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Abstract: We investigate the electromagnetically induced transparency (EIT) and Autler Townes
(AT) splitting spectrum with a four-level Rydberg atom by pole analysis of the probe coherence.
A pair of poles corresponding to the two peaks of the spectral splitting is observed. The spectral
split or the pole positions are affected by the microwave intensity (MW) and the detuning between
the probe and the coupling laser. In the absence of any detuning, the two poles coincide and
separate again on the imaginary axis of the complex detuning plane at weak MW field. The two
poles do not coincide when the probe (coupling) laser is detuned for scanning the coupling (probe)
laser frequency. However, under finite detuning, the two poles approach the nearest distance in
the absence of any splitting and are separated again in the direction parallel to the imaginary axis.
The spectral analysis of the poles provides an alternate way to establish the relationship between
the splitting and the intensity of MW, which may play a role in the application of atomic-based
MW measurements.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Rydberg atom-based microwave (MW) measurement has been successfully developed in the
last decade [1-8]. This measurement method is based on the concept of the electromagnetically
induced transparency (EIT) and the Autler-Townes (AT) splitting spectrum in a room-temperature
vapor cell. The sensitivity of Rydberg atom-based MW measurement reaches 55nV cm™'Hz~!/2
with the superheterodyne technique [6], which shows much more precision than traditional
measurement devices. It can measure not only the amplitude of MW but also the polarization
[2,9], phase [10,11], frequency [12]. Meanwhile, it is an all-optical detector and can be
very small in dimension using the micro vapor cell. The setup has many advantages over
conventional MW measurement devices, for example, antenna wire [13]. The Rydberg atom-
based MW measurement has many applications, such as radar, radio frequency receiver, MW
communication, astronomical measurement, etc. The high precision of a MW measurement
depends on the linear relation between the fine splitting of AT spectrum and the intensity of MW,
|E| = EQMW = 27r£LAf, where Af is the splitting in AT spectrum, % is Planck’s constant, and
Quw and p are Rabi frequency and atomic dipole moments between two Rydberg states [1].
However, the linear relation is invalid within a small intensity regime, and the splitting disappears
before the microwave intensity decreases to zero [14]. Therefore, there always exists a threshold
intensity at which one cannot measure the weak MW by the EIT-AT splitting method. Within this
limit, it is also hard to distinguish between the EIT effect and the AT effect, as both of the effects
are equally dominant [15,16]. As the intensity of MW decreases, the dominant effect changes
from AT splitting to EIT effect gradually [15]. There is a way to avoid this nonlinear area for
detecting weak MW by adding a known strong MW [6,17]. However, the spectral splitting within
the weak intensity regime still needs to be investigated.
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In this work, we study the AT splitting with MW intensity by analyzing poles of the denominator
of the probe coherence, which is a very useful method of studying resonances in scattering theory
[18]. Similar pole analysis on a three-level atomic system was conducted in Ref. [19], which is
successfully used to analyze the position and width of the peak on the absorption spectrum. By
analyzing the probe coherence of a four-level atomic system in our paper, we found three poles
by scanning the probe laser and two poles by scanning the coupling laser [14,20]. A pair of poles
symmetrically lay on the complex detuning plane for probe laser and coupling laser, respectively.
The distance between the two poles correspond to the splitting of the EIT-AT spectrum as a
function of the MW field is investigated. When the intensity of MW decreases to a critical value,
the splitting disappears. The two poles overlap or get closer. After that, the two poles separate
again in the vertical direction, and there is only one peak on the spectrum. The detuning of one
of the lasers also changes the behavior of the two poles while scanning the other laser. It brings a
more ideal way to investigate the AT splitting and the intensity of MW. The experiment will be
conducted further.

2. Probe coherence of the four-level Rydberg atom

The MW measurement with the AT splitting effect is based on a four-level system of Rydberg
atom. The typical setup is shown in Fig. 1(a). A probe laser and a coupling laser go through a
vapor cell in the opposite direction. The photodetector receives the spectrum signal from the
probe laser by scanning the frequency of the probe laser or coupling laser. The Rydberg atom
is excited by the two lasers, shown as in Fig. 1(b), forming a cascade three-level EIT atomic
system. For the 133Cs four energy levels, for example, MW field generated from a horn couples
two Rydberg states 52Ds/, and 53P3/», corresponding Rydberg EIT spectrum would split into
two peaks due to MW dressed AT splitting. The four states in Fig. 1(b) are denoted as |1), |2),
|3) and |4) from the bottom to the top.

53Ps.2 [4=
Probe Laser Coupling Laser < MW 5.05GHz
% 52Dsn 3>
Ap Ac Ae
v v 510nm
6Pz —— [2>
Ap
\ ‘ 852nm
T.- | 6S12 —= [1>
(a) (b)

Fig. 1. Rydberg atom excitation by two laser and coupling with a MW field for experimental
setup (a) and related four-level system (b).

The atom population in the four-ladder system is usually solved by the density matrix equation,
and it is shown as [20]
ap i
— =——[H,p]+ L, 1
5 = el (1)
where H is the Hamiltonian, and L’ is the Lindblad operator corresponding to the decay process
of excited atoms.
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Considering the rotating wave approximation, the Hamiltonian for the four-level system is
given as

0 Q, 0 0
. Q, -24, Q. 0 ’

0 Q. —Z(Ap + AC) Qnmw

0 0 Qmw —Z(Ap + AC + AMW)

@)
where A, . yw represent the detuning of the probe laser, coupling laser, and the MW, respectively.
Q. mw are the Rabi frequency of the probe laser, coupling laser, and the MW, respectively. The
L’ operator is given by

Iap2 —Y12P12 —Y13P13 —Y14P14

I —Y21P21 I3p33 —I2p2 —Y23023 —Y24P24 ’
—Y31P31 —Y32P32 [4pas — T3p33 —Y34P34
—Y41P41 —Y42P42 —Y43043 —T4paq

(3)
where v; = (I'; +I;)/2, and I; is the decay rate of the excited state. For 133Cs, the ground
state 6S,, has I'y = 0, the excited states are set with I'; = 27 X 6 MHz, I's = 27 x 3 kHz,
I'; =27 x 2 kHz.

Under the assumption of weak probe laser, Q,<<I, Q,, we can neglect the second order in
€, and solve Eq. (1) in the steady state. The solution of p»1, the transition of state |2) to state [1),
is derived as [14],

Q 1
14
21 = - , 4
P 2 Q2(Ap+Ac+Ayw—ivar) @)
w4y +Ac=iv31)(Ap+Ac+Apw—ivar)

Ap —ivar + o

Here we ignore the Doppler broadening of the energy shift of atoms. We define d» = A, — iy,
dy = Ay +Ac —iv31,ds = Ay + Ap + Ayw — iva1, where A, . pw are the detuning of probe laser,
coupling laser and MW, respectively. To simplify the analysis, we assume Ay is zero, pp; is
simplified to
Q, Q]ZWW —4dsdy

2 &2, — Adrdady + ds Q2

P2 = (5)
It is seen that the dominator contains three orders of the Ap and two orders of the A,.. Therefore,
there are three poles for scanning probe laser and two poles for scanning the coupling laser.

3. Pole moving with the intensity of MW

There are two ways to observe the AT spectrum by scanning the probe laser or coupling laser
frequency, respectively. However, since the detuning of A, and A, are asymmetric in the probe
coherence p;1, the spectra have differences at the shoulders, as shown in Fig. 2.

It can be seen that the splitting is the same for scanning probe laser and coupling laser. The
difference is the shoulders of the absorption spectrum. The shoulders of absorption spectrum for
the scanning coupling laser saturate, while reduce for the scanning probe laser.

Meanwhile, the denominator of p;; has different order polynomials for the detuning parameters
A, and A.. For the case of scanning the probe laser frequency, the denominator is the triple-order



Research Article Vol. 29, No. 23/8 Nov 2021/ Optics Express 37256 |

Optics EXPRESS

GO - - =Scanning Probe Laser ‘
—Scanning Coupling Laser |
0.04
=
S 0.03
N
S 0.02
E
0.017
2o -10 10 20

0
Ap,c (MHz)

Fig. 2. The spectra of scanning the probe laser frequency (blue) and the coupling laser
frequency (red) at Qpw = 27 X 1.6 MHz.

polynomial of A,,. Therefore, there are three poles, and py; can be expressed as

Q dzds, — Q3, /4
pa1 = — LLs , (6)
2 (A = 6p1)(Ap = 6p2)(A) = 6p3)
and 6p1, Op2, 0p3 are same as Ref. [14],
1 1L _1
S == [d+27 =2 =273 L),
rl 3 ( * Ls 3)
5 =+ (d -2 (1 +z\/§) Li ot (1 —z\/§)L3
P 3 Ls ’
S i d—z—%(1—i«/§)ﬂ+2—%(1+i\/§)L3 : %)
w3 L3

where
d=—(tr +1t3 +14),

Li = -8+t — 1 + bty + ity — 17— 3Q2 - 303 1,
Ly =28 - 3613 = 36312 — 36514 — 363t — 3631, — 36315
3 3 2 2 2
+285 + 1208314 + 28, + 9Q7 + 953Q7 + 9:3Qpw

+9,02 0 — 18605 1 — 1814Q2 1,

1/3
Ly = (Lz + ,/4L% + Lg) , (8)

where 1, = da(A, =0), 13 = d3(A, =0), 14 = da(A, =0). When there is no detuning, the
spectrum and poles move with the intensity of the MW. There always exists a critical power of
MW at which one cannot distinguish the splitting since the two peaks merge into one peak when
scanning the probe laser frequency.
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For the case of scanning the coupling laser frequency, the denominator is a second-order
polynomial of A.. There are two poles, and p,; can be expressed as

Q, didi— Q2 /4

=— , )]
P 2d2 (Ac - Cl)(AC - 602)
where
1 1 1)\
— 2 2 2
661&2 = 5 —r3 —r4+ EQC + (r3 —Tr4 — 4—szL) + QMW s (10)

where r3 = d3(Ac = 0), rqg = d4(AC = O).

As shown in Fig. 3(a), it is clearly seen that there are two poles symmetrically distributed on the
upper of the complex A, plane, and the third pole lay on the imaginary axis of the A, plane when
we scan the probe laser. When we scan the coupling laser, there are two poles symmetrically
located on the complex upper of A, plane, as shown in Fig. 3(b). The distance between two poles
corresponds to the splitting of the EIT-AT spectrum as in Fig. (2), and the imaginary part of the
poles corresponds to the widths of the splitting peaks which are quite familiar with the scattering
theory [18].

Im[Ap] (MHz) (a Im[A] (MHz2)

A,] (MH A.](MHz
= Rel| o) — - Rell,|MH2)

-5 5
Fig. 3. Pole positions with different MW intensities. The pair of poles on A, plane (a) and

on A, plane (b). The arrow means the direction of poles moving as the intensity of MW
decreasing.

The pole positions are determined by Ap, Ac, Q., and Qpw. We choose Q. = 2t X 6 MHz.
We set A. = 0 for scanning probe laser, set Ay = 0 for scanning coupling laser. Therefore, the
pole positions are only determined by Quw, therefore the splitting of the spectra are determined
by Qnw as well. It is noted that the Doppler effect will affect the EIT linewidth and further the
EIT amplitude for EIT resonances [21,22], but it has negligible effect on the pole positions as
Qnmw varies. To simplify the analysis of poles of probe coherence p;;, we ignore the Doppler
effect in the following.

As the intensity of MW decreases, i.e., Qpw decrease from 20 MHz to 0.15 MHz, the splitting
of the AT spectrum decreases. As shown in Fig. 4. The two pairs of poles on the A, and A,
get close to each other. When the two peaks merge to one peak, the two pairs of poles meet
on the upper section of the imaginary axis of A, and A, respectively. The meeting points are
(0, 0.45) and (0, 0.44) for A, and A, in Fig. 3, which correspond to Quw = 27 X 0.88 MHz
and Qyw = 27 x 0.86 MHz in Fig. 4, respectively. The tiny difference of the poles’ position is
from the different denominator for A, and A.. The third pole on the A, plane always stays at
(0,18). It is observed that the third pole changes very little (Iess than 0.1% of its module), as
the intensity of MW changes, which is a nearly stationary point. Therefore, the third pole is
only contributed to the background of the AT spectrum. When the intensity of MW decreases
further, the AT splitting disappears, and there is only one peak on the spectrum. The EIT effect
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is dominant below this MW intensity [15]. The two pairs of poles separate again but lie on the
imaginary axis of A, and A, respectively. The height of the peak will change as the intensity of
MW decreasing. However, the physical meaning between the height of the peak and the two
poles on the imaginary axis of A, and A. plane should be studied further.

MHz MHz

©) (b)
2 Rel6,1] 9 Re[di]
1 1
; 53 QunHie) ; QW)
-1 =1
- Reld] -2

Fig. 4. Real part of pole positions varies with MW intensity. The pair of poles on A, plane
(a), and on A, plane (b).

The difference between the poles on A, plane and A, plane is the moving direction after their
separation from the meeting point. The right pole on the A, plane moves up after the separation,
while the left pole moves down. The poles on the A, plane has the opposite moving direction to
that of A,, plane.

The spectrum will shift if probe or coupling is detuned, and the calculated result is shown
in Fig. 5, with Qyw = 2m x 8 MHz. For the case of scanning probe laser and coupling laser
detuning A, = 25t X 0.5 MHz, the spectrum is shown in Fig. 5(a). The two peaks shift left about
0.5 MHz with the splitting being the same as zero detuning. For the case of scanning the coupling
laser, and the detuning of probe laser A, = 27 x 0.5 MHz, the spectrum is shown in Fig. 5(b).
Two peaks shift left about 0.5 MHz as well.

Im(pzy) (arb) @) Im(py1) (.arb) (b)

— Ac=0.5

' . A, (MHz) -
-10 -5 5 10 o )-10 -5

Fig. 5. Effect of the detuning of probe laser and coupling laser on spectra. (a) the spectrum
with scanning probe laser, and (b) the spectrum with scanning coupling laser.

The pole positions are also affected by the detuning, as shown in Fig. 6. The detuning are set
to A, = 2w x 0.2MHz and A, = 27t X 0.2MHz for probe laser and coupling laser, respectively.
The two pairs of poles would not meet each other as the intensity of MW decreases. On A, plane
in Fig. 6(a), the two poles have the same imaginary value, but the real parts are symmetric to
(=0.2, 0.46). When MW decreases, i.e., Quw decrease from 10.0 MHz to 0.4 MHz, the two
poles get closer to each other but turn to separate again near the imaginary part. They do not
meet like the A, = 0 scenario. The third pole still stays at (0,18) and changes less than 0.1%.
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On the A, plane in Fig. 6(b), the situation is similar, but the poles move in opposite direction
comparing with the poles on A, plane. The symmetric center point is (=0.2, 0.44).

Im[A,] (MHz) Im[A;] (MHz)
(a) 0.46 (b)
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Fig. 6. Pole positions with detuning of probe laser A, = 25t x 0.2MHz (a) and coupling
laser A, = 27t x 0.2MHz (b), respectively. The arrow means the direction of poles moving
as the intensity of MW decreasing.

When the detuning changes from positive to negative, the symmetric center points for A,
and A, plane also change. As shown in Fig. 7(a), when A, = =27 x 0.2 MHz and the other
parameters are the same as Fig. 6, the symmetric center point on A, plane moves right to (0.2,
0.46). The poles also move in opposite direction comparing to the case of A, = 2wt X 0.2 MHz in
Fig. 6(a). As shown in Fig. 7(b), when A, = =25t X 0.2 MHz, the symmetric center point on A,
plane moves right to (0.2, 0.44). The poles have different moving behavior compared with the
case of A, = 27 x 0.2 MHz as well.
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4 -2 2 4 ’ 420 2 4 el
Fig. 7. Pole positions with detuning of the probe laser A, = =27 x 0.2MHz (a) and coupling
laser A, = —27 x 0.2MHz (b), respectively. The arrow means the direction of poles moving

as the intensity of MW decreasing.

It can be concluded that when the detuning is positive, the symmetrical point on A, and A,
plane moves left; otherwise, it moves right. The moving direction of poles is also associated with
the sign of detuning. The symmetric center point means the threshold intensity of MW that can
be detectable. Below that value, the two poles have the same real part, and the spectrum has only
one peak and the splitting disappears. Therefore, the pole analysis provides a more intuitionistic
way to find the threshold intensity of the detectable MW and may play a role in the application of
atomic-based MW measurements.
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4. Conclusion

A four-ladder type of Rydberg atom excitation can be used to measure MW field. EIT-AT
spectrum is the direct way to measure the MW. There are two ways to realize the EIT-AT spectrum
by scanning the probe or the coupling laser frequency. However, there is a threshold intensity
of MW that the splitting of the EIT-AT spectrum disappears. Through pole analysis, the two
peaks correspond to a pair of poles symmetrically laying on the complex A, plane and A, plane.
The two poles move on the planes as the intensity of MW changes. Meanwhile, the detuning
of the probe laser and the coupling laser also affect the poles’ position. The behavior of poles’
position at a small intensity of MW needs to be studied further, as it is associated with distinction
between the EIT and AT effect. The pole analysis of the EIT- AT spectrum in this work provides
a more insightful way to show the relation between the spectrum and the intensity of MW.
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