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Outline

• New superconductors for SRF accelerators 1 GHz
• Axion dark matter and dark photons 20-30 GHz
• Gravitational waves: storage ring 500 MHz
• Paul trap (35 MHz) for anti-hydrogen
• Relic neutrino via 28 GHz

Not covered by this talk

arXiv:2108.03695

With Max Planck & CERN With KITWith SPring-8

AM et al ANNALEN DER 
PHYSIK 2023, 2200619

Almost all are my own 
original studies…only 
partly published
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Beyond Nb for sustainability and higher performance

• Niobium material (RRR=300) is getting more and more expensive
• Over 20 times more expensive than copper

• Nb cavities are typical operated in 2K Liquid helium
• Crisis in He supply
• Very expensive cryogenic infrastructure

• On-going researches
• Nb-coating on copper substrates
• Nb3Sn on Nb to be operated  at 4K

• Cryocooler
• Nb3Sn on Cu

• NbTiN, MgB2, multi-layer, etc…
• Another point: HTS market is growing
• Magnet, cavity, detector communities
• Does HTS have any potential for the particle accelerator application?

Nb3Sn

Nb
D. Hall PhD thesis A.-M. Valente-

Feliciano et al 
SRF2013 TUP088

T. Tajima et al 
EPAC2006 MOPCH178

MgB2

Al2O3-CS. Posen PhD thesis
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Three different families of superconductors

Copper oxide 
cuprate d-wave

Iron Arsenide  
pnictide s±-waveConventional 

BCS s-wave



Optical conductivity in the Meissner state
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Objectives
• Compare the RF loss by thermally excited quasiparticles 

in the Meissner state for these three families
• Can HTS be useful? Y. Nagai et al New J. Phys. 10 103026 (2008)

P. Coleman ”Introduction to Many-Body Physics”

S. N. Nam, Phys Rev 156 470 (1967)

J. Halbritter Z. Physik 266 p.209 (1974)
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Result: density of states

s-wave 
(Nb)

s±-wave 
(pnictide)

d-wave 
(cuprate)

s-wave 
(Nb) s±-wave 

(pnictide) d-wave 
(cuprate)

The energy is normalized to 𝑇1 Nb = 9.25 K

Assumed parameters:
𝑇1 pnictide = 5×𝑇1 Nb
𝑇1 cuprate = 7×𝑇1 Nb
Δ# = 2×𝑇1

Φ* = 1
Φ)$%& = 0.5
𝛿 = 0.1

Different DoS for 
thermal excitation 
of quasi-particles
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𝜎! vs 𝑇: an example (𝜔 = 0.02~900 MHz)

Nb pnictide

A 8.67±0.23 23.8±0.81

D 2.24±0.01 8.43±0.07

B 0.0052±0.0003 0.0012±0.0005

cuprate

C 0.0201±0.0003

a 2.341±0.015

B 0.0034±0.00044

Best fitting functions 

gap-full: !̂ Y
^"

= _
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Y + 𝐵

Gapless: !̂ Y
^"

= 𝐶𝑇a + 𝐵
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Residual part generated 
by Dynes 𝛿 is not fit well 
by the formula



Surface resistance 𝑍2 =
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Nb >36

pnictide 200-400
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The penetration depth is factor 10 longer in HTS than Nb
à RF field looks more materials à more loss

~10 nW

~10 K
There may be operational point 
in high T & shorter RF pulse



Cuprate SRF cavities
for high-Q under B
have been realized

cuprate tapes on copper cavities

Danho Ahn PATRAS2022 

à For dark matter experiments 13



Outline

• New superconductors for SRF accelerators
• Axion dark matter
• Gravitational waves



15

The Standard Model does not contain dark matter
Dark matter evidence from astrophysics

Maybe something new to add to SM?à axions



Classical microwave is the mean to hunt axions

Courtesy: Gray Rybka, PATRAS2022

an axion converts into a microwave 
under static magnetic field

Axions modify 
Maxwell equation

A microwave is 
generated and resonated 
inside a cavity 16



Axion Dark Matter eXperiment (ADMX)
Signal to Noise Ratio is the key for discovery
• Signal is a narrow peak ( ⁄𝑓 Δ𝑓 ~10m) from axion
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• Signal to noise ratio
No discovery yet…

(fake signal to 
test the system)

17



How to improve the sensitivity?

18
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More signal

Higher magnetic field while 
keeping the solenoid bore How to get Higher Q?

à HTS cavitiesLess noise by cooling down
Zero-point energy 
àStandard Quantum Limit

ADMX reached SQL with Josephson Parametric Amplifier (in phase insensitive mode)

How to overcome SQL?
à Single photon sensors



Single microwave photon sensors

19F. Paolucci et al Phys Rev Appl. 14 034055 (2020)

Current-biased Josephson Junction TES (JES)
Bolometer/calorimeter

S.K. Lamoreaux et al Phys Rev D 98 035020 (2013)

Δ𝜈 =
1 kHz
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=
1
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Δ𝜈
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m
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Δ𝜈
=
1
µHz

⁄
𝑃 C

𝑃 A
D

30 GHz

à Synergy for qubits

Better than 
amplifiers



Superconducting qubit based on a Josephson Junction

仙場浩⼀ “超伝導量⼦ビットと単⼀光⼦の量⼦
もつれ制御” NTT技術ジャーナル 2007.11 23 

Key: quantized LC circuit

NTT技術ジャーナル 2007.1118

量子コンピュータ

人工単一量子系

近年，サブミクロン領域の微細加工
技術や，希釈冷凍機を用いた温度数
10 mK，ns 時間領域でのマイクロ波
パルス技術等の発達に伴い，固体素子
でつくられた人工の単一量子系の作製
や制御が可能となってきました．これ
に伴い，単一モード共振器と相互作用
する量子ビット系で「状態の重ね合せ」
や「量子もつれ」を観測し，さらにこれ
らを積極的に制御しようとする試みが
始まっています．そのような例として，本
稿では超伝導量子ビットに関する研究
の進展について解説します（1），（2）．
この分野が注目されている背景には，
これらの現象あるいは技術を量子計算
や量子シミュレーション等の量子情報
処理へ応用できないかという期待があ
ります．また，超伝導量子ビットに関
しては，巨視的量子コヒーレンスの問
題等の量子力学の基礎にかかわる興味
も存在しています（3）．
物質と光の基本的な相互作用を光

子１個のレベルで取り扱う共振器量子
電磁力学，いわゆるcavity QED は，
従来Q値が大きいシングルモード空洞
共振器中の光子と二準位原子を使っ
て行われてきました．この原子を超伝

導量子ビットに，空洞共振器中の光子
を超伝導回路中のマイクロ波光子に，
それぞれ置き換えて同様な実験が可能
であると理論的には予想されていまし
た（4）．それが近年，実験で実証された
のです．しかも，超伝導量子ビットと
マイクロ波光子の相互作用は，従来知
られていた原子とマイクロ波光子の相
互作用に比べて数千倍も強く，cavity
QED実験に必要不可欠ないわゆる強

結合条件を比較的容易に実現できるこ
とも明らかとなってきました．このよう
に，チップ上の電気回路を用いた共振
器量子電磁力学（circuit QED）実
験では，従来の原子・分子を使った手
法では実現することが困難であったパ
ラメータ領域をも新たに開拓できる可
能性を秘めているのです．

超伝導量子ビットと単一光子の量子もつれ制御

単一モード共振器と相互作用する量子ビット系で，もつれた量子状態を自
在に制御できれば，量子計算の実現に必須な多ビット間のコヒーレントな結
合への可能性が拓かれます．NTTが世界に先駆けて成功したマイクロ波単一
光子と超伝導磁束量子ビットの時間領域でのもつれ状態の制御を中心に最近
の研究の進展について解説します．

量子計算 超伝導量子ビット cavity QED

せ ん ば こういち

仙場 浩一

NTT物性科学基礎研究所

（a）　接合を含まないLC回路 （b）　ジョセフソン接合を含むLC回路 

図１　超伝導LC回路中のジョセフソン接合の有無と量子準位の模式図 
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FIG. 7: (a) Minimal circuit model of superconduct-
ing qubits. Josephson junction is denoted by X. The
capacitance C includes a contribution from the junc-
tion itself. (b)-(d) Potential energy U(F) (red) and
qubit energy levels (black) for (b) charge, (c) flux,
and (d) phase qubit, respectively. The potential for
charge qubit is under a periodic boundary condition.
(e)-(h) Micrographs of superconducting qubits. The
circuits are made of Al films. The Josephson junc-
tions consist of Al2O3 tunnel barrier between two
layers of Al. (e) Charge qubit, or a Cooper pair box.
(f) Transmon, a derivative of charge qubit with large
EJ /EC . The Josephson junction in the middle is not
visible in this scale. The large interdigitated struc-
ture is a shunt capacitor. (g) Flux qubit. Two of the
three junctions in the series provide inductance. (h)
Phase qubit.

For effective fault-tolerant quantum computing, it is im-
portant to rapidly initialize qubits. QND measurements fol-
lowed by feedback operations may enable this. Rapid cool-
ing of qubits may also be induced by microwaves259,260.

A notable feature of superconducting qubits is their
macroscopic scale: they involve the collective motion of a
large number (⇠1010) of conduction electrons in devices as
large as 100 µm. Common wisdom is that superpositions of
these larger, more “macroscopic” states should suffer faster
decoherence than more “microscopic” systems, and indeed
superconducting qubits have typically had the fastest de-
coherence times of all qubits under widespread develop-
ment. However, the distressingly short decoherence times
of a few nanoseconds observed in the earliest experiments
have recently been extended to the range of many microsec-
onds. The enhancement was accomplished by improved
circuit designs to make the qubits more robust41,44,229, by
decoupling from the environment230, and by reducing the
noise processes that contribute to decoherence261. Much
current work in superconducting circuit development deals
with understanding and eliminating the noise still remain-
ing. These noise processes vary for each qubit, but often
seem to be connected to microscopic origins such as charge
traps and spins in the amorphous oxides at the tunnel bar-
riers and at the metal surfaces, or in the dielectrics for the
insulating layers of capacitances and substrates261,262. This
kind of process is common to multiple solid-state imple-
mentations of qubits; for example, phosphorous in silicon
suffers a similar problem from the SiO2 barrier, even though
SiO2 provides the “cleanest” insulating layer among semi-
conductors. Intensive material engineering research may
eventually solve these problems.

Superconducting qubits provide a wide variety of
promising tools for quantum state manipulations in electric
circuits. Beautiful demonstrations of two-qubit quantum al-
gorithms (Deutsch-Jozsa and Grover search) were reported
recently43. With careful engineering, the fidelities for con-
trol and readout will be increased further. As the observed
decoherence rates improve, these tools will allow more and
more complex circuits, providing an optimistic future for
large-scale quantum computation.

XIII. OTHER TECHNOLOGIES

The technologies we have discussed for implementing
quantum computers are by no means the only routes un-
der consideration. A large number of other technologies ex-
hibiting quantum coherence have been proposed and tested
for quantum computers.

As one example, the single photons in photonic quantum
computers could be replaced by single, ballistic electrons
in low-temperature semiconductor nanostructures, which
may offer advantages in the availability of nonlinearities for
interations and in detection. As another emerging example,
quantum computers based on ions and atoms may benefit
from using small, polar molecules instead of single atoms,
as the rotational degrees of freedom of molecules offer more
possibilities for coherent control263,264.

New materials beyond those we have discussed are
also being investigated in the context of quantum com-
puting. For example, some researchers continue to search
for new systems that display the positive optical features
of self-assembled quantum dots and diamond NV centres
discussed above (atom-like behavior, semiconductor host,
large oscillator strength) while exhibiting better homogene-
ity and coherence than quantum dots and easier routes to
integration than diamond. Shallow, substitutional semicon-
ductor impurities, for example, exhibit sharp optical bound
states near the bandgap and have the advantages of being
substantially more homogeneous and potentially easier to
place with atomic-scale fabrication techniques, as in the ex-
ample of phosphorous in silicon. The fluorine impurity in
ZnSe is one impurity with a similar binding energy to phos-
phorous in silicon and a comparable possibility for isotopic
depletion of nuclear spins from the substrate. Unlike in sil-
icon, the direct, wide bandgap of ZnSe affords it an oscil-
lator strength comparable to a quantum dot. Further, the
II-VI semiconductor system allows MBE-based semiconduc-
tor alloying techniques not currently available in diamond.
The electron bound to F:ZnSe and the 19F nuclear spin may
therefore provide excellent optically controlled qubits; al-
ready it has shown promise as a scalable single photon
source265.
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One important lesson from ADMX

Courtesy: Gray Rybka, “Current 
Status and Future Plans of ADMX”

Mechanical tuning causes mode mixing

à Can we tune the frequency non-mechanically?



Frequency is tunable in SRF: Cooper pair density
1 m

superconducting

normal
conducting

A niobium cavity at 352 MHz

𝝀

wall

𝑓Z

𝜹

𝑓Z ↓

wall

𝜆% =
𝑚∗

𝒏𝒔𝑒#𝜇(



Theory: Usadel equation (BCS theory in the dirty limit)

𝑠 = exp ⁄−2𝑥 𝜆 𝛽ΔZ

𝛽 = ⁄𝐻�~ 2𝐻� s = ⁄𝐽�~ 2𝐽� s

𝑟 𝜖, 𝑠 = 𝜖sΔs𝑠s + ⁄𝜖s + 𝑠s − Δs t 27 ⁄U s

Solution PRL 113 087001 (2014) 

sinh 2𝑢 𝜖, 𝑠 = ⁄𝑟 + 𝜖Δ𝑠 ⁄U t − 𝑟 − 𝜖Δ𝑠 ⁄U t 𝑠
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Green function gives all the information of the 
superconducting system
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Surface resistance / reactance

𝑅u = Re 𝑍u
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Come back to SRF: anti-Q-slope in N-doped LCLS-II cavities

J. Maniscalco TTC high-G/high-Q 
WG meeting 09/08/2022
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Anti-Q-slope in RBCS

The theory is however not complete! New research direction!
à Frequency dependence is not reproduced



Outline

• New superconductors for SRF accelerators
• Axion dark matter
• Gravitational waves



Two Phenomena to address GW via microwaves
The Einstein equation
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Coupling to microwaves under static B

arXiv:gr-qc/0502054

MAGO project

M. E. Gertsenshtein JETP 41 113 1961

https://arxiv.org/abs/gr-qc/0502054


RF cavity search for GW

28

arXiv:2112.11465

High-Q under strong B is the key
Potential sources (1 GHz GW): mergers of sub-solar masses

Primordial black hole merging



RF cavity search for GW
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arXiv:2112.11465

High-Q under strong B is the key
Potential sources (1 GHz GW): mergers of sub-solar masses

Primordial black hole merging

arXiv:2308.11497



Conclusion
• HTS superconductors

• Cuprates and pnictides may be the future of SRF (pulsed & >10 K)
• Optical conductivity and surface impedance were newly calculated in the Meissner state

• Dark matter axion search
• Dark matter axion may be addressed via microwave cavities
• HTS cavities & single photon detectors are the next step 

• synergy with quantum computers
• Non-mechanical frequency tuning may be inline to the state-of-the-art SRF cavity physics (anti-

Q-slope)
• Gravitational wave search

• GW may be addressed via microwaves
• A similar setup as axion search is being proposed
• Maybe on-site experiment at Orsay in the future?

• Pôle Accelerator has technical competence in RF and cryogenics
How to start with? à make use of the existing master project in IN2P3



Courtesy: Antonios Gardikiotis, “Advances in 
searching for galactic axions with a Dielectric 
Haloscope”

MADMAX (DESY)
• Enhance the coherent 

microwave signal 
generated on the 
dielectric surface

• Dipole magnet (CEA)
• 25 GHz, 4 K, very low 

noise 10–23 W/Hz



We will be in the collaboration via DMLab

physiciens
ingénieurs

Master Project: 
MADMAX

Not directly “S”RF but 
technology is very similar


