 and D2, and the absorption coefficient (@) is
measured directly by detector D3.

The difference signal between the detectors D1 and D2 is
given by

AI(@) o< 2|ELo| - |Es|e "L 2 cosp o + B(®)L], (1)

where L is the length of the cell, @1, is the reference phase of
the interferometer, E; is the signal field after passing through
the cell, Ep, is the local oscillator field in the reference arm,
and (@) and B () are the absorption and dispersion coeffi-
cients, respectively. In our experiment, we set @, = /2, then
in the case of B(®)L < 1, we have

AI(@) o< 2|Epo| - |Es|e " @)/2B(w)L. )

Finally, a lock-in amplifier (LIA) is used to demodulate the
signals detected by the detectors. In our experiments, we lock
the frequency of the coupling field while scanning that of the
probe field, which has an intensity of about 2 pW.

The results of our measurements are shown in Fig. 2. We
consider three cases of the coupling field frequency: (i) ex-
actly on resonance, (ii) detuned but still within the Doppler

profile, and (iii) detuned far away from the Doppler profile.
The black dots in Fig. 2 show the absorption (Figs. 2(a)-2(c))
and dispersion (Figs. 2(a’)-2(c’)) of the probe beam as a func-
tion of A; when A, = 0 MHz, 300 MHz, and 700 MHz for
a coupling field intensity of 7 mW. Because the lock-in am-
plifier is used, only the absorption and dispersion induced by
the coupling field could be measured, while the linear Doppler
profile is eliminated from the spectrum. In addition, this tech-
nique increases the sensitivity of the measurements. When
A; = 0 MHz, we see a narrow transparent window at the cen-
ter of the absorption profile (Fig. 2(a)). Correspondingly, the
dispersion profile (Fig. 2(a’)) exhibits an inverse dispersion
shape. On the contrary, when the coupling field frequency is
far away from the Doppler profile, we observe a sharp res-
onant absorption peak (Fig. 2(c)) with corresponding disper-
sion (Fig. 2(c’)). The most interesting thing occurs when the
detuning of the coupling field frequency is within the Doppler
profile. Here, the absorption exhibits a sharp transition from
gain to loss (Fig. 2(b)), so the absorption profile is dispersion-
like. Correspondingly, the dispersion profile shows a sharp
dip, which becomes absorption-like (Fig. 2(b")).
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Fig. 1. (color online) (a) Energy level diagram. (b) Experimental setup
(DL1 and DL2: diode lasers; AOM: acousto-optic modulator; A /2:
half-wave plate; PZT: mirror mounted on a piezoceramic transducer;
BS: 50/50 beam splitter; PBS: polarizing beam splitter; D1, D2, and
D3: photo detectors; SG: signal generator; LIA: lock-in amplifier).
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Fig. 2. (color online) Experimentally measured (black dots) and the-
oretically calculated (red solid curves) absorption [(a)—(c)] and dis-
persion [(a’)—(c")] curves of the probe beam as a function of A; for
a coupling field intensity of 7 mW when A; = 0 MHz [(a) and (a’)],
300 MHz [(b) and (b")], and 700 MHz [(c) and (c')], respectively. Here,
Iip =7.2MHz, I}) = 0.72 MHz, I’ = 5.75 MHz, y = ¥ = 0.12 MHz,
and G, = 20 MHz. In panels (a)—(c), the maximum of the absorption is
normalized to 1.

3. Theory

In this section, we shall give a brief review of the theory
of stimulated Raman spectroscopy, which has been discussed
in detail in Ref. [11]. Let us consider a A-type three-level sys-
tem (Fig. 1(a)), in which the states between |0) and |1), and
between |1) and |2) are coupled by dipolar transitions with
resonant frequencies ; and 2, and dipole moment matrix
elements (| and U,, respectively. A weak probe field (beam
1) of frequency @, is applied to the transition |0)—|1), while
a strong coupling field (beam 2) of frequency @, resonantly
couples to the transition |1)—|2) to produce an EIT signal.

We are interested in how the coupling field affects the
propagation of the probe beam. First, the coupling field can
induce Raman coherence between |0) and |2), which then in-
teracts further with the coupling field and changes the ampli-
tude of the probe field. Moreover, the coupling field can also
cause a redistribution of the population, thus affecting the lin-
ear absorption of the probe beam. Therefore, the change in the
atomic polarization due to the presence of the coupling field is
given by

= INu

=— (& A .
A+ T (G5p20+ G1Apoo ) 3)

Here, the Raman coherence is given by

-GG,

, 4
A1 + o) [i(A1 — A2) + Io] + |Ga|? @

onz(

and the population redistribution is given by

DGy
(y+7)(r+7+D|Gaf*)
where D =TI/ (A2 +I3). The parameters in the above equa-

&)

Apoy =

tions are defined as follows: A; = Q; — @; are the detunings,
G; = W;E;/h are the coupling coefficients, I; ; are the trans-
verse relaxation rates between states |i) and |j), ¥ (¥) is the
relaxation rate from |0) to |2) (|2) to |0)), and N is the atomic
density.

In our experiment, we need to consider the effects of
Doppler broadening. The total change of the atomic polar-
ization is given by

APT = /_ Z dVW (V)AP; (v). ©)

Here, v is the atomic velocity, W (v) = (1//zu)e"/ u? with
u = +/2KT /m, m is the mass of an atom, K is the Boltzmann
constant, and T is the absolute temperature, while AP, (v) is
given by Eq. (3) with A; and A; replaced by the Doppler-shift
frequency detunings Af =A; —kjvand Ag = Ay —kpv, and ky
and k, are the wave numbers. The imaginary and real parts of
AP;F correspond to the absorption and dispersion of the spec-
trum, respectively. On the other hand, to obtain a better theo-
retical simulation of our experimental results, we need to in-
clude the excited state 5P, 5, F’ =3 (|3)). The involvement
of this level can affect the population of the ground state, i.e.,
the term Apgp in Eq. (3). We use the following parameters to
fit the experimental results: I7o = 7.2 MHz, I59 = 0.72 MHz,
I' =5.75MHz, y=¥ = 0.12 MHz, and G, = 20 MHz. Here,
we assume that y = ¢ because |0) and |2) are the hyperfine
states. The red solid curves in Fig. 2. are the theoretical
curves. The other parameters used in Fig. 2 are A, = 0 MHz,
300 MHz, and 700 MHz. We see that the theoretical fits agree
well with the experimental results.

4. Kramers—Kronig relation in EIT

In this section, we shall show that the dispersion and ab-
sorption are related by the Kramers—Kronig relation. We first
review briefly this relation. As is well known, in linear op-
tics, the KK relation relates the real part of the optical sus-

14151 The underlying physics

ceptibility to the imaginary part.!
is the principle of causality. For the nonlinear case, the re-
lation is no longer valid in a two-level atomic system if the
saturation effect is included. However, by using multiple fre-
quency arguments, it can still be satisfied in a nonlinear optical
system.!'%!7] Let () be the susceptibility of an optical sys-
tem; if x () has no poles in the lower half complex @ plane,

then it can be shown that

i ()
rw)=-p [ L0 ™
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where P denotes the Cauchy principal value. By decom-
posing x(®) into the real and imaginary parts, i.e., x(®) =

x' (o) —ix" (®), we obtain

oy Lo e x(Q)
X(w)—ﬂPLw *(J)dQ’
vy Ao e x(R)
X (w)__nP/,wQ—wd'Q‘ @®)

This is the KK relation.

From Eq. (3), the polarization includes linear and nonlin-
ear parts. Since the linear susceptibility satisfies the KK rela-
tion, we shall concentrate on the nonlinear polarization, which
according to Egs. (3) and (4) is given by

i 2 1
Pl = Vi Gi|Gy X O
(iA; + o) [i(A1 — A2) 4+ Io] + | Go| iA1 +1Iho
By solving for the pole in Eq. (9), i.e.,
(id1 + o) [i(A1 — A2) + Ino] +|Ga|* =0, (10)
we obtain
2
f— G .
(A1 —ilio) (A1 — Ay )(A1 —A-)
Here,

1 .
Ay = E[Az—i— i(Iio+1I20)]

1
ii\/[Az—i(ﬂo—Bo)]2+4\G2\2~ (12)

We note that for atoms with velocity v, the Doppler-shift fre-
quency detuning is given by Afl =A;—kjvand Ag =Ay—kyv.
In our experiments, we measure the absorption and dispersion
of the probe beam as a function of A; (Fig. 2). To prove
that they both satisfy the KK relation, we shall show that
there are no poles in the lower half complex A; plane. Let
re 1% = Ay —i(I3p — I}o) and ke'? = r2e %9 +-4|G,|?, that is,

Iio— I3

r=1/A3+(Lio—1I3)?, tan6= A . (13)
2

k= \/(r200526 +4|G,|?)2 + r4sin” 26,

—r2sin26

tan¢ = r2cos26 +4|Gy|?’ (14
then equation (12) becomes
Ay = %[Az +Vkeos(9/2)]
+%[(r10 + Do) + Vksin(@/2)]. (15)
Moreover, from Eq. (14), we have
tan(g/2) = %, (16)

with

o = \/(;’%0529 +4|G|*)? + r4sin®26

— (P cos26 +4|G,|?). (17
Finally, we obtain

Vksin(@/2) = —/a/2,
Vkcos(9/2) = rsin260 /v 2a, (18)

which are the two corresponding terms in Eq. (15).

Figure 3 presents the dressed energies Ay /I as a func-
tion of coupling coefficient |G2| /Iio with I39/Ii0 = 0.1 and
Ay /Tip = 0 (black solid curve), 1 (red dashed curve), 2 (blue
dotted curve), and 5 (purple dashed-dotted curve). The upper
curves are Im(A_/Ijg), the lower ones are Im(A. /Ip), and
the middle black solid line corresponds to ImA; = ImA_. Let
us first consider the case when G, = 0. From Eq. (18), we
have Vksin(¢/2) = —rsin@ = Iy — I3o, and vkcos(@/2) =
rcos @ = A, therefore we obtain A, = Ay +ilp9 and A_ =
iI79. Now let us consider limit G, — <. In this case, we have
o — 0, therefore, we obtain Ay — i(Ijg+I29)/2 as Gy — 0.
We then calculate the derivative of the imaginary part of the
dressed energies, and obtain

r2c0s26 +4|G,|*
\/(r2c0329 +4|Ga|*)? 4 r#sin®26

dImA+
d|G|

11— >0. (19)

This shows that ImA; increases with the increase of |Gs|.
Therefore, as shown in Fig. 3, ImA, increases from I3 to
(Iio + I20)/2 as |Gy| changes from O to e. Similarly, ImA_
decreases from Ijgto (Iig 4+ I30)/2, as |G2| increases. Since
all poles of A; for atoms of different velocities are in the up-
per half complex A plane, the KK relation, i.e.,

1= x"(Q)
(A = —P/ dQ 20
x(A) =P oA 4 (20)
1= 2'(Q)
(A :——P/ de 21
x"(4r) <P o= @n
is satisfied in our case.
1.0
0.8 ) e ]
S 06 T~ T
™
R ——---ToTIn
0.4 T et
0.2 =T
0 1 2 3 1 5

|G2‘/F1()

Fig. 3. (color online) The dressed energies AL = I as a function of
coupling coefficient |G| = I7o with I30 =I1p =0.1,and A =TI =0
(black solid curve), 1 (red dashed curve), 2 (blue dotted curve), and 5
(purple dashed-dotted curve). The upper curves are Im(A_ = Ijp), the
lower ones are Im (A, =Ijp), and the middle black solid line corre-
sponds to Im (A} ) =Im(A_).

114205-4



Chin. Phys. B Vol. 24, No. 11 (2015) 114205

1o},
(a')
:X \X O
Ay/Thp=0 —-10 Ay/To=0
—2 —1 0 1 2 -2 —1 0 1 2
1.00} (b) (b)
0
R 0.50
= < —0.50
0
—0.50 Ay/T'p = 30 —1.00 Ay/T'yp = 30
28 29 30 31 32 28 29 30 31 32
(c) 1.0 (e
0.8
s ~ 0
< 0.4 =
0 A/ T =50 -1.0 /As/ Ty = 50
48 49 50 51 52 48 49 50 51 52
Ay/Tg A/

Fig. 4. (color online) (a)—(c) Imaginary and (a’)—(c’) real parts of
x (A1 /o) as a function of A; /I3 for Ay/Iip = 0 [(a) and (2")], 30
[(b) and ()], and 50 [(c) and (c')] with Ijo /ku = 0.05, I39/Tjo = 0.1,
and G2 /I3o = 1. In panel (a), the minimum of x” is normalized to —1,
while in panels (b) and (c), the maximum of )" is normalized to 1.

Now we turn to the experimental results shown in Fig. 2.
First, the physical explanation of the absorption spectrum has
already been given in our previous work.[’l We then employ
the KK relation to calculate the absorption and dispersion ac-
cording to our experimental results by using Eqgs. (8) and (9).
For simplicity, we neglect the optical pumping effect and con-
sider only the nonlinear part of the polarization. Figure 4
presents the numerical results for the imaginary (Figs. 4(a)—
4(c)) and real (Figs. 4(a")-4(c)) parts of x(A;/Iip) in a
Doppler-broadened A-type three-level system with the param-
eters Io/ku = 0.05, I39/Iip = 0.1, and G»/I7o = 1. Here,
A /THo is equal to 0, 30, and 50, respectively. In Fig. 4(a),
the minimum of ) is normalized to —1, while in Figs. 4(b)
and 4(c), the maximum of ) is normalized to 1. As shown
in Figs. 2 and 4, we obtain exactly the same results as in our

experiment. One important feature of the KK relation is that
a transformation takes place between the absorption and dis-
persion profiles. For example, when the coupling field fre-
quency is far away from the Doppler profile, we observe a
resonant absorption peak with a corresponding dispersion. On
the other hand, when the detuning of the coupling field fre-
quency is within the Doppler profile, the absorption profile
is dispersion-like and the corresponding dispersion profile be-
comes absorption-like.

5. Conclusion

We have measured the absorption and dispersion in a
Doppler broadened A-type three-level system by resonant
stimulated Raman gain and loss spectroscopy with homodyne
detection. Through studying the dressed state energies of the
system, it is found that the absorption and dispersion satisfy
the KK relation. The absorption and dispersion spectra calcu-
lated by employing the KK-relation agree well with our exper-
imental observations.
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