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The strength of microwave (MW) electric field can be observed with high precision by using the standard electromag-
netically induced transparency and Aulter—Towns (EIT-AT) technique, when its frequency is resonant or nearly-resonant
with the Rydberg transition frequency. As the detuning of MW field increases, one of the transmission peaks (single peak)
is easier to measure due to its increased amplitude. It can be found that the central symmetry point of the two transmission
peaks f7; is only related to the detuning of MW field Apw and central symmetry point fj of resonant MW field, satisfying
the relation f1 5 = Amw /2+ fo. Thus, we demonstrate a single transmission peak method that the MW E-field can be de-
termined by interval between the position of single peak and fj /. We use this method to measure continuous frequencies
in a band from —200 MHz to 200 MHz of the MW field. The experimental results and theoretical analysis are presented
to describe the effectiveness of this method. For 50 MHz < Ayw < 200 MHz, this method solves the problem that the AT
splitting cannot be measured by using the standard EIT-AT techniques or multiple atomic-level Rydberg atom schemes.

Keywords: microwave electric field, Rydberg atom, electromagnetically induced transparency (EIT), Aulter—

Towns splitting
PACS: 42.50.Gy, 32.80.Ee, 84.40.—x

1. Introduction

Rydberg atoms are the highly excited atoms with the prin-
cipal quantum number n > 10, which are sensitive to external
fields due to the large dipole moments and polarizabilities. -]
Based on the Rydberg atomic system, in recent years, many
researchers have demonstrated a new method of measuring
the electric (E) field by using the electromagnetically induced
transparency (EIT) and Autler—Townes (AT) splitting, which
can be directly traced to the International System of Units
(SI).3-191 The EIT is a typical quantum interference effect that
the atoms become transparent to the probe laser transmission
in the presence of strongly coupled light. When the microwave
(MW) E-field that resonates with the Rydberg atomic transi-
tion frequency is applied, the EIT spectrum will split propor-
tionally to the power of the field. By measuring the splitting
A fin, the MW E-field can be directly obtained from

E| = Zn%DAfm. (1)

Here, 7 is Planck’s constant providing a link to SI traceability,
£ 1is the atomic dipole moment of the MW transition, D rep-
resents a residual Doppler parameter, where D = A, /A and
D =1 corresponding to the scanning the probe and coupling
light, respectively, 311121 with A, and A, being the probe laser
wavelength and the coupling laser wavelength, respectively.
The EIT-AT technology has shown high precision and
sensitivity in measurement, which drives the development
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of many application fields, including SI-traceable standards
7,18,19]

for E-field strength,>13-17] microwave imaging,| mi-
crowave sensing and communication,?*2* and polarization
measurements. 2] However, the MW E-field can be measured
accurately when its frequency is resonant or nearly-resonant
with the Rydberg transition frequency, which limits the prac-
tical application of the Rydberg EIT technology in many sce-
narios. Several schemes for studying continuous frequency
measurements have been proposed.[*!%20-281 Simons et al.
studied the continuous measurement of nearly-resonant mi-
crowave electric field (30 MHz) by using an MW detuning
method.*! According to the atomic superheterodyne method,
Cui et al. used an auxiliary microwave field to extend the
bandwidth sensitivity for detecting microwave fields tuning
frequency up to 100 MHz from resonance with the Rydberg-
Rydberg transition.!'”! Adding another MW E-field coupled
with an adjacent Rydberg transition, Simons et al. detected
the continuous frequencies through changing the strength or
the frequency of MW E-field. Although the continuous tuning
frequency range exceeding 1 GHz was achieved, they did not
obtain the corresponding electric field strength. In addition,
the AT splitting was not resolvable within Apyw < 200 MHz
(the detuning of MW E-field) by using this method. 2!
Unlike the previous off-resonant scheme, in this paper,
we propose a method to extend frequency bands for measuring
MW E-field. When an MW field is detuned from its resonant

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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transition frequency, the peak value of one of the transmission
peaks for AT splitting will increase. It is found from theoreti-
cal analysis that the center fj /, of the asymmetric AT-splitting
is only related to Ayw and the center fy of AT splitting at
zero MW-detuning, which are discussed in detail later in this
work. We propose a single transmission peak method that can
perform the non-resonant measurement of the MW field by
using single transmission peak and f} ;. The measurement of
MW E-field for non-resonant frequencies is simplified without
an additional MW E-field by using this method, thereby di-
rectly measuring the position of higher transmission peak and
Jo- In this work, we achieve measurement in a frequency band
ranging from —200 MHz to 4200 MHz, which breaks through
the limitations that the AT splitting cannot be observed by us-
ing the standard EIT-AT techniques®! or multiple atomic-level
Rydberg-atom schemes, [*! for the detuning of MW E-field
frequency ranging from 50 MHz to 200 MHz.

2. Experiment setup

The Rydberg-EIT experiments are performed in a rubid-
ium atomic vapor cell at a controlled temperature of 299.15 K.
The energy-level diagram and a schematic of the experimental
setup are shown in Fig. 1. Figure 1(a) shows that the levels |1),
2, |3), and |4) correspond to the 8’Rb ground states 5S; /25 €X-
cited state 5P3 5, and two Rydberg states 50Ds, and 51P3 5,
respectively. The probe light with wavelength 780 nm is gen-
erated by a tunable external-cavity semiconductor laser (DL-
Pro, Toptica) and the coupling light with wavelength 480 nm
is produced by a frequency-doubled semiconductor laser (TA-
SHG-Pro, Toptica). The probe laser of 780 nm is locked on the
saturation absorption spectrum of 3’Rb at the crossover fre-
quency between 58 /> (F = 2)—5P;35(F' = 2) and 58 /»(F =
2)—>5P3/2(F’ =3), and 211.79 MHz is shifted to the resonance
transition 5S;/>(F = 2)—5P3,(F' = 3) by using a double-
passed acoustic-optical modulator (AOM). The full width at
half-maximum (FWHM) and power of probe laser are 160 um
and 80 uW. To produce the Rydberg states 50Ds, of 87Rb,
a 480-nm counter-propagating coupling laser with a power of
120 mW is used, and focused to an FWHM of 260 wm.

The method of locking the probe beam and detecting
its transmission while modulating the coupling laser with a
square wave removes the Doppler background and isolates
the EIT signal. The probe light and coupling light collinearly
counter-propagate through the center of the 50-mm-long and
20-mm-diameter cylindrical glass vapor containing (*Rb)
atoms as indicated in Fig. 1(b). An RF E-field with a fre-
quency of 17.04 GHz is applied to coupled Rydberg states

50Ds, and 51P3/, by using a horn antenna placed 37.60 cm
away from the vapor cell. The signal of weak probe laser is
detected with a photodiode (PD).

(@ By == o
o 4)
12) A, —
2,
1) —
(b) RF source

H Coupling light

Detector

Vapor cell (Rb atom)

J [
K

L=5cm
Probe light

Fig. 1. (a) Four-level atomic energy diagram consisting of a ground
state |1), excited state |2), and two Rydberg states |3) and [4), with
a 780-nm probe light driving transition |1) = |SSI/2F =2) > |2) =
|5P3/,,F" = 3), a 480-nm coupling light driving transition [2) =
|5P3/2,F’ =3) — |3) =[50D;),), and an applied RF electric field cou-
pling the transition |3) = |50D5/2> — |4) = [51P35). (b) Schematic
diagram of experimental setup, with probe light (red) overlapping the
counter propagating coupling light (blue), and the applied RF field prop-
agating transverse to the optical beam in the vapor cell.

3. Theoretical method

The atomic motion of the laser-driven system can be de-
scribed by using the master equation

. i
P:*#HinuPHF(P) (2)
for the density matrix operator. In Eq. (2), Hj,; is Hamiltonian
and can be expressed as

Hine = Hp + Hy, 3)

with Hy being Hamiltonian of free atom, Ay, represents the in-
teraction between light field and atom, and I"(p) denotes the
operator describing the decay process in the atom.

In this work, we investigate a four-level system composed
of the ground state |1), excited states |2), and two Rydberg
states |3) and |4) as shown in Fig. 1(a). In order to more
clearly describe the interaction between atoms and light fields,
the Hamiltonian of this four-level system can be described as

0 Q 0
rl @ -2 Q 0
=510 Q@ —2(Ap+A) o @)
0 0 Qmw —2(Ap + Ac — Avw)
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in the rotating wave representation. [>-262=311 Here, £, . mw are Rabi frequencies associated with the probe laser, coupling laser,
and the MW source, respectively. Ap = w1z —Wwp, Ac = w23 — W, and AMw = W34 — wmw are detuning of the probe, coupling, and
MW E-field, respectively, where wi,, wp3, and w34 are the resonant frequencies of transition |1) — |2), |2) — |3), and |3) — |4),
respectively, wp . mw are frequencies of probe field, coupling field, and the MW field, respectively.

The I'(p) can be expressed as

02 —Y12P12 —%13P13 —Y14P14
- —Dpn+Dhps — -
I(p)= _7’21P21 2822 3P33 _723P23 _}’24P24 )
Y31P31 32032 I3p33 Y3434
—Y41P41 —Ya2P42 —Ya3p43  I3p33 —I4pas

for the four-level system. Here %;; = (I; 4 I;)/2, with I ; being the decay rates.
Under the condition of the weak probe limit, the steady-state solution for Eq. (2) can be exactly described as follows:

iQ,/2

02/ (6)

P21 =—

—iAp+
B O/
Ya1 — i(Ap +Ac - AMW)

1 —i(Ap+Ac) +

Considering the Doppler broadening effect, the detuning of  the transmission characteristics of probe light. The corre-
probe and coupling beam is modified as sponding transmission spectrum is shown by the red dash-
dotted line in Fig. 2, which is in agreement with that of exper-

!/ 271. !/ 2TE . . .
Ay =Ap— ZV, A=A+ ZV, imental signal. It can be seen from Fig. 2 that the range of the
o calculated transmission coefficient is 0.68—1.00, which relates
Ayrw = Amw — oo (7)  to the physical variables, such as detuning and atomic den-
MW

sity. A more detailed description about the influence of those

where v is the velocity of atom. The absorption coefficient for  physical variables can be found in Ref. [33]. Additionally,
probe beam can be given by the interval 92.44 MHz between two transmission peaks cor-
o 2N, lez 1 responds to the fre.queI.my inte?rval of Rydberg states. }SODS /2>

a = Elm ( ehQy uy/z and ’50D3 /2>, which is consistent with the theoretical value

92.73 MHz obtained by the ARC (Alkali.ne Rydberg Calcula-

3u
27,2
< [ par(AAL Ay )e dv), (8)  tor) code.3¥
—3u
1.2 -
with considering the Doppler broadening effect and normal- » - ?’;Pe“mentf 1.00 &
. . . . C . . = - eo B~
ized one-dimensional Maxwell velocity distribution. Here, £ 09¢ Y 10.95 £
u = +/2kgT /m represents the most probable speed of atoms, 4 0.90 &
12 = 2.04eay denotes the electric dipole matrix element for £ 067 0.85 =
.. . . . . a j=
transition |1) — |2). Np is the total atomic density in the S 0.80 -2
2 , R
cell.3? The transmission of probe laser is given by é 0-3 0.75 é
w0 n
S| =]
T =exp(—ol). 9) g O 0.70° g
a ‘ ‘ ‘ lo.65 F
—100 —50 0 50 100

The transmission spectrum can be obtained by numerically
. A, (MHz)
solving Eq. (9).
Fig. 2. Two-photon EIT spectrum of "Rb atoms with black line denoting
experimental result, and the red dash-dot line representing theoretical data.

4. Results and discussion It should be noted that the strongest transmission is normalized to one.

In the presence of the coupling laser as shown by the The MW E-field with a frequency of 17.04 GHz cou-
black line in Fig. 2, the EIT windows of atom are observed for ~ ples two Rydberg states ‘50D5 /2> and ‘51P3 /2>, resulting in
the probe laser transmission while scanning the couple beam AT splitting. According to Eq. (1), the measurement of AT
within the frequency range of the detuning from —100 MHz  splitting can be directly obtained the MW E-field strength.[>®]
to 100 MHz. According to Egs. (2)-(9), when the Rabi fre- Figure 3(a) shows the experimental AT spectra with and with-
quency of MW E-field is zero, the transmission coefficientcan ~ out the detuning of the MW E-field for an SG power level
be obtained within the frequency range of A, = —100 MHz—  of 0 dBm. Like Fig. 2, the theoretical AT spectra are also ob-
4100 MHz by using the numerical method, which indicates  tained by solving Eq. (9) in the detuning frequency range from
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A = —100 MHz to +100 MHz, which is shown in Fig. 3(b).
The black solid curve represents the AT signal obtained by the
MW E-field with a resonant frequency of 17.04 GHz. The red
dash curve and blue dash curve denote the AT signal gener-
ated by the MW E-field with a detuning of Ayyw = —50 MHz
and Apw = 50 MHz, respectively. As shown in the figures,
the peak positions of the theoretical AT splitting are consistent

with those of the experimental AT splitting for the different
detuning values of Ayw = 0, and 50 MHz. We can also see
that if the MW frequency detuning is —50 MHz, the left peak
is lower than that of the right peak. If the MW frequency de-
tuning is 50 MHz, the heights of the two peaks are opposite. In
addition, the separation between the two peaks increases with
MW detuning increasing.

1.0
L i — Ayw =0 MHz Th — Anw =0 MHz
Experiment e Ayny = —50 MHz eory cee-Ayw = —50 MHz 11 0
0.8

""AMW = 50 MHZ

""AMVV =50 MHz

.
B
.

10.9

©
o
Transmission (arb. units)

e
3

o
h=t
E
=
2 0.6
)
5 04
&
g 0.2
E
g
= 0
—80 —40 0 40 80
A, (MHz)

—40 0 40 80
A, (MHz)

—80

Fig. 3. Variations of AT signal with coupling laser detuning A. for A\yw = 0 MHz (black line), —50 MHz (red dash—dotted line), and +50 MHz
(blue dash line), showing (a) experimental results and (b) theoretical data from an applied 17.04-GHz microwave (MW) E-field for 0 dBm.

As shown in Fig. 3, the asymmetric amplitudes of the
peaks illustrate that the AT splitting is difficult to measure
when the detuning of MW field (Amw) is over £50 MHz. Tak-
ing Aw = 50 MHz for example, we can find that the ampli-
tude of left transmission peak is much greater than that of right
one. It is difficult to solve the eigenstates and eigenvalues even
in resonant situation for this system. In order to study the in-
fluence of MW E-field, we simplify the Hamilton as follows:

00 0 0
rloo o o0

B=5100 0o ouw (10)
0 0 Quw 24w

The eigenvalues and eigenvectors of dressed dark states are
obtained from the following formulas:

AMW \/ AI%/IW + ‘Ql%/IW
Ey

2 2 ’
2 2
A vV Auw + 2w
Ey= =+ 5 : (11)
—A -0
|E1> = <0707 MW Mw.4 )
\/(—AMW —Quwa)?+ Qw
o T
aaul > : (12)
\/<_AMW —OQuwa)?+ Q4w
—A Q
) — (070, Mw + 2mw 4 7
\/(*AMW +Quw.a)? + Qw
Q0
MW (13)

>T
\/(_AMW + Qw4 )? + Q4w

where Qywa = W/lelew +A§4W represents Rabi frequency

with detuned MW field.

According to Eq. (11), the energy level interval equals
AE = E, — E; = Qpw .4, Which is corresponding to the AT
splitting as the MW E-field is detuned. As shown in Fig. 4,
taking the spectrum with microwave frequency detuning of
50 MHz for example, we can obtain the expression AE /2 =
f12 — E1 = Ex — f12, where f|/; represents the center fre-
quency between the transmission peaks, the E; and E; can be
obtained from Eq. (11).

—_
[en]
T

----AMW:5O MHz

e
o]
T

AE/2

e
[}
T

Transmission (arb. units)
e ©
SRS
—

,”’ I“\ N
b NN
El f1/2‘ E2
A, (MHz)

Fig. 4. AT signal for SG power level of 0 dBm and Apw = 50 MHz, with E;
and E; denoting eigenvalues, and f , representing center frequency.

Thus, the center frequency f} /> can be obtained with

AE AE

Amw
il Ey = MW
2 y TEIE

Similarly, it can be inferred that if the center of AT splitting is

fip=Ex— (14)

denoted as fy with resonant MW field, the following relation

Amw

f1/2=T+fo (15)
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is satisfied, as the MW field is detuned away from resonance.
Thus, we propose a single transmission peak method that the
AT splitting can be determined by the center f}, of two peaks
and the position of the higher transmission peak.

It can be found that as the detuning increases, the move-
ment distances of the transmission peak with increased ampli-
tude is much smaller than that of another peak. For detuning
Amw < 0, the two transmission peaks of AT splitting move
away from the peak with 50D3 ; that has not affect the mea-
surement results. For detuning Apw > 0, the movement of
left peak is less than the interval 92.44 MHz between 50D3
and 50Ds ,, thus the influence caused by the 50D3/, can be
ignored by using the single transmission peak method. For ex-
ample, the movement of left peak is 15 MHz for the detuning
Amw = 200 MHz and SG power level of 0 dBm.

As illustrated in Fig. 5, we show the experimental and
theoretical results of AT splitting for power values of signal
generator (SG) —6 dBm, —3 dBm, —2 dBm, and 0 dBm, re-
spectively. The red squares represent experimental data us-
ing standard EIT-AT techniques, which can only be measured
within a limited band with detuning of around +50 MHz. The
frequency range in which an MW field can be observed dra-
matically increases which is demonstrated by using the single
transmission peak method as shown by the black triangle line

(a) \ = Experiment (double peak) /
200 A A A  Experiment (single peak) ‘A
— i Simulate K
,_E % ——— Theory A
S 160 A ‘AA AA
~ - ‘)\ ‘[
2 120 5 L
E . N e
& 80 por : s
> 18 / X& e
< lac .'"*. ’," Q‘ I
40 -z ‘ ‘l..."‘l
0 —=50 E) 50
—200 —100 0 100 200
Amw (MHZ)
()
200 - M ®  Experiment (double peak)
by A  Experiment (single peak) A
< B ‘\ Simulate
T 160 - \* —-=-= Theory ‘.A
= A A
c i A /
& A '
£ 120 - h% A
= A
= . AN A
& 801 ’*\ /
i H60p, A % “
O R e
J20 Sl L,
0 —50 0 50
—200 —100 0 100 200
Anw (MHZ)

in Fig. 5. We have achieved continued measurement of fre-
quency from —200 MHz to 200 MHz, and the results are con-
sistent with those from the standard EIT-AT method within the
detuning range from —50 MHz to +50 MHz. Theoretically, as
shown by the red line in Fig. 5, AT splitting can be obtained
by solving the master equation as given by Eq. (2). The green
line represents the results obtained from the simulation for-
mula Quw s = \/ 2% + A, Which is consistent with that
by the Lindblad master method and the experimental results.
The AT splitting and MW E-field obtained by using stan-
dard EIT-AT (double peak) and the single transmission peak
method (single peak) are shown in Table 1. We are able to
measure AT splitting and E-field strength just through mea-
suring the single transmission peak, which is not observed by
using standard EIT-AT method. The maximum difference in
AT splitting between these two measurements is 2 MHz, the
corresponding difference of E-field is 0.32 V/m. In the ex-
periment, we locked the coupling light by using wavelength
meter (Toptica, WSS), but the frequency fluctuation is about
+2 MHz, which is the main reason for the difference between
the two methods. The accuracy of experimental measure-
ment is expected to be improved by using the higher precision

frequency-stabilizing method.

(b) “ = Experiment (double peak)
2001 'Y A  Experiment (single peak) 4‘/
— i ’Ax Simulate X
N —-—— Theory X
T 1601 A £
= A £
IR /
£ 1201 "\ e
s ] N i
T 804 B 3
1) 60 7 “
= ] N\ Ve 3 /
< 0]\ / Q‘ “
407 | N /SN A
] 20 A “tll
0 —50 0 50
—200 -—100 0 100 200
Anw (MHZ)
(d)
200 - \‘4 ®  Experiment (double peak) A/
A A  Experiment (single peak) A
~ 7 ‘\ Simulate A
"E" 1604 *‘A —-=-= Theory AA/‘
\b; - Ax ‘A'
S 120 b A
= ] LN e
& 80so0 A A
= Joops, y ‘\Q &
< a0 N Y
404 20 Nt Q\f
T —50 0 50
0 T T T T T T T T T
—200 -—100 0 100 200
AMW (MHZ)

Fig. 5. Plots of AT splitting versus RF detuning (Ayw) for power values of signal generator: (a) —6 dBm, (b) —3 dBm, (c) —2 dBm, and
(d) 0 dBm, respectively. The red squares represent experimental data obtained by using the standard EIT-AT techniques. The black triangles
denote experimental results obtained by using single transmission peak scheme. The green line and red dash line refer to theoretical results,

which are generated by simulating this formula Qyw a4 = 4 /QI%,[W + Af/lw and using the Lindblad master method.
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Table 1. AT splitting and MW E-field strength for different SG power levels.

Power (dBm) Avw (MHz) AT splitting (MHz) E (V/m)
Double peak Single peak Double peak Single peak
0 50 55.20 53.20 1.42 1.10
60 - 63.23 - 1.21
-2 50 53.60 53.00 1.17 1.06
60 - 61.80 - 0.90
-3 50 52.68 53.10 1.00 1.08
60 - 63.55 - 1.27
-6 50 51.20 50.31 0.67 0.34
60 - 60.84 - 0.61

It can be found that the shift of the higher transmission
peak decreases as the detuning increases. When the detuning
is greater than 200 MHz, the transmission peak shifts less than
0.20 MHz with amplitude increasing in this work, making it
difficult to measure. Thus, this method can obtain the results
of detuning within 200 MHz. In addition, it should be expli-
cated that the single peak measurement is an effective method
when the microwave frequency detuning is known. In recent
years, many researchers have investigated the measurement

[35-38

of microwave frequency, I which is beyound the scope of

this work.

5. Conclusions

In this work, we proposed a single transmission peak
method based on the center of two transmission peaks and
the position of the higher transmission peak for measure-
ment of off-resonant MW E-field. The center of AT split-
ting f1/, for the detuned E-field is related to the detuning of
MW field Apyw and central symmetry point fp of transmis-
sion spectrum for the resonant MW field, satisfying the re-
lation fi/, = Amw /2+ fo. The continuous frequencies in a
band from —200 MHz to 4200 MHz for power values of sig-
nal generator (SG): —6 dBm, —3 dBm, —2 dBm, and 0 dBm,
respectively, are detected by using this method, which are in
agreement with the theoretical data. The microwave electric
field strength can be directly obtained by AT splitting through
using this method. At the same time, we also overcome the
difficulty that the AT splitting cannot be measured by using
the standard EIT-AT techniques!®! and multiple atomic-level
Rydberg-atom schemes!?! for the detuning of MW E-field
frequency 50 MHz < Apyw < 200 MHz.
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