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Answer to the first three questions yesterday
1. What is the superconductivity?

1. A finite attractive interaction between independent electrons form a Cooper 
pair that obeys nonrelativestic U(1) Higgs mechanism

2. Photons gain mass in superconductors due to spontaneous symmetry breaking, 
which leads to the Meissner effect

2. What are the fundamental origins of finite RF loss in SRF cavities?
1. Thermally activated quasi-particles at finite temperature act like normal 

conducting electrons and cause a loss in RF
2. Even at absolute zero temperature, residual resistance exists due to several 

different mechanisms, such as flux oscillation and subgap state’s effect, whose 
ultimate origins are not wholly understood

3. What are the fundamental limitations of the field inside SRF cavities?
1. Superheating field, which exceeds thermodynamic critical fields in equilibrium 

state, would give a fundamental limitation
2. The dynamic calculation of the superheating field is still an open field of 

fundamental research
2
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Outline
• Introduction: from theory to reality cryomodule
• Cavity engineering
• Mechanical structure
• Material
• Surface physics

• Ancillary of cavities
• RF couplers & tuners
• Digital LLRF
• High power amplifiers

• New research directions
• New materials
• Applications for fundamental physics

• Conclusion
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Yesterday: idealized model

6

Perfect vacuum

Perfect superconductor
à Higgs + RF + phase transition

Constant temperature



Today: real superconducting cavities
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Cryomodule: SRF cavity cryostat in accelerators
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q

2K, 10 − 100W cooling

Technical challenges
• What determines the shape of the cavities?
• How to fabricate and prepare perfect cavities? Typical surface resistance is only 10 nΩ!
• How to feed RF to the cavities? 100 kW to 100 W cooled 2K system!
• How to control RF to be very precise? Better than 0.1% fluctuation in field and 1 deg in phase
• Cryogenics (2-4K), ultra-high vacuum (1×10./0 mbar), etc, etc

100 kW RF 
power

100 kW RF 
power

100 kW RF 
power

XFEL@DESY

Contact: Vittorio Parma
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Various structures of SRF cavities
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Bulk niobium cavities: standard

à Why so many different structures?

Nb/Cu: CERN’s specialty



Geometrical consideration: low-b , middle-b, and high-b
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TEM modes in 
a spoke cavity

TEM00 modes in a 
quarter-wave or 
half-wave cavity

TM010 modes in 
an elliptical cavity

beam axis

beam axis

• p+ upstream (<1GeV)
• Heavy ion
• HIE-ISOLDE at CERN

• p+ downstream (>1GeV)
• e-, e+ (>0.5MeV)
• LHC at CERN

𝑇 𝛽 =
∫𝐸! z cos 𝜔𝑧

𝛽𝑐 𝑑𝑧

∫ 𝐸! 𝑧 𝑑𝑧

• p+ (<1GeV)
• Not at CERN L

beam axis

Contact: Franck Peauger
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Exception: deflecting cavity (eg HL-LHC crab cavity)
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Phys. Rev. Accel. Beams 24, 062001 2021

For better luminosity

Contact: Rama Calaga



Fabrication processes
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Deep drawing + electron beam welding Seamless cavity fabrication

Courtesy: Rong-Li Geng
CERN is also working on seamless cavities
Contact: Said Atieh



Table of superconductors of pure elements
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arXiv:1212.0423

Pb is toxic and soft à Nb is the standard for SRF cavities
Nb: 𝑇# = 9.25 K, 𝐵# = 200 mT



Defects enhance thermal breakdown
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BCS resistance

𝑹𝒔~
𝐴𝜔"

𝑻
exp −

Δ
𝑘#𝑻

Joule heating: 𝑷 = $
"
𝑹𝒔𝐻"

𝚫𝑻 = 𝑹𝒕𝒉𝑷

Thermal feedback

𝑇" = 9.25 K

100 MHz case

Defect, bad thermal resistance 𝑹𝒕𝒉 ∝ ⁄𝟏 𝝀 can enhance thermal breakdown
à defect-free and good thermal conductance is a key of SRF cavities



Issue of Nb: thermal conductivity vs surface resistance

dirty clean

Optimal
𝑙~ ⁄𝜉' 2

D. Reschke, “Limits in cavity 
performance” SRF2007 tutorial
G. Ciovaci, “Cavity fabritation”, 
USPAS2015

𝑙 nm

standard

1. Clean bulk for thermal conductivity
• RRR~300: 700 EUR/kg (price in 2024 spring)

2. Sufficiently dirty surface for lower BCS resistance
• 𝑅!"# can be worse

𝜆(4.2K)~0.1×𝑙 W/(m K)

(Phonon peak)

These two 
requirements 
contradict with 
each other 17



How to achieve clean bulk and dirty surface
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(Dirty) Nb film

Cu substrate

HiPMS@
CERN

One of the research frontiers for new SRF cavities

G. Ciovati
PhD thesis

Heat treatment, doping,… Nb film

Hyper-low 𝑅#)*, sensitive 𝑅+,-, 
anti-Q-slope, a lot of mysteries

Very low 𝑅#)*, insensitive 𝑅+,-, 
Q-slope, … a lot of mysteries

We have been developing recipes but why and how are generally missing

CERN’s specialty
Contact: Guillaume Jonathan Rosaz



Importance of surface roughness: one example
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H. Safa 10th workshop on 
RF superconductivity 2001

à Choice of chmical etching method 
(Buffer Chemical Polishing or Electro Polishing)

could locally 
exceed 𝐻#$

Quench limit and high-field Q-slope is an open research area

Local defect or field enhancement



Two methods of surface etching
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HF + HNO3 + H3PO4 HF + H2SO4 + voltage

Buffered Chemical Polishing (BCP) Electropolishing (EP)

EP is known to be better but more complex and expensive
à BCP may be enough depending on the performance requirement

Courtesy: Rong-Li Geng

Contact: Marc Thiebert



Hydrogen from HF acid à Nb hydride
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Solutions
1. Anneal the cavity above 600C to degas hydrogen
2. Avoid slow cooling down around dangerous temperature 75-150K

J. Knobloch AIP Conference 
Proceedings 671 133 (2003)

M. Fouaidy et al., IEEE Transactions on Applied
Superconductivity, 31, 5, pp. 1-8, 2021, 3500508

Q-disease



Field Emission (FE): discharge due to electron tunneling 
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Exponentially 
increasing 
surface 
resistance Associated 

with X-rays

X-rays from 
Bremsstrahlung

Practical challenge in SRF projects with a large number of cavities

𝐽 ∝ exp −6.53×10@
𝜙 ⁄B C

𝛽𝐸

Tunneling current by Fowler-Nordheim

Peak RF 
electric field

Field 
enhancement

1. work function 𝜙~4-5 eV

2. peak electric field

3. field enhancement

𝐎(𝝁𝒎)

Particulates



Mitigate FE: High Pressure Water Ringing & clean room assembly

23Working in a clean room is tough business

Contact: Mathieu Therasse



Introduction of robotics is one research direction

24

Courtesy: 
Julien Drant
CEA Saclay



Multipacting: resonant avalanche of secondary electrons
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RL Geng PAC2003 TOPB002
S. Aull SRF2015 TUPB050

Secondary Electron YieldResonance and geometry

Multipacting is annoying but conditionable in properly designed Nb cavities
• Sending RF in the MP band
• Jump up to outside the band within a few hours or one day
• Repopulated after thermal cycles

Low-T baking is often performed to get rid of water from the surface

Example: ESS double spoke

Captured by 
MP bands

Jump up 
after while

Near 
surface

Deep into 
the bulk

3-5nm removal of CH-rich layer
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A lonely empty cavity is useless at all L
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• An low-power RF circuit locks frequency, phase, and amplitude of the superconducting cavity
• An RF amplifier generates useful power level
• A power coupler feeds RF to the cavity
• Tuner controls resonant frequency of the cavity

Example in analog circuit
coupler

We need RF inside



LLRF: digital system and control algorithm
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M. Elias master thesis

• Design analog and digital circuit to cope with 
various phenomena to keep cavity field stable

• Control theory and implementation in FPGA
• Directly handled power: 1 mW à needs amplifier

External perturbation

FB to keep cavity field constant

Contact: 
Daniel Valuch



High-power amplifiers

29Par Julien Hillairet — Travail personnel, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=3165202

Vacuum tubes / klystrons Transistor-based solid-state amplifiers

Courtesy: Eric Montesinos

Amplification via 
the tunneling effect

Amplification via the RF & 
DC beam interaction

Shockley Bardeen Brattain

Recent research directions at CERN
• Very efficient klystron design (contact: Igor Syratchev)
• Large combiner of a large number of transistors
• Sustainability & reliability



RF power coupler to feed RF 
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DESIGN OF 352.21 MHz RF POWER INPUT COUPLER AND WINDOW 
FOR THE EUROPEAN SPALLATION SOURCE PROJECT (ESS) 

E. Rampnoux , S. Bousson, S. Brault, P. Duchesne, P. Duthil, G. Olry, D. Reynet, 
CNRS/IN2P3, IPN Orsay, France 

 

Abstract 
The future European Spallation Source will be built to 

Lund in Sweden and will consist of a superconducting 
linac which will contain a SRF SPOKE cavities section 
with its associated high power RF couplers. In this 
framework, IPN Orsay is in charge of studying, designing 
and of conditioning four power couplers at nominal 
operations conditions by 2015. Studies and preliminary 
design of the ESS Spoke cavity power coupler are 
presented. 

INTRODUCTION 
The high-power RF coupler is the connecting part 

between the RF transmission line and the RF cavity and 
provides the electromagnetic power to the cavity and the 
particle beam. In addition to this RF function it also has to 
provide the vacuum barrier for the beam vacuum. High-
power couplers are one of the most critical parts of the RF 
cavity system in an accelerator. A good RF and 
mechanical design as well as high quality fabrication are 
essential for efficient and reliable operation of an 
accelerator. 

ESS accelerator high-level technical objectives are: 
• 5 MW of average beam power 
• 125 MW of peak power 
• Beam current of 50 mA 
• A repetition rate of 14 Hz 
• Pulse length of 2.86 ms 
• High reliability, > 95% 
• Flexible design for future upgrades 
• SRF Spoke cavities section operating at 352.21 MHz 
The others parameters of the ESS layout are detailed in 

[1] and are now being optimized to meet the cost 
objectives. The prototyping phase of the project is under 
progress and will provide key elements and more 
specifically high power coupler to be tested under 
nominal operation conditions. 

This paper discusses the design characteristics of the 
ESS Fundamental Power Coupler (FPC), the sizing 
relative to multipactor phenomenon, and the RF design. 

SPOKE RF COUPLER DESCRIPTION 
Each of the 352.21 MHz SRF Spoke cavities of the 

ESS accelerator will be powered via a coaxial FPC 
containing of a planar ceramic window separating the 
cavity vacuum side from air side. The ceramic is an 
alumina disk with a purity of 97% at minimum and a 
permittivity value of 9.2 with a loss tangent of 0.0002, 
values taken in the HFSS program for the RF design. 

The design is based on the coupler developed for the 
superconducting SPOKE cavities in the framework of the 
EURISOL Design Study [2]. To adapt that design to the 
ESS power coupler requirements, a water cooling system 
is integrated in the inner antenna and the water cooling 
system of the ceramic window has been modified to direct 
the water flow more effectively. 

The window assembly (Figure 1) has three 
instrumentation ports: one for ultra-high vacuum gauge, a 
second for electron pick-up antenna and the last will be a 
sapphire optical view port for arc detector. 

 

Figure 1: FPC for the ESS Spoke superconducting 
cavities. 

Figure 2 show the general assembly drawing. 

 

Figure 2: ESS Coupler Window Assembly. 

#

# rampnoux@ipno.in2p3.fr

Proceedings of SRF2013, Paris, France THP065
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V. Couplers/HOM
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Power flow (Poynting vector) through the port gives coupler Q

Total Q of the cavity is thus shifted from unloaded Q0

Contact: Eric Montesinos ESS coupler



RF power coupler to feed RF 
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Weak point of SRF cryomodules

Lesson learnt from HIE-ISOLDE…

Contact: Akira Miyazaki ESS coupler



Tuner to control resonant frequency of cavities
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Courtesy: N. Gandolfo



Tuner to control resonant frequency of cavities
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Lesson learnt in ESS…

Delicate mechanical motion 
in high vacuum + cryogenics

Courtesy: N. Gandolfo

Contact: Akira Miyazaki



Non-mechanical fast reactive tuner
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BaTiO3-SrTiO3

Courtesy: N. Shipman

𝜖 = 𝜖 𝐸 → Δ𝑓

Active R&D is on-going at CERN
Contact: Alick Macpherson



Beam à RF excitation
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𝑽𝒄
No beam

𝑉&""
𝑽𝒄

with beam

𝑽𝒂

𝑽𝒂

𝑽𝒃

𝑽" = 𝑽&

𝑽" = 𝑽) + 𝑽&𝜙#𝛻. 𝐸 =
𝜌
𝜀$ 𝛻×𝐵 = 𝜇$. 𝚥 + 𝜇$𝜀$

𝜕𝐸
𝜕𝑡

Beam loading
Accelerating mode 𝑉L is excited in another phase
àOverhead in the amplifier 𝑉M to compensate it
àOptimum detuning trick (see LHC)
Higher Oder Modes
Non-accelerating modes are excited
àPerturbation to beam (challenge in circular machines)
àHOM couplers / dampers to mitigate them

Contact: Rama Calaga
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Three different families of superconductors

Copper oxide 
cuprate d-wave

Iron Arsenide  
pnictide s±-waveConventional 

BCS s-wave

37



How about alloys?

38

Courtesy S. Posen

v

𝑅*+, 𝑇 =
𝐴
𝑇 exp −

Δ
𝑘*𝑇"

𝑇"
𝑇

v

Short 𝜉0
Flux penetration through grain 
boundaries à Protective layer?

Mechanically brittle
Difficult to fabricate cavity structures 
à coating?

Thermal conductivity
Much worse than Nb à Just a film?

Nb3Sn

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

Feliciano et al 
SRF2013 TUP088

T. Tajima et al 
EPAC2006 MOPCH178

MgB2
Al2O3-C

Contact: Guillaume Jonathan Rosaz



High-Tc SCà Full gap may be important for high RF field

𝑅U ∝ ℏ𝜔A
V

W

𝑑𝐸 𝑓 𝐸 − 𝑓 𝐸 + ℏ𝜔 ×𝑁 𝐸 𝑁 𝐸 + ℏ𝜔

Gap 2Δ

39

𝑁 𝐸
d-wave

𝑓 𝐸

• One of the major sources of the SC surface resistance 
is thermally excited quasi-particles

• Conventional SC is s-wave and the full gap structure 
prevents the number of quasi-particles ~exp(− ⁄Δ 𝑇)

• Cuprate is gapless d-wave and many quasi-particles 
can be excited ~𝑇Z

• Ion-based superconductors are gapful
• Preliminary study by AM (arXiv:2311.17513)

• Bc1&Bc2 enhancement was observed (SUST 34 015001 34)

• SLAC & CERN à YBCO with medium pulse length

Nb, Nb3Sn, NbN

MgB2

cuprates

Ion-based

Open question for the future generation



Microwave photons may address fundamental physics

S. Ellis

Inverse Primakoff effect Inverse Gertsenshtein effect

Axions Gravitational waves

Minimal extension of SM Solution of general relativity
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R.E. Shrock / Dirac and Majorana neutrinos 363 

imp l i e s  tha t  

FV'A(  m, , m,,)  j = FV'A(  m~,, m,j)}*, (2.14)  

Thus ,  in the  d i a g o n a l  case, CP invar iance ,  t oge the r  wi th  hermi t i c i ty ,  impl ies  that  

FzA(q2),  = O, (2 .15a)  

F3V( q2 ) ,  = O. (2 .15b)  

T h e  g raphs  that  c o n t r i b u t e  at the o n e - l o o p  level  to the e l e c t r o m a g n e t i c  ve r tex  of  a 
D i r a c  n e u t r i n o  in the  s t a n d a r d  t heo ry  are  s h o w n  in fig. 1, whi le  those  for  the 
SU(2)L  × SU(2)R × U(1)  t heo ry  are  g iven  in fig. 2. Each  g raph  r ep resen t s  a sum ove r  
all  £~ ,  and  the  g raphs  of  fig. 2 a lso  invo lve  a sum over  k f r o m  1 to 2. 

T h e r e  a re  two  k i n e m a t i c  cases o f  in teres t :  
(i) i - j ,  q2 = 0; this case  gives the  s ta t ic  m o m e n t s ,  and  
(ii) i =~j, q2 = 0; this case  desc r ibes  the  decay  u~ --* ~Dy. 

3," 

+ 

vi J o  uJ ui u;j 
W ÷ 

(o) (b) 

Fig. 1. Graphs contributing at the one-loop level, in U-gauge, to the general electromagnetic vertex of a 
Dirac neutrino in the standard SU(2)L × U(1) theory. Each graph is understood to be a sum over a from 
a = 1 to a = n. (The graphs involving unphysical Higgs scalars were included in the R~ gauge calculation 

of ref. [2] but are not shown here.) 
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Fig. 2. Same as fig. I, but for an SU(2)L × SU(2)R X U(I) theory. Each graph represents a double sum 
over a from a = 1 to a = n and over k from k = 1 to k = 2. See caption to fig. 4 for the Majorana case. 
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HTS SRF cavities under static magnetic field
cuprate tapes on copper cavities

Danho Ahn PATRAS2022 
EuBCO

• Excellent Q is obtained under strong static magnetic fields
• Good application of cuprates for dark matter axion search

• New experiment at CERN: “axion heterodyne”
• No magnetic fields à RF is applied in a conventional SRF cavity
• Phys. Rev. D 104, L111701 2021
• Maybe an opportunity for students? 41
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Two Phenomena to address GW via microwaves
The Einstein equation
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Coupling to microwaves under static B
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MAGO project
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• Primodial blackhole 
merger àMHz-GHz signal

• GW from early universe

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


Single microwave photon sensors

43
F. Paolucci et al Phys Rev Appl. 14 034055 (2020)

Fig.2 Schematic view of rocket experiment apparatus 
with 50 x 8 pixels of  Nb/Al-STJ and a diffractive 
grating. 

Fig. 3  Nb/Al-STJ processed on a SOI transistor board. 

 
We plan to perform a rocket experiment 

with a STJ based detector as shown in Fig. 2 
in 2016 in the earliest, aiming at improving 
the current experimental lower limit of the 
neutrino lifetime by two orders of magnitude 
in a 5-minute measurement. We use 8 
spectrometers each of which consists of 
50-pixels of Nb/Al-STJ and a diffractive 
grating, to measure the photon energy in the 
energy range between 15meV and 30meV 
(O= 40~80Pm), and to measure the direction 
dependence. The telescope diameter is 15 cm 
and the field of view is 0.35’ x 2.7’. The 
expected rate from zodiacal foreground is 
15kHz per 50-pixel-spectrometer and 300Hz 
per pixel. The measurement for 200sec 
accumulates 3M events per spectrometer. As 
we will have eight 50-pixel-spectrometers, 
the number of total events is expected to be 
24M events. The expected lower limit of 
neutrino lifetime will be 250 times larger 
than the present limit. 

We will also search for the neutrino 
decay for the neutrino lifetime of 2x1017year 
which is predicted by left-right symmetric 
model in a 10-hour satellite based 
measurement around 2020 in further future.  
 
4.  R&D of STJ Detector 

We are developing the following single 
photon detectors to cope with 2% energy 
resolution at EJ =25meV: (1) Multi-pixel 
Nb/Al-STJ with diffractive grating for the 
photon in�O= 40~80Pm, and (2) Hafnium 
based STJ (Hf-STJ) as a micro-calorimeter. 
We aim at measuring the energy of a single 
infrared photon with energy resolution of 
2% for the neutrino decay search 
experiment.  We measured the response of 
Nb/Al-STJ (100x100Pm2) to infrared light 
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signal was 1Ps at FWHM. The number of 
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■■■
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Superconducting qubit based on SRF cavities (?)

• 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

• ⼭本剛 “超伝導量⼦回路の集積化技術の開発” ムー
ンショット⽬標6 キックオフシンポジウム2021.3.11

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.

transmon

Josephson junction

|0>
|1>

SRF cavity is also a (huge) LC circuit
à Longer coherent length than exis]ng qubits (qudits)
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Shor’s algorithm

10GHz
By Bender2k14 - Own work. Created in LaTeX using Q-circuit. Source code below., CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=34319883

finding the prime factors

T. Roy “Advances in SRF Qubit Architectures for Quantum Computing” SRF2023

Quantum Initiative at CERN https://quantum.cern



Radiofrequency

Superconductivity

accelerator

Dark matter

Gravitational waves

SC magnet

NCRF
Amplifiers
oscillators

Transmon
Qubit

Ion trap
spectroscopy

Photon 
sensor

neutrino

New 
materials

SRF

45



Outline
• Introduction: from theory to reality cryomodule
• Cavity engineering
• Mechanical structure
• Material
• Surface physics

• Ancillary of cavities
• RF couplers & tuners
• Digital LLRF
• High power amplifiers

• New research directions
• New materials
• Applications for fundamental physics

• Conclusion
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Conclusions
• Fundamental aspects of SRF cavities are interesting but can be hidden by practical challenges

• Practicality requires extremely broad range of expertise of state-of-the art science and engineering
• Recent progress in technology gives us almost ideal SRF cavities à chance to further validate and develop 

fundamental theory originally calculated but kind of stuck in the 1970s
• Cavity engineering is very delicate but finally matured today

• Geometry and fabrication process
• Bulk niobium material must be very pure à surprisingly expensive! à Nb/Cu cavities for CERN cavities
• Surface cleaning and heat treatment (BCP, EP, HPR, HT) to avoid practical limitations (thermal breakdown, 

Field emission, Q-disease, multipacting), recently with robotics
• A cavity becomes useful only with ancillary RF components

• LLRF digital circuit and control theory
• High-power amplifier: vacuum tube vs solid state
• High-power couplers à be careful! It can be broken
• Tuner: stepper motor + piezo à New! Fast reactive tuner is being developed
• Beam à RF excitation: beam loading and HOM handling

• New research opportunities are emerging in the SRF research domain
• New SC materials: Nb3Sn, NbN, MgB2, cuprate (?), ion-based superconductors (??)
• SRF is a mean to directly address fundamental physics: axion dark matter, gravitational waves, neutrino decay
• RF photon sensor and even quantum computing applications

• SRF is an extremely exciting research field and you are more than welcome! 47
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Accelerating cavities

Courtesy: Walter Wuensch
PHY REV ST - ACCEL BEAMS, 3, 092001 (2000)
PHY REV ACCEL BEAMS 20, 042004 (2017)

Superconducting niobium cavities (TESLA) Normal conducting copper cavities

< 50 MV/m > 100 MV/m

>×2
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SuperconducLng vs normal conducLng

Superconducting cavities can keep high gradient at low frequency 
à large aperture (ILC: f70 mm)

Aperture

Pulse length and duty cycle

M. Omet
SRF2021 
lecture

Courtesy Nuria Catalan 
Lasheras, CLIC 

From Long pulse (ms)
to CW (duty 1-100%)

Normal conducting cavities are efficient at high frequency 
à small aperture (CLIC X-band: around f3 mm)

Short pulse (µs)
(duty <<1%) SC cavities’ quality 

factor
×10*

than copper cavities
àpower dissipation

×10+*
but in cryogenics!

52



Cooling efficiency < Carnot cycle
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𝑅
𝑄-
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𝑻𝟎 = 𝟑𝟎𝟎 𝑲

𝛽 =
𝑄a
𝑊b

=
𝑄a

𝑄c − 𝑄a
=

𝑇
𝑇0 − 𝑇

Carnot’s 
theorem

Required power

𝑃defg > 𝑊b =
𝑃d
𝛽

SC cavities
𝑃, = 100W (CW)
Duty cycle 10+(
𝑇 = 2 K

(typically 5 kW/W @ 2 K for AC plug)

𝑃-./~100W×1%×150 = 150W

Ideal case

NC cavities
𝑃, = 10 MW (CW)
Duty cycle 10+0
Water cooling

𝑃-./~10 MW×10+0 ×1 = 100W

à Short pulsed NC cavities and long pulsed SC cavities are similar in power consumption



Cooling efficiency < Carnot cycle
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