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Fluorescence loss spectrum for detecting cold Rydberg atoms with high sensitivity has been obtained based on lock-in
detection of fluorescence of 6P;, state when cooling lasers of the magneto-optical trap are modulated. The experiment
results show that the signal to noise ratio has been improved by 32.64 dB when the modulation depth (converted to laser
frequency) and frequency are optimized to 4 MHz and 6 kHz, respectively. This technique enables us to perform a highly

sensitive non-destructive detection of Rydberg atoms.
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1. Introduction

In recent years, significant progress in the research field
of ultra-cold atoms has taken place, such as coupling ultra-
cold atoms with ions systems.!'=3 Besides, ultra-cold atomic
ensembles also provide an ideal platform for investigating the
behavior of interacting many-body quantum systems due to
their large degree of control and tunability. [4-°! Rydberg atoms
excited in cold atoms have attracted lots of interests of sci-
entists, and much of the recent breakthrough in the field of
quantum information has been made by taking advantage of

[7-9] quantum non-

14—

strong interactions between Rydberg atoms,

g, [10-13 16] 5

linear optic I quantum information processing, !
well as Rydberg-dressed atoms based on laser cooling and
trapping.[17-18]

The decay rates of Rydberg states are quite small accord-
ing to their long lifetimes which are proportional to n3,[1°]
and multiple decay channels and non-radiative decay make
the radiation of Rydberg states a much complicated process.
Therefore, the fluorescence of a high lying Rydberg state is
too weak to be observed directly in this case. There are sev-
eral methods to detect Rydberg atoms, such as ions detection,
in which the state selective field ionization (SFI) techniques
are generally used to detect specific Rydberg states, however,
the Rydberg atoms are ionized in this case and this detec-
tion method is destructive.?*-2# Electromagnetically induced
transparency (EIT) has been successfully applied to provide
a non-destructive method for Rydberg states detection.[2>-28]

Besides absorption spectroscopy and imaging,?”! the fluores-
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cence loss spectrum is also used for recording Rydberg excita-
tion spectra in a magneto-optic trap spanning a series of prin-
cipal quantum numbers.?%3!1 However, in those techniques,
the signal-to-noise ratio (SNR) shows large room to improve.
In this study, we use a method to directly measure the fluores-
cence of the excited states of the cooled atoms in the magneto-
optic trap, when the coupling laser is tuned at the resonance
with a certain Rydberg level we could observe a sudden drop
of the magneto-optical trap (MOT) fluorescence signal, which
can be utilized for the detection of the Rydberg atoms, and in
order to improve the detection sensitivity, a frequency mod-
ulation is applied on the cooling lasers. The precision laser
spectroscopy measurements of Rydberg states are made ef-
fectively using pure optical detection with a vapor cell sam-
ple based on frequency modulation as described in Ref. [32].
High-resolution photoassociation spectroscopy by using the
modulation technique is also carried out in a cesium atomic
magneto-optical trap.[33-34]

In this paper, we demonstrate a highly sensitive fluores-
cence loss spectroscopy based on ultra-cold cesium atoms in a
magneto-optical trap by adding a frequency modulation to the
cooling lasers. The modulation frequencies and depth have
been optimized that lead to the improvement of SNR at least
30 dB compared to the unmodulated spectrum. The modu-
lated fluorescence loss detection technique provides a simpler,
versatile, and non-destructive method for the detection of Ry-

dberg atoms.
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2. Experimental setup

Cold cesium atoms are prepared in a magneto-optical
trap with the temperature about 200 uK. A cuboid shaped
quartz vacuum chamber with a background pressure of about
1.5x107'0 Torr is connected with a cesium reservoir via a
metal valve. The quadrupole magnetic field for MOT is gen-
erated by a pair of anti-Helmholtz coils together with mag-
netic fields compensations, and the magnetic field gradient of
the quadrupole field along the symmetry axis of the coils is
about 10 G/cm. The cooling beams are provided by a com-
mercial diode laser (DL pro, Toptica) of which the linewidth
is smaller than 1 MHz and the frequency is stabilized to tran-
sition 68y >(F = 4) — 6P3 y(crossover of F' =3 and 5) using
a saturated absorption spectroscopy, and then shifted with an
acoustic optical modulator (AOM) to be red detuned from the
6S12(F =4) — 6P3)5(F ! = 5) atomic transition, and the de-
tunning is about twice of the natural linewidth of state 6P ;.
The power of the cooling beams is about 1.3 mW each and

the diameter is about 5 mm. To prevent the accumulation
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of atoms on state 6S,(F = 3) decaying from 6P3 > (F '=4)
level, another repumping laser is necessary which is provided
by an external-cavity diode laser (New Focus, model 6305),
and the frequency is locked to the transition of 6S; /,(F =3) —
6P; )5 (F " = 4) by using a polarized absorption spectrum. In our
experiments, the first excitation laser which drives the atoms
from ground state 6S;/, to excited state 6Pz, is performed
by the cooling lasers, and another 510 nm laser provided by
a frequency-doubled laser (TA-SHG pro, Toptica) couples the
transition from the excited state to 47Ds , Rydberg state. The
frequency of the upper transition laser is scanned around cer-
tain Rydberg state to record the fluorescence spectrum, and the
diameter is about 0.4 mm, which is a little bit larger than the
size of the atoms cloud (0.3 mm in diameter). In this case,
all the atoms can be illuminated by both excitation lasers. By
using the absorption method, the number of the trapped atoms
is measured to be about 4x107, yielding a peak density of
3.5x10'" cm~3. The fluorescence loss spectra are investigated
based on the three-level systems, and the related energy level
diagrams and experimental setup are shown in Fig. 1.

1 Vein(wt+0)

852 nm
[1) =1[651/2)

Fig. 1. Experiment setup and levels diagram. (a) Lasers setup, where the 852 nm laser (upper left) is coupled into three PM fibers respectively
as the cooling beams. The 510 nm coupling beam (left lower) is split into two parts, one of which is used for power stabilization via PID, and
the other one is coupled into a PM fiber for Rydberg excitation. (b) Zoom in of the trapping area, including cooling and excitation lasers, MOT
coils, and photodiode for fluorescence collection. (c) Cascade three levels of Rydberg excitation. Cesium atoms are excited from 6S; /, ground
state to 6P3 /; excited state with 852 nm cooling lasers and then from the excited state to 47Ds, Rydberg state by 510 nm coupling laser. The
detuning of the first excitation laser is periodically varied due to the modulation of the 852 nm cooling lasers.

As mentioned above, the frequency of the 510 nm cou-
pling laser is scanned and at the same time the oscilloscope
is used to record the fluorescence loss spectrum of Rydberg
atoms excitation. The scanning speed of the 510 nm laser is
slow and carefully chosen to be 0.8 MHz/s with which the
signal intensity is almost twice larger than that of fast scan
(e.g., 3.2 MHz/s) and the signal is symmetry for both scan di-
rections. The fluorescence is collected by an achromatic lens
whose focal length is 50 mm and detected with a photoelectric

detector (PDA36A-EC, Thorlabs). The frequency of the cool-
ing lasers is modulated by feeding a weak oscillation through
the frequency MOD interface of the cooling laser AOM. The
varying ranges of depth (converted to laser frequency) and fre-
quencies of modulation are 0.2-5.7 MHz and 1-11 kHz in
steps of about 0.4 MHz and 1 kHz, respectively. The fluores-
cence signal is then sent into and demodulated with a lock-in
amplifier (SR830, Standford Research Systems), of which the
time constant is 300 ms and the sensitivity is 200 mV.[33]
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3. Results and discussion

The direct fluorescence loss spectra are shown in Fig. 2.
The blue and black dots represent the signal with and without
modulation, respectively. The red line is the theoretical cal-
culation. All the data are normalized with respect to the peak
of the modulated signal. Obviously, the signal increases a lot
and the noise narrows down when the cooling lasers are mod-
ulated which leads to a significantly enhancement of SNR of
the fluorescence loss spectrum.
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Fig. 2. Direct fluorescence loss spectra with (blue dots) and without (black
dots) modulation. Red line is the result of theoretical calculation.

In order to study the fluorescence variation of excited
states, we consider a three-level system composed of states
1), |2), and |3), corresponding to the ground 6S; ), excited
6P3 ), and Rydberg 47Ds ), states, respectively, which is illus-
trated in Fig. 1(c). The atoms are excited to the Rydberg states
through two-photon excitation 6S; ,~6P3 ,—47Ds 5. The sys-
tem Hamiltonian is written in the form

H= | g5 —2As10 g5y )
0 50 —2(As10+Ass2)

in which Qgs, and Qs represent the Rabi frequencies of the
852 nm first excitation and 510 nm coupling lasers, respec-
tively, Asjo and Agsy denote the detunings associated with the
510 nm laser and 852 nm laser, respectively. The Von Neu-
mann equation is applied to investigate the time evolution of

4(Ags2 + As10)2 Q%

this system. The decay and decoherence of the system can be
attributed to the finite lifetime of the atomic levels, interaction
and collisions between atoms, which lead to a Liouville term
in the equation. Then the time evolution of the density matrix
becomes

i i

where I has (n|I"|m) = %,0,m. Then we have the following
optical Bloch equation:
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Theoretically, the absolute fluorescence radiance, Bf, in the
absence of self-absorption is obtained through the relation 36!

Br = nopnhvizAsl/4n, 3

where ng is the total population (number of atoms per cm?),
hvy, is the energy difference between the ground and excited
states, Ap; (in s~ 1) represents the Einstein spontaneous emis-
sion probability, and / (in cm) denotes the depth of the (homo-
geneous) fluorescing volume as seen in the direction of obser-
vation. The p», is the probability density distribution on the
excited state and it is determined by the frequency detuning as
well as the Rabi frequency of the cooling laser beams and the
510 nm laser beam, and the steady state solution is

; “

P22

where 7 is the decay rate of the excited state and the decay
rate of Rydberg state 93 is ignored throughout the calculation
as it is far smaller than Ags;. When we add the frequency
modulation to the cooling lasers, in the expression of p», the
Ags can be substituted with (—3/29 +Acos(2710)) and Qgs,
can be substituted with (.(2552(0) — Akcos(2mt8))'/2, where A
represents the modulation depth, & represents the modulation

4Y3(Ass2+ As10)? + (—4Ass2(Agsz + Asio) + 22,0)2 +2(4(Ass52 + As10)? + Q2,)Q25, + Q4

frequency, and k represents a coefficient of the modulation am-
plitude impact on the laser intensity.
Besides, the relationship between py, and p33 can be writ-
ten as
2 2
P33 Q3510+ %5,

— 5105 5
P2 4(Ass2+A4s10)? ©)

Thus, in this paper, we mainly use p,, to investigate the vari-
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ation of the fluorescence loss spectrum. Since the cooling and
repumping lasers are applied continuously on the atoms, the
atomic populations on the ground and excited states are in dy-
namical equilibrium. Then the rapid decrease of the atomic
population on the excited state is mainly due to the excita-
tion to Rydberg state rather than decay. Since the cooling
lasers also serve as the first excitation laser, the number of
cooled atoms in the MOT can be evaluated by observing the
fluorescence of the atom cloud, in this way we measure the
dependency of fluorescence of the excited state on the detun-
ing of the cooling laser beams without both modulation and
Rydberg excitation as shown in inset of Fig. 3, which was
also illustrated in Refs. [37,38]. The fluorescence signal peaks
around the position when the cooling lasers are red-detuned by
7.5 MHz. Then modulation with the frequency of 6 kHz and
depth of 0.2-5.7 MHz is applied on the cooling lasers. The
fluorescence signal of the excited state decreases as expected,
as shown in Fig. 3.
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Fig. 3. The dependency of the excited state fluorescence on the depth
of modulation of the cooling lasers. Inset: the dependency of fluores-
cence of cooling atoms on detuning of the cooling lasers. The error bars
represent the fluorescence jitter.
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Thus, we can simulate the dependence of Rydberg excita-
tion on the modulation parameters of the 852 nm laser consid-
ering the population decrease in the cooling process caused by
the modulation on the cooling lasers, and the optimal modu-
lation parameters can be obtained from the theoretical simula-
tion as shown by the red solid line in Fig. 4. In the experiment,
we systematically investigate the effects of the modulation on
the fluorescence loss spectrum by varying the depth and fre-
quencies of the modulation. SNR data are extracted from each
measurement as shown in Fig. 4. The dependencies of SNR
on the modulation depth for each frequency are almost arch
shapes of which the peaks are around 2.5-4.5 MHz, which
agrees with the theoretical calculation, while it remains nearly
the same value when the modulation frequencies are varied
since the detunings and density of the first excitation are only
affected by the depth of modulation rather than the frequen-
cies. In the best result of measurements, the SNR of the mod-
ulated fluorescence loss spectrum is 52.48 dB, which improves

by about 33 dB with respect to the mean value of 19.84 dB of
the original fluorescence loss signals.
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Fig. 4. (a) The SNR versus modulation depth with different modulation
frequencies of 2 kHz, 4 kHz, 6 kHz, 8 kHz, and 10 kHz. (b) When
the modulation depth is fixed at 4 MHz, we measure the SNR versus
different modulation frequencies. The error bars represent the standard
deviation uncertainty from fitting data.

We choose the D state of Rydberg atoms for detection in
the experiment for its larger transition dipole moment com-
pared to that of S state. However, the D state exhibits DC
stark splitting due to the stray electric field which is not well
compensated in the experiment, shown as a small bump in the
left wing of signal in the fluorescence loss spectrum in Fig. 2.
Fluctuations of atoms number due to power instability of cool-
ing lasers and collisions between atoms and environment par-
ticles contribute to the errors of the experiment.

4. Conclusion

We obtained a highly sensitive fluorescence loss spectrum
in the MOT of cesium atoms by optimizing the modulation
depth and frequencies of the cooling lasers, which leads to a
significant improvement of the signal to noise ratio of the spec-
trum, and the best result is 32.64 dB. This technique provides
a robust and sensitive way for detections of Rydberg atoms
non-destructively.

References

[1] Grier A T, Cetina M, Orucevi¢ F and Vuleti¢ V 2009 Phys. Rev. Lett.
102 223201

[2] Schmid S, Harter A and Denschlag J H 2010 Phys. Rev. Lett. 105
133202

013201-4


http://dx.doi.org/10.1103/PhysRevLett.102.223201
http://dx.doi.org/10.1103/PhysRevLett.102.223201
http://dx.doi.org/10.1103/PhysRevLett.105.133202
http://dx.doi.org/10.1103/PhysRevLett.105.133202

Chin. Phys. B Vol. 29, No. 1 (2020) 013201

(3]
(4]

[3]

(6]

(7]
(8]
(91
[10]

[11]
[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]

Hirter A and Denschlag J H 2014 Contemporary Phys. 55 1

Lukin M D, Fleischhauer M, Cote R, Duan L M, Jaksch D, Cirac J 1
and Zoller P 2001 Phys. Rev. Lett. 87 037901

Labuhn H, Barredo D, Ravets S, de Léséleuc S, Macri T, Lahaye T and
Browaeys A 2016 Nature 534 667

Bernien H, Schwartz S, Keesling A, Levine H, Omran A, Pichler H,
Choi S, Zibrov A S, Endres M, Greiner M, Vuleti¢ V and Lukin M D
2017 Nature 551 579

Zhang X L, Isenhower L, Gill A T, Walker T G and Saffman M 2010
Phys. Rev. Lett. 104 010503

Browaeys A, Gaétan A, Wilk T, Evellin C, Wolters J, Miroshnychenko
Y, Grangier P, Pillet P, Comparat D, Chotia A and Viteau M 2010 Phys.
Rev. Lett. 104 010502

Saffman M, Walker T G and Mglmer K 2010 Rev. Mod. Phys. 82 2313
Dudin Y O and Kuzmich A 2012 Science 336 887

Dudin Y O, Bariani F and Kuzmich A 2012 Phys. Rev. Lett. 109 133602
Parigi V, Bimbard E, Stanojevic J, Hilliard A J, Nogrette F, Tualle-
Brouri R, Ourjoumtsev A and Grangier P 2012 Phys. Rev. Lett. 109
233602

Maxwell D, Szwer D J, Paredes-Barato D, Busche H, Pritchard J D,
Gauguet A, Weatherill K J, Jones M P A and Adams C S 2013 Phys.
Rev. Lett. 110 103001

Weimer H, Miiller M, Lesanovsky I, Zoller P and Biichler H P 2010
Nat. Phys. 6 382

Pohl T, Adams C S and Sadephpour HR 2011 J. Phys. B: At. Mol. Opt.
Phys. 44 180201

Weimer H, Miiller M, Biichler H P and Lesanovsky I 2011 Quantum
Information Processing 10 885

Bounds A D, Jackson N C, Hanley R K, Faoro R, Bridge E M, Huillery
P and Jones M P A 2018 Phys. Rev. Lett. 120 183401

Secker T, Ewald N, Joger J, Fiirst H, Feldker T and Gerritsma R 2017
Phys. Rev. Lett. 118 263201

Gallagher T F 1994 Rydberg Atoms (Cambridge: Cambridge Univer-
sity Press) p. 152

Kerman A J, Sage J M, Sainis S, Bergeman T and DeMille D 2004
Phys. Rev. Lett. 92 153001

Goodsell A, Ristroph T, Golovchenko J A and Hau L V 2010 Phys.
Rev. Lett. 104 133002

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

(35]

[36]

[37]

(38]

013201-5

Haimberger C, Kleinert J, Bhattacharya M and Bigelow N P 2004 Phys.
Rev. A 70 021402

Hart N A, Strohaber J, Kolomenskii A A, Paulus G G, Bauer D and
Schuessler H A 2016 Phys. Rev. A 93 063426

Gregoric V C, Bennett J J, Gualtieri B R, Kannad A, Liu Z C, Rowley
Z A, Carroll T J and Noel M W 2018 Phys. Rev. A 98 063404
Holloway C L, Simons M T, Gordon J A, Dienstfrey A, Anderson D A
and Raithel G 2017 J. Appl. Phys. 121 233106

Mohapatra A K, Jackson T R and Adams C S 2007 Phys. Rev. Lett. 98
113003

Jiao Y C, Zhao J M and Jia S T 2018 Acta Phys. Sin. 67 073201 (in
Chinese)

Yang Z W, Jiao Y C, Han X X, Zhao ] M and Jia S T 2017 Acta Phys.
Sin. 66 093202 (in Chinese)

Hofmann C S, Giinter G, Schempp H, Robert-de-Saint-Vincent M,
Girttner M, Evers J, Whitlock S and Weidemiiller M 2013 Phys. Rev.
Lett. 110 203601

Dutta S K, Feldbaum D and Raithel G 2000 arXiv: physics/ 0003109v2
[physics. atom-ph]

Arias A, Helmrich S, Schweiger C, Ardizzone L, Lochead G and Whit-
lock S 2017 Opt. Express 25 14836

Johnson L A M, Majeed H O, Sanguinetti B, Becker Th and Varcoe B
T H 2010 New J. Phys. 12 063028

Wang LR, MaJ, Li C Y, Zhao J M, Xiao L T and Jia S T 2007 Appl.
Phys. B89 53

Liu WL, WulZ Mal, Xiao L T and Jia S T 2014 Chin. Phys. B 23
013301

Zhang Y C,WulJZ,Mal,Zhao Y T, Wang L R, Xiao L T and JiaS T
2010 Acta Phys. Sin. 59 5418 (in Chinese)

Omenetto N, Benetti P, Hart L P, Winefordner J D and Alkemade C Th
J 1973 Spectrochim. Acta B 28 289

HeJ, Yang B D, Zhang T C and Wang J M 2011 J. Phys. D: Appl. Phys.
44 135102

Atutov S N, Biancalana V, Burchianti A, Calabrese R, Gozzini S, Guidi
V, Lenisa P, Marinelli C, Mariotti E, Moi L, Nasyrov K and Pod’yachev
S 2001 Eur. Phys. J. D 1371


http://dx.doi.org/10.1080/00107514.2013.850788
http://dx.doi.org/10.1103/PhysRevLett.87.037901
http://dx.doi.org/10.1038/nature18274
http://dx.doi.org/10.1038/nature24622
http://dx.doi.org/10.1103/PhysRevLett.104.010503
http://dx.doi.org/10.1103/PhysRevLett.104.010503
http://dx.doi.org/10.1103/PhysRevLett.104.010502
http://dx.doi.org/10.1103/PhysRevLett.104.010502
http://dx.doi.org/10.1103/RevModPhys.82.2313
http://dx.doi.org/10.1126/science.1217901
http://dx.doi.org/10.1103/PhysRevLett.109.133602
http://dx.doi.org/10.1103/PhysRevLett.109.233602
http://dx.doi.org/10.1103/PhysRevLett.109.233602
http://dx.doi.org/10.1103/PhysRevLett.110.103001
http://dx.doi.org/10.1103/PhysRevLett.110.103001
http://dx.doi.org/10.1038/nphys1614
http://dx.doi.org/10.1038/nphys1614
http://dx.doi.org/10.1088/0953-4075/44/18/180201
http://dx.doi.org/10.1088/0953-4075/44/18/180201
http://dx.doi.org/10.1007/s11128-011-0303-5
http://dx.doi.org/10.1007/s11128-011-0303-5
http://dx.doi.org/10.1103/PhysRevLett.120.183401
http://dx.doi.org/10.1103/PhysRevLett.118.263201
http://dx.doi.org/10.1103/PhysRevLett.118.263201
https://doi.org/10.1063/1.2808169
https://doi.org/10.1063/1.2808169
http://dx.doi.org/10.1103/PhysRevLett.92.153001
http://dx.doi.org/10.1103/PhysRevLett.92.153001
http://dx.doi.org/10.1103/PhysRevLett.104.133002
http://dx.doi.org/10.1103/PhysRevLett.104.133002
http://dx.doi.org/10.1103/PhysRevA.70.021402
http://dx.doi.org/10.1103/PhysRevA.70.021402
http://dx.doi.org/10.1103/PhysRevA.93.063426
http://dx.doi.org/10.1103/PhysRevA.98.063404
http://dx.doi.org/10.1063/1.4984201
http://dx.doi.org/10.1103/PhysRevLett.98.113003
http://dx.doi.org/10.1103/PhysRevLett.98.113003
http://dx.doi.org/10.7498/aps.67.20172636
http://dx.doi.org/10.7498/aps.67.20172636
http://dx.doi.org/10.7498/aps.66.093202
http://dx.doi.org/10.7498/aps.66.093202
http://dx.doi.org/10.1103/PhysRevLett.110.203601
http://dx.doi.org/10.1103/PhysRevLett.110.203601
https://arxiv.org/pdf/physics/0003109v2.pdf
https://arxiv.org/pdf/physics/0003109v2.pdf
http://dx.doi.org/10.1364/OE.25.014829
http://dx.doi.org/10.1088/1367-2630/12/6/063028
http://dx.doi.org/10.1007/s00340-007-2737-0
http://dx.doi.org/10.1007/s00340-007-2737-0
http://dx.doi.org/10.1088/1674-1056/23/1/013301
http://dx.doi.org/10.1088/1674-1056/23/1/013301
https://doi.org/10.7498/aps.59.5418
https://doi.org/10.1016/0584-8547(73)80037-0
http://dx.doi.org/10.1088/0022-3727/44/13/135102
http://dx.doi.org/10.1088/0022-3727/44/13/135102
http://dx.doi.org/10.1007/s100530170289

	1. Introduction
	2. Experimental setup
	3. Results and discussion
	4. Conclusion
	References

