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We present nonlinear spectra of four-level ladder cesium atoms employing 65y, — 6P3,— 7S/, — 30P; ), scheme
of a room temperature vapor cell. A coupling laser drives Rydberg transition, a dressing laser couples two intermediate
levels, and a probe laser optically probes the nonlinear spectra via electromagnetically induced transparency (EIT). Non-
linear spectra are detected as a function of coupling laser frequency. The observed spectra exhibit an enhanced absorption
(EA) signal at coupling laser resonance to Rydberg transition and enhanced transmission (ET) signals at detunings to the
transition. We define the enhanced absorption (transmission) strength, Hga (Hgt), and distance between two ET peaks, T,
to describe the spectral feature of the four-level atoms. The enhanced absorption signal Hga is found to have a maximum
value when we vary the dressing laser Rabi frequency €24, corresponding Rabi frequency is defined as a separatrix point,
Qq,,. The values of Q4 , and further N = Qg /€. are found to depend on the probe and coupling Rabi frequency but not
the atomic density. Based on £, the spectra can be separated into two regimes, weak and strong dressing ranges, Qg4 <
Qq, and Q4 2 Q4. , respectively. The spectroscopies display different features at these two regimes. A four-level theoret-
ical model is developed that agrees well with the experimental results in terms of the probe-beam absorption behavior of

Rabi frequency-dependent dressed states.
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1. Introduction

Nonlinear optical effects have played an important role
in quantum optics and all-optical information processing,!!=!
especially in the field of atomic and molecular physics. A
number of related techniques have been developed, including
cavity coupling,®7 plasmas,¥! optical waveguide.[*!°1 Re-
cently, Rydberg atom has been exploited as a unique medium
for investigating the nonlinear properties due to its extraor-
dinary properties.!!'!l The strong long-range interaction (~
n'', with n principal quantum number) between Rydberg
atoms has been used to achieve single photon source,!!>~14]
single-photon  transistor,!'>] cooperative enhancement of

5,[1-181 which provides an important step to-

nonlinearitie
ward nonlinearities in quantum computation,'! quantum
gate,?*2!1 and quantum information processing.!*>?3 Their
large polarizability and microwave-transition dipole moment
have been employed to achieve a giant dc Kerr coefficient!>*]
and to measure the electric fields of electromagnetic radiation
with a large dynamic range.[*>-28]

Rydberg state can be excited by a single-photon scheme
using an UV laser,”>?"! but mostly by a two-photon

excition!>-132] for higher excitation probability. Of these
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approaches, the double- or triple-frequency laser is required
which is expensive and intricate. In an alternative way, a
multi-photon scheme, such as a three-photon excitation with
inexpensive and straightforward diode lasers, has caught one’s

33,34

attention.[33-3*] Recent experiments have demonstrated multi-

[35-37] and the non-

photon transitions in atomic experiments,
linear spectroscopy of Rydberg multi-photon excitation is be-
coming a hot topic in recent years.

In this work, we investigate, theoretically and experimen-
tally, the three-photon nonlinear spectroscopy of cesium Ry-
dberg atoms in a vapor cell employing electromagnetically
induced transparency (EIT). The dependence of the Rydberg
spectroscopy on the dressing laser Rabi frequency, 4, is in-
vestigated. The obtained three-photon spectrum exhibits an
enhanced absorption (EA) signal at resonance of coupling
laser and two enhanced transmission (ET) signals at detuned
frequencies. The enhanced absorption (transmission) strength,
Hga (Hgt), and distance between two ET peaks, JgT, are de-
fined to describe the spectral characteristics. The Hga is found
to have a maximum value, corresponding dressing laser Rabi
frequency is defined as separatrix, 4.,. Based on Qg , the

spectra are divided into two regimes, weak and strong dressing
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regime. The spectroscopies display different features at these
two regimes. A four-level theoretical model is developed that
agrees well with experimental results.

2. Theoretical model

We consider a four-level scheme, see Fig. 1(a), consist-
ing of a ground state |g), an excited state |e), a dressed state
|d), and a Rydberg state |r). Probe laser drives the transition
|g) — |e), corresponding Rabi frequency of €2, while dressing
(coupling) laser couples the transition of |e) — |d) (|d) — |r))
with Rabi frequency Q4 (€2.). The probe transmission is de-
tected with a photodiode (PD) detector, see Fig. 1(b).

In consideration of the Doppler effect, the velocity selec-
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tion can be written as follows:

Ay-h=Ay+kp-v,

Ag-h=A3+kq-v,

Ac-h=Ac+ke-v, (1
where £ is the Planck constant, A; and k; are the detuning and

wavenumbers of the lasers, respectively, and i = p,d,c. The
Hamiltonian of four-level system can be expressed as

0 @ 0 0
hl Q, —2A Q 0
H=2|"® " ¢ L@
21 0 Q4 —2(4,+4A) Q.
0 0 Q. —2(Ap+Ad+Ac)
PD
2 DM b a;
ﬁ .
4 -
1470 nm
786 nm

Fig. 1. (a) Diagram of a four-level system. A probe light with wavelength A, and Rabi frequency £, (a dressing light with Aq and Qq) is locked
to the resonant transition of [6S) /5, F = 4) — [6P35,F' = 5) (|6P35,F' = 5) — [1S5,F" = 4)). A coupling laser with A and € is scanned
through the transition of |78}/, F” = 4) — |30Ps5). I, I3, and I; are the decay of excited state, dressed state, and Rydberg state, respectively. (b)
Sketch of the experimental setup. The coupling and dressing lasers co-propagate along z axis reflected with a DM, whereas the probe laser is set
to counter-propagate to the coupling and dressing beams in the center of the cesium vapor cell. The spectroscopy of a four-level cesium atom is
attained with a probe transmission detected with a PD detector as a function of the coupling laser detuning. PD: photodiode; DM: dichroic mirror.

The probe and dressing lasers are locked to the resonant transition |g) — |e) and |e) — |d) in the experiment, then we set

Ap = Aq = 0 in calculations. Considering the decay terms, we use the Lindblad equation to describe the evolution of the density

matrix p as follows:

where £ is the Lindblad operator considering decay term,

Lep —iLp1
P —ILpy  —Lpn+Iips
—iLps1 —3(R+13)px
—iLps — 3R+ D)pa

—1Lip1 —1Lpus
—L(R+13)ps —3(R+1)pas @
—Lipss+Lpa —3(Ta+17)psa
— 2 (I3 +I)pas =

For convenience, we use the state basis {|1),|2),]3),|4)}
to represent {|g),|e),|d),|r)}. px; is the density matrix ele-
ment with k, j = 1,2,3,4. I; (i = e,d,r) denotes the sponta-
neous decay rate of i) state. Here we do not include colli-
sion terms or dephasing terms due to the present study done
in a vapor cell. The dephasing due to Rydberg-atom collisions

can be decreased, for instance by reducing the laser intensities,

decreasing laser beam waist and further the atom-field interac-
tion time and using lower principal quantum number #, such as
n =30 used here. In this work, we assume the decay |e) to |g)
with the rate of I. = 27 x 5.2 MHz, and decay rate of the state
of |d) and |r) are I§ =27 x 3.3 MHz, and I} = 27 X 0.01 MHz,
respectively.

The spectrum is given by the probe-power transmission,
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P = Pyexp(—alL), with the probe-laser absorption coefficient,
o =2mwIm(x)/Ap, the cell length, L, and the susceptibility of
the medium seen by the probe laser, . The susceptibility, ¥,
is

2N
=R, 5)

Epé&
where N is the average atomic density, 1, is the dipole mo-
ment of transition [1) — |2), E, is the amplitude of the probe,
& is the vacuum permittivity, and pj; is the density matrix
element between |1) and |2).
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Fig. 2. Calculations of cesium four-level atom with £, = 27 x 3.7 MHz,
Q4 =271 x 10.0 MHz, and Q. = 27 x 7.7 MHz. Decay rate is taken as
I: =27 x 5.2 MHz, I§ =27 x 3.3 MHz, and I; = 27 x 0.01 MHz, respec-
tively. (a) Calculation of the probe absorption coefficient, ¢¢. The spectrum
demonstrates an enhanced absorption at the coupling resonance, A; = 0,
and two enhanced transmission peaks on both detuning sides. Hga (Hgr)
displays the signal strength of enhanced absorption (transmission) and ¥t
represents the distance between two ET peaks. (b) Populations of four levels

pi11 (black), pay (red), p33 (blue), and pa4 (purple) for [g), |e), |d), and |r)
states as a function of the coupling laser detuning A..

138 we numeri-

Using standard semi-classical methods,
cally solve the Lindblad equation Eq. (3) in steady-state for
the density matrix p, and further obtain populations of rela-
tive levels and the nonlinear absorption spectrum of the four-
level atom. Figure 2(a) presents the calculation of absorption
coefficient, a, of the four-level atom with probe laser Rabi
frequency £, = 27 x 3.7 MHz and coupling (dressing) laser
Q. =21 x 7.7 MHz (24 = 2n x 10.0 MHz). It is seen that
the spectrum demonstrates an enhanced absorption (EA) sig-
nal on the coupling resonance and two enhanced transmission
(ET) peaks on both detuned sides. This spectral profile can
be explained with the dressed state picture,**! where the four-
level atom includes two ladder EIT schemes, leading to two
enhanced transmission (ET) or electromagnetically induced
transmission (EIT) peaks. In the resonance, two dark states
overlapping in frequency domain result in an enhanced absorp-
tion due to the constructive interference. To better understand
the spectral feature, we define a signal strength of absorption

(transmission) relative to the background, Hga (Hgt), to de-
scribe the enhanced absorption (transmission) of probe laser,
and the distance between two ET peaks, YeT, as marked in
the Fig. 2(a). To investigate the atomic distribution, we also
plot the populations of relative levels in Fig. 2(b). It is found
that most of the atoms, = 98.5%, interacting with laser beams
are populated in the ground state, whereas a few atoms can be
populated in the excited states near the three photon resonance.
At the resonance point, only « 0.5% atoms can be excited to
Rydberg state.

3. Experiments and discussion

The three-photon spectral experiment is performed with
a room temperature cesium vapor cell, related experimental
setup is shown in Fig. 1(b). A coupling laser, A. and ., and
a dressing laser, Ay and Qq4, co-propagate along z axis, which
are combined with a dichroic mirror (DM). A probe laser, A,
and €2,,, is set to counter-propagate with dressing and coupling
lasers, see Fig. 1(b). Three beams overlap with each other
in the center of the vapor cell. The power of the probe beam
passing through the cell is detected with a photodiode (PD) de-
tector. The spectral signal is observed by measuring the trans-
mission of the probe beam as a function of the coupling laser
frequency.

As shown in Fig. 1(a), a weak probe laser with a wave-
length A, = 852 nm and waist wpo = 350 um resonantly in-
teracts with the transition |65, 5, FF = 4) — |6P3)5, F' = 5). A
1470-nm dressing laser with waist wgg = 400 pm is locked to
|6P3 )5, F' = 5) — [1S)5,F" = 4) transition with the double
resonant spectroscopy of the other room temperature cell, not
shown in here. While a strong coupling laser, A, = 786 nm
and weo = 200 pm, is frequency scanned cover the [7S;5) —
|30P3 ;) Rydberg transition. As mentioned above, we choose
lower principal quantum number n = 30 for higher excita-
tion probability of coupling transition and weak interaction
between atoms, that has a negligible effect. The coupling
laser power of 200 mW and corresponding Rabi frequency
Q. =2m x 7.7 MHz is kept fixed. The Rabi frequency £;
(i = p,d,c) can be calculated with the formula Q; = WE;/h,
with ; the transition dipole moment and E; the amplitude of
the laser beam calculated using the laser power and the beam
waist. The three beams are linearly polarized, with polariza-
tions parallel to each other.

Figure 3 presents measured spectra as a function of the
coupling laser detuning, A., for the coupling (probe) Rabi fre-
quency Q. =27 x 7.7 MHz (£, = 27 x 3.7 MHz) and three
indicated 4. The spectra of Fig. 3 clearly demonstrate the en-
hanced absorption on the coupling resonance point and two en-
hanced transmission peaks on both detuned sides. The spectral
profiles agree with the theoretical simulations, see red solid
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curves of Fig. 3. The deviation of the ET peaks of Fig. 3 mid-
dle panel is attributed to a small shift of the dressing laser fre-
quency in the experiment, that yields an asymmetric spectral
profile at both sides of coupling detuning. It is seen, from
Fig. 3, that the ET peak strength, Hgr, and distance of two
ET peaks, ¥&T, show increasing with the dressing laser Rabi
frequency €24, whereas the absorption strength, Hgs, demon-
strates increasing with 4, (middle panel of Fig. 3), and then
decrease after some value of €4, (bottom panel of Fig. 3).
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Fig. 3. Measurements (symbols) and calculations (lines) of nonlinear spec-
tra as a function of the coupling laser frequency at coupling Rabi frequency
Q. =2m x 7.7 MHz and probe Rabi frequency £, = 27 x 3.7 MHz. The
spectra demonstrate an enhanced absorption on the coupling resonance and
two enhanced transmission peaks on both detuned sides of the resonance.
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Fig. 4. Spectroscopies of four-level cesium atoms of theoretical simu-
lations (a) and experimental measurements (b) as a function of dressing
laser Rabi frequency, €4, and coupling laser detuning, A.. In calculations,
Q, =2mx3.7MHz and Q. =27 x 7.7 MHz, Aq = A, = 0.

To understand the spectral feature above, we have carried
out a series of theoretical calculations and experimental mea-
surements such as in Fig. 3. In Fig. 4(a), we show calculations
of absorption coefficient as a function of 4 and A, where
£, and €. are taken from experiments. For comparison, we
present the measured spectroscopies in Fig. 4(b), for the case
of a fixed , = 27 x 3.7 MHz and Q. = 27 x 7.7 MHz,
Ag = A, = 0. We found that both calculations and measure-
ments of spectra display similar spectral feature, showing a
good agreement. Close inspect of the Fig. 4 reveals that the
linewidth of ET peaks is invariant when €24 varies, and space
between two ET peaks, yer, displays slight nonlinear depen-
dence on €.

From Fig. 4, we extract the ET (EA) signal strength Hgt
(Hga) and space of two ET peaks, YT, to characterize the
spectroscopy of four-level atoms. Figure 5 presents measure-
ments (symbols) and calculations (lines) of ¥z and Hgr (Hga)
as a function of the dressing laser €24 for different coupling
laser .. It is found that the data of measurements are mostly
sitting in the red lines, the case of Q. =27 x 7.7 MHz of cal-
culations, demonstrating that the measurements are consistent
with the calculations.
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= 30t
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& — Q,/27r=7.7 MHz
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Fig. 5. Measurements (symbols) and calculations (lines) of ¥gt (a), Hga
(b), and Hgr (c), as a function of 4. The parameters of calculations are
the same as those in Fig. 4 but different . = 27 x 7.7 MHz (red solid
line), 27 x 10.0 MHz (black dashed line), and 27 x 5.0 MHz (green dot-
dashed line), respectively. As estimated, the data of measurements for cou-
pling laser . =27 x 7.7 MHz are mostly sitting in the red line. A vertical
dashed line marks the separatrix dressing laser Rabi frequency £y, for the
case of . =21 x 7.7 MHz, at which value the enhanced absorption Hga
has a maximum value Hga, . €4, displays increase with .. For fixed
€., the vertical dashed line separates the spectra into two regimes, strong
(weak) dressing regime, corresponding to Q. 2 Qq, (2c < Qqg, ), see text
for details. In calculations, £, =27 x 3.7 MHz and A = A, = 0.
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We firstly discuss Hga feature of Fig. 5(b). It is seen
that there is a maximum value Hga,,, when we vary Qq,
corresponding dressing Rabi frequency is defined as a sep-
aratrix dressing Rabi frequency, 4, . For instance Qg4 =
27 x30.7 MHz for the case of Q. =27 x 7.7 MHz and Q, =
271 x 3.7 MHz, as denoted with an arrow and a vertical dashed
line. The vertical dashed line separates the spectra into two
regimes, strong and weak dressing regimes, corresponding
Q4 2 Qq, and Q4 < Qq,, respectively. The Hga displays
increasing with 4 at the weak dressing regime and decreas-
ing with 4 at the strong dressing regime. It is also seen that
the g, strongly depends on the coupling laser £, showing
increase with £, therefore we define the ratio 1 = Qg / Q.
To understand the maximum Hga, we also calculate absorp-
tion coefficient per velocity classes for different . and Q4
and for fixed the probe £2;,, not shown here. The calculations
reveal that the resonance absorption becomes velocity insen-
sitive at the appropriate ratio of 4/, that leads to more
atoms contribute to the signal and therefore the maximum ab-
sorption Hga at resonant of dressing laser.[**! From Fig. 5(b),
n =3.72,3.98, and 4.80 for Q. /27w = 10 MHz, 7.7 MHz, and
5 MHz, respectively. The value of 1 varies as the coupling £2.
is changed. To investigate the dependence of the €4, on the
probe £2;, and the atomic density, in Fig. 6, we present calcula-
tions of the enhanced absorption Hga as a function of €24 with
Q. =27mx 7.7 MHz and indicated probe £, of Fig. 6(a) and
atomic density of Fig. 6(b). It is clear that 4. also depends
on the probe laser £, (Fig. 6(a)) but not the atomic density
(Fig. 6(b)).

10

(a) (b) L — 300 K
~ 0.9 ’ ---330 K
I A BN R
=1 / \
5 0.6 6 i N
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< / N 2 ]
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Fig. 6. (a) Calculations of the enhanced absorption Hga as a function of
Qg with Q. =27 x 7.7 MHz at room temperature (300 K) and an indicated
probe laser £, /27 = 3.7 MHz (red solid line) and 5.0 MHz (blue dashed-dot
line). The extracted gy, and the ratio 1) increase with the probe Rabi fre-
quency. (b) The same calculations like in panel (a) with Q. =27 x 7.7 MHz
and €, = 27 x 3.7 MHz for the cell temperature 300 K (red solid line) and
330 K (blue dashed-dot line), related atomic density of 1.4 x10'0 cm™3 and
2.3 x 10'" cm~3, respectively. The enhanced absorption Hgp strongly de-
pends on the atomic density but 4, and the ratio 1) show independence of
the atomic density. Vertical dashed lines mark the position of g, of the
case of £, =27 x 3.7 MHz.

We then discuss the spectral features of two regimes. In
the weak dressing regime, Hgr and Hga display increase with
Q4 while less independent of .. However, the distance be-
tween two ET peaks, 1, shows slightly increase with 4 but
strongly depends on .. While in the strong dressing regime,

Hga (Hg) is dependent on the coupling €. and decrease (sat-
urations) when €y increases further. However, Yt shows lin-
ear dependence on 4 and almost independent of the €. and
gradually converge in greater €4. For negative value of Hga
of Q4/2m < 20 MHz range, see blue dashed line of Fig. 6(a),
the calculated spectrum under these probe and coupling laser
condition has only two ET peaks without absorption at reso-
nance, related the transition of the probe beam at resonance
larger than background. It should be noted from Fig. 5(c),
that enhanced transmission, Hgt, shows an increase with Q4
and tends to saturate in calculations, but declines in measure-
ment. The difference between measurement and calculation
for Q4 2 Qqj, is attributed to the splitting and line broadening
of two ET peaks in higher dressed field in experiments, see
Fig. 4(b), due to inhomogeneity of interaction between atom
and laser field.[?"!

4. Conclusion

We have demonstrated the nonlinear spectra of a four-
level ladder cesium atom with up level involving Rydberg
state. Results are modeled by numerically solving the Lind-
blad equation in terms of the probe-beam absorption behavior
of Rabi frequency-dependent dressed states. For the sake of
convenience, we define ygr as the distance between two ET
peaks and Hga (Hgt) as the signal strength of enhanced ab-
sorption (transmission). The calculations reproduce well the
experimental spectra of the four-level atom. We have defined
a separatrix dressing laser Qg , based on which the spectra
are separated into two regions. An enhanced absorption (trans-
mission) strength, Hga (Hgt), shows increasing with €24 in the
weak dressing range of 4 < ., and decreasing (saturation)
in the strong dressing range of Q4 2 Qg . For the distance be-
tween two ET peaks, Yet, strongly depends on the coupling 2.
in the weak dressing range and linear increasing with dressing
laser €24 in strong dressing range. More calculations indicate
that €4, and further 1) depends on the probe and coupling
laser Rabi frequency but independence of the atomic density.
The three-photon Rydberg-EIT with low cost all-infrared laser
diode systems can access to the Rydberg state, which could
be valuable for Rydberg-atom based microwave*> and THz

measurement. [40]
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