
 
 

Delft University of Technology

Towards an Alignment-Free, Impedance-Matched Cavity Quantum Memory in a Thulium-
Doped Crystal

Das, Antariksha; Davidson, Jacob H.; Chakraborty, Tanmoy; Tchebotareva, Anna L.; Tittel, Wolfgang

Publication date
2023
Document Version
Final published version
Published in
2023 Conference on Lasers and Electro-Optics, CLEO 2023

Citation (APA)
Das, A., Davidson, J. H., Chakraborty, T., Tchebotareva, A. L., & Tittel, W. (2023). Towards an Alignment-
Free, Impedance-Matched Cavity Quantum Memory in a Thulium-Doped Crystal. In 2023 Conference on
Lasers and Electro-Optics, CLEO 2023 Article STh5C.6 (2023 Conference on Lasers and Electro-Optics,
CLEO 2023). Optica Publishing Group (formerly OSA).
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.



Towards an Alignment-Free,
Impedance-Matched Cavity Quantum Memory

in a Thulium-Doped Crystal

Antariksha Das∗, Jacob H. Davidson, Tanmoy Chakraborty
QuTech and Kavli Institute of Nanoscience, Delft University of Technology, 2628 CJ Delft, The Netherlands

a.das-1@tudelft.nl∗

Anna L. Tchebotareva
QuTech, Delft University of Technology, 2628 CJ Delft, The Netherlands

Netherlands Organisation for Applied Scientific Research (TNO), 2600 AD Delft, The Netherlands

Wolfgang Tittel
QuTech and Kavli Institute of Nanoscience, Delft University of Technology, 2628 CJ Delft, The Netherlands

Department of Applied Physics, University of Geneva, 1211 Geneva 4, Switzerland
Wolfgang.Tittel@unige.ch

Abstract: Here, we discuss our experimental efforts toward building an alignment-free,

long-lived, and efficient cavity-enhanced quantum memory in a thulium-doped crystal. A

significant step forward for creating efficient quantum memories with long optical storage

times.

1. Introduction

Long-lived and highly efficient photonic quantum memories [1] are key constituents of quantum repeaters for

long-distance quantum communications [2–4]. Rare earth ion-doped crystals [5, 6] are arguably ideally suited

candidates for building such optical quantum memories as they offer excellent coherence properties. Towards this

end, we investigate a thulium-doped garnet crystal (Tm3+:Y3Ga5O12 or Tm: YGG), a crystal whose promising

spectroscopic properties [7, 8] and potential for storing optical data has already been established [9]. But for all

of these experiments, the storage efficiency was a few percent, which was mainly limited by the low absorption

of the crystal. To overcome this problem, we implement an atomic frequency comb (AFC) quantum memory

protocol [10] inside an impedance-matched asymmetric cavity-crystal [11] of Tm3+:YGG. In this work, we will

discuss the developments toward building highly-efficient memories that can be realized in a weakly absorbing

crystal, by using the impedance matching condition [12, 13].

2. Storage efficiency in an impedance-matched cavity quantum memory

For a single pass crystal, the AFC memory efficiency can be expressed as

ηAFC
single-pass = d̃2 exp(−d̃)exp(−d0)ηdeph (1)

where d̃ = d1/F is the optical depth, averaged over the input photon bandwidth, where F is the comb finesse

F = Δ(AFC peak separation)
γ(AFC peak width) , d0 is the background (or residual) optical depth (see Fig. 1(c)). The factor ηdeph accounts
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for the dephasing due to the finite width of the AFC peaks. For square absorption peaks it can be written as

ηdeph = sinc2(π/F) and for gaussian AFC peaks ηdeph = e− 
F
7
2 . The efficiency of a single-pass memory, where 

the output echo is emitted in the same mode as the input is bounded by 54% due to the re-absorption of the echo.

To overcome the weak absorption of the crystal, it was proposed to use an optical cavity around the crystal and 
operate it in the impedance-matched regime [11]. The impedance-matching condition is satisfied when R1 = R2 

exp(-2d̃) exp(-2d0), where R1 and R2 are the front and back mirror reflectivites. Hence, in the presence of an 
impedance-matched cavity, the enhanced AFC memory efficiency is given byAuthorized licensed use limited to: TU Delft 
Library. Downloaded on July 26,2024 at 09:20:44 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 1. (a) Simplified energy level diagram of the 3H6 → 3H4 optical transition of Tm3+ in Y3Ga5O12

(YGG). Only the lowest crystal field levels of each electronic manifold are shown. (b) A schematic

of our novel fiber-pigtailed cavity-crystal and a picture of the real device. (c) An example of a 1

MHz wide AFC of finesse 2 tailored for 5μs storage time, crafted in a Tm:YGG bulk crystal. (d)
The measured reflection spectra (different resonances of the cavity are depicted in different colors)

of the Tm:YGG cavity-crystal system. A simulated Lorentzian (blue) represents the absorption of

the Tm:YGG.
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The cavity memory is made of a 1.4 cm long 1% Tm: Y3Ga5O12 (Tm:YGG) crystal. The end facets of the 
crystal are reflection coated, with reflectivities R2 = 99% on the rear and R1 = 82% on the front side (see Fig. 
1(b)). The reflectivity value for the front facet is chosen to allow for impedance matching at the peak absorption 
wavelength of 795.32 nm of Tm:YGG by meeting the impedance-matching condition R1 = R2 exp(-2d̃), with d̃  
the average optical depth across the cavity resonance bandwidth. To facilitate the use of the cavity-crystal quantum 
memory in a practical quantum repeater setting, its input is pigtailed to a single-mode fiber for 795 nm wavelength 
(see Fig. 1(b)). The in-out coupling efficiency of the cavity-crystal system is only 22-24%, which is the only 
major limitation of our novel design. The reflected spectra from the cavity-crystal are shown in Fig. 1(d), where 
different colors represent different cavity resonances. The free spectral range of the cavity-crystal is measured to 
be around 6.2 GHz, which is in accordance with the theoretical prediction. The cavity resonances are convoluted 
with the 55 GHz inhomogeneously broadened Lorentzian absorption profile of the Tm:YGG, centered around 
795.32 nm. We note that the reflected intensity at the cavity resonances decreases and reaches a minimum at the 
wing of the absorption profile of the Tm:YGG where the absorption by Tm3+ ions is low. For the highly-efficient 
storage of light pulses, we need to craft AFCs with different finesse at different cavity resonances to satisfy the 
impedance-matching criteria.
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6. C. Thiel, T. Böttger, and R. Cone, “Rare-earth-doped materials for applications in quantum information storage and

signal processing,” J. luminescence 131, 353–361 (2011).

7. C. W. Thiel, N. Sinclair, W. Tittel, and R. L. Cone, “tm3+ : y3ga5o12 materials for spectrally multiplexed quantum

memories,” Phys. Rev. Lett. 113, 160501 (2014).

8. C. W. Thiel, N. Sinclair, W. Tittel, and R. L. Cone, “Optical decoherence studies of tm3+ : y3ga5o12,” Phys. Rev. B 90,

214301 (2014).

9. M. F. Askarani, A. Das, J. H. Davidson, G. C. Amaral, N. Sinclair, J. A. Slater, S. Marzban, C. W. Thiel, R. L. Cone,

D. Oblak, and W. Tittel, “Long-lived solid-state optical memory for high-rate quantum repeaters,” Phys. Rev. Lett. 127,

220502 (2021).

10. M. Afzelius, C. Simon, H. de Riedmatten, and N. Gisin, “Multimode quantum memory based on atomic frequency

combs,” Phys. Rev. A 79, 052329 (2009).

11. M. Afzelius and C. Simon, “Impedance-matched cavity quantum memory,” Phys. Rev. A 82, 022310 (2010).
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