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Dependence of Rydberg-atom-based sensor performance on different
Rydberg atom populations in one atomic-vapor cell
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College of Electronic Science and Technology, National University of Defense Technology, Changsha 410073, China
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The atomic-vapor cell is a vital component for Rydberg atomic microwave sensors, and impacts on overall capability
of Rydberg sensors. However, the conventional analysis approach on effect of vapor-cell length contains two implicit
assumptions, that is, the same atomic population density and buffer gas pressure, which make it unable to accurately
capture actual response about effect of Rydberg-atom-based sensor performance on different Rydberg atom populations.
Here, utilizing a stepped cesium atomic-vapor cell with five different dimensions at the same atomic population density and
buffer gas pressure, the height and full width at half maximum of electromagnetically induced transparency (EIT) signal,
and the sensitivity of the atomic superheterodyne sensor are comprehensively investigated under conditions of the same Rabi
frequencies (saturated laser power). It is identified that EIT signal height is proportional to the cell length, full width at half
maximum and sensitivity grow with the increment of cell length to a certain extent. Employing the coherent integration
signal theory and atomic linear expansion coefficient method, theoretical analysis of the EIT height and sensitivity are
further investigated. The results could shed new light on understanding and design of ultrahigh-sensitivity Rydberg atomic
microwave sensors and find promising applications in quantum measurement, communication, and imaging.

Keywords: Rydberg atom population, Rydberg-atom-based receiver, stepped atomic-vapor cell

PACS: 42.60.Da, 32.80.Ee, 42.50.Gy, 84.30.Sk

1. Introduction

In the past ten years, Rydberg atomic microwave

[1-3] have made significant progress due to ravishing

Sensors
characteristics that classical radio-frequency (RF) microwave
(MW) technology does not have, including self-calibration, !

[5.6

high sensitivity,>-%! broad operation frequency.>7-1% It has

a wide range of applications, such as sensors for com-

H=13]" frequency

munication signals (amplitude modulated, !
modulated,'*! phase modulated signals!'>-!"1), Rydberg mi-
crowave frequency comb spectrometer,!'8] and imaging.[!"]

It has been theoretically demonstrated that measure-
ment sensitivity limit of Rydberg atomic microwave sensor
is —220 dBm/Hz,[2% which is far exceeding classical sen-
sor sensitivity limit of —174 dBm/Hz (room temperature).>!]
Further research has put forward solutions to improve experi-
mental measurement sensitivity including atomic superhetero-
(221 enhanced metrology at the critical point of a

many-body Rydberg atomic system,?*! resonator,>*?> and

dyne sensor,

multi-photon readout.!?®! According to the quantum projec-
tion noise-limited sensitivity formula,>’! sensitivity grows by
increasing the Rydberg atom population. Due to finite Al-
kali metal atoms density, longer cell length is often utilized
to achieve larger Rydberg atom population. However, there
remains elusive in no good consistency for multiple different
length cells. Essentially, multiple different-length cells would
make atomic population density and pressure of buffer gas dif-
ferent, making it unable to accurately capture actual response
about Rydberg atom population effect.

fCorresponding author. E-mail: angiang18 @nudt.edu.cn
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In this paper, we propose a stepped atomic-vapor cell
with five different path lengths under the same atomic pop-
ulation density and buffer gas pressure. We rigorously study
how the Rydberg atom population affects the electromagnet-
ically induced transparency (EIT) signal height, full width at
half-maximum (FWHM), and sensitivity of superheterodyne
atomic sensor, under saturated laser power conditions. First
of all, when coupling, probe laser power reaches a specific
value, the EIT height reaches saturation to investigate effect
of Rydberg atom population. Additionally, we theoretically
and comprehensively analyze effect of different Rydberg atom
populations by utilizing coherent signal integration theory and
atomic linear expansion coefficient method. The experimental
and theoretical results verify the EIT signal height, FWHM,
and sensitivity increase with Rydberg atom population in the
case of shorter length cell. Specifically, the EIT signal height
keeps a steady proportional upward trend with the cell length
from 5 mm to 25 mm. Our results may provide helpful sug-
gestions for the high-sensitivity Rydberg atomic microwave
sensor design for practical applications.

2. Experimental setup

In this section, we introduce the stepped atomic-vapor
cell, experimental setup, and energy diagram. As shown in
Fig. 1(a), the stepped atomic-vapor cell structure is adopted
to investigate the Rydberg state population effect on Rydberg
atomic microwave receivers. The stepped atomic-vapor cell is
composed of the Schott BOROFLOAT material and has five

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

024205-1


https://doi.org/10.1088/1674-1056/ad0b04
mailto:anqiang18@nudt.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 024205 (2024)

different dimensions under the same atomic population den-
sity and buffer gas pressure. Figure 1(a) presents the measure-
ment prototype geometry. To clarify structure of the stepped
atomic-vapor cell more clearly, specific size is illustrated in
Fig. 1(b).

As shown in Fig. 2(b), cesium atoms can be easily excited
from the ground state to Rydberg states utilizing two-photon
resonance. Compared to single-step excitation, two-step ex-
citation has lower requirements for excitation laser frequency
and a more significant transition dipole moment, resulting in
a higher excitation efficiency. The experimental setup uti-
lized to measure the effect of Rydberg-atom-based receiver
performance utilizing stepped atomic-vapor cell is shown in
Fig. 2(a). In the first stage, probe laser and coupling laser
counter-propagate and overlap through the center of cell. In
the next step, the detector senses probe laser, which converts

(a)
LO MW source
SIG MW source

PRD
Horn antenna
~
N—
\/
DM Lens L{ﬁl\is DM
w Vapor cell U
PBS Absoi?i?g;_{xlzjt\erials
{ : S
Fl puasas) |
Magnetic shielding tube

Frequency locking

Probe laser

optical signal to electrical signal. Ultimately, the EIT spec-
trum can be obtained by scanning at 510.1 nm coupling laser
at room temperature. The EIT signal within magnetic shield-
ing tube serves as reference signal for our system. To gener-
ate MW field, we utilize two signal generators with an output

‘,-&b =10mm

power of up to 25 dBm.

c=15mm

d=20mm

e=25mm a=>5mm

(b)

Fig. 1. Geometrical details of the stepped atomic-vapor cell: (a) mea-
surement prototype from front view, (b) specific size of stepped atomic-
vapor cell, a =5 mm, b = 10 mm, ¢ = 15 mm, d = 20 mm, e =25 mm.

42D/ e— 1

Coupling laser
~510.1 nm ©

6P3/o(F=5)

|

|

Probe laser 1
~852.0 nm I
|

| Coupling laser

Fig. 2. (a) Overview of the experimental setup, utilizing following notations. DM: dichroic mirror, PBS: polarizing beam splitter, RPD:
two-way MW resistive power divider, LO MW source: local oscillator microwave source, SIG MW source: weak signal microwave
source. (b) Overview about the experimental energy diagram. An 852.3 nm probe laser excites cesium atoms from ground state
6S1)2 (F =4) to intermediate state 6P /2 (F =5),a510.1 nm coupling laser drives atoms from intermediate state to the Rydberg state
42D5 5, and the 9.93 GHz radio frequency (RF) MW stimulates atoms from Rydberg state 42Ds , to Rydberg state 43P; /5.

The inter-atomic collisions with the increased tempera-
ture are considered to be the primary reason for widening the
EIT width. Thus, in the case of the given Rabi frequency of
the probe and coupling laser, increasing the temperature of the
cell will lead to increase of the EIT width. On the other hand,
as the temperature rises, the atomic density inside the cell will
increase, which will increase the absorption of the probe laser.
In other words, more atoms will be involved in the quantum
correlation effect which reduces the EIT width.[?3! In a word,
temperature has an effect on the EIT width that is a mix of
two opposite effects: at lower temperatures, the effects of in-
creased interatomic collisions from rising temperature domi-
nate, making the EIT width greater; at higher temperatures,
the effects of increased atomic density from rising tempera-
ture dominate, making the EIT width smaller. To control the

variables, the experimental conditions were room temperature.

3. Results and discussion

This section introduces a Rydberg atomic microwave re-
ceiver with a stepped atomic-vapor cell to investigate receiver
performance.

3.1. Determination of saturation coupling and probe laser
power

Theoretically, the EIT signal intensity can be enhanced
by increasing laser power, but signal intensity does not grow
indefinitely. In order to find a set of saturation coupling
and probe laser powers appropriate for five different lengths,
Fig. 3(a) presents probe laser’s power concerning absorption
spectrum’s depth. It is seen that absorption depth rises with
power, i.e., the more the atoms, the deeper the absorption at
two energy levels. The absorption depth reaches saturation
when probe power reaches a specific value (about 4.5 mW).
The relationship among coupling, probe laser power, and EIT
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signal height is investigated as shown in Figs. 3(b) and 3(c),
where the EIT height can be obtained by Lorentzn fitting. It
can be seen that the EIT height increases with coupling, and
probe laser power, i.e., the more the Rydberg atom popula-

tion, the stronger the EIT signal. When coupling, probe laser
power reaches a specific value (about 105 mW, 4.5 mW), the
EIT height reaches saturation so as to investigate effect of Ry-
dberg atom population.

o
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Fig. 3. (a) Depth of probe laser absorption spectrum versus probe laser power. (b) The height of EIT signal versus coupling laser
power. (c) The height of EIT signal versus probe laser power. The purple, green, yellow, red, and blue curves represent the five lengths

of 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm, respectively in Fig. 1(b). The error bars correspond to the standard deviation.

3.2. EIT signals height and FWHM

As shown in Fig. 4(a), the EIT signals are obtained when
coupling amd probe laser powers are 105 mW amd 4.5 mW,
respectively. Figure 4(b) presents the EIT signal height ex-
periencing an upward trend from cell length (L=5-25 mm).
As is expected, the signal is coherent integration while noise
is non-coherent. Thus, signal amplitude is proportional to the
Rydberg atom population, and noise amplitude is proportional
to root of Rydberg atom population. Power is squared to am-
plitude, so EIT signal height is proportional to Rydberg atom
population. Notably, due to the stepped atomic-vapor cell with
five different lengths under the same atomic population den-

sity, EIT signal height is proportional to the Rydberg atom
population involved in the measurement.
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Fig. 4. (a) Measured EIT signals versus coupling laser detuning. (b) Mea-
sured EIT signal height versus the cell length. The error bars representing
standard deviation of EIT signal height.

Table 1. Performance comparisons of I" with the increment of cell length.

Experimental
L (mm) 5.0 10.0 15.0 20.0 25.0
I (MHz) 479 48.6 51 56 67
Coupling power (mW) 105.0
Probe power (mW) 4.5

Table 1 summarizes specific evolutions of the EIT full
width at half maximum (I") with the increment of cell length.
Table 1 shows that I" slightly rises with the increment of L.
The I is defined as!??!
2(Q2+ .Qg)

212 0

2Q5+ 7
__(24052 n2> Py

P
i Do=2 4 NoV, Oy — + n¥Ve0ce, (2
72 z)Pop t Or1P0+nC. cs, (2)

ey

where £, represents the probe Rabi frequency, £ the cou-
pling Rabi frequency, and ¥ the longitudinal relaxation rate.
Specifically, ¥ can be calculated by Eq. (2),”°! where vy is
transverse dimensions of the cell, L is cell length, Dy is the dif-
fusion constant of cesium (Cs) in the buffer gas at atmospheric
pressure Py = 101.3 kPa, P is the buffer gas pressure, Ny ~
2.69 x 10 m~3 is the Loschmidt constant, and o is the cross

section for disorientation; V; is the relative velocity between
cesium and buffer gas atoms, 7 is the cesium populations den-
sity equal to 1.62 x 10'%/cm?, Ve, = \/(8ksT)/(wuc,), T is
temperature, kg is the Boltzmann constant, U, is the atomic
reduced mass and O, is the cesium spin-exchange cross-
section. Based on Egs. (1) and (2), I" slightly rises with the
increment of L.

3.3. Sensitivity of Rydberg atomic microwave receivers

In order to investigate the Rydberg atomic microwave su-
perheterodyne receivers sensitivity, which is theoretically de-
fined as minimum detectable power when the signal-to-noise
ratio (SNR) decreases to 1, two frequency signal generators
are employed as shown in Fig. 2(a). The 9.937 GHz resonant
frequency is selected as the local oscillator (LO) source, while
MW weak signal (SIG) frequency is 9.937 GHz + 13 kHz. In
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the time domain, electric fields E|, and Eg are expressed as

ELO = ACOS(ZﬂfLot -+ (PLO)7
Eg = BCOS(znfSIGf + (PSIG); 3)

where A and B are the electric field strengths of E;, and Egg,
fro and fsc represent their frequencies, and ¢ o and Qg are
their phases. The 13 kHz detuning frequency means that once
the coupling laser is set, the probe laser intensity will oscil-
late at a beat-note frequency of 13 kHz. The LO and SIG
signals are transmitted into a horn antenna through a resistive
power divider. The output signal intensity of the detector is
measured by a spectrum analyzer with resolution bandwidth of
1 Hz (one-second averaging time). Due to the AC Stark effect,
the EIT will have a prominent AT splitting phenomenon when
the MW electric field E is strong. As shown in Fig. 5(a), the
original EIT peak splits into two transparent absorption peaks,
known as two dressed states. The AT splitting is proportional

to the field £ and is perceived as!!'!-30]
h h

E = —Quw =27—Aur, (4)
H H

where Qpw is the Rabi frequency of the Rydberg state tran-
sition, U is the transition dipole moment of the adjacent Ry-
dberg states, 7 is the reduced Planck constant, and Aat is AT
split peak spacing. On the basis of the electric field inten-
sity superposition,3!! the superposition field Eyoms can be ex-
pressed as

Eyoms = Ero + Esig
= A COS(ZﬂfLot + (PLQ) + BCOS(Zﬂ:fSI(‘,t + (pSIG) . (5)

Then, from Euler’s formula e/® = cos 6 + jsin@,
Eatoms = Acos(2m frot + @ro) + Bcos(2x fsigt + @sic)
_ Re{A el (2T fiot+9L0) 4 Bei2nfsigHesic) }
= Re{A el mfiot+oL0) (1 + % e*j(ZﬂAﬂﬂLA(P)) }’
(0)

where Af = fio — fsi6, AQ = Qo — @s16. We have the relation-
ship

Ax (1 + éefj(2ﬂ?Aft+A(p)>
B

=A+ Bcos(2nAft + A@) —jBsin(2nAft +A@)

= \/[A—|—Bcos(27rAft+A(p)]2—|—[Bsin (2rAft+A)]? x e/,
@)
where « is real number,

| — Bsin (2nAft + Ag)|
|A+ Bcos (2wAft +AQ)|

[tano| =

(®)
When B < A, there is [tana| — 0, @ — 0. Then we have

A x (1 n éefj(Zn'AftJrA(p))
B

= \/[A + Beos(2mAft + AQ)]? + [Bsin2mAft + Ag]2,  (9)

Substituting the approximate results of Eq. (9) into Eq. (6)
yields

Eaoms =Re {A eI (27 fLot+9L0)
X (1 + A e—j(ZﬂAft+A<p)> }
B

= \/A2 + B2 +2ABcos(2nAft + A)
x cos(2TfrLot + ¢Lo). (10)

When B < A, we have B? = B?(cos(Aft + A@))?. The super-
position field E,oms can be expressed as

| Eatoms| ~ A+ Bcos(2TAft + A@). (11)

From Eq. (11), the nonlinear response of the Rydberg
atom to the superposition field Eyioms can be equivalent to en-
velop detection. After mixing quantum beat-note frequency
signal Ey (intermediate frequency) including the amplitude
Egg, frequency offset Af and phase offset A@. Once the cou-
pling laser is set, the probe laser intensity will oscillate at a
beat-note frequency, which means that the weak signal Eg
can be detected. In this paper, only the amplitude Eyioms iS
discussed.

From Egs. (4) and (11) we have
o — Ml EBaoms| _ H[A+Beos2mAft +Ag)]

MW — -
h h
UA  uBcos(2nAft +A@)
T h

=Qpc+Qxc, (12)

where Qpc is direct current (DC) component and Q,c is alter-
nating current (AC) component.

When the coupling laser is locked, as shown in Fig. 5(a),
the transmitted probe laser power Pr at the locked frequency
point with different MW Rabi frequencies Q2w is extracted.
The relationship between P and Qyw is obtained, as shown
in Fig. 5(b). Additionally, the blue dashed line is the result
of the red curve linear fitting in Fig. 5(b), and the purple sine
function curve in Fig. 5(d) depicts the Q2w with time ¢, and the
orange sine function curve in Fig. 5(c) depicts the P with time
t. Figure 5(b) depicts that P decreases with increasing Qyy,
and Pr is linearly related to the Qyw, where the blue dashed
line coincides with the red curve. When the Qyw is too small
or too large, influenced by the shape of the EIT-AT splitting
spectrum, Qyw and the Pr will show an obvious non-linear re-
lation. When Qyy is in the linear interval. The relationship of
Pr to Qpc and Q,¢ can be expressed as

Pr = Prpc + Prac = BQpc + KQxc, 13)

where x (B) is the AC (DC) component ratio of the

Prac (Proc), & describes the variation rate of Py with Q,c.[2?]

Moreover, the k is adopted as an auxiliary reference index to
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characterize the superheterodyne receiver sensitivity changes.
Based on Eq. (13), the greater the value of k, the stronger the
responsiveness of the Rydberg atom to the weak electric field,
and thus the better the sensitivity performance.
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Fig. 5. Numerical simulation response mechanism of Rydberg atoms to
MW signal.

The process of the weak Ejgg signal measured by the Ry-
dberg atomic superheterodyne receiver is depicted in Fig. 6.
The Egg is mapped by the Rydberg atom into fluctuations in
the Q,c¢, which are further mapped into fluctuations in the Pryc
after locking the probe and coupling laser frequency, and then
into fluctuations in the photocurrent signal /¢ via the photode-
tector. Finally, the signal in the form of the photocurrent signal
power is output from the photodetector.

Fluctuation of
| microwave Rabi
frequency 2ac

Microwave signal
Egi¢ be measured

Fluctuation of
photocurrent Ixc

Fluctuation of EIT
signal Prac

Fig. 6. The process of receiving microwave signal by Rydberg atomic
superheterodyne receiver.

Figure 7(a) depicts that the spectrum analyzer is utilized
to gather the 13 kHz detuning frequency and amplitude of
this beat-note signal by Rydberg-atom superheterodyne where
purple curve, green curve, yellow curve, red curve, and blue
curve refer to 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm,
respectively. Figure 7(b) illustrates that the beat-note signal
intensity of the photodetector from the spectrum analyzer is
approximately linear proportional to the Egg for the cases
with five different dimensions where Ay, A, Az, and A4 re-
fer to the difference between the blue curve and the red curve
(20 mm—25 mm), the difference between the red curve and
the yellow curve (15 mm—20 mm), the difference between
the yellow curve and the green curve (10 mm—15 mm),
the difference between the green curve and the purple curve
(5 mm—10 mm), respectively. A represents the mean value
of the experimental data, where A; = 4.1 dB, A, = 3.2 dB,
A3 =2.9dB, A, = 4.8 dB. As indicated by the curves, the beat-
note signal power grows from a = 5 mm to e = 25 mm under

the same laser power conditions. This reveals that atomic su-
perheterodyne receiver sensitivity increases with the Rydberg
atom population to a certain extent.

40(3) (b) 0.128
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Fig. 7. (a) Measured spectrum analyzer results of 13 kHz detuning fre-
quency signal. (b) Results from the Rydberg-atom superheterodyne, the
output power plots of the spectrum analyzer versus Egg, the error bars
representing the standard deviation of sensitivity.
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Fig. 8. Experimental EIT-AT signal versus coupling laser detuning. The
cell length is 25 mm. Red curve presents the experimental EIT-AT data.
Yellow curve and blue curve present the fittings. Green curve presents
the derivation of Voigt fitting.

To thoroughly understand the reason of sensitivity expe-
rienced an upward trend from a = 5 mm to e = 25 mm, a se-
ries of E-field enhancement factors by x with five different
dimensions are calculated based on the AT splitting approach,
as shown in Fig. 8 and Table 2. Here, x can be calculated
utilizing a Voigt function fitting to the experimental results.
The yellow curves are two roughly identically Voigt function
curves, which are symmetrical regarding the A. = 0. The blue
curve is the fitting to the yellow curves, and the green curve is
the derivative calculation of the Voigt function. Note that the
orange and blue curves fit the EIT-AT spectrum well. Thus,
to some extent, Voigt fitting curve can be utilized to describe
the spectrum obtained experimentally. The frequency lock-in
point value 0.024 (A, = 0) is the k in the green dashed line.

Table 2. Performance comparisons of experimental E-field enhancement
factor and calculated E-field enhancement factor by k with the increment
of cell length from 5 mm—10 mm, 10 mm—15 mm, 15 mm—20 mm,
20 mm—25 mm, respectively.

Experimental Calculated E enhancement

E enhancement factor factor by k¥
20 mm—25 mm 1.6 1.4
15 mm—20 mm 1.4 1.2
10 mm—15 mm 14 1.2
5 mm—10 mm 1.7 1.3
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Table 2 summarizes the specific performance comparison
with the experimental E-field enhancement factor (v/104/10)
and the calculated E-field enhancement factor by k with the
increment of cell length. It is shown that the E-field enhance-
ment factor is significantly improved with the increment of
cell length, which equals superheterodyne receiver sensitivity
growing with the increment of Rydberg atom population.

4. Conclusion

To summarize, we have investigated how the Rydberg
atom population affects the electromagnetically induced trans-
parency (EIT) signal height, full width at half-maximum
(FWHM), and sensitivity of superheterodyne atomic sensor,
under saturated laser power conditions. We propose a stepped
atomic-vapor cell with five different path lengths under the
same atomic population density and buffer gas pressure. Due
to using a stepped atomic-vapor cell, consistency problem is
solved for different cells, where the atomic population density
and buffer gas pressure can be same in one cell. Importantly,
we also reveal that the height of EIT signal, FWHM, and su-
perheterodyne receiver sensitivity grow with the increment of
Rydberg atom population under the same laser power condi-
tions to a certain extent. It should be noted that despite the
advantages of utilizing an atomic-vapor cell as the Rydberg
atomic microwave receiver, the impact of the atomic-vapor
cell itself on the measurement results is still the largest source
of measurement uncertainty.*?! Additionally, it is not the case
that the larger the cell length, and the greater the number of
atoms in the Rydberg atom population, the better the sensi-
tivity. On the one hand, the larger length will require more
probe and coupling laser power, leading to the destruction of
the optimum power weak field approximation conditions and
resulting in a poor integrated EIT. On the other hand, due to the
Beer—Lambert law, the laser intensity falls with the increasing
transmission distance, resulting in significant difference be-
tween the probe and coupling laser powers at the two ends
of the cell. This leads to the descent of integrated EIT ef-
fect. Finally, because the variation inside the vapor cell and
absorption can ultimately enhance the overall uncertainty of a
vapor-cell Rydberg-atom-based E-field measurement, we can-
not deny that increasing the Rydberg atom population at rel-
atively small cell length can improve weak E-field detection
capability.

We hope that the present results can serve as an important
step toward understanding the complex roles of Rydberg atom
population effect on ultrahigh-sensitivity Rydberg atomic mi-
crowave receivers. Finally, an exciting next step is to investi-
gate the promising applications of quantum measurement and
communication technique.
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