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Measurement of relative transition
strengths of 133Cs Rydberg D states
using electromagnetically induced

transparency
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Transition strengths between states are fundamental physical properties of atomic spectra.

The differences in fine structure splitting of certain states are mainly attributed to the angular
momentum parts of transition dipole matrix elements. These can be calculated by integrating

the wave-functions theoretically and can be accessed by selecting corresponding polarizations of
the exciting lasers experimentally. We measured the transition strengths ratios of nDs;,/nD3/; via
Rydberg electromagnetically induced transparency (EIT) by changing the powers and polarizations
of probing and coupling lasers in a room temperature cesium vapor cell. The variation of the ratios
on the principal quantum number n which ranges from 40 to 62 is also investigated. Theoretical and
experimental results agreed with each other.
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Rydberg atoms with principal quantum number n > 1 possess exaggerated properties especially very long lifetime
compared to low-lying states and very small transition dipole moment with respect to ground state’, which are
attractive in quantum information or nonlinear optics>=, also in field metrology®’. Recently, electromagnetically
induced transparency (EIT) has been extensively investigated in ladder-type system of Rydberg atoms®™'2, and
the linewidth of EIT spectrum is smaller than the broadening of lower states'®. Then the quantum interference
observed between dressed states in EIT' has provided an effective tool for optical sub-doppler detection of
Rydberg states even in thermal vapor cell'®. Relative transition strengths of different Rydberg states respect to
ground state are significant parameters for measurement of fine-structure coupling constants and spectroscopic
calibrations, as well as in applications such as Rydberg-atom-based metrology'®. Especially for D state Rydberg
atoms, whose fine structure splittings are more complex. Therefore a detailed study of the relative transition
intensity of nDs/; and nD3/; is very meaningful for precise measurement based on Rydberg atoms. In early years,
Cesium oscillator strengths are calculated using one-electron wave functions'” and Rydberg states of alkali atom’s
oscillator strengths have been measured recently'®. Intensity ratios of doublets arising from n'S — 7 Ds/2,3/2
transition have been measured in the two-photon absorption spectrum of rubidium (n = 5-9, #’ = 5) and cesium
(n=7-13, n’ = 6)Y. Relative oscillator strengths of the diffuse and the sharp series of RbI have been measured in
absorption and emission spectra®. Effective lifetimes of Rydberg states and observations of electric quadrupole
transitions to Rydberg nD states are carried out in ultracold atoms*'~*. The oscillator strengths (6P3/, — nSnD)
and oscillator strengths ratios n(n)=(fps,2 )/(fp3/2) and p(n) = (fs1/2(n + 2))/(fp3/2(n)) have been measured by
detecting ions signals of field ionization of cesium Rydberg atoms?®*. The ratio of D-line transition strengths have
been measured in a thermal cesium vapor cell”.

In our experiments, we report the measurement of relative transition strengths ratios of fine structures of
Rydberg states comprehensively, by varying combinations of polarizations and powers of probe and coupling
beams, as well as different principal quantum number n. The strengths ratio #Ds,»/nD3/; are obtained by EIT
spectroscopy and results are agreed with theoretical calculations.

!Institute of Theoretical Physics, Shanxi Datong University, Datong 037009, Shanxi, China. 2State Key Laboratory of
Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy, Shanxi University, Taiyuan 030006,
Shanxi, China. 3Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, Shanxi,
China.*email: dtdxbsx@126.com

Scientific Reports | (2024) 14:7779 | https://doi.org/10.1038/s41598-024-58385-0 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-58385-0&domain=pdf

www.nature.com/scientificreports/

Experimental setup

The measurements are carried out in a cylindrical quartz cell with length of 4 cm and diameter of 2 cm of bottom
filled with !33Cs atomic vapor of which the pressure is above saturation value as shown in Fig. 1a. The Rydberg
states are obtained by two-photon excitation method, the dipole allowed transition is 6S; /2(F = 4) — 6P32(F’
=5) = nDs2,3/2, and the corresponding energy scheme is shown in Fig. 1b. The probe and coupling beams are
counter-propagated and focused to waist of 80 and 100 pm respectively with two aspheric lens. The probe beam
which drives the transition of 6S; /, (F = 4)—6P3,, (F’ = 5) is provided by an external-cavity diode laser (DL100,
Toptica) with the wavelength of 852 nm. While the coupling beam driving the transition of 6P3/, — #Ds/53/2
is generated by a frequency-doubled laser system (TA-SHG pro, Toptica) with the wavelength of 510 nm. In
order to get rid of the large doppler background, the frequency of probe laser is locked to a High-Finesse Fabry-
Perot cavity constructed with Ultra-Low thermal Expansion (ULE) glass (ATF-6010-4, Stable laser system).
The linewidth is smaller than 10kHz which provides a sufficient spectral resolution. Then an acoustic-optical
modulator (AOM) is used in double-pass configuration to shift the frequency of probe laser to the resonance
of 6512 (F = 4)—>6P3, (F’ = 5) hyperfine transition. When the frequency of coupling beam is scanned through
another AOM and is monitored and recorded by a wavelength meter (High Finesse-Angstrom WSU-30), the
transmission of probe laser is detected with a fast photodetector (PDA36A-EC, Thorlabs). Then EIT spectra
with flat background are observed and recorded by oscilloscope with bandwidth of 2 GHz which guarantees the
accuracy of the experiment results.

Theoretical description

In this paper, as mentioned above we performed Rydberg excitation of cesium atoms via intermediate state.
The wavelengths of two lasers are large compared to the size of atoms, so it is sufficient to treat the system using
the semi-classical method. Then the two light field can be written as E;(t) = E;gcos(e/®i!+e~®i") where i = 1,2
for the first and second transition. The ground, intermediate and Rydberg states are denoted with|g), [e) and |r),
respectively. The density matrix of the system is therefore

Pgg Pge Pgr
p = Peg Pee Per (1)
Prg Pre Prr

The Hamiltonian of the 3-level ladder-type system consists of unperturbed Hy and interaction between atoms
and lights Hyp as:

H = Hy + Hyp, (2)

The transition dipole matrix elements of first and second excitation are denoted with d.g and d.,, while E; g and
Ep represent the amplitudes of electric components of two lasers. T enwe can define the Rabb frgquencies
describing the couplings between atoms and lights as Qp = Q¢ = eg}‘l Wand Q¢ = Qe = y After
applying the rotating wave approximation, the hamiltonian of the system can be written as

(0 0
H= 5 QP —2A¢ Qe (3)
0 Q¢ —2(Ac+3dp)

in which Ac = 8, and 8p = 8¢ are detunnings of coupling and probe lasers respectively. The evolution of the
system can be described with Liouville-von Neumann equation:
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Figure 1. (a) Sketch of the experimental setup. The 852 nm probe and 510 nm coupling beams are counter-
propagated and focused with lens1 and lens2 respectively to be 80 and 100 um in waist in the center of cell, and
the G1/2 are quarter-wave plates to change the polarizations of two lasers. The frequency of probe laser is locked
while that of coupling laser is scanned to avoid the doppler background. The probe beam is detected by a fast
photodetector. (b) Energy levels of the ladder system, in which €2p and € are Rabi frequencies of probe and
coupling lasers. "¢ and I', are natural decay rates. Ac and 8p are detunings of coupling and probing lasers with
respect to the corresponding transitions.
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where the dissipation of the system is accounted for by the Lindblad operator

Fegpee - %Fegpge - %Frepgr
L(p) = _%Fegpeg - 1—‘egioee + Treprr — %(Fre + Feg)per (5)
_%Freprg - %(Fre + Feg)pre = Treprr

in which I'gg and I'y are natural decay rates from|e) to|g) and |r) to ) respectively. In the experiment, we meas-
ured the transmission of probe laser which is related to the imaginary part of susceptibility of probe beam and
is also proportional to the coherence p.; between ground and intermediate state. As the two laser beams are
continuously applied to the atoms, the master Eq. (4) can be analytically solved to get solutions in steady state
(i.e. p = 0) combining the condition of completeness Y p;; = 1. In the case of a perturbative probe laser, It is
sufficient to take only the first-order expansion in the probe Rabi frequency?.

482Feg + l—‘re(|QC|2 + 1_‘egl_‘re)

Impge X - - 6
Q) + (Teg — 2i8p) (T — 2i8)|2 (©)

where 8 = 8p + Ac. For 6P3; state of cesium atom, e = 277 X 5.23 MHz”, and I'y,= 27 x 3.97 kHz taking

40D state of cesium atoms as an example?'. While for higher states, ', will become even less as the lifetimes of

Rydberg states are proportional to n*3!,

Results and discussions
The critical parameter of the experiment is Rabi frequency of coupling laser which determines the transmission
of probe beam as we can see from Eq. (6).

_ b [ 2P
h rra)(z)cso

Q (7)

As shown above, the Rabi frequency can be divided into two parts, one of which is light part represented by
power P and size of laser wy, and the other one is atom part which is dipole matrix element 1,3 between states
le) and |r). Since the transition dipole matrix element consists of radial and angular parts of which the angular
momentum is related to the polarization of laser straightforward. We applied two quarter-wave plates with coat-
ings of corresponding wavelengths to make different combinations of probe and coupling lasers as linear-linear
(m — ), left-left circular (o — o), right-right circular (6~ — o ™), left-right circular (6 — 0 ™) and right-left
circular (6~ — o) polarizations, respectively. The power of probe and coupling lasers are varied in the range
of 2~ 8uW and 5~ 60 mW independently.

In the experiment, different Rydberg states can be accessed via tuning the frequency of 510 nm laser as is
described in section “Experimental setup”. We first scanned the frequency of the green laser in the vicinity of
47Ds, and 47Dj3, Rydberg states. Typical EIT spectroscopy of these two states is shown in Fig. 2a with power
of probe laser 8 ®W and coupling laser changed. It is clear to see that the signal of 47D3, is much less than that
of 47Ds; which illustrates the significant difference of transition strengths of these two Rydberg states. Here we
empirically introduce a parameter n = ::ﬁ Z i , where S is intensity of the signal. Then the dependence of 7 on the
power of probe and coupling lasers (& — 7 polarized) is shown in Fig. 2b which indicates that the rabi frequency
of coupling laser has more influence than that of probe beam. Similar results are observed and shown in Fig. 3a
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Figure 2. (a) Typical EIT spectrum of 47Ds 5 3> Rydberg states with polarizations of probe and coupling lasers
as 7w — 7 combination. (b) Dependence of transition strengths ratio n between 47Ds,, and 47D3,; states on
power of probe and coupling lasers with polarization combination of 7 — 7.
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Figure 3. Dependence of transition strengths ratio n of 47Ds , versus 47Dj3, on power of 510 nm coupling
laser with different combinations of probe and coupling lasers, where (a) for6+ — o~ and (b) foro* — o™
under the conditions of power of probe laser ranging from 5 to 8 wW. (c) and (d) are experimental data and
theoretical simulation of dependence of 7 on Poypiing When P pope = 8 WW with polarization combinations of
probe and coupling laser as I:(c * — 0 7), IL:(7-7) and III:(c+ — o).

and b. The combinations of polarizations of probe and coupling laser are 6+ — 0~ and o™ — o when the power
of probe laser is changed from 5 to 8 uW.

As mentioned above, the angular part of the transition dipole matrix element is driven and controlled by the
polarization of excitation laser which will further affect the strength of allowed transition between states with
certain angular quantum numbers. Then we investigate the behaviors of  dependence on power of coupling
laser under different combinations of polarization of probe and coupling lasers of three groups, which are I
(67 —067), 11 (m — ) and Il (6F — o). The transition path under excitations of 6~ — 0" (oro~ — ¢ 7) is
the mirror of that of 6™ — o~ (or 0™ — o1). So the data shown in Fig. 3c and d focus on three combinations of
laser polarizations of 0™ — 0~ and 07 — o and the linear-linear one. The theoretical results are normalized
to the maximum value of experiment data. Considering the circumstance of type I polarization, i.e. o ¥ — o7,
the polarizations of the probe and coupling laser are opposite. However, the two lasers are counter-propagated
through the cell, then both of them drive the transitions which obey the rule of Am; = 1. The laser we used in the
experiment are continuous waves which means that the interaction time between light and atoms is sufficiently
long compared to the lifetime of atomic states involved. So the effect of optical pumping is maximized. All of
these analysis indicate that the transition 6S;/, — 6P3/, — 47D3; or 47Ds; states preferred the path of 6S; /»(F
=4, mj = —1/2) — 6P3/2(F’ =5, mj = 1/2) — 47D3/2(m]‘ = 3/2) for 47D3/2 state or 651/2(F =4, mj = 1/2) d 6P3/2
(F=5,mj=3/2) - 47Ds5(m = 5/2) for 47D5 , state. The angular part of transition dipole matrix element of
former transition is much less than that of the latter one, so the EIT signal of 47Ds, is much larger than that of
47D3 /5, that leads to larger 7. For situation II, the transition rule become Amj=0, the transitions for 47Dz, and
47Ds 5 states are 651 2(F = 4, m j=%1/2) — 6P35(F = 5, m j = + 1/2) — 47D3; or 5/2(m j=+1/2). The strengths
difference between signals of D state splitting become less obvious due to the decreasing of transition dipole
moment differences. For the last circumstances of III, the first transition from ground to intermediate state obey
the rule of Am; = 1, while the second one from intermediate to Rydberg state follows the rule of Am; = - 1 since
the green laser is count-propagated with respect to the IR one and the polarization is actually opposite. Under
the influence of the maximized optical pumping effect, the preferred transitions for 47D3/, or 47Ds,; states are
651/2(F =4, mj = 1/2) — 6P3/5(F’ = 5, m j = 3/2) — 47Dj3; or 5/5(mj = 1/2), the difference of transition dipole
matrix elements for these two transitions is decrease further, so it’s the same tendency for ».

At last we have measured the dependence of 7 on power of coupling laser with principal quantum number
n ranging from 40 to 62. Both of the probing and coupling lasers are linearly polarized in this case. Theoretical
calculations and experimental results are shown in Fig. 4. The calculations show a nonlinear dependence of n on
n when the power of coupling laser is low, which indicate that the transition dipole matrix elements w is propor-
tional to n?, however it can be seen a saturation behavior of dependence of 7 on # as in the regime of low power
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Figure 4. (a) Experimental results and (b) theoretical calculations of dependence of transition strength ratio n
of nDs 5 versus nD3; state on the power of coupling laser with principal quantum number # varying from 40 to
62. The polarizations of both lasers are linearly polarized.

of coupling laser from the experimental results. We attribute this saturation to the strong interactions between
Rydberg atoms which increase greatly as # rises. Since the effect of strong interactions between Rydberg atoms
is excluded from the theoretical model, the saturation behavior of 77 is not seen in the calculations.

Conclusion

We have investigated the relationships between the transition strengths ratios 7 and various experimental condi-
tions including power of coupling laser and polarization combinations of probing and coupling lasers, respec-
tively. The measured 7 shows the nonlinear decreasing dependence on power of coupling laser with different
polarizations of probing and coupling lasers as I (¢ — ™), I (r — ) and Il (¢ — o' ™). Finally the depend-
ence of 1) on the principal quantum number 7 is also measured which shows an clear increasing of 1y as n rises.
The saturation of the experimental data indicates the influence of strong interactions between Rydberg atoms
which will be investigated in the future work.

Data availibility
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 25 December 2023; Accepted: 28 March 2024
Published online: 02 April 2024

References
1. Gallagher, T. E Rydberg Atoms (Cambridge University Press, 1994).
2. Gaéan, A. et al. Observation of collective excitation of two individual atoms in the Rydberg blockade regime. Nat. Phys. 5, 115
(2009).
. Urban, E. et al. Observation of Rydberg blockade between two atoms. Nat. Phys. 5, 110 (2009).
4. Carr, C,, Ritter, R., Wade, C. G., Adams, C. S. & Weatherill, K. J. Nonequilibrium phase transition in a dilute Rydberg ensemble.
Phys. Rev. Lett. 111, 113901 (2013).
5. Jaksch, D. et al. Fast quantum gates for neutral atoms. Phys. Rev. Lett. 85, 2208 (2000).
6. Sedlacek, J. et al. Microwave electrometry with Rydberg atoms in a vapour cell using bright atomic resonances. Nat. Phys. 8, 819
(2012).
7. Jing, M. Y. et al. Atomic superheterodyne receiver based on microwave-dressed Rydberg spectroscopy. Nat. Phys. 16, 911 (2020).
8. Zhao, J. M. et al. High sensitivity spectroscopy of cesium Rydberg atoms using electromagnetically induced transparency. Opt.
Express 17, 15821 (2009).
9. Miiller, M., Lesanovsky, I., Weimer, H., Biichler, H. & Zoller, P. Mesoscopic Rydberg gate based on electromagnetically induced
tansparency. Phys. Rev. Lett. 102, 170502 (2009).
10. Ates, C., Sevingli, S. & Pohl, T. Electromagnetically induced transparency in strongly interacting Rydberg Gases. Phys. Rev. A 83,
041802(R) (2011).
11. Mack, M. et al. Measurement of absolute transition frequencies of ’Rb to nS and nD Rydberg states by means of electromagneti-
cally induced transparency. Phys. Rev. A 83, 052515 (2011).
12. Petrosyan, D., Otterbach, J. & Fleischhauer, M. Electromagnetically induced transparency with Rydberg atoms. Phys. Rev. Lett.
107, 213601 (2011).
13. Imamoglu, A. & Harris, S. E. Lasers without inversion: Interference of dressed lifetime-broadened states. Opt. Lett. 14, 1344 (1989).
14. Li, Y. Q. & Xiao, M. Observation of quantum interference between dressed states in an electromagnetically induced transparency.
Phys. Rev. A 51, 4959 (1995).
15. Mohapatra, A. K., Jackson, T. R. & Adams, C. S. Coherent optical detection of highly excited Rydberg states using electromagneti-
cally induced transparency. Phys. Rev. Lett. 98, 113003 (2007).
16. Sedlacek, J. A., Schwettmann, A., Kiibler, H. & Shaffer, J. P. Atom-based vector microwave electrometry using Rubidium Rydberg
atoms in a vapor cell. Phys. Rev. Lett. 111, 063001 (2013).
17. Stone, P. M. Cesium oscillator strengths. Phys. Rev. 127, 1151 (1962).
18. Piotrowicz, M. J. et al. Measurement of the electric dipole moments for transitions to rubidium Rydberg states via Autler-Townes
splitting. New J. Phys. 13, 093012 (2011).

w

Scientific Reports |

(2024) 14:7779 | https://doi.org/10.1038/s41598-024-58385-0 nature portfolio



www.nature.com/scientificreports/

19. Arqueros, R., Larocque, P. E., OSullivan, M. A. & Stoichef, B. P. Intensity ratios of 2Ds 53/, <2 doublets in the two-photon
absorption spectrum of Rb and Cs. Opt. Lett. 9, 82 (1984).

20. von der Goltz, D., hansen, W. & Richter, J. Experimental and theoretical oscillator strengths of RbI. Phys. Scr. 30, 244 (1984).

21. Feng, Z. G., Zhang, L. J., Zhao, ]. M., Li, C. Y. & Jia, S. T. Lifetimes measurement of the ultracold cesium Rydberg states. J. Phys. B
42, 145303 (2009).

22. Beterov, I. L, Ryabtsev, I. I, Tretyakov, D. B. & Entin, V. M. Quasiclassical calculations of blackbody-radiation-induced depopula-
tion rates and effective lifetimes of Rydberg nS, nP, and nD alkali-metal atoms with n<80. Phys. Rev. A 79, 052504 (2009).

23. Tong, D. et al. Observation of electric quadrupole transitions to Rydberg nd states of ultracold rubidium atoms. Phys. Rev. A 79,
052509 (2009).

24. Wang, L. M. et al. Measurement of energy level shift of ultracold cesium atoms by Raman Pump-Probe spectroscopy. J. Phys. Soc.
Jpn. 81, 104301 (2012).

25. Rafac, R.J. & Tanner, C. E. Measurement of the ratio of the cesium D-line transition strengths. Phys. Rev. A 58, 1087 (1998).

26. Raitzsch, U. et al. Investigation of dephasing rates in an interacting Rydberg gas. New J. Phys. 11, 055014 (2009).

27. Young, L. et al. Precision lifetime measurements of Cs 6p2P; /> and 6p2P5/ levels by single-photon counting. Phys. Rev. A 50, 2174
(1994).

Author contributions

Shanxia Bao performed the experiments and analysed the experimental data. Hao Zhang carried out theoreti-
cal calculations. Shanxia Bao and Hao Zhang wrote the manuscript. Linjie Zhang and Hao Zhang proposed
the project. All authors contributed to discussions of the results and the manuscript and provided revisions of
manuscript.

Fundin

This reseagrch is funded by the National Key R &D Program of China (grant no. 2022YFA1404003), the National
Natural Science Foundation of China (grants 61827824,61975104), Innovation Program for Quantum Science
and Technology (Grant No. 2021ZD0302100), the Scientific and Technological Innovation Program of Higher
Education Institutions in Shanxi Province (2020L0479), the Fund for Shanxi’1331 Project’ Key Subjects Con-
struction, and Bairen Project of Shanxi Province, China, Science and Technology on Electronic Information
Control Laboratory Fund.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7779 | https://doi.org/10.1038/s41598-024-58385-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Measurement of relative transition strengths of 133Cs Rydberg D states using electromagnetically induced transparency
	Experimental setup
	Theoretical description
	Results and discussions
	Conclusion
	References


