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signal without Doppler background in
cesium atomic vapour cell”
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In a Doppler-broadened ladder-type cesium atomic system (681/276133/27881/2), this paper characterizes electro-

magnetically induced transparency (EIT) in two different experimental arrangements, and investigates the influence of

the double-resonance optical-pumping (DROP) effect on EIT in both arrangements. When the probe laser is weak,

DROP is explicitly suppressed. When the probe laser is moderate, population of the intermediate level (6P3/2 F' =5)

is remarkable, therefore DROP is mixed with EIT. An interesting bimodal spectrum with the broad component due to
DROP and the narrow part due to EIT has been clearly observed in cesium 68,5 F' = 4-6P3/5 F/ = 5-83; /5 F/' =

transitions.
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1. Introduction

The electromagnetically induced transparency
(EIT)("?) is a kind of destruction-interference atomic
coherence effect, and it can dramatically modify the
characteristics of atomic gas, which is initially opaque
but can be changed to nearly transparent to a probe
laser when a strong coupling laser exists. Accompa-
nied with this absorption reduction, the dispersion
will abruptly change and yield the result that the
group velocity of the optical pulse amazingly decreases
(slow light),®! or even stops completely!*°! inside the
atomic gas. In recent decades, the EIT effect has at-
tracted considerable attention because it has promis-
ing potential applications in quantum memory6—8!
and quantum repeatersl® in quantum information pro-
cessing, quantum metrology,!'% Rydberg atomic state
detection,™12 and so on.

The formation of a coherent superposition dark
state, which is not coupled to both the probe and the
coupling lasers, is responsible for absorption reduction
in EIT. A-type three-level system quantum coherence
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between two ground states (hyperfine levels or Zee-
man sublevels) plays a role in the formation of a co-
herent superposition dark state,>2! but for a ladder-
type three-level system that is coherence between the
ground state and upper excited state.l'¥ Actually,
in the above-mentioned atomic system, EIT is often
in company with the optical pumping effect, which
also modifies absorption of the probe beam via the
change in population on relevant energy levels.4—18]
Recently, Ye et al.'¥) studied the influence of optical
pumping by the coupling laser on the EIT signal in a
A-type atomic system. Jiang et al.['9! investigated en-
hancement of the EIT signal by an additional optical
pumping field.

In the ladder-type cesium atomic system 6S;/o—
6P3/5-8S; /5 (Fig. 1), we note that two kinds of op-
tical pumping effect, single-resonance optical pump-
ing (SROP) and the double-resonance optical pump-
ing (DROP), should be considered. Although the fre-
quency of the probe laser is locked to the F = 4-—
F’ = 5 transition, SROP will still transfer the par-
tial population of the FF = 4 to the F = 3 level via
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F = 4-F' = 3(4) excitations and the F’ = 3(4)-F = 3
decay channel because the energy space between the
hyperfine levels in 6P3/5 is within the Doppler width;
simultaneously, DROP will also transfer the partial
population of the F' = 4 to the F' = 3 level via F = 4~
F’ = 5-F" = 4 two-step excitation and the F" = 4
F' = 3(4)-F = 3 and F" = 4-TP15(TP35)-F = 3
decay channels. The SROP and DROP result in re-
duction of the population on the F' = 4 level, they will
reduce the probe beam’s absorption like EIT, and will
be mixed with EIT so that it is difficult to distinguish
them in experiments. In this paper, we present our ex-
perimental investigation on the influence of the DROP
effect on EIT in a Doppler-broadened ladder-type
cesium atomic system (6S;/oF = 476P3/2F’ = 5
8S1/2F" = 4) in two different arrangements. We have
clearly observed an interesting bimodal spectrum in
which the broad component is due to DROP and the
narrow part is due to EIT.
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Fig. 1. Relevant energy levels of cesium atoms. The A
and {2, are the frequency detuning and the Rabi frequency
of the probe laser, respectively, while A and {2. are the
frequency detuning and the Rabi frequency of the coupling
laser, respectively.
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2. Experimental setup

The relevant energy levels of cesium atoms are
depicted in Fig. 1. Our three-level ladder-type atomic
system consists of the hyperfine levels labeled |1), |2)
and |3). The spontaneous decay rate from the 6P3 /5 to
the 6S; /5 state is I51/2m = 5.22 MHz, and that from
the 83,5 to the 6P3/y state is I'3p/27 = 2.18 MHz.
The FF = 4-F' = 5 (|1)-]2)) cycling transition is
driven by the probe laser with Rabi frequency {2, and
frequency detuning A,, while the F/ = 5-F" = 4
(12)-13)) hyperfine transition is coupled by the cou-
pling laser with the Rabi frequency (2. and frequency
detuning A..

For a Doppler-broadened ladder-type atomic sys-
if the probe and coupling lasers take co-
propagating configuration inside the vapour cell, the

tem,

atomic coherence will be mostly submerged by the
Doppler effect, so the EIT signal is very difficult to
observe unless the Rabi frequency of the coupling
laser 2. is bigger than the Doppler broadening Awp
(2. > Awp). This is one needs a more intense cou-
pling laser to observe ladder-type EIT in the ear-
lier experiment.['?) If the probe and coupling lasers
take the counter-propagating (CTP) configuration,
the Doppler effect will be almost eliminated if the
wp ~ we (cesium 68y /o F=4-6P3/5 F' = 5-8S; /5 F"
4 ladder-type system can meet this demand), because
the CTP configuration is two-photon Doppler-free in
the ladder-type atomic system.!'3] In this case, the
ladder-type EIT only requires 2. > (Awp x I'32/2)'/2,
and I3 is often much smaller than Awp, so 2. can
be much smaller than Awp. Briefly, ladder-type EIT
experiments in the CTP configuration do not need an
intense coupling laser anymore,'3] so we adopt the
CTP configuration in our experiment.

A schematic diagram of the experimental setup
is shown in Fig. 2. A commercial grating-feedback
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Fig. 2. Schematic diagram of experimental setup. The keys to figure: ECDL: external-cavity diode laser; Ols:

optical isolators; HPs: half-wave plates; PBS: broad-band polarization beam splitter cube; p: p polarization; s: s

polarization; NDF: neutral density filter plate; PD: photodiode.
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external-cavity diode laser (ECDL) at 795 nm (Top-
tica DL-100L) with typical line-width of ~500 kHz
(in 50 ms) is used as the coupling laser, while a home-
made ECDL at 852 nm with roughly the same line-
width serves as the probe laser.
frequency modulation technique for a saturated ab-
sorption profile is adopted to lock the probe laser to
an F = 4-F' = 5 cycling transition (this part is not
shown in Fig. 2).

After passing an optical isolator (Isowave, Model
I-80T-5L) with a typical isolation of > 40 dB, the op-
tical power of the probe and coupling lasers can be
adjusted conveniently by corresponding sets of mod-
ules consisting of a half-wave plate (HP) and a polar-
ization beam splitter (PBS) cube. Then the probe
and coupling laser beams are arranged to counter-
propagate with orthogonal linear polarizations passing
through a cesium vapour cell (~ $25 mm x 50 mm)
at room temperature. The beams with a diameter of
¢p ~ 2.0 mm for the probe beam and ¢, ~ 2.2 mm
for the coupling beam are overlapped inside the cesium
vapour cell. Two PBS cubes are used to combine and
separate the two beams. The probe laser’s transmis-
sion signal is collected by a photodiode (New Focus,
Model 2001) and displayed on a digital storage oscillo-
scope (not shown in Fig. 2). A confocal Fabry—Perot
cavity (not shown in Fig. 2) with finesse of ~100 and
a calibrated free spectra range of 503 MHz is used for
measurement of the line-width of EIT signal.

The conventional

3. Experimental results and dis-

cussion

3.1. Ladder-type EIT signals in two dif-
ferent arrangements

To obtain a nearly pure EIT signal in a ladder-
type atomic system as shown in Fig. 1, we have to
greatly suppress the SROP effect, and the F' = 4-
F' = 5 closed cycling transition is selected for the
probe laser. Further to suppress the DROP effect,
a weak probe beam (2, < I%;) should be adopted
so that the population of the F’ = 5 level is not re-
markable. Under these conditions, the other hyperfine
levels (6S,/2F = 3, 6P3/, I’ = 3 and F' = 4) which
do not directly interact with the coupling and probe
lasers are neglected approximately in the ladder-type
three-level model (6S;/oF = 4-6P3/5 F' = 5-8Sy,5
F"” = 4). In our experiment, the probe beam’s power
is set to ~23 uW, yielding (2,,/2m ~ 3 MHz < I, /27
to avoid remarkable population on the F’ = 5 hyper-
fine level for effectively suppressing the DROP effect.

The EIT is substantially interpreted that the
atoms are prepared in a dark superposition state of
the ground state |1) and higher excited state |3) for
the ladder-type system, so EIT under the following
two arrangements in the case of the CTP configura-
tion has the same physical nature and different EIT
signal profiles.

In the arrangement #1, the coupling laser
(~1.6 mW, 2./21 ~ 13.4 MHz) is fixed on resonance
with F/ = 5-F" = 4 transition (A. ~ 0) while the
probe laser is scanned over F' = 4-F' = 3, 4, and 5
transitions, and the spectral profile is the same with
the traditional EIT accompanied by a Doppler back-
ground, as shown in Fig. 3(a). If the coupling laser
is detuned to an F' = 5—F" = 4 transition (A. # 0),
EIT peak will appear at the position where the two-
photon detuning A = A; + A, is zero. These results
have been demonstrated in previous ladder-type EIT
eXperiments.[13]
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Fig. 3. Typical ladder-type EIT signals. (a) The ar-
rangement #1 in which the coupling laser is resonant with
F' = 5-F" = 4 transition (Ac ~ 0) while the probe laser
is scanned over F = 4-F’ = 3, 4, and 5 transitions. (b)
The arrangement #2 in which the coupling laser is scanned
over the F/ = 5—F"" = 4 transition while the probe laser is
locked to the F = 4-F’ = 5 cycling transition (Ap ~ 0).
The 2,/27 ~ 3 MHz, 2./27 ~ 13.4 MHz. The up-down
shifts of traces with and without the coupling beam do
not mean a change in transmission background and are
just for convenient comparison.

However, in arrangement #2, the coupling laser
is scanned over the F’ = 5-F" = 4 transition while
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the probe laser is locked to the FF = 4-F' = 5 cy-
cling transition (A, ~ 0). Compared with Fig. 3(a),
a distinctly characteristic, no Doppler background is
observed in both cases with and without the cou-
pling beam, thanks to the velocity-selective mecha-
nism by the frequency-locked probe laser, as shown in
Fig. 3(b). The EIT peak appears at the exact position
where the coupling laser is resonant with the F’ = 5-
F" = 4 transition. Such a profile of the EIT without
a Doppler background may be more suitable for the
application of laser frequency stabilization, the inves-
tigation of high-resolution spectroscopy and so on.

Here, we will pay more attention to the EIT sig-
nals in arrangement #2. The probe beam’s power is
still set to ~ 23 uW (£2,,/27 ~ 3 MHz< I;/27), and
the coupling beam’s power is varied from 0.025 mW
to 0.6 mW (£2./27 : 1.67 MHz ~ 8.2 MHz), the mag-
nitude of the EIT peaks in the arrangement #2 is
measured. The magnitude of the EIT signal is non-
linearly enhanced with the increasing coupling beam’s
intensity, and then tends to saturate, and similar re-
sults have been obtained in Refs. [13] and [20] based
on this arrangement #1.

Now we consider the line-width of the EIT signals
in arrangement #2. Obviously, the line-width of the
coupling and probe lasers as well as the mutual phase
coherence between the two lasers will take effect to the
line-width of EIT signal. The lasers with a narrower
line-width and good mutual phase coherence by rela-
tive phase locking are desired for obtaining a narrower
EIT peak. Collisions between atoms and between
atoms and the internal wall of the vapour cell will
partially destroy the atomic coherence, and therefore
will broaden the line-width of the EIT signal. So peo-
ple usually use an atomic vapour cell filled with buffer
gas with the correct partial pressurel?!l or a paraffin
coated atomic vapour cell??) to keep the atomic coher-
ence. In our experiment, two grating-feedback ECDLs
with typical line-widths of ~ 500 kHz are used as the
coupling and probe lasers. However, we did not con-
cern the mutual phase coherence and also did not use a
buffer gas filled or paraffin coated cesium vapour cell.
The influence of the coupling laser’s intensity on the
line-width of the EIT peak is also investigated. When
the coupling beam’s power is varied from 0.025 mW
to 0.6 mW (£2./27 : 1.67 MHz ~ 8.2 MHz), the line-
width of the EIT peak is measured by using a confocal
Fabry—Perot cavity. The results are presented in Fig. 4
(the upper trace). The line-width of the EIT peak is
roughly kept at ~ 6.8 MHz within the measuring er-
ror range, which is close to the natural line-width of
the 6P3/5 state (Avy; = 5.22 MHz). Here, we have
to clarify that the line-width of the EIT peak should
increase as the power of the coupling laser increases.

However, due to the Doppler averaging effect in the

23] the increase in the

room-temperature vapour cell,
EIT peak’s line-with is so slow that the increasing
trend is almost submerged by the measurement er-
ror. For a stronger coupling beam, e.g., the coupling
power increases up to ~ 61.7 mW ({2./27 ~ 83 MHz),
the line-width is measured to Av ~ 11.6 MHz for
2,/2m ~ 2.1 MHz (~ 11.1 pW of the probe beam,
the lowest trace in Fig. 5(b)), and it is only slightly
broadened. Similar results have also reported in recent

EIT experiments based upon arrangement #1.[23]
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Fig. 4. The comparison of the line-width of the EIT peak
in arrangement #2 when the probe laser is locked to the
F = 4-F' = 5 cycling transition by a saturated absorp-
tion spectroscopic scheme with frequency modulation and
a modulation-free polarization spectroscopic scheme, re-
spectively. The solid lines are to guide the eyes.

We have proved that another important factor in-
fluencing the line-width of the EIT peak is the fre-
quency stability of the probe laser. The lower the
frequency stability of the probe laser, the wider the
velocity distribution range of the atoms populated in
the intermediate state F' = 5 due to the Doppler ef-
fect, therefore the broader the EIT peak due to resid-
ual DROP effect. This point is demonstrated in our
experiment. When the probe laser with a fixed power
of ~ 23 uW (£2,/2m ~ 3 MHz< I%;/27) is locked to
the F' = 4-F' = 5 cycling transition by saturated
absorption with frequency modulation, the average
line-width of the EIT peak for coupling laser’s power
changed from 0.02 mW to 0.60 mW ({2./27 : 1.5 MHz
~ 8.2 MHz) is (6.84+0.3) MHz, which is clearly broader
than the average line-width of (4.8 £ 0.3) MHz when
the probe laser is locked by using the modulation-free
polarization spectroscopic technique under the same
experimental conditions as shown in Fig. 4. This is be-
cause the modulation-free polarization spectroscopic
locking technique does not have the extra noise of the
probe laser, therefore it can clearly improve the fre-
quency stability, as compared with the case involving
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the conventional saturation-absorption spectroscopic
locking technique.[?4]

The above results tell us that the line-width of
the EIT signal in arrangement #2 is not observably
broadened with the increase in coupling laser’s inten-
sity for the Doppler averaging effect.[?3] However, its
line-width will be greatly broadened with increasing
probe laser’s intensity for the increasing optical pump-
ing effect (SROP and DROP).

3.2. Influence of DROP effect on EIT

Now we will investigate the influence of the DROP
effect on the EIT on the basis of cesium 6S; /5 F' = 4—
6P3/y F' = 58S/, F"" = 4 transitions. The F' = 4~
F' = 5 cycling transition is selected for effectively
avoiding the SROP effect. In addition, here the probe
beam is not weak ({2, > I1), the population on the
intermediate state (6P3/, F' = 5) is considerable in
both arrangements #1 and #2, and so the DROP ef-
fect will play a remarkable role, and mix with the EIT
in the spectral signal.

For more details in arrangement #1, the atoms
with different velocity are partially transferred from
the FF = 4 to the F/ = 5 level by the scanning
probe laser due to the Doppler shift. Among them,
the zero-velocity atoms are further partially excited
to the F”" = 4 level by velocity-selective excitation of
the coupling laser, which is fixed on resonance with
the F/ = 5-F" = 4 transition. But in arrangement
#2, the two-step excitation is a little bit different from
that in arrangement #1. Only the zero-velocity atoms
are partially transferred from the F' = 4 to the F/ =5
level by velocity-selective excitation of the probe laser,
which is locked to the F' = 4-F’ = 5 cycling transition,
then when the coupling laser is scanned to the F’ = 5-
F"” = 4 transition, some of them are further excited
to the F”” = 4 level. Finally, these zero-velocity atoms
on the F” = 4 level in both arrangements #1 and
#2 will decay to the FF = 3 level via the F" = 4-
F' = 3(4)-F = 3 and F" = 4-TPy5(TP3/3)-F = 3
decay channels, which will decrease absorption of the
probe beam.

When the coupling beam’s power is fixed to ~
24 mW (£2./2m ~ 52 MHz), figure 5(a) presents the
transmission signals of the probe beam as a func-
tion of the probe laser’s detuning with different probe
beam’s power (73.7 uW ~ 112.4 uW, corresponding
to §2,/2m : 5.3 MHz ~ 6.6 MHz) in arrangement #1.
For a more intense coupling beam, for example, when
the coupling beam’s power is fixed to ~ 61.7 mW
(£2./2m ~ 83 MHz), arrangement #2 is adopted and
the transmission signals of the probe beam as a func-
tion of the coupling laser’s detuning with different

probe beam’s power (11.1 uW ~ 284.8 uW, corre-
sponding to §2,/27 : 2.1 MHz ~ 10.5 MHz) are pre-
sented in Fig. 5(b).
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Fig. 5. (a) Transmission signals of the scanning probe
beam vary as a function of the probe laser’s detuning
with different probe beam’s power but fixed the coupling
beam’s power to ~ 24 mW (£2./27 ~ 52 MHz) in arrange-
ment #1. The up-down shifts of traces in (a) do not mean
a change in transmission background and are just for con-
venient comparison. (b) Transmission signals of the locked
probe beam vary as a function of the coupling laser’s de-
tuning with different probe beam’s power but fixed the
coupling beam’s power to ~ 61.7 mW (£2./2w ~ 83 MHz)
in the arrangement #2. Clear bimodal spectra are shown
in both (a) and (b).

Figures 5(a) and 5(b) clearly show bimodal struc-
tures in the transmission spectrum. We ascribe the
narrow part on top to the EIT, which is narrower
when we particularly consider the Doppler averaging
effect.23] Even 2. > Iy, the narrow EIT peak is still
indicated as shown in Fig. 4. To a certain extent, the
EIT effect suppresses the DROP effect. The broad
component on the bottom is due to the DROP ef-
fect, which is associated with the spontaneous decay
rates (132 and I'p1), and is getting much broader along
with the increase in the probe beam’s intensity. In
our experiment, cesium 65,/ ' = 4-6P3/5 ' = 5-
8S1/2 " = 4 transitions are used, and the sponta-
neous decay channels (F” = 4-F' = 3(4)-F = 3 and
F" = 4-TPy5(7TP5)5)-F = 3 transitions) with which
DROP takes effect are explicitly recognized from the
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cesium 8S; /o " = 4 level to the 6S;,, F' = 3 level.
In particular, the blue fluorescent light at 456 nm and
459 nm can be clearly observed by the naked eye due
to 7Py /2(7P3/2)-6S1 /2 spontaneous decay in the ex-
periment. The weaker the probe beam (£2, < I51),
the weaker the blue fluorescent light due to a much
lower DROP rate. For another important proof of
the DROP effect, we can still observe a peak due to
reduction absorption to the probe beam in both ar-
rangements for the co-propagating configuration, but
this peak is not an EIT signal according to Refs. [13]
and [18]. To theoretically explain this bimodal struc-
ture in the transmission spectrum of the probe beam,
density-matrix equations considering relevant hyper-
fine levels in the 65,2, 6P3/2, 851 /2, TPy /2, and 7P3/5
states should be used, so that the EIT and DROP
effects are included in the theoretical system.

4. Conclusion

In conclusion, ladder-type EIT with cesium 65, /5
F = 4-6P3/y F' = 58Sy, F" = 4 transitions has
been characterized in two different experimental ar-
rangements, and the influence of DROP on ladder-
type EIT has been investigated in both arrangements.
When the probe laser is not weak (£2, > I%), the
DROP effect will play a considerable role since the

population of the intermediate state is remarkable.
We have observed a bimodal structure in the transmis-
sion spectrum, in which the broad component is due to
DROP and the narrow part is due to the EIT. When
the probe laser is weak ({2, < I1), the DROP effect
can be neglected approximately in experiments. The
line-width of the EIT peak without a Doppler back-
ground in arrangement #2 is not observably broad-
ened with increasing coupling laser’s power due to the
Doppler averaging effect. In addition, the line-width
is narrower when the probe laser is locked by using
the modulation-free polarization spectroscopic scheme
than in the case using the frequency-modulation sat-
uration absorption spectroscopic scheme. A narrower
line-width of ~ 4.8 MHz is obtained, which is com-
parable to the natural line-width of the 6P3/, state
(Al/zl = 5.22 MHZ)

We believe that our experimental investigations
and results are helpful to understand the EIT and
DROP effects in a ladder-type atomic system and their
relationship, and also hope to provide some useful ref-
erences for relevant applications: to detect highly ex-
cited Rydberg atomic states,['1"12 to set up a laser fre-
quency standard by using ladder-type EIT or DROP
spectroscopy,2%-26]
and hyperfine structure constant in the excited state,

to measure the hyperfine splitting

and so on.
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