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Advantages of microwave

•Well established (4G, 5G) -> operable
- easy to stabilize phase 
- economically reasonable below ~ 10 GHz

• Easy mode matching (impedance matching) -> handy!

• Solid devices -> integrable
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Quantum microwave at millikelvin

Quantum microwave
(microwave photon)

5 GHz ×ℎ (= 250 mK ×𝑘!) ≫ 10 mK ×	𝑘!

Dilution refrigerator

Optical photon

400 THz (= 104 K) ≫ 300 K
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Quantum integrated circuit

For details, see e.g., Devoret and Martinis,
Quantum Inform. Processing 3, 163 (2004)
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•Low loss -> high Q

•Macroscopic phase coherence

•Superconducting gap (>~ 100 GHz)



Harmonic oscillator
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No quantum “bit" possible

Only “coherent state” can be prepared when 
driven by phase-coherent (classical) light

𝑛, 𝜑 = 𝑖ℏ 
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Superconducting qubit: Josephson junction

• Point-like lumped element inductance
• Non-liner & Non dissipative inductance at a single 
quantum of energy (single “microwave photon”)

𝐼!: critical current of Junction
 Φ! = ℎ/2𝑒: Flux quantum
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Superconducting qubit: Josephson junction

• Point-like lumped element 
inductance
• Non-liner & Non dissipative at 
single quantum of energy 
(single microwave photon)
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Superconducting qubit: Josephson junction
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Cavity-QED
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Vacuum Rabi Oscillation
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Microwave LC resonator

• Losses and parasitic effect in “bulky lumped element”
• Low-loss and reliable designability using planar superconductor
• 2D version of “coaxial line” (e.g. cable from wall to TV)

~ µm ~ cm

(from wikipedia)
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Circuit-QED

• Strong coupling of “macroscopic” qubit to 
microwave photons

• Gigantic dipole -> unprecedented parameter regime
• Manipulating and detecting single artificial atoms 

and single microwave photons

Breakthrough: Wallraff et al., Nature 431 162 (2004) 

~ µm ~ cm
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CEA-Saclay

20 km from Paris

CEA = Atomic Energy Comission (and Alternative Energy)
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QUANTum electRONICS Group at CEA-Saclay

Daniel Esteve

Patrice Bertet
(PI)Audrey Bienfait

(Quantum-ESR)

Cecile Grezes
(Quantum Memory)
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Spins in solids

P (Bi) donors in 
Silicon

V
N
S=1

I=1

NV centers in 
diamond

• Very good coherence in “silent” environment
(e.g., 12C, 28Si)

• Both microwave (spin) and optical (orbital) 
transitions

• Scalability, designability ?

• Control on demand ? 

Complementary for superconducting circuits

Hybrid quantum systems
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Quantum memory proposal : B. Julsgaard , C. Grezes, P. Bertet and Klaus MØlmer, PRL 110, 250503 (2013)

g/2⇥ =
gNV µB�B0

h

Coupling a single spin to a resonator

• magnetic dipole coupling
constant:

• Assuming ‘conventional’ 
coplanar waveguide geometry,
• Single spin coupling: 
∼ 1 – 10 Hz
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Quantum memory proposal : B. Julsgaard , C. Grezes, P. Bertet and Klaus MØlmer, PRL 110, 250503 (2013)

Coupling many spins to a resonator

• Coupling with N spins:

• Coupling N = 1012 (∼1018 cm-3) 
spins
• Collective coupling of 
∼ 1 – 10 MHz

with
1 ⊗ 0!0"…0# → 0 ⊗ (𝑔! 1!0"…0# + … + 𝑔# 0!0"…1# )/𝑔$#%
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The hybrid quantum circuit

Kubo et al., PRL 105, 140502 (2010) (photon & spins)
Kubo et al., PRL 107, 220501 (2011) (qubit, photon, spins)
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Transmon qubit

F

21

Tunable cavity HPHT diamond
[NV-] ~ 13 ppm, [N] ~ 13 ppm

SQUID for bus-frequency tuning

The hybrid quantum circuit
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F

21

Tunable cavity HPHT diamond
[NV-] ~ 13 ppm, [N] ~ 13 ppm

BNV// [111]

Printed circuit board

F

21
BNV

External coil

STEP 1 (WRITE): the device
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Transmon
Qubit

Bus resonator

NV ensemble

The hybrid quantum circuit
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Transmon
Qubit

NV ensemble

Frequency-tuning by flux

DC

Bus resonator

ωSpins

ωQubit

The hybrid quantum circuit
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Transmon
Qubit

NV ensemble

Qubit drive&readout

resonator
Frequency-tuning by flux

DC

Bus resonator

ωSpins

ωQubit

The hybrid quantum circuit
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Transmon
Qubit

NV ensemble

Frequency-tuning by flux

DC

Bus resonator

Qubit drive&readout

resonator

ωSpins

ωQubit

The hybrid quantum circuit
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Transmon
Qubit

NV ensemble

Frequency-tuning by flux

DC

Qubit drive
Bus resonator

Qubit drive&readout

resonator

ωSpins

ωQubit

The hybrid quantum circuit
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Single-shot Qubit readout

Transmon
Qubit

NV ensemble

Frequency-tuning by flux

DC

Qubit drive
Bus resonator

Qubit drive&readout

resonator

ωSpins

ωQubit

The hybrid quantum circuit
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Setup in a dilution fridge
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Device characterization: spectroscopy
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The ‘bad’ qubit (so-so at the time…)
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|1>

Quantum memory: single µ-wave photon swap

|0>

|e>
|1>

|g>

Measurement

|0>

InteractionQubit pump-up

Bus SpinsQubit

1
F

π

Q

R

B

NV
τ

ωB(Φ)

aSWAP
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Coupling qubit to spin ensemble: single photon swap

Storage/retrieval of a SINGLE microwave photon into/from a spin ensemble

Kubo et al., PRL 107, 220501 (2011)

See also: Zhu et al. Nature 478 221 (2011) 
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Storage of | ⟩1

NTT, NV centers

Coherent coupling with a 
qubit
Tokyo University, YIG

Storage of | ⟩0 + | ⟩1

NTT, NV centers

Zhu et al., 
Nature, 478, 7368 (2011)

Saito et al., 
PRL, 111 107008 (2013)

Tabuchi et al., 
Science 349 405 (2015)

Related works
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Qubit detected ESR

• Clear 14N hyperfine
• Ultra-low excitation
 (≈15 spins) was detected 
-> 105 spins Hz-1/2
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Kubo et al., PRB 86, 064514 (2012)
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Quantum-limited ESR Spectrometer

• Full spin polarization @ 20 mK
• High Q (3 105) resonator and large coupling (~ 50 Hz)
• Quantum-limited Josephson parametric Amplifier 

(TN ~< 200 mK) Bienfait et al., Nature Nanotech 11, 253 (2016)
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• Hybrid quantum circuit with a spin ensemble and 
superconducting circuit
• PoC for a superconducting quantum CPU + spin ensemble quantum 

RAM
• Quantum RAM operation

• Hybrid circuit as a sensitive magnetization detector
• Single-spin microwave detection [Wang et al., Nature (2023)]

Summary & Perspective

≡

Quantum version of...

+
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Measuring qubit states with a resonator

Kelly et al., Nature 519, 66 (2015)

R
esonator

Q
ubit

⁄ℋ&' ℏ = 𝜔( +
)"

*#+*$
𝜎, 3𝑎- 3𝑎 + 1/2 + *$.%

/

𝑔

(Dispersive regime: 𝜔! − 𝜔" ≫ 𝑔)
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⁄ℋ&' ℏ = 𝜔( +
)"

*#+*$
𝜎, 3𝑎- 3𝑎 + 1/2 + *$.%

/

Measuring qubit states with a resonator

"Dispersive” shift depending on qubit state

R
esonator

Q
ubit

No qubitWith qubit

⟩|𝑒
⟩|𝑔

Haroche and Raimond, “Exploring the Quantum”; Blais et al., PRA 69, 062320 (2004)
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Requirements for single-shot readout

• Measurement bandwidth 𝛿𝐵4 	≳ 10 MHz
• Resonator leak: 𝜅	 ≲ 10 MHz
• Low power of the readout pulse:
>𝒏	~	𝟏𝟎 photons ≡ ≲ fW
• Small noise from the amplifier:
𝒏𝑵	~	𝟏 (≡ ≲ 250 mK)

SNR ~ !𝒏#
𝒏𝑵$%" 𝛿𝐵4

!𝒏

𝒏𝑵
𝜅

=
𝒌𝑩𝑻𝑵
ℏ𝝎𝒓

Noiseless (quantum-limited) microwave amplifier needed!!
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Commercial cryogenic amplifier

Low Noise Factory
(http://www.lownoisefactory.com)

• Cryogenic HEMT (high electron 
mobility transistor) amplifier

• TN ≈ 3 K ≫ ℏ𝜔/𝑘$ = 250 mK
• 1-10 mW dissipation ≫ ~100	𝜇W
• How to implement a quantum-
limited amplifier at microwave 
frequency at millikelvin? 
(hopefully without much 
dissipation)
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State-of-the-art: Josephson parametric amplifier

• Josephson junction:
Non-linear & non-
dissipative inductance
•Quantum limited noise
•Wideband (~< 1 GHz)
• Versatile superconducting 
quantum technology

Macklin et al., Science 350, 307 (2015).
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Paramp as microwave quantum technology

Eichler et al.,  PRL 118, 037701 (2017)
Bienfait et al., Nature Nano 11, 253 (2016)
Probst et al., APL 111, 202604 (2017)

Spin resonanceQuantum-dot qubits

Liu et al., Science 347, 285 (2015)
Mi et al., Nature 555, 599 (2018)

Mechanical motion

Clark et al., Nature 541, 191 (2017)
Satzinger et al., Nature 563, 661 (2018)
Noguchi et al., PRL 119, 180505 (2017)
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Drawbacks of Josephson parametric amplifier

• Limited dynamic range 
(currently reported: 
-100 dBm = 0.1 pW) 
-> readout ONLY 20 
qubits simultaneously 
(5 qubits so far)

• Inoperable under 
(moderate) magnetic fields

Macklin et al., Science 350, 307 (2015).
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Summary of microwave amplifier for qu-technologies

• Necessary to operate at millikelvin without adding noise 
without dissipating too much power for the fridge

•The only solution (to date): 
Josephson parametric amplifer (JPA) 

Is it really true?
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Stimulated emission

• Maser (Microwave amplification by 
stimulated emission of radiation)
• Population inversion 
(negative temperature)
• Intensively studied in 1950’s - 60’s 
but left behind due to
• birth of laser
• low temperature operation 
(useless for CLASSICAL information 
technologies)

(From Wikipedia)

Charles Townes (Nobel prize in 1964)
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How maser can be good ?

A.E. Siegman, 
“Microwave Solid-state Masers” 
McGraw-Hill (1964)

Quantum-limited microwave amplifier possible by maser!?
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Laser (Maser) principle

• 𝑁#:	atom (spin) population on level |𝑖⟩

• Γ℘: pump rate

• 𝛾#%: decay rate from |𝑖⟩ to |𝑗⟩

• =𝑊𝐵&': stimulated emission (absorption) rate ( =𝑊: mode energy density, 𝐵&': Einstein’s coefficient)

• 𝑛: photons in the cavity, 𝜅: cavity leak rate

[Carmichael, “Statistical methods in quantum optics 1” (1999)]
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The spins: defect in diamond

Nitrogen impurity (P1 center)
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Three “evenly-spaced” 2-levels in P1 center
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Nitrogen impurity (P1 center)
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Four-spin flip-flop process in nitrogen centers

• Four-spin flip-flop process (cross-
relaxation): two central spins’ flips 
“up (down)” 
= one spin on each satellite flips 
“down (up)”

• Measured to be ~10 ms 

• Claimed could be used to generate 
inversion by pumping central line 
(reported, but data not shown)

Sorokin et al., Phys. Rev. 118 (1960). 
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Loop-gap microwave resonator

Diamond (irrad. @QST) Ball et al., Appl. Phys. Lett. 112 204102 (2018)

fr = 6.25 GHz
Qext =  750
Qint = 2500
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Setup photos

4K

0.8 K

10 mK

Resonator
3 axis vector magnet
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Setup
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P1 maser amplifier

To be published…
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Summary and perspectives
•Maser amplifier at millikelvin temperature by means of P1 
centers in diamond
• (Near-)quantum-limited noise and huge dynamic range
->Potentially very useful for microwave quantum technologies: 
- 
- functionable under magnetic field
•Narrow bandwidth due to resonator
•Traveling-wave geometry with ruby
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On-going projects at OIST
• Quantum microwave-optical photon transducer
with spins in diamond
• Spin ensemble quantum memory
for superconducting qubits
• Spin-based ultra-low noise microwave amplifier
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Thank you!!


