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Autler—Townes doublet in the absorption spectra for the
transition between excited states of cold cesium atoms*

Liang Qiang-Bing(#i#It),

Yang Bao-Dong(#{# 4:),

Yang Jian-Feng (17 i 14),

Zhang Tian-Cai(5k X A4"), and Wang Jun-Min (L% R)T

State Key Laboratory of Quantum Optics and Quantum Optics Devices, and Institute of Opto-Electronics, Shanxi University,
Taiyuan 030006, China

(Received 14 September 2009; revised manuscript received 7 March 2010)

Autler-Townes splitting in absorption spectra of the excited states 6 2 P; /2— 825, /2 of cold cesium atoms confined

in a magneto-optical trap has been observed. Experimental data of the Autler—Townes splitting fit well to the dressed-

atom theory, by which the fact of the cold atoms dressed by cooling/trapping laser beams is revealed. The results of

the theoretical fitting with experiment not only told us the effective Rabi frequency cold atoms experienced, but also

could be used for measuring the probability amplitudes of the dressed states.
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1. Introduction

Atoms could be cooled and trapped relatively
easily since the first neutral atom magneto-optical
trap (MOT) was implemented by Stevn Chu and
his colleagues in 1987.) Compared with the hot
atomic vapour, cold atoms in MOTI=3 are free
from many broadening effects, such as the Doppler-
broadening and transit-time broadening,[ in which
high-resolution and high signal-to-noise ratio (SNR)
Doppler-free spectroscopy can reflect the atom-—
photon interaction more accurately. Cold atoms are
quite suitable sample for making scientific researches
on atom-photon interaction. So far as we know, high-
resolution spectroscopy of cold atoms has been studied
widely.[5=7]

There will be strong interaction between light
and atoms when Rabi frequency {2 of the incidence
light is much bigger than the relevant atom’s natural
linewidth I'. In cold atoms, atom—photon interaction
could be studied roundly by using the Autler—-Townes
splitting as shown in high-resolution absorption spec-
tra or fluorescence spectra. In 1993, Fox et allf
detected the absorption spectra of the 62P3/2F’ =
5— 9251/2F” = 4 transition with cold cesium atoms,
and measured the fluorescence from the intermediate
level 52P3/2F’ = 3 of the cascade system with cold
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87Rb atoms. They analysed the Autler-Townes split-
ting shown in the absorption spectra.l®! Mitsunaga
et al,ll Grison et al,® Tobosa et al.,!”) and our
group!!% measured the nonlinear absorption spectra of
the cold cesium atoms trapped in MOT. Only cesium
625'1/2F =4 - 62P3/2F’ = b5 cycling hyperfine tran-
sition was detected in Refs. [8] and [9], while cesium
6251/2}7‘ =4- 62P3/2F’ =3, 4, and 5 whole three hy-
perfine transitions were measured in Refs. [7] and [10]
and the dispersion-like profiles were also observed. In
2003, Teo et al.'Y observed high-resolution Autler—
Townes Rydberg spectra of the 55,5 — 6P3/5 — 44D
cascade of cold ®Rb atoms, in which they stud-
ied the nonlinear optical effects of the excited Ryd-

berg states. Chang et al.[?

also investigated doubly-
dressed states in a ladder-type system with hot cesium
atomic vapour. All of the above experiments can be
explained well by dressed-atom theory.3! However,
they did not pay more attention to the phenomena
how the relative intensity of the Autler—Townes dou-
blet of the atomic excited states change along with the
varied detuning of the incident beam.

In this paper, the Autler—Townes splitting in the
absorption spectra of the transition between cesium
excited states 62Py o F" = 5 and 825 o F” = 4 is in-
vestigated with the cold atoms confined in a MOT.
The effective Rabi frequency and the relative intensity
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of the two components of the Autler—Townes doublet
which changes along with the variation of the detun-
ing of cooling/trapping laser beams are measured in
the case of fixed power of pumping beams. The experi-
mental results fit well with dressed-atom theory, which
help us understand the coupling between cold atoms
and cooling/trapping laser beams with different power
and frequency detuning. Moreover, the measurement
of the probability amplitudes of the dressed states is
discussed.

2. Experimental setup

Cesium atoms were cooled and trapped in a
MOT.['=3] The schematic diagram of experimental
Back-
ground pressure of vacuum chamber for MOT was
maintained in ~ 8 x 1078 Pa (~ 6 x 1071% Torr,
1 Torr=133.322 Pa), and the anti-Helmholtz coils
with a typical magnetic gradient of ~ 1 mT/cm
(~ 10 Gs/cm) along the axis. An 852 nm ECDLI1
(external-cavity diode laser) was locked to the red de-

setup and optical path are shown in Fig. 1.

tuning A, of the cesium cycling transition 625’1/2F =
4 — 62P3/2F’ = 5 utilising the modulation-free po-
larisation spectroscopy (PS) technique,*19 and A,

could be adjusted continuously from —4I" (I'/2x

feedback

5.22 MHz, natural line-width of the cesium Ds line)
to 0 by the acousto-optical modulator (AOM). After
spatially filtered by a polarisation-maintaining (PM)
fibre and expanded by a telescope, the output laser
beam with power of ~ 35 mW (decreasing ~10% due
to losses) and 1/e? diameter of ~ 16.5 mm was divided
into three beams which were guided by reflecting mir-
rors to intersect at the central point of the vacuum
chamber, and then were retro-reflected. Before inci-
dence on windows of the vacuum chamber, six quarter-
wave plates were used to convert the linearly polarised
beams into properly circularly polarised beams re-
quired for MOT. The repumping beam was provided
by a home-made ECDL2@852nm. Its frequency was
stabilised to the cesium 6251/2F =3- 62P3/2F' =4
hyperfine transition utilising the saturation absorp-
tion spectroscopy (SAS) technique. Output laser
beam with power of ~ 3 mW after spatially filtered
by another PM fiber was expanded to 1/e? diameter
of ~ 16.5 mm and overlapped with one of the three
cooling/trapping beams. Approximate spherical cold
cloud was confined in MOT after adjusting appropri-
ately the cooling/trapping laser beams as well as the
three-dimensional compensated magnetic field. A cold
cloud with diameter of ~ 500 um was prepared in
MOT.

S viwmnnns H
: ‘| PI '_| SAS H\ R
A
Y repumping A2 |_| -
ECDL2 |_| PBS ra
AOM
feedback...... PI s HR
v cooling |—|
ECDL1 >
/2 L PBS
PD2 { ] N HR
PZT F-P *
/2
ECDL3 / D PBS 7 I
HR

Fig. 1. Schematic diagram of the experimental setup. Solid line is for the optical path, and dashed line for the

electrical one. PI, proportional-integral circuit; ECDL, external-cavity diode laser; SAS, device of saturation absorption

spectroscopy; PS, device of polarisation spectroscopy; AOM, acousto-optical modulator; A/2, half wave-plate; PDs,

photo-detectors; HR, 45° reflection mirror; PBS, polarisation beam splitter cube; AH coils, anti-Helmholtz coils.

The probe beam provided by ECDL3 (Top-
tica DL-100@794.6 nm) working around cesium
62P3/2F’ =5 8251/2F” = 4 transition was also

‘ﬁltered by a PM fibre and expanded to 1/e? diam-

eter of ~ 1 mm in order to overlap the trapped

atom cloud. The power of probe beam was set to
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~ 30 uW, which was low enough so that it did not per-
turb the trap dynamics or the absorption line shape.
The probe beam passed through the cold cloud and
was collected by a convex lens and a photo-detector
(Model 2051, New Focus) whose output signal was
observed and registered in a digital oscilloscope. Ab-
sorption spectrum could be obtained, as shown in
Fig. 3 by scanning the probe beam across the tran-
sition 62Py /o F" = 5 — 825} o F” = 4. One part of the
laser out of ECDL3 was delivered into a home-made
confocal Fabry—Perot cavity with fineness of ~ 100
and free spectra range (FSR) of 503 MHz, and the
transmission signal could be used for adjusting the
laser and calibrating frequency of the spectra. In ad-
dition, we increased the power of cooling/trapping
beams and expanded its diameter for enhancing the

8251/2 Sso _F/l_3
0
probe P
794.6 nm 2)
S —
. é? .........
[ !
. —%F‘:::: y F/ =4
6°Pg/o ~ F =
N o
repumping cooling
852.3 nm 2
1)
. L F=4
—_—
6251/2 \\‘_" F:3

optical density (OD) of the cold atoms in MOT. By
this way, not only the SNR was further improved, but
also enhanced the Rabi frequency (2.

3. Experimental results and the-

oretical analysis

Cesium 625’1/2F = 4 hyperfine state, 62P3/2F’ =
5 intermediate state, and 82S),,F” = 4 hyperfine
state are labeled as |1), |2), and |c), respectively,
as shown in Fig. 2. These hyperfine levels could be
treated as a ladder-type three-level system. In our ex-
periment, there were strong interactions between the
cold atoms and the laser mode due to the mediate
intensity of cooling/trapping laser beams.

|[F'=5,N)
IZ

IF=4,N+1)|

IF'=5N-1)| (N — 1))
33

|[F=4,N) ]~ 2(N - 1))
(b) (c)

Fig. 2. Diagram of relevant energy levels of cesium atoms: (a) bare states, (b) uncoupled states, and (c) dressed states.

The size of the black ball represents the population of corresponding dressed states.

In the dressed-atom approach, considering the coupling between the two uncoupled states |62 P; s2F" =5,N)
and [62S12F =4, N + 1) nearby the bare state |2), we obtain two dressed states [1(N)) and |2(NN)) which are
separated by an interval /if2. Another two dressed states, |1(N — 1)) and |2(N — 1)), are also formed near the
bare state |1). The dressed states |1(N)) and |2(N)) can be expressed as follows:!'?]

1(N)) =sin0|62S, o F =4, N 4+ 1) + cos 0(62P5 o F' = 5, N),
/ /
2(N)) = cos6|6%S; o F = 4, N + 1) — sin6|6°P3 o F' = 5, N),

where 20 = arctan(—{2./A.), 0 < 20 < .

When (2. > I" and the probe beam are scanned across the 62P3 o F' = 5 — 825 o F"
absorption spectra including Autler-Townes doublet with a separated frequency interval of (A2 + £22)

(1)
2)

= 4 transition, the

1/2 can be

detected, from which we can understand the dressed effect between laser field and the atomic state |2). One of

the absorption spectra has been measured as shown in Fig. 3, while the total power of cooling beams is 31.5 mW
and A./2m = —10 MHz is detuned to the transition |1) < |2).
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Fig. 3.
The total power of cooling/trapping beams of the MOT
is 31.5 mW, and the detuning is Ac/2m = —10 MHz. The
other absorption spectra observed at the detuning Ac /27w
of —4 MHz, —6 MHz, —8 MHz, —12 MHz and —14 MHz
are not shown here.

Autler—-Townes doublet in absorption spectra.

The dressed atom approach tells us that the rel-
ative intensity of each component |[i(N)) (i = 1,2) <
|e, N) of the Autler—Townes doublet could be written
as follows: if the level |¢, N) is unpopulated in the
absence of the probe beam, we have
i lime (1=1,2), (3)

Ii =T,

where 75° is the steady-state population of the level
[i(N)) (i=1, 2); Ij—. is the transition rate from
[i(N)) (i = 1,2) to |e, N), and it is proportional to

|(i(N)|6% P32 F" = 5, N)|?. Then, we obtain

I =781 . = ky cos? Osin 0/ (cos* 6 + sin* ), (4)
Iy = 7'y . = kg cos® Osin? 0/ (cos? 6 + sin? 0), (5)
I/I; = ks cot?#, (6)

where A, < 0, 0 < 0 < w/4, k1, ko, and ks are the
proportional coefficients.!

The other absorption spectra, in which we found
that the Autler—Townes splitting decreased with re-
duced detuning were observed at the different detun-
ing but the fixed intensity of the cooling/trapping
laser beams. Effective Rabi frequency (2. of 12.90 +
0.46 MHz experienced by cold atoms was deduced by
fitting the experimental data to the dressed-atom the-
ory, as shown in Fig. 4. When we took ~ 10% loss of
cooling/trapping beams’ total intensity into account,
it was in agreement with the effective Rabi frequency
(2. ~ 13.39 MHz, which was estimated by the equation
I/)Is=2 0%/I'? (I, = 1.12 mW /cm? is the saturation
intensity of the o*-polarised light around the cesium

D5 line; I is the intensity of cooling/trapping beams;
I'/2m = 5.22 MHz).

22
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-1 -13 11 -9 -7 -5 -3

Ac/MHz

Fig. 4. The Autler—Townes splitting versus the detun-
ing Ac. The dashed line is the fitting in theory without
consideration of the frequency shift error caused by AOM,
while the solid line is the fitting with ~ 10% modifica-
tion of the detuning Ac. The solid squares with the error
bar represent the experimental data with consideration of
~ 3% modification of the FSR of the home-made confocal
Fabry—Perot cavity.

Simultaneously, the relative intensity of the
Autler-Townes doublet changes with the varied de-
tuning of cooling/trapping beams in the case of the
fixed power, so that the ratio of the relative intensity
decreases and tends to be equal when A. = 0 MHgz,
that is ks = 1.0, which is in good agreement with the
prediction by Egs.(4)—(6).
Rabi frequency 2. of the cooling/trapping beams is
obtained, once again and equal to 12.25 + 0.43 MHz,

nearly in accordance with the other two results in pre-

By the way, the effective

vious treatments.

Finally, we deduce the proportion coefficient of
Eq. (6) k3 = 1.0 from the fitting of Fig. 5. According
to Eqgs. (4)—(6), we find that k; is equal to ko and the
relative intensity of the smaller peak of the Autler—
Townes doublet is proportional to sin?#, while the
larger one proportional to cos?f. Based on Eqgs. (1)
and (2), we can conclude that the relative intensity of
the Autler—Townes doublet represents the probability
with which atoms are populated in the two uncoupled
states.

It is needed to point out that only four of the Zee-
man sublevels (652 F = 4, mp = 4 and 6P3 /5 F' =
5, mp: = £5) should be considered for simplicity in a
cesium MOT, although there is a gradient in magnetic
field around the centre of a MOT.[16:17 However, we
have ignored these Zeeman sublevels for convenience
although a few little errors caused by the Zeeman shift
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would be introduced, ~ 0.7 MHz for the maximum
splitting of the sublevels 65,2 F = 4, mp = £4 and
~ 2.1 MHz for 6P/, " = 5, mp: = %5, respectively
for a cold atomic cloud with the diameter of ~500 pm.
Maybe that is the very reason why there are errors
that force us to modify the relevant parameters when
the theoretical formula is used to fit the experimental
data, for example, as shown in Fig. 4 especially.

L e Line: k3 = 1.0, £, = 12.25 +0.43 MHz
71 bb Line: kg = 1.25, (). = 14.05+0.49 MHz

/I

Ag/MHz

Fig. 5. Ratio of the relative intensity I»/I1 of Autler—
Townes doublet versus the frequency detuning A. of cool-
ing/trapping laser beams. Line aa is the fitting in the-
ory assumed the coefficient of Eq. (6) k3 = 1.0, while
k3 = 1.25 for line bb as a typical fitting under the condi-
tion of k3 # 1.0. There are four lines for 0, 10%, 50%, and
—20% modification of the detuning Ac, respectively, which
are almost coincided with each other both in line aa and
line bb. The solid circles with the error bar represent the
experimental data in consideration of ~ 5% modification
of the frequency errors caused by the nonlinear scanning
for the Fabry—Perot cavity.

In addition, cooling/trapping beams for MOT
play the role of the pumping beam of the pump—probe
process in our experiment. Although the power of the
cooling/trapping beams is fixed, the parameters of the
cold atoms in MOT, such as OD, effective tempera-
ture, atom number N, and the size of cold cloud, will
change because of the different trapping conditions

that caused by the varied detuning A.. Mitsunaga
et all”l solved this problem by introducing a second
mediate laser beam to dress cold atoms, and divided
the time for cooling/trapping period and pump-probe
period independently. For convenience, taking advan-
tage of the cooling/trapping laser, we plan to use time
division multiplexing technique, in which after the
cooling/trapping stage cooling/trapping laser beams
are adjusted immediately and used as the pumping
beams for pump—probe stage. By this way, absorption
spectra obtained in different detuning will be detected
in a nearly identical cold atom sample.

4. Conclusions

In conclusion, we have paid more attention to the
change of the Rabi frequency and the relative inten-
sity of the Autler—Townes doublet, which are shown
obviously in absorption spectra of the excited states
with cold cesium atoms confined in a MOT. We fit
the experimental data to the dressed-atom theory, and
the effective Rabi frequency of the cooling/trapping
beams is deduced.

The results not only provide a direct method to
measure the effective Rabi frequency experienced by
cold atoms, but also confirmed once again that the
dressed-atom theory could be used for understanding
the strong coupling between the light field and atoms.

Similarly, we have also deduced the proportion
coefficient of Eq. (6) k3 = 1.0 from the fitting, based
on which the probability amplitudes of dressed states
population could be measured. It follows that the rel-
ative intensities of the Autler—Townes doublet tend to
be equal with the decrease of cooling beam’s detun-
ing, from asymmetry to symmetry; this reflects that
the population in two the uncoupled states changes as
a result of the varied coupling effect between them.
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