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Abstract

In this paper, a series of electromagnetically-induced-transparent (EIT) spectra of different
Rydberg states, controlled by microwaves, in rubidium (Rb) thermal vapor are presented.
The novel evolution regularity for different Rydberg states can be found by experimen-
tally detected transmitted EIT spectra, which can reveal the primary quantum number of
different Rydberg states and how to influence microwave control spectroscopy evolution
regularity, and which can pave the way in order to address the challenge of selecting
Rydberg states for applications in Rydberg microwave field detection. This is helpful for
the development of measuring standards of the microwave field in Rydberg states.

Keywords: electromagnetic induced transparent (EIT) spectra; microwave control spec-
troscopy; Rydberg microwave detection

1. Introduction

Rydberg atoms have a high response to microwave frequencies due to their large
electric dipole moments, which makes them ideal for microwave field measurements [1].
The application of Rydberg atoms in microwave field measurement has broad prospects,
especially in fields such as communication, navigation, radar, and astronomical detec-
tion [2—4]. The analysis of microwave field control regulation under different Rydberg
states is helpful for studying the interaction between Rydberg states and the microwave
field, and for improving microwave field measurement technology [5]. Rydberg atoms
will undergo energy level splitting under microwave field control, which can be observed
as the term of EIT spectroscopy [6]. EIT is a quantum interference phenomenon where
atomic medium becomes transparent to a weak probe field when a strong control field
is applied simultaneously [7]. In the context of microwave field measurement, EIT can
play a pivotal role by enabling the highly sensitive and non-invasive detection of weak
microwave fields [8]. In EIT spectroscopy, Rydberg states with different principal quantum
numbers show different responses to microwave fields at different center frequencies,
which provides flexibility and selectivity for the measurement of microwave fields.

Some drawbacks of the conventional microwave field measurement technique include
low sensitivity, calibration requirements, and potential microwave field disturbance. The
microwave field measurement technique based on Rydberg atoms converts the microwave
field into a frequency interval and then uses the optical method to measure it, so as to obtain
the distribution of the microwave field intensity with a high resolution [9]. In experiments,
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Rydberg atoms in cesium vapor are often used as sensors to convert the microwave field
into a frequency interval through an antenna, and the detected Autler—Townes (AT) splitting
distance is analyzed to detect the intensity of the microwave field [10]. Although significant
progress has been made, there are still some challenges, such as the limited bandwidth
of the real-time signal reception, which is limited by the relaxation time required by the
atomic system to reach the steady state, so that spectrum splitting results are different in
the same microwave field intensity [11]. Thus, microwave field spectroscopy regulation
in different Rydberg states is helpful in utilizing the high sensitivity and large dynamic
range of Rydberg atoms to measure microwave fields [12]. The study of the regulation
of microwave fields for Rydberg states with different principal quantum numbers holds
significant importance for promoting scientific development and technological progress [13].
By enhancing measurement accuracy and sensitivity and by exploiting Rydberg states with
diverse principal quantum numbers, the response range of atoms to microwave fields can
be broadened, facilitating an absolute frequency measurement within a wider frequency
band [14].

In this paper, we experimentally obtain the EIT spectrum of Rydberg states in a
collective ensemble of Rb thermal vapors, and then study the linewidth and splitting
distance variation regularity with microwave field control for different primary quantum
numbers n. An n-dependent application strategy is proposed. By examining the large
dynamic range of Rydberg atoms under the microwave field control from n = 30 to 80,
one can show which range of n makes microwave field measurement devices the most
appropriate for different application scenarios. This experimentally validated limitation
provides a critical design rule for Rydberg sensors operating in thermal vapor cells, which
has not been quantitatively established in the prior literature.

2. Experimental Scheme and Theoretical Model

To achieve Rydberg EIT, a ladder-type four-level atomic system is used in our experi-
ment. As shown in Figure 1la, ground state 55 /5, F = 3 (|0)) is excited to the first excited
state 5P3 5 (|1)), and then 5P /5 (|1)) is excited to the second high-lying Rydberg state nDs /,
(]2)) of 8Rb. The microwave field is used to excite nDs , (|2)) to their adjacent nP state. The
corresponding resonant frequencies are @1, @y, and @3 for transitions |0) to |1), |1) to |2),
and |2) to |3), respectively. Two external cavity diode lasers (ECDLs) are used to provide
the two light beams which couple the corresponding transition Rabi frequency. The Rabi
frequency is Q); = w;E;/h (I =1, 2, 3), where y; is the electric dipole moment, E; is the electric
field strength of the corresponding fields, and : is Plank’s constant /2/27t. The experimental
setup is shown in Figure 1b, where the long 10 cm Rb thermal cell is located in the center
of the optical path. As the probe field, a weak beam E; (wave vector k1, frequency w;,
beam radius 1 mm) generated by an external cavity semiconductor laser (Toptica, Berlin,
Germany, DLC Pro) probes the transition |0) to |1) with a wavelength of 780.24 nm and a
maximum output power of 30 mW. Coupling beams E; (k», w», 1 mm), using a frequency-
doubled laser (Toptica, DL-SHG Pro), drive the transition |1) to |2) with a wavelength
of ~480 nm and maximum output power of 380 mW. The Rydberg atoms of the target
state can be obtained at the position where the two beams of light coincide in the center
of the gas cell. The microwave field is generated by an analog signal generator (Keysight
E8257D, frequency range: 100 kHz to 67 GHz), and emitted with some antennas consisting
of (A-INFO LB-15-15-c-185F, frequency range 50-65 GHz), (R&S HF906, 1-20 GHz) and a
frequency-doubling module (Virginia Diode WR6.5, 90-140 GHz), covering the nD; ,,—nP
transition for different n. The microwave field as a tuning field is located at a distance
of 26 cm near the cell. The probe field passes through a pair of high-reflection mirrors
and then enters in the atomic cell. The coupling beam inversely enters in the atomic cell
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and coincides with the probe field at the center of the gas cell. Then, the probe field is
fully transparent and transmits across the polarized beam splitter (PBS), arriving at the
avalanche photodiode (APD), and the APD receives the probe field signal through the front
amplifier before finally transmitting to the oscilloscope, where an EIT spectrum signal can
be observed.

Q..
nP < Probe field

MW | pra < ECDL 1
nDs); |2> I

PBS Coupling beam

A PR ()| )
A

£ A

PBS APD

@480nm N .
3

Rb cell
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Figure 1. Energy level excitation process and experimental setup. (a) A ladder-type four-level atomic

system in the 8Rb atom for experimental processes, in which the ground state 5S; 5, a first excited
state 5P3,5 (|1)), a highly excited Rydberg state nDs,, (|2)), and a microwave field excitation are
involved. (b) Simulated optical path of the experiment. HR: high-reflection mirror, PBS: polarized
beam splitter, MW: microwave, APD: avalanche photodiode.

Generally, the relation between the AT splitting distances Af and the microwave field
intensity Enw is:

EMW = T*ZTCAf, (1)

where i\ is the electric dipole moment of the microwave field, A, is the probe field
wavelength, and A. is the coupling beam wavelength. Thus:

Omw
A ~ —. 2
f~— 2

In this way, measuring the microwave field can be transformed into a simple measure-
ment of the frequency difference in the AT splitting. The detected spectrum signal can be
simulated via a theory model of the interaction between light and atoms. The polarization
rate x of atoms can be calculated by the theory model as:

_ Npp|Qp (Onw ) + 4Dg2Dos 3)
Epeo Doi (Omw)” + Do3 (Qc)* + 4Dg1 D2 Dos
where Dy; = T'o; — Ap, N is the atomic density, 0i is the state 10> transit to state |i>,

Ap = wy — wp, and Ty; is the relaxation rate between the state 10> and |i>. The detected
spectrum signals can be described as:

27tLIm|[x]

I = Ipexp(— )
p

) (4)

where I is the initial intensity of the detection signals, and L is the transmission distance
of the probe field in the atomic medium.
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3. Results and Discussions

As a result of the microwave field either exciting or not exciting the 52D Rydberg
state, the transmission spectrum results are shown in Figure 2a. Under the combined
action of a weak probe field of 1 mW and a strong coupling beam of 380 mW, due to the
quantum coherence effect, the probe field will be absorbed by the atom before becoming a
transparent window that appears near the resonant frequency, which is the EIT spectrum
via the scanning coupling beam. The transmission’s EIT spectrum is shown as a black
line in Figure 2a. When a microwave resonating with the Rydberg level is applied to
the atom under the tested microwave field (52Ds5,,—+53P3 ,), the large transition dipole
moment of the Rydberg atom leads to the weak microwave field producing a larger Rabi
frequency rate, causing the EIT transmission peak to split into two peaks, which is called
the AT splitting effect and is shown by a red line in Figure 2a. This is because when the
microwave field is coupled to adjacent energy levels of Rydberg atoms, the third dressing
state is introduced into the EIT, causing the EIT resonance to split into two peaks. The
EIT-AT effect is determined by the Rabi frequency of the microwave field. The size of the
splitting is related to the applied microwave field strength. The AT splitting distance Af is
determined by the Rabi frequency Oyqw, which is seen clearly in Equation (2). From this,
we can see that the AT splitting distance can be modulated by the microwave field intensity
and dipole moment. The corresponding theoretical simulation results can be calculated via
Equation (4) and are shown in Figure 2b, which is in accordance with experimental results.
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Figure 2. (a) 52D of Rydberg EIT spectrum under 20 dBm microwave field excitation. (b) Correspond-
ing theoretical simulation results. Atomic density is 1.0 x 10'0 cm~3.

In what follows, with the fixed power of the probe field at 1 mW, the evolution
regularities of probe transmission signals are observed by modulating the powers of
the microwave field from 0 dBm to 20 dBm along with the coupling beam. As shown in
Figure 3a, clear regularity can be seen insofar as the splitting distance and linewidth increase
with the increasing power of the microwave field intensity. In addition, splitting peaks
are also shifted with a variation in the power of the microwave field intensity. The shift
appearance is due to the fact that the applied microwave field itself is an oscillating electric
field, which couples with the dipole moment emission of Rydberg atoms. The uncoupled
atoms in other states do not resonate with the oscillating electric field, thereby producing the
Stark effect and causing energy level shifts. For a non-resonant field, detuning A = w3 — @3,
and energy level shift AE « |E |2 /A. The splitting distance variation can be interpreted by
the expression equation of Af in Equation (2). The linewidth of EIT is the frequency range
of the transparency window, which is related to the decoherence rate of the energy level
excitation system. In the excitation process of the microwave field, a stark shift appears, and
the splitting distance variation leads to a decoherence rate variation, so that the linewidth is
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changed. Then, with a fixed microwave field intensity at 20 dBm, the power of the coupling
beam is changed from 80 mW to 380 mW to observe the splitting distance and linewidth
variation. As shown in Figure 3b, the splitting distance and linewidth do not change with
an increasing power of the couple beam. These phenomena support the conclusion that the
splitting distance and linewidth cannot be influenced by the intensity of EIT and are just
determined by factors in the expression equation of Af.

£ 14 £ 4 ——380mW
= H ——380mW
% 0.6 g
E 0.3 E
% 5
= =
g 0 - £
e T T T T T T T T T A
-400 -200 0 200 400 -400 -200 0 200 400
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(@ (b)

Figure 3. (a) Measured 45D Rydberg EIT signals for different microwave field power values when
scanning the A,. (b) Measured 45D Rydberg EIT signals for different coupling field power values
when scanning the A. Atomic density is 1.0 x 1010 cm~3.

From analyzing the expression equation of Af, when the microwave field intensity
is fixed, the Rabi frequency for determining the AT splitting distance Oy o ppw n?,
which means that the splitting distance increases with an increasing n. Thus, finally, many
primary quantum n Rydberg states are chosen to investigate the splitting distance variation
regularity with n. Figure 4(al) shows that the EIT signal intensity of different n Rydberg
states vary with the power of the microwave field ranging from 16 dBm to 20 dBm. Each EIT
peak becomes weak with an increasing power of the microwave field due to AT splitting.
When primarily increasing the quantum number #, the EIT signal intensity also decreases
due to the interaction between Rydberg atoms and ionization effects. When increasing
the power of the coupling beam from 60 mW to 380 mW, as shown in Figure 4(b1), the
EIT signal intensity increases due to increasing the atomic intensity of the excitation state.
The EIT signal intensity variation with #n is the same in Figure 4(al). The reason for this
is also interaction and ionization effects, as interaction and ionization will increase when
increasing n. Splitting distance variation regularities are presented in Figure 4(a2,b2),
from which one can clearly see that the splitting distance increases when increasing the
microwave field intensity and remains unchanged when increasing the coupling field
intensity. As for the variation regularity of #, the splitting distance theoretically increases
when increasing n; however, from Figure 4(a2,b2), we can see that the splitting distance
increases first and then decreases from n = 52. These phenomena appear because black body
radiation becomes strong, so that the linewidth of the EIT spectrum becomes wider than the
splitting distance, while the splitting distance does not increase. Thus, in fact, the splitting
distance increases with n% under some conditions, such as a low decay environment, the
strongest microwave field intensity and a controlled atomic density. These regularities
can support the conclusion that the measurement of EIT microwave fields with different
principal quantum numbers n shows different advantages, with a low n (30-50) being
applicable to real-time monitoring over a wide frequency band. With an n higher than 52,
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the splitting distance has decreased instead of increasing. Thus, a relationship between the
sensitivity and decoherence rate is needed for balance when applied to specific application
scenarios. In order to clearly illustrate the relation between the splitting distance and the
principal quantum numbers of different Rydberg states in Figure 4, we extracted the values
of the microwave field power at 19 dBm and coupling field power at 280 mW from Figure 4
to generate Figure 5.

(al) (b1)
——45D
0.972 4
0.7 -
— 0.966
2 -
£ z
= 0.960 g e
a8 3
= £
s g
£ 0.954 1 £ 05-
@ 2
= e
2 E
E 0948 =
= EIJ 0.4 4
= ‘@
2 0.9421 =
=
& 0.3
= 0.936
0.2 4
0.930 T T T T T T T T T T T T
16 17 18 19 20 50 100 150 200 250 300 350 400
Power of microwave field(dBm) Power of coupling field(mW)
(a2) (b2)
—a—52D —a—52D
304 —e—54D /{ —e—54D
—A—56D 329 —A—56D
—v—58D —v—58D

N
o
1

» —e—60D ——60D
5+ 5 45D
% I/E I\I/I‘i""’i

20+

9
-
1

N
<
1

¢ )
e,
=Y . < i/i\i

T ;\i\\;i\ \
v

Splitting distance (MHz)
Splitting distance (MHz)

12 4
T T L) T L} L L} ] ] T ) )
16 17 18 19 20 50 100 150 200 250 300 350 400
Power of microwave field (dBm) Power of coupling field(mW)
(a) (b)

Figure 4. EIT signal intensity dependence curves and splitting distance dependence curves versus
scanning Ay. (a) The measured signal intensity and splitting distance of EIT when the microwave field
power increases from 16 dBm to 20 dBm. (b) The measured signal intensity and splitting distance of
EIT when the coupling field power increases from 60 mW to 380 mW.
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Figure 5. EIT splitting distance dependence curves versus principal quantum number n when the
microwave field power is 19 dBm and coupling field power is 280 mW.

4. Conclusions

In summary, we studied the evolution of different Rydberg states under microwave
field control and found that their splitting distance is not related to the signal strength,
but is mainly related to the intensity of the microwave field and the transition dipole
moment. However, the microwave field control behavior of different Rydberg states
is only effective within a limited range, with the best principal quantum number for
the splitting distance being around 52. Thus, this provides a certain support for how
to select a more appropriate principal quantum number for application in the specific
field of microwave field measurement. This framework bridges fundamental quantum
behavior with device optimization, offering actionable criteria beyond generic Rydberg-
atom advantages. These findings advance the field by resolving a key practical trade-off—
sensitivity vs. decoherence—specific to thermal vapor systems.
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