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We present experimental results on the sub-Doppler Rydberg spectroscopy of potassium in a hot cell and
cold atoms, using two counterpropagating laser beams of 405 and 980 nm as an inverted ladder-type excitation
configuration (4S1/2-5P3/2-nS1/2 and nD3/2,5/2). Such an inverted ladder-type scheme is predicted to be without
the sub-Doppler electromagnetically induced transparency feature in a thermal ensemble under the weak-probe
approximation. Instead, we utilize a strong probe field and successfully observe a transparency window with
a width narrower than 50 MHz. Our all-order numerical simulation is in satisfactory agreement with the
experimental results. This narrow linewidth allows us to measure the energy levels of the Rydberg levels from
n = 20–70 with improved accuracy. The deduced ionization energy agrees with the previous measurements.
Furthermore, the two-photon Rydberg excitation scheme was applied to the cold ensembles to study the
ground-state atoms population decrease in the magneto-optical trap for various Rydberg states. Our experimental
observations suggested two distinct regimes of the trap losses under different probe detuning conditions. While
the far off-resonance case (�p � 0) can be described by the picture of dressed atom, the on-resonance case
(�p ∼ 0) reveals more interesting results. The higher Rydberg states suffer larger trap loss. Besides, even with
similar level energies, the excitation to nD states result in faster escape of the ground-state atom from trap than
nearby nS states.

DOI: 10.1103/PhysRevA.101.052507

I. INTRODUCTION

A Rydberg atom, which is an excited atom with one or
more electrons in a high principal quantum number (n) state
has gained growing interest recently because of its extremely
large polarizability. In particular, for quantum information
processing, such a controllable large polarizability introduces
many advantageous characteristics, including strong dipole-
dipole interactions that scale as n4 and long radiative lifetimes
that scale as n3. The ability to control the dipole-dipole inter-
actions in Rydberg systems creates the extraordinary potential
of allowing neutral atomic qubits to compete with trapped ion
qubits as building blocks of quantum gates [1–4]. Meanwhile,
the Rydberg-dressed ensemble, also a playground of collec-
tive phenomena, sheds new light on quantum simulation [5–8]
and enhances the optical nonlinearity induced by two-photon
atomic coherences for quantum optics applications [9–14].

Since many works with optically trapped neutral atoms
systems contributed in improving the fidelity of qubit-gate
operations, one of the outstanding challenges in encod-
ing qubits is the implementation of quantum nondestructive
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qubit-state measurements without loss [15]. In addition to
using spatial localization to focus on one specific atom, us-
ing heteronuclear qubits is an improved method to mitigate
crosstalk in neutral atom array experiments. The reason for
this is that they allow the state measurements to possess cross
entanglement of two different atomic species located in the
same trap, or nearby traps. The feasibility of this scheme was
discussed in [16–18], and experimental research relevant to
heteronuclear atom qubits was reported in Rb isotopes [19].
Since the heteronuclear atom qubits need the prepreparation
of ultracold alkali metal dimers, only several combinations
of them enable keeping stable under two-body molecular col-
lisions [20]. Aside from the suggested Rb-Cs configuration,
potassium and rubidium (K-Rb), is another possible candidate
for the heteronuclear Rydberg qubits, in which both species
share a similar cooling laser system. The two-body interaction
in Rydberg-dressing schemes was theoretically studied in
[21]. Meanwhile, the Rydberg-dressed fermionic isotope of
potassium 40K could provide richer collective phenomena and
deeper insight for strongly correlated physics [22,23]. Also,
the potassium, which owes two isotopes 39,40K enable for
dimer association, provides a wide range of scenarios for
studying heteronuclear Rydberg qubits [24]. However, the
Rydberg excitation on potassium, which is essential for the
interatomic interaction in future K-Rb heteronuclear Rydberg
systems, was less studied and reported.

The species most commonly used for Rydberg experiments
are alkali metals. However, the work with K has scarcely
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been explored experimentally compared to that of Rb [25].
Thus, more comprehensively, we experimentally studied the
optical excitation of K Rydberg states using both hot and
cold atoms, together with a numerical simulation comparison.
We measured EIT spectra using two-photon excitation with
an inverted ladder-type configuration (λc > λp), where the
wavelength of the probe field (405 nm) is much shorter than
that of the coupling field (980 nm). The inverted scheme is
particularly suitable for the future realization of multiqubit
gates [1]. The coupling laser system at the wavelength can
benefit from the well-developed power amplifier with a power
up to watt level in the near-infrared range [26]. Towards the
heteronuclear Rydberg atoms interaction applications, such a
high-power laser also acts as an optical dipole trap for the
ultracold atomic ensembles of K and Rb.

Despite the inverted ladder-type scheme, in hot atomic
ensembles there was known to be the lack of a sub-Doppler
feature, such as EIT, in the weak probe approximation using
a simple three-level model [27]. However, the sub-Doppler
feature was explicitly observed in our experiment. Thus, we
performed a theoretical simulation beyond the weak probe
approximation to compare to the experimental observations.
Our excitation scheme was also performed with a cold en-
semble in a magneto-optical trap (MOT) using the trap loss as
detection signal. The two-photon excitation with the normal
ladder scheme (λc < λp) in a cold Rydberg ensemble was
reported in [28]. The state-dependent trap loss was studied in
our experiments to provide the information for the attempts
at Rydberg dressing experiments. The interaction of cold
Rydberg atoms has been realized with atom pairs [29] and
optical lattices [6,30], where atoms were orderly distributed.
In contrast, in a homogeneously distributed atomic cloud,
such as MOT or the Bose-Einstein Condensate (BEC), an
unexpected atom loss that was observed in many experiments
poses a challenging task, and the mechanism behind it remains
unclear. Only recently, did Bounds et al. [31] report a stable
Rydberg-dressed MOT of Sr with a lifetime of several ms at
a temperature <1 μK. In our experiment, we employed the
steady-state approach to show that the trap loss, induced by
the interaction between the ground-state and Rydberg atoms,
depends not only on the principle quantum number n, but also
the orbit angular momentum l .

II. THEORETICAL MODEL

Two-photon excitation is widely used to excite the atom
to the Rydberg state in a three-level ladder-type system.
It is particularly useful in those cases where one-photon
excitation requires energy of deep UV wavelength or the
excited Rydberg states has the same parity as the ground state.
The two-photon atomic coherence, resulting from a coherent
interaction of the coupling and probe lasers with atoms, intro-
duces a variety of interesting phenomenon in the ladder-type
Rydberg atom, such as EIT [32], electromagnetically induced
absorption (EIA) [33], and the Autler-Townes splitting effect.
The ladder-type EIT takes advantage of the dramatic changes
in the optical properties to achieve high-resolution Rydberg
spectroscopy and to demonstrate a direct nondestructive op-
tical detection of highly excited Rydberg states [34]. More
complex phenomena were also studied taking noncoherent
effects into account [35].

FIG. 1. Level diagram for two-photon excitation to the ns Ry-
dberg level using 404.5- and 990-nm lasers as probe and coupling
laser, respectively. It shows the 4S1/2 ground state, the intermediate
5P3/2 state, the nS1/2 Rydberg state, and other relevant decay chan-
nels. The relevant Rabi frequencies �p and �c, detunings �p and �c

are indicated.

The Rydberg excitation in ladder-type three-level atoms
using two optical fields includes two effects: two one-photon
resonances (two-step) and two-photon coherent excitation.
They can be considered separately in the calculations under
the weak-probe approximation. No Doppler-free feature is
predicted to be observable in the inverted ladder systems
[36–38] under such an approximation. In a more realistic
experimental condition, the weak-probe approximation can be
inadequate, thus we take all-order numerical calculation in
our theoretical simulation. The density matrix is calculated
numerically considering the high-order effects of the cou-
pling and probe laser strengths without any approximation.
Although the actual states involved in our experiment are
more than three, as shown in Fig. 1, we simplify them using
an equivalent three-level system to obtain an effective steady-
state solution. All the additional decay channels, such as the
4P state that has a fast decay rate to the 4S ground state,
are treated as part of the 3 → 1 relaxation channel between
the Rydberg state and the ground state. In comparison to the
experimental results, such an equivalent three-level system is
found to be a reliable approach for describing the complicated
systems without losing any essential characteristics.

The simplified ladder configuration used in our simulation
is shown in the left of Fig. 1. The optical Bloch equations are

˙ρ11 = i
�p

2
( ˜ρ21 − ˜ρ12) + �21ρ22 + �31ρ33,

˙ρ22 = i
�p

2
( ˜ρ12 − ˜ρ21) + i

�c

2
( ˜ρ32 − ˜ρ23) + �32ρ33 − �21ρ22,

˙ρ33 = i
�c

2
( ˜ρ23 − ˜ρ32) − (�32 + �31)ρ33,

˙̃ρ12 = −i(�p − iγ21) ˜ρ12 + i�p(ρ22 − ρ11) − i�c ˜ρ13,

˙̃ρ23 = −i(�c − iγ32) ˜ρ23 + i�c(ρ33 − ρ22) + i�p ˜ρ13,

˙̃ρ13 = −i(�p + �c − iγ31) ˜ρ13 + i�p ˜ρ23 − i�c ˜ρ12. (1)

052507-2



INVERTED-LADDER-TYPE OPTICAL EXCITATION OF … PHYSICAL REVIEW A 101, 052507 (2020)

(b) (c) (d)(a)

Probe detuning (MHz)Probe detuning (MHz)Probe detuning (MHz)

10

5

0

-5

Ve
lo

ci
ty

 (
m

/s
)

10

5

0

-5

10

5

0

-5

10

5

0

-5

A
bs

or
pt

io
n

 (
ar

b.
 u

ni
ts

)

-100 1000
Probe detuning (MHz)

-100 1000 -100 1000 -100 1000

18

11

1.00

0.80

0.60

0.52

0.68

0.64

FIG. 2. The simulations of the absorption signal, where the imaginary part of ρ12 is plotted, present the difference between (a) noninverted
(λc = 404.5 nm and λp = 980 nm) and (b)–(d) inverted (λc = 980 nm and λp = 440.5 nm) systems. The upper panel illustrates velocity maps
of the absorption signal. After integrating over the Gaussian-weighted signals for each atomic velocity class, the absorption signal versus
the probe laser detuning are shown in the solid curves (with the coupling beam) and the dashed curves (without the coupling beam). As
a comparison, the (a) noninverted case uses the same simulation parameters (�p = 0.2 MHz, �c = 12 MHz) as the (b) inverted case. The
simulation parameters in (c) is �p = 1 MHz and �c = 12 MHz. The simulation parameters in (d) are �p = 8 MHz and �c = 12 MHz.

The levels |1〉, |2〉, and |3〉 correspond to the 4S1/2, 5P3/2,
and nS1/2 states. The weak probe field and the strong coupling
field are tuned close to the lower |1〉–|2〉 transition and the
upper |2〉–|3〉 transition, respectively. The respective fields
are denoted by the following: wavelength λ, Rabi frequency
�, and detuning �. The spontaneous decay rate of the in-
termediate state 5P3/2 (�21) is around 7.35 MHz, which is
mainly attributed to three decay channels via 5S1/2, 3D3/2,
and 4S1/2. The spontaneous decay rate �32 is calculated to be
1.7 kHz.

While the decay of the Rydberg state back to the ground
state is primarily through the cascade nS → 4P → 4S cas-
cade transition, the spontaneous decay rate �31 is calculated
to be 0.028 MHz. In our effective three-level model, �31 also
serves as an effective parameter including all the relaxation
channels from the Rydberg state, such as collision quench and
transit effects. It was manually adjusted for a best fit with
the experimental results and found to be ∼30 MHz, which
is much larger than the calculated rate from the radioactive
relaxation. The dephasing rates γnm are taken to be �nm/2
supposing the laser linewidth δω ∼ 0. However, γ32 which is
related to the open decay channel and dominates the linewidth
of the EIA feature was also adjusted for a best fit with the
experimental results. The parameters used in our simulation
are typically �21 = 7 MHz, γ21 = 3.5 MHz, �31 = 0.16 MHz,
γ31 = 30 MHz, �32 = 0.0017 MHz, γ23 = 3.5 MHz.

In a hot cell with a Doppler-broadened medium, the
probe transmission signal must be integrated over Maxwell-
Boltzmann velocity distribution. For an atom moving with a
velocity v in the same direction as the probe beam, the probe
laser frequency in the moving frame of the atom is blue-
detuned by (�p + v/λp) and the coupling laser frequency is
red-detuned by (�c-v/λc). Hence,

〈ρ̃i j (�p,�c)〉 =
∫ ∞

−∞
ρ̃i j

(
�p + ωpv

c
,�c − ωcv

c

)
N (v)dv,

(2)

where

N (v) =
√

m

2πkT
e

−mv2

2kT , (3)

In Fig. 2, it evidently describes how the atoms with dif-
ferent velocities contribute the sub-Doppler feature to both
noninverted and inverted ladder-type cascade excitation with
a mismatched wavelength. The upper parts are the density
plots with atomic velocity and probe beam detuning as the
x and y axes. The lower parts are the integrals of all the
velocity groups and the simulated observable signals. The
solid lines are the absorption of the probe beam with the
coupling beam, and the dashed lines are without the coupling
beam. Our experiment is to utilize the modulation transfer
technique (see Sec. III) to measure the differential signal
between the on or off of the coupling beam, and to remove
the large Doppler background in the probe signal. Thus, the
Doppler backgrounds were subtracted from all the simulations
presented in the following discussion.

As shown in the noninverted case in Fig. 2(a), a narrow
sub-Doppler window can clearly emerge under all kinds of
the conditions of probe beam power, even with a weak probe
beam. However, in the inverted ladder system as shown in
Fig. 2(b), which is uses the same parameters, exchanging the
wavelengths of the probe laser and coupling laser, no sub-
Doppler feature can be observed anymore, even with a strong
coupling beam (�p = 0.2 MHz and �c = 12 MHz). It agrees
with the prediction under the weak-probe approximation. In
Fig. 2(c), with a stronger probe beam (�p = 1 MHz), a rela-
tive wide sub-Doppler feature appears as a narrow absorption
peak. In Fig. 2(d), while the probe beams are even stronger
(�p = 8 MHz), an EIT feature emerges resulting in a com-
plicated profile as interference between transparency and ab-
sorption. It should be noted that the sub-Doppler width in the
inverted systems is much wider than that of the noninverted
systems. The linewidth of the absorption part can be estimated
by �ω(λc/λp), where �ω is the linewidth of the one-photon
transition. The 5P3/2 hyperfine splitting is 10.8 MHz. Because
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FIG. 3. Experimental setup for Rydberg optical excitation in a
hot cell. PD: photo detector, M: mirror, W: window, DM: dichroic
mirror, L: f = 40 cm lens, BS: bean splitter, ML: mode matching
lens, CL: cylindrical lens, FC: fiber collimator.

of the coupling field, the power broadening is particularly sig-
nificant in our experiment. Taking �c = 12 MHz into account,
�ω ∼ 23 MHz and the absorption linewidth is estimated to
be ∼55 MHz, which is in good agreement with the observed
linewidth. On the other hand, there is no simple method that
enables a quick estimation of the width of the transparent
window that involves coherent interference phenomena.

In both of the noninverted and inverted schemes, the sub-
Doppler window appears in the situation, where the two-step
condition, i.e., �c + �p = (ωp-ωc) v/c, is satisfied. Yet the
size and the width of the transparency window is severely
influenced by the wavelength ratio [39]. Based on our sim-
ulation, the inverted ladder types are certainly at unfavorable
situations for narrowing the coherence window. This explains
why the sub-Doppler features are expected to vanish under
typical weak-probe approximations. However, beyond such
an approximation and with all-order numerical calculations,
a sub-Doppler feature was predicted to be feasible by [40].
The sub-Doppler feature can be a transparency window, an
absorption dip, or a combination of both, as experimentally
demonstrated by [27,41].

III. EXPERIMENTAL SETUP

The experimental setup shown schematically in Fig. 3 is
composed of two tunable laser systems and a hot-cell Rydberg
spectrometer. The ultraviolet light at 405 nm, as a probe beam,
is used to excite the 4S1/2 → 5P3/2 transition, while the near-
infrared laser, as the coupling beam, with a tuning range from
970 to 990 nm is used to excite the 5P3/2 → nS1/2(nD3/2,5/2)
transition. Both the probe and coupling lasers are generated
by home-made external cavity diode lasers (ECDL) with
Littrow configuration. The lasers are capable of mode hop free
range over 5 GHz with the current feed-forward technique. To
further amplify the coupling laser power to ∼1 W, the near-
infrared laser output from ECDL is injected into a GaAs-based
tapered amplifier chip (Coherent, TA-0976-2000) as a master
oscillator power amplifier (MOPA) configuration. Then, the
coupling beam passes through a polarization-maintaining op-
tical fiber and is focused in the center of the cell with a beam
diameter of 1.6 mm, spatially overlapped with the probe beam
with a beam diameter of 0.8 mm. This configuration ensures
that the entire probe beam is covered by the coupling light.

FIG. 4. The two-photon excitation spectrum observed by
(a) probe laser absorption, (b) 405-nm fluorescence, and (c) 460-
nm fluorescence (c). The coupling laser frequency are resonant to
5P → 26S. The two peaks correspond to 4S(F = 2) → 5P → 26S
(left) and 4S(F = 1) → 5P → 26S (right). The inset is the absorp-
tion spectrum of 70S Rydberg state and shows clear dips on both
F = 1 and 2 manifolds.

The maximum powers reaching to the interacting region of the
cell are typically 25 mW for the probe (�p = 21.2 MHz) and
350 mW for the coupling (�c = 13.2 MHz). The coupling and
probe beams are arranged in counterpropagation. The probe
and coupling beams are linearly polarized in parallel to each
other.

The vapor cell (Thorlabs, GC25075-K) is 7.18 cm in
length, containing 93.3% 39K and 6.7% 41K, and its temper-
ature is stabilized at 125◦ C with a fluctuation less than1◦ C.
The probe and coupling beams are separated after traveling
through the vapor cell by two dichroic mirrors. The probe
beam is detected using a photodiode to perform absorption
spectroscopy. Meanwhile, the fluorescence signal is simul-
taneously monitored using a charge-coupled device (CCD0
camera with a narrow bandpass interference filter of 405,
766, or 460 nm. Our spectrometer utilizes modulation transfer
techniques to remove the Doppler-broadened profile and to
improve the signal-to-noise ratio. The coupling laser is ampli-
tude modulated by a mechanical chopper at 2 to 3 kHz, and the
probe transmission is demodulated using a lock-in amplifier.

The coupling laser is locked to different frequencies for
excitation to the Rydberg states (n = 27–70) using soft-
ware feedback control by cooperating with a high precision
wavemeter (HighFinesse, WS6), which is capable of mea-
suring the absolute frequency with an uncertainty less than
30 MHz and with a relative stability better than 1 MHz. The
frequency of the probe laser is measured using either a second
HighFinesse wavemeter or another wavemeter with a 1-GHz
accuracy (Bristal 521).

IV. RYDBERG EXCITATION IN A HOT CELL

A typical experimental probe transmission spectrum is
shown in the top of Fig. 4 with a 0.4-mW probe laser
and a 300-mW coupling laser when the probe frequency
scans over the 4S–5P transition resonance. The fluorescence
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FIG. 5. (a)–(c) The experimental results of the probe laser ab-
sorption spectra for 4S1/2(F = 2) → 5P3/2 → 25S1/2 using various
probe power strengths (4.8, 1.5, and 0.2 mW), while the coupling
laser Rabi frequency is fixed at 12 MHz. (d, e) The simulations
(Im[ρ12]) corresponding to (a)–(c).

spectra of 404 and 460 nm are recorded simultaneously to
help identify the population decaying channels. In the probe
transmission spectrum, the Doppler background absorption is
removed using the modulation transfer technique. The left
and right spectral signals are the excitation from the F = 2
and F = 1 hyperfine structures of the 4S state, respectively.
Both spectral signals include an enhanced absorption part,
but the transparent window is less pronounced for F = 1
because the Rabi frequency for F = 1 is smaller than that for
F = 2 using the same probe power. The transparent window
becomes observable in a higher Rydberg state, as shown in
the inset of Figs. 4 and 8. Despite the fact that the spectral
features of these two transitions manifest differently, they can
be simulated using the same rate mechanism.

Figure 5 illustrates the simulated sub-Doppler features
using the parameters mentioned in Sec. II. A good agree-
ment between our experimental observations and numerical
simulation is presented. It is initially an absorption peak at
low probe power region, then transformed to comprise a
transparency window at high probe power region. The width
of the transparent window is measured to be several tens of
MHz.

For a specific transition, the competition between the
strength of the transmission and absorption parts depends
on Rabi frequencies of the probe and the coupling lasers,
as shown in Figs. 6 and 7, respectively. We obtain a good
agreement between our all-order numerical simulation and
experiments for both cases. Figure 6 represents that inter-
ference feature is changed from an absorptive doublet to a
transparent window at higher probe Rabi frequency. It can be
understood as the power broadening resulting in overlap and
interference between the Autler-Townes doublet. In Fig. 7, the
transmission dip clearly enhanced in the situation where the
coupling Rabi frequency is smaller than 8 MHz. As the cou-
pling Rabi frequency is increased, the absorption components
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FIG. 6. The probe power dependence of EIT signal [4S1/2(F =
2) → 25S] for experimental results and simulations. The probe laser
Rabi frequency �p varies from 3 to 22 MHz and the coupling
Rabi frequency is fixed at �c = 13 MHz with the relaxation pa-
rameters �21 = 7, γ21 = 3.5, �31 = 0.16, γ31 = 30, �32 = 0.0017,
γ32 = 3.5 MHz.

grow up. This can be attributed to the transformation from
EIT to Autler-Townes splitting due to the strong coupling
intensity; thus the quantum interference is smeared out.

The observed dephasing rate γ31, a few tens MHz, is
much larger than 12 kHz, which is directly deduced from
the intrinsic lifetime of the states. Such a fast dephasing rate
was also observed and discussed in other experiments [42,43].
This broadening might be caused by the transit effect, the
optical pumping, the velocity-change collision in the hot cell,
or the population trapping in the ground hyperfine states. In
a closed system, optical pumping depletes the ground-state
atoms in less than μs. However, in a thermal ensemble that
is an open system, the atoms move into and out of the spatial
and momentum space, where atoms interact with lasers. The
ground-state population reaches a steady state that is a balance
of this incoherent dynamic process. Thus, a large dephasing
rate was introduced to allow us to employ a steady-state
simulator for a dynamic open system.

The result shows our simple model cooperating very well
with the experimental results. In this model, the hyperfine
manifold of 5P2/3 is approximated as a single intermediate
level. As the observed signal is a sum of all possible excitation
routes, the approximation is then eligible for the intermediate

FIG. 7. The coupling power dependence of EIT signal
[4S1/2(F = 2) → 25S] for experimental results and simulations.
The coupling laser Rabi frequency �c varies from 3 to 13 MHz and
the probe Rabi frequency is fixed at �p = 7 MHz (2 mW) with the
exactly same relaxation parameters used in Fig. 6.
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manifold with small energy splittings and a relatively wide
linewidth.

It should be noted that the Fig. 8 is plotted using a discrete
principle number against probe detuning. Even so, it still
shows a continuous transformation in the spectrum from low
n to high n, where both of the EIT transmission and absorption
parts are attenuated in the lower Rydberg states. There are
several factors responsible for the spectrum transformation
between different Rydberg states. In addition to the excitation
rate, one of the dominant factors is the dephasing rate, which
is caused by the presence of interactions between Rydberg
atoms. As a consequence, the dephasing rate ranging from 1 to
40 MHz is plotted to compare toh the experimental data. Their
trends in EIT transmission part can be found to the same. A
similar phenomenon was also observed in [44].

V. LEVEL ENERGY MEASUREMENT

There are two primary excitation paths happening in a
three-level cascade system: two-photon and two-step excita-
tions. They can be distinguished by the frequency dependence
between the coupling and probe laser frequency detunings.
The photon energies in two-photon excitation need to satisfy
the following conditions:

fc + fp = f12 + f23,

�p = −�c.
(4)

On the other hand, the condition for two-step excitation,
where two one-photon excitations are included, should satisfy
the following conditions:

fp = f12

(
1 − v

c

)
and fc = f23

(
1 + v

c

)
,

�p = − f12

f23
�c,

(5)

where �p (= f12 − fp) and �c (= f23 − fc) are frequency de-
tunings for the probe and coupling, respectively. In the case of
two-step excitation, the copropagating configuration of probe
and coupling beam could also provide a sub-Doppler feature,
as in [27]. To clarify the dominating path which results in
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FIG. 9. The frequency dependence between the probe frequency
detuning and coupling frequency detuning, where A is for 4S1/2(F =
2) − 26S and B is for 4S1/2(F = 1) − 26S, along with linear fitting
curve (red line).

the sub-Doppler feature in our observation, a series of the
absorption spectrum of the Rydberg state n = 26 with various
coupling laser frequencies were taken. As shown in Fig. 9,
the frequency shift of the resonant probe laser is linearly
dependent on the frequency detuning of the coupling laser
with a slope of −2.448 (= − f12/ f23). It evidences that the
sub-Doppler feature arises primarily due to the velocity group
of atoms that are simultaneously resonant to both coupling
and probe lasers, that is, the two-step excitation using

v

c
= �p

f12
= −�c

f23
, (6)

and the frequency of the Rydberg state is then derived as

fRydberg = f12 + f23 = f12 + fc − fc

f12
( f12 − fp). (7)

In combination with the precisely measured 4S–5P transition
frequency f12 [45], the sub-Doppler signal with a good signal-
to-noise ratio allows precision measurements for the Rydberg
states up to 70S (Table I) by simultaneously measuring fp

and fc. In our experiment, both lasers are either locked to
the wavemeter or measured in real time using a wavemeter
since all of the uncertainties are limited by the accuracy of
wavelength meter. While the frequency uncertainties of both
fp and fc are 30 MHz using the Highfinesse wavemeter and
fc/ f12 = 1/2.45, the uncertainty of fRydberg is 32 MHz for
n = 20–26. For the others, the less accurate results are due
to the less accurate fp using a wavemeter with an accuracy of
only 1 GHz. The unresolved nS (F = 1 and F = 2) Rydberg
hyperfine may result in a broadened symmetrical line shape
that could introduce additional uncertainty to the measure-
ment. However, it is too small to be taken into account in our
experiment. Our results are in good agreement with previous
two-photon spectroscopy. With several newly measured en-
ergy levels of the high n (>55) states, our experimental results
enable to derive the ionization energy (Ei). With sufficiently
high principal quantum numbers, the energies of the Rydberg
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TABLE I. The energy level measurements of Rydberg states
from 20S to 70S excited from the ground state 4S1/2F = 2. The
frequency uncertainties are limited by the accuracy of wavelength
meter. While the results for 20S–26S are measured with two high
precision wavelength meters (with an accuracy of 30 MHz or
0.001 cm−1), others are measured with a normal wavelength meter
(with an accuracy of 1 GHz or 0.03 cm−1). All units are in cm−1.

Level This work [48] [41]

20S 34664.2114(11) 34664.2127(30)
21S 34699.9642(11) 34699.9574(30)
22S 34730.4395(11) 34730.4327(30)
24S 34779.3102(11) 34779.3240(30)
25S 34799.0695(11) 34799.0620(30)
26S 34816.3926(11) 34816.3824(30) 34816.4059(27)
27S 34831.66(3) 34831.6574(30) 34831.6769(27)
28S 34845.17(3) 34845.1864(30) 34845.1755(27)
36S 34913.85(3) 34913.8546(30)
46S 34952.64(3) 34952.6446(30)
50S 34961.78(3) 34961.8083(30)
54S 34968.92(3)
56S 34971.89(3)
62S 34979.13(3)
66S 34982.83(3)
68S 34984.36(3)
70S 34985.93(3)

level are given by

En,l, j = Ei − RK

[n − δ(n, l, j)]2
, (8)

where RK is the Rydberg constant, with only the low-order
quantum defect δ(n, l, j) being taken into account under the
approximation of the modified Rydberg-Ritz parameters [46]

δ(n, l, j) = δ0 + δ2

(n − δ0)2
. (9)

The derived ionization energy of potassium is Ei =
35009.87(6) cm−1, which is in agreement with the previously
reported values [47,48].

VI. RYDBERG EXCITATION IN COLD ATOMS

As the discussion and the experimental results show above,
it can be concluded that the sub-Doppler EIT signal appearing
in the inverted ladder-type scheme relies on the two-step exci-
tation by the Doppler shift mechanism of the thermal atoms,
with cold atomic ensemble, which enables only two-photon
excitation by suppressing the two-step excitation because of
its narrow velocity distribution.

It was found in many experiments using cold atomic
ensembles that the atom number of the trap has an unex-
pectedly large decrease with Rydberg-state excitation. They
might originate from a collision with ionized electron [49],
spontaneous avalanche dephasing [50], and optical pumping
[51]. In this section, we report the Rydberg excitation trap
loss spectroscopy in a potassium MOT to investigate the
possible mechanism of such a large loss. In our experiment,
the cold potassium 39K atoms are trapped in a MOT with
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4S(F=2)→68D

P =48µW
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FIG. 10. The steady-state trap-loss measurement. To excite the
potassium MOT atoms to 70S and 68D, the 404-nm probe laser is
frequency locked to the saturation signal of 4S1/2(F = 2) → 5P3/2

transition in the hot cell. The �p seen by 4S1/2F = 2 is 10 MHz
while the �p is 455 MHz seen by 4S1/2F = 1. The coupling laser
power is maintained to be 365 mW for all the measurements, but the
probe powers are 48 μW for (a), 6.5 mW for (b) and (d), and 5.6 μW
for (c). The measurements are taken after all the lasers and MOT
being turned on for 10 s to reach the steady state. The centers are
found to be at the two-photon resonances �p + �c = 0.

a total number of >109, corresponding to a number den-
sity of ∼1010/cm3. The temperature of the atomic cloud is
∼200 μK, which results in a Doppler width of only 1.2 MHz
for 405 nm. In our MOT, the 766-nm cooling laser is tuned to
4S1/2(F = 2) → 4P3/2(F = 3) with a 12-MHz red-detuning
and the repump laser is on the resonance of 4S1/2(F = 1) →
4P3/2(F = 2) transition. The total intensity of all the beams is
6 mW/mm2. The ratio of cooling and repump beam is 3 : 1.
The gradient of the magnetic field is 10 G/cm.

Instead of using the absorption signal to observe EIT
in the hot cell, the steady-state trap loss was measured in
the cold atoms by observing the 760-nm fluorescence signal
from the MOT using a CCD camera while the probe and
coupling beams were simultaneously sent to the MOT with
beam sizes of 2.8 mm (FWHM) in a counterpropagating
arrangement. The trap loss spectra of 70S and 68D transitions
are illustrated in Fig. 10. The peak position of the trap loss
satisfies the two-photon resonances condition �p + �c = 0.
The trap loss signal of each measurement was obtained under
the condition that the loss-capture equilibrium was reached,
while both of the coupling and the probe lasers were stabilized
at specific frequencies. The probe laser was side-locked to the
saturation signal of the transition 4S1/2(F = 2) → 5P3/2 with
a frequency deviation of 1.5 MHz at 10-ms integration time, as
shown in the Allan plot, Fig. 11. Hence, the probe frequency
is ∼10 MHz (�p) away from the 4S1/2(F = 2) → 5P3/2, and
equivalent to ∼466 MHz away from 4S1/2(F = 1) → 5P3/2.
The coupling frequency, measured by the wavemeter, was
scanned over the frequency range of the 5P3/2 → 68D and
70S. For comparison, the trap loss was normalized to the
baselines of the coupling laser far away from the resonances.
With the coupling laser with 365 mW and �p ∼ 10 MHz, we
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FIG. 11. The Allan deviation of the probe laser while it was
locked to the saturation signal of the transition 4S1/2(F = 2) →
5P3/2.

observed that only few μW of the probe laser power is high
enough to cause a 100% loss, as shown in Figs. 10(a) and
10(c), where 48 and 5.6 μW were applied for 70S and 68D,
respectively. In the off-resonance conditions �p ∼ 466 MHz
in Figs. 10(b) and 10(d), a relatively high power of the
coupling laser 6.5 mW was used to induce an observable loss.
In addition, the loss rate of both 70S and 68D are the same
under such a condition.

In the case of far off resonance where the detuning �p

is much larger than the linewidth, Rydberg states are less
efficiently populated. Therefore, the excitation optical field
can be treated as a perturbation of the atom system, which can
be most conveniently described by the dressed states [32,51]

|ĝ〉 =
(

1 − ε2
e

4
− ε2

r

4

)
|g〉 + εe |e〉 + εr |r〉 , (10)

where |g〉, |e〉, and |r〉 denote the undressed ground state,
intermediate state, and Rydberg states, respectively. The 4S
ground state is thus linked to the Rydberg state through a
two-photon process with its energy level shifted by ac-Stark
effect. While the laser cooling and trapping force of the MOT
relies upon 4S–4P transition, the 4S-state level shift reduces
the MOT capture rate. The ac-Stark shift is proportional to
the effective two-level Rabi frequency (∼�p�c/�p). It could
explain why a higher probe laser power is required for the
far off resonance cases [Figs. 10(b) and 10(d)] to induce
observable trap losses. In addition, the 70S and 68D Rydberg
states suffer similar amounts of trap losses because their
transition dipole moments are about the same.

In the case of on resonance where the detuning �p is within
the linewidth, for example, in Figs. 10(a) and 10(c), a sig-
nificant amount of the ground-state population is transferred
to the Rydberg states and a few μW probe laser is sufficient
to induce a considerable trap loss. The 70S and 68D states
excitation rate are calculated being comparable, however, the
70S state still requires a probe power an order larger than
the 68D state to induce the same amount of trap loss. It is

FIG. 12. The trap losses versus the coupling laser power for
70S, 68D, 60S, 58D, 50S, and 48D. The probe laser power was
kept the same for all the measurement. While the detuning from the
intermediate state 5P is 20 MHz, all data points are measured under
the situation where two-photon resonance is maintained to ensure
there is the maximum trap loss. The experimental data were fitted
based on Eq. (14).

suggested that several proposed loss mechanisms, including
the optical pumping effect [51], the collision with ionized free
electron [49,52], and the dephasing [50], which are related
to the Rydberg excitation rate, cannot fully explain such a
difference.

To further investigate the cases of on-resonance, the trap
losses of six different Rydberg states were measured with
various coupling laser powers, as shown in Fig. 12. To stress
the trap loss difference affected by S and D Rydberg states,
they can be divided to three pairs, i.e., 70S versus 68D,
60S versus 58D, and 50S versus 48D. Each pair was cho-
sen to be with the closest level energies, whose differences
for each pair are 2, 3.3, and 5.8 GHz, respectively. For
each data point, the detuning from the intermediate state
was �p ∼ 20 MHz, and the two-photon resonance condi-
tion �c + �p = 0 was preserved by precisely controlling
the probe and coupling laser frequency. While the probe
laser was locked to the Doppler-free crossover saturation sig-
nal of 4S1/2(F = 1&F = 2) → 5P3/2(F = 1, 2), and shifted
to the resonance of 4S1/2(F = 2) → 5P3/2(F = 1, 2) with
20-MHz detuning using an acousto-optic modulator (AOM).
The coupling laser was locked to the wavemeter to match the
two-photon resonance condition.

The loss rate can be described by two coupled rate equa-
tions of the ground-state atom number n and the Rydberg state
atom number nR:

dn

dt
= R − �n − (β0nR)n, (11)

dnR

dt
= kIn − �RnR − (βRn)nR, (12)

where R is the MOT capture rate, � is MOT loss rate due
to background collision, and k is the Rydberg excitation rate.
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TABLE II. The saturation parameter Is of the trap loss for various
Rydberg states was experimentally determined by fitting the curve in
Fig. 12 based on Eq. (14).

State 50S 48D 60s 58D 70S 68D

Is(mW) 185.1 54.0 156.7 54.7 31.1 10.2

The ground-Rydberg collision results in loss rates of the
ground-state atoms and the Rydberg atoms are β0 and βR,
respectively. Given βRn � �R, the steady-state solution of
the atom numbers are

nR = kI

βR + ��R
R

, (13)

n = R

� + I
βR/(β0k)

. (14)

Experimentally, the ground-state atom number is proportional
to the observed MOT fluorescence. The � was measured to
1.5 s−1 using the trap rising time without Rydberg excitation
(i.e., far-detuned probe laser beam). This serves as a calibra-
tion for the other loss mechanisms under investigation.

As shown in Fig. 12, the experimental data were fitted by
the trap loss model given by Eq. (14), where the saturation
parameter Is = βR/(β0k) of the trap loss (listed in Table II)
can be used to quantify the power-dependent loss strength.
Larger losses were observed in higher n states, despite the
excitation rate k is expected to be smaller in the higher n
state. However, the number of the ground-state atom within
the radius of Rydberg atom is scaled as n6.

On the other hand, the loss rates of nD were observed to
be higher than that of nS. The Is of the nS state is about
three times higher than that of nD. Such differences cannot
be explained by merely optical excitation rates k, which is
estimated to only 30% difference in the nearby nS and nD
states. Therefore, the ground-Rydberg collision part of the Is

should contribute significantly to the mechanism affecting the
final trap loss. It could be understood as that, in the case of
on resonance, a certain amount of Rydberg nS or nD atoms
are produced, the trapped 4S ground-state atoms collide with
the Rydberg atoms to escape from the trap. In this situation,
the collision cross section of the ground state (β0) will have
a direct impact on the trap loss and is relevant to the orbital
angular momentum or the hyperfine manifold of the Rydberg
atom. Such an enhanced collision cross section might be
attributed to the anisotropic wave function of the nD state
valence electron.

VII. CONCLUSION

With a potassium hot vapor cell, we successfully demon-
strate a sub-Doppler EIT spectroscopy using two-step

excitation in an inverted ladder-type scheme. The trans-
parency window with a width <50 MHz enables high-
resolution spectroscopy and we use it to measure the energy
level for the Rydberg states up to 70S with an uncertainty
better than 0.03 cm−1. Furthermore, the good signal-to-noise
ratio of EIT spectroscopy could provide optical detection of
high Rydberg states, as that in normal ladder-type schemes.

We develop a theoretical model using optical Bloch equa-
tions without the weak probe approximation, which is in
an excellent agreement with our experimental results. Our
experimental observations reveal that, in the vapor cell, an in-
homogeneous media, the Doppler distribution of atoms plays
a crucial role in narrowing the transparency window. The ob-
served sub-Doppler feature is typically composed of absorp-
tion and transparency features dependent on the strengths of
the probe and coupling fields. The strong correlation between
the principle quantum number of the excited Rydberg states n
and the dephasing rates is also observed. A more pronounced
EIT in the high-n states implies that the longer lifetime of the
high Rydberg states reduces the dephasing rate and enhances
the coherence, as predicated.

The same excitation scheme was also performed in a cold
potassium MOT to study the trap loss induced by Rydberg
excitation. In comparison to the hot cells, the cold atomic
ensembles with a narrow velocity distribution allows only
two-photon excitation. The mechanisms behind the surpris-
ingly large trap loss are studied in various Rydberg states
and detuning conditions. For the case of far-detuning from
the intermediate state, the loss is found to result from the
perturbation to the levels related to the laser tapping scheme
due to the ac Stark shift. For the case of that both coupling and
probe lasers are nearly on resonances (two-step resonance),
we observe that the interaction cross section between the
Rydberg atom and the ground state rapidly grows as the prin-
ciple quantum number n increases. In addition, the nD state
Rydberg atom (l = 2) exhibits a larger loss of the ground-
state atom than that of the nS state. It could be attributed to
the valence electron’s higher orbital angular momentum or
its hyperfine manifold. Our experiment provides a detailed
study on the potassium Rydberg excitation for the future
quantum technology applications using the Rydberg-dressed
potassium, especially the heteronuclear qubits.
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Vuletić, and M. D. Lukin, Nature 551, 579 (2017).

[6] J. Zeiher, R. van Bijnen, P. Schauß, S. Hild, J.-Y. Choi, T. Pohl,
I. Bloch, and C. Gross, Nat. Phys. 12, 1095 (2016).

[7] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc, T. Macrì, A.
Browaeys, and T. Lahaye, Nature 534, 667 (2016).

[8] Y. O. Dudin and A. Kuzmich, Science 336, 887 (2012).
[9] D. Maxwell, D. J. Szwer, D. Paredes-Barato, H. Busche, J. D.

Pritchard, A. Gauguet, K. J. Weatherill, M. P. A. Jones, and C. S.
Adams, Phys. Rev. Lett. 110, 103001 (2013).

[10] T. Peyronel, O. Firstenberg, Q.-Y. Liang, S. Hofferberth, A. V.
Gorshkov, T. Pohl, M. D. Lukin, and V. Vuletić, Nature 488, 57
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