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Nuclear quantum memory for 

hard X-ray photons



quantum computer 
/ stationary qubit

quantum network
/ flying qubit
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• Stationary qubit: perform local quantum calculations
• Flying qubit: transmit QI among quantum computers or quantum nodes

Qubit: basic unit of QI, a two-state (or two-level) quantum-mechanical system

Photons are the preferred flying qubits: 

i. a scalable physical system with well-characterized qubits; 
ii. the ability to initialize the state of the qubits;
iii. long relevant decoherence times;
iv. a universal set of quantum gates; 
v. a qubit-specific measurement capability;

Flying qubit

vi. the ability to interconvert stationary and flying qubits;  
vii. the ability to faithfully transmit flying qubits.

• travel long distances 
• fast speed 
• low loss 
• low decoherence 

▪ Originally formulated in 1996 for quantum computer [1] 

▪ Later added in 2000 for quantum communication [2]

DiVincenzo's criteria



Time-bin qubit
Photon qubits

• Arrive time acts as a DoF, like polariz., forming an orthonormal basis in state space [1-3] 
• Very robust for long-dist. comm.; allows for high-dimensional qudits for superdense coding

- quantum teleportation and QKD using real-world fiber networks [4-6]
- test of violation of Bell inequalities over more than 10 km [7]
- transmission QI over hundreds of km

✓ Heralded sources naturally produce ∣1⟩
✓ Phase-insensitive basis

✗ Loss is fatal and undetectable ∣1⟩→ ∣0⟩
✗ False detections are logical errors

✓ High dimension; mode multiplexing
✓ Free-space

✗ Mode fragility / mode crosstalk
✗ Alignment sensitive

✓ Well-developed toolbox; stand. lab practice
✓ Free-space

✗ Decoherence (rand. rotate.) env. impacts
✗ Low dimension (2d / qubits)

✓ High dimension (qdits)
✓ Excellent robustness in optical fiber
✓ Telecom-ready and integrable
✓ Workhorse for scalable, long-dist. entg./QKD

Needs:
✗ phase-stable unbalanced interferometers 
✗ active stabilization and narrow pump
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• Quantum entanglement is a “characteristic trait of quantum mechanics, the one that 
enforces its entire departure from classical lines of thought” (E. Schrödinger, 1935).

• Generation of entangled qubits is a key technology in QComput. and QComm.
- all of the QComput. and QComm. is based on the assumption that quantum systems can be entangled and that 

the entanglement can be maintained over long times and distances [1].

Entangled time-bin qubits

energy-time

time-bin
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Quantum memory

Optical quantum memories are crucial ingredients for [1-8]: 
- Optical quantum computations (linear optical QComp., measurement-based QComp.)
- Long distance quantum communications (quantum repeater, QKD, ...)
- Deterministic single-photon source
- Optical signal processing
- Quantum metrology

Quantum memory of a time-bin qubit: store photon number & temporal wave packet

Quantum memory: a device that can store an incoming quantum state (typically, of light) and 
reemit it on demand without loss of coherence.



Single-photon waveform → long-lived spin wave by modulations of the strong coherent field
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Quantum memory schemes

Three-level systems: using EIT/Raman configuration, modulating the coherent drives
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Single-photon 
waveform → 
structured
inhomogeneous 
broadening

- reversible, 
non-periodic 
(GEM)

- periodic (AFC)

Quantum memory schemes

Two-level systems: QM can be achieved by photon echo techniques 



➢ Large diffraction limit: ~ 1 μm

➢ Small available bandwidth: ~ 2 eV

➢ Single photon detectors: limited detection 
efficiency and high dark-count rate

❖ In principle, allows a nano-scale focusing

❖ High detection efficiency with small false 
detection

❖ Much larger available bandwidth

❖ Low phonon broadening at RT due to Mössbauer 
effect

❖ Low inhomogeneous broadening (~ 1 kHz) for 
high density (~ 1023 cm-3)

❖ Possess very narrow linewidth while keeping 
high optical density 
– strong coupling and long coherence time (over ms) can be 

simultaneously achieved in solids at RT for free

➢ Large inhomogeneous broadening (~ GHz-THz)

➢ Short lifetime

➢ Low density (~ 1017 cm-3 )

➢ Quantum storage usually requires cryogenic 

temperature and hole burning, etc.

Hard X-ray Quantum Information

Optical X-ray

Photon

Solid-state material

Electronic transition Nuclear transition



• Nuclear magneton μN is ∼ 3 orders of 
magnitude smaller than Bohr 
magneton μB.

• In 57Fe, |mg=1/2> to |me=±3/2>

– splitting ∼ 2 MHz/T, 

– linewidth ∼ 1 MHz.

→ several or tens of Tesla magnetic 
field with switching speed ∼ 10 ns 
is needed

• Small inhomogeneous broadening

• No lasers and level structures for 
spectral shaping

a

0 ab =

b

• No strong laser

Difficulties in γ-ray quantum memory

Traditional methods don’t work well in the hard X-ray regime: 

EIT/Raman

Gradient echo memory

Atomic frequency comb



• Use several identical Mössbauer targets, each moving at a different velocity [1].

• Due to Doppler effect → freq. comb is formed in the absorption spectrum → Doppler frequency comb.

• Echoes are emitted periodically due to the beating of the polarization wave → Quantum memory.

[1] X. Zhang, W-T. Liao, A. Kalachev, R. Shakhmuratov, M.O. Scully, and O. Kocharovskaya, Phys. Rev. Lett. 123, 250504 (2019).
[2] Chia-Jung Yeh, Po-Han Lin, Xiwen Zhang, Olga Kocharovskaya, Wen-Te Liao, arXiv:1907.02672.
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DFC echo

Doppler (Nuclear) frequency comb (DFC / NFC)



Medium:

• Target: 5 57Fe-enriched 
stainless-steel foils, 14.4 keV

• Motion: Δv=0.9 mm/s

• Decoherence rate: Γ/(2 π) = 
0.55 MHz

• Optical thickness for each 
target: ζ0 = 12.1

• σR = 2.56 Mbarn (10-18 cm2)

Source:

• Duration: Δt = 23.3 ns
(intensity duration 16.5 ns)

• Central frequency: 
ω0=2.19X1019 rad/s (0.86 Å, 
14.4 keV)

Comb:

• F  =9.5 

• ζ0
eff =1.27

• T0 = 95.7 ns

Example

Experimentally instead of building ∼ 10 ns single photon source, much more convenient to use synchrotron. 

photon wavelength: λ0 = 0.086 nm

Doppler frequency comb for hard X-ray storage



Source Drive Target Detector

P01, PETRA III, DESY cav. 6 Mössbauer drives

95%-57Fe 
57Fe0.55Cr0.25

Ni0.2 wt.% 

event rate 

(kHz)

4 

stacked 

APD

𝛥𝑡

(ps)

rep. rate 

(MHz)

res. 

ph./pulse
eff.

ω/(2π) 

(Hz)

Δvmax

(mm/s)

𝑑

(μm)
𝜁0

w/o 

cav.

w/ 

cav.
eff.

50 -

100
5.205 0.01 ~0.56 27.15 10*

3.2 -

3.3
29.0 15 9 0.65

• Within one oscillation period, a 
well-defined, yet different, 
frequency comb is formed at 
EVERY instant of time.

• At single-photon level with ～0.01 
photon/pulse.

*0.1 mm/s ⟷1𝛾0
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Experimental setup of NFC @DESY & ESRF [2]

Sven Velten Ralf 
Röhlsberger

et al.



Example results showing hard X-ray photon echo works: 
If the targets don’t move, a very weak signal is observed due to the usual dynamical beating. 
With Δv=3.48 mm/s, we expect photon echo appears at T0 = 25 ns, matching the 
experimental observation.

Hard X-ray photon echo



As the BW of the source is 2-3 order larger than the comb, a cavity is introduced to shape the incident field into 
an exponential-decay form, which needs to be preserved by the retrieved photon. A: Cavity decay. 𝜏cav = 2.9
ns vs 𝜏0 = 141 ns, i.e.,  Γcav = 47Γ0. B: The falling edge of the cavity field is very well recovered by the echo, 
demonstrating a quantum memory.  C: Enhanced, temporally-asymmetric re-emission at T0 is clearly visible in 
the 2D histogram of the DFC + cavity combined system. A slice at 𝛥𝑣 = 3.1 mm/s corresponds to B.

Fidelity limited by the stepwise rising edge, which is too sharp for a finite-BW QM to store. 

Δv = 3.1mm/s: Eff: 8.5%, Fid: 65%

Hard X-ray quantum memory

To function as a QM, the retrieved photon has to preserve the temporal waveform of the input.
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To control the retrieval time of the X-ray echo [1]: 

On-demand hard X-ray quantum memory

No control of the X-ray photon echo

[1] X. Zhang, W-T. Liao, A. Kalachev, R. Shakhmuratov, M.O. Scully, and O. Kocharovskaya, Phys. Rev. Lett. 123, 250504 (2019).

Echo is generated by the periodic beating of the phases of the polarizations waves:
Retrieval time is predetermined by the frequency spacing of the comb.

Flip the velocities of the targets (before the emergence of the 1st echo) to modify the 
field evolution.
• Echo is generated by the rewinding of the phases of the polarizations waves.
• Since switching time can be adjusted up to T0, the retrieval time is controllable.



On-demand hard X-ray quantum memory

Example
Medium:

• Target: 31 57Fe-enriched 
stainless-steel foils, 14.4 keV

• Motion: Δv=0.4 mm/s

• Decoherence rate: Γ/(2 π) = 
0.55 MHz

• Optical thickness for each 
target: ζ0 = 6.67

• σR = 2.56 Mbarn (10-18 cm2)

• σR/σph=400

Source:

• Duration: Δt = 23.3 ns
(intensity duration 16.5 ns)

• Central frequency: 
ω0=2.19X1019 rad/s (0.86 Å, 
14.4 keV)

Comb:

• F  =8.4 

• ζ0
eff =0.8

• T0 = 217 nson-demand retrieval



γ-ray single-photon processing

Eliminate one time-bin

Data compressing

Hold info. for arbitrary time

Permute qubit/qutrit in arbitrary order 

• Single γ-photon sequencing
• On-demand single γ-ray source



▪ Multiple absorbers are required to control the photon echo;
▪ Each absorber is modulated by its own fast-moving piezo, and 
▪ All motions need to be synchronized.

▪ Reducing the mechanical complexity by using internal degrees of freedom.

The switch speed has to be much faster than the echo period:
slow-moving Mössbauer drives→ fast-moving piezos

Challenges of on-demand DFC QM

Experimental challenge:

a

0 ab =

b

Δ𝜔𝑧 = 𝛾𝑔 − 𝛾𝑒 𝐵 ≫ 1/(2𝑇1)57Fe0.55Cr0.25Ni0.2
57Fe

• High magnetic field: B ∼ 10 T is required
- lifetime (𝑇1 = 141 ns) broadening Γ = 2𝜋 ×
1.13 MHz

- differential gyromagnetic ratio 𝛾𝑔 − 𝛾𝑒 ∼ 1.9 Γ/T

𝑀 = 𝑁𝐾 ≫ 1; 𝐾 = 2min 𝐼𝑔 , 𝐼𝑒 + 1

• Low multiplicity: only K=2 non-degenerate 
transitions per absorber

- small spin number 𝐼𝑔,𝑒 =
1

2
,
3

2
in ground and 

excited states

How to control the hard X-ray photon echo in a simpler way ?

two-level system multiple two-levels 



1.1. The degeneracy of the 14.4 keV 57Fe nuclear transition in 57FeBO3 crystal naturally lifted.
- strong internal hyperfine magnetic field of Bhf ≳ 30 T  (a comb spacing of 60 Γ0)

1.2. Importantly, the direction of Bhf can be reversed in ≲ 4 ns by an external Bext ∼ 10 G [1-3].

The (0001) easy-
magnetization plane of the 
hexagonal setting of its 
rhombohedral structure

Magnetic-Doppler NFC in 57FeBO3

2. The low multiplicity can be resolved by introducing multiple Doppler-shifted absorbers. 
Compared with the Doppler NFC:
- The number of absorbers is reduced by a factor of multiplicity.
- In spite of the small K, it still permits the implementation of a 6-tooth NFC using just 3 absorbers.
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Δ𝜔𝑧 = 𝛾𝑔 − 𝛾𝑒 𝐵 ≫ 1/(2𝑇1)

• High magnetic field: B ∼ 10 T is required
- lifetime (𝑇1 = 141 ns) broadening Γ = 2𝜋 ×
1.13 MHz

- differential gyromagnetic ratio 𝛾𝑔 − 𝛾𝑒 ∼ 1.9 Γ/T

𝑀 = 𝑁𝐾 ≫ 1; 𝐾 = 2min 𝐼𝑔 , 𝐼𝑒 + 1

• Low multiplicity: only K=2 non-degenerate 
transitions per absorber

- small spin number 𝐼𝑔,𝑒 =
1

2
,
3

2
in ground and 

excited states



On-demand QM by magnetic-Doppler NFC 

• With only 3 absorbers: the mechanical control requires almost no synchronization: 
- two outer absorbers can be driven by a single voltage signal with opposite phases, while 
- the central target remains static throughout

• The resulting NFC is sufficient to demonstrate high-fidelity storage of a single X-ray wave 
packet.

Example

On-demand QM is achieved by simultaneously switch the weak Bext and the moving directions 
of all absorbers.



• Long lifetime 𝑇1 = 8.73 μs (Γ0 = 2𝜋 × 18.23 kHz)
• Differential gyromagnetic ratio 𝛾𝑔 − 𝛾𝑒 ∼ 207 Γ0/T 

➔ resolved comb structure with 𝐁~𝟏𝟎𝟎 𝐆

• Large spin number 𝐼𝑔,𝑒 =
7

2
,
9

2

• Cubic lattice environment
• In fact, the static comb was realized 

experimentally by Chumakov et al. in 1995 [1] 
before the concepts of AFC and NFC (unpublished 
but discuseed in [2])

• E0=6.2 keV; σR/σph=12.3

Mechanical-free NFC

• High magnetic field: B ∼ 10 T 

• Low multiplicity: 𝐾 ↓× 𝑵 ↑

• Long lifetime 𝑇1, small B

• High spin 𝐾 ↑× single absorber

✗ Nuclei with 𝐼 > 1/2 possess an electric quadrupole moment 
that couples to the electric field gradient from the 
environment

- leading to energy shifts in the magnetic sublevels 
according to M2, i.e., no comb

✓ Fortunately, for nuclei positioned at sites with tetrahedral or 
higher symmetry, the EFG is necessarily zero

- eliminating the electric quadrupole interaction regardless 
of the quadrupole moments.

α-181Ta

[1] A.I. Chumakov et al., unpublished. 
[2] O. Leupold et al., Hyperfine Interactions 123, 611 (1999).

Δ𝜔𝑧 = 𝛾𝑔 − 𝛾𝑒 𝐵 ≫ 1/(2𝑇1)

𝑀 = 𝑁𝐾 ≫ 1; 𝐾 = 2min 𝐼𝑔 , 𝐼𝑒 + 1



On-demand QM by Zeeman NFC

Example

On-demand QM is achieved by simply reversing the external Bext

• Requires no mechanical control and no synchronization



On-demand QM mech. complexity syncMaterial

Static Doppler 
nuclear 

frequency comb 
(NFC)

Dynamically 
controlled 

Doppler NFC

Hybrid 
Magnetic-

Doppler NFC

Zeeman NFC

Conclusion
• We have discussed several protocols to do QM of hard X-ray photons by 

nuclear frequency comb (NFC).

• Static Doppler NFC quantum memory was experimentally demonstrated.

stainless 
steel

stainless 
steel

iron 
borate

α-181Ta

NA

Reversing v1,
v2, v3, ⋯, vN

together

Reversing v 
and Bhf

together

Reversing 
Bext alone

No
N-1 Mössbauer 
drive

High
N-1 fast piezos

Moderate/Low
N/K (two) fast piezos
& ～10 G Bext

No
～100 G Bext

No

Yes

Yes

No

Scheme
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