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It Has Been a Long Journey

Å 1908: H. K. Onnes and Van 

Der Waals liquefied Hefor the 

first time in Leiden.

Å 1911: H. K. Onnes discovered 

superconductivity with Hg 

(mercury) at 4.1 K in Leiden.

Å 1914: H. K. Onnes discovered 

persistent current in loop 

superconductor.

Å 1933: F. W. Meissner 

discovered Meissner effect.

Å 1935 ï37:L. V. Schvinikov, De 

Haas and Casimir-Jonker 

discovered 2 of type-II 

superconductor.

Å 1950: V. L. Ginzburgand L. D. 

Landau introduced thermo-

dynamical states in 

superconductor.

Å 1953: SC phase of Nb3Sn was 

found with Tc= 17 K (at rather 

high temperature).

Å 1957: J. Bardeen, L. N. 

Cooper, and J. R. Schrieffer 

established BCS theory

Å 1961:Nb3Sn was confirmed to 

be Type-II superconductor.

Å 1980ôs: High-temperature SC 

materials were found.

2



3

ñLivingston Plotò for RF 

Superconductivity - 1995

Total ~ 1000 meters; S  < 5 GV

Nb/CuTechnology



Surface Preparation 
and Treatment

RF (versus DC) Superconductivity

Buffered chemical polishing (BCP)

Electropolishing (EP)

High-pressure rinsing (HPR)
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Gradient Improvement



Fabrication 
Techniques

Seamless cavity manufacturing

Sheet forming and electron beam welding

Quality control and inspection methods
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The Making of SRF Cavities 

DESY - 1999 



RF Superconductivity  ï Basics and Implications

DC:  R = 0

AC: Skin Effect + Cooper 

Pair oscillation

üModel:  

 Rs  ́F 2

üMeasurement: 

 Rs  ́F 1.7  (-1.2)
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Cryo -Plant and Cryo -Transferline  Technology

A standardized Technology ï Tx to CERN



The Quality Factor: The Good ï The Bad ï The Ugly

How many cryoplants do 

you need to build?

Power to the beam versus 

power to control the cavity

Poverhead  ́
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Ergo: QL should be as small as possible, buté



Pay Now ï or ï Pay Later

Beam Power   OR  Small Beam Size
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The TESLA Collaboration 
ïa Bold Vision

Performance improvement and cost reduction 

required a quantum step in technology: 

ÅScientific assessment of performance limitations

ÅElectropolishing (EP)

ÅHigh-pressure rinsing (HPR)

ÅUnprecedented control of the supply chain

ÅIndustrial scale clean room operation for assembly

ÅA worldwide collaboration
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Translating a Vision into Action ï HEP at itôs Best

Å1993: By the end of the century ~ 5GeV of SCRF  

installed, 3.6 GV in LEP alone at a cost of ~ $.100M per 

MeV (including cryo & rf)

ÅThe average gradient was between 3.0MV/m ï 7.0MV/m 

with an inconsistent performance 

ÅCost reduction goal was set x 20: 

Åx 5 from increase in gradient

Åx 4 industrial scale supply chain

Å2003: International collaboration produced close to 200 

nine cell cavities and >10 operating cryomodules. 

ÅGradient: 25Mv/m ; Q > 5 x 109
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A Defining Moment: The International 
Technology Recommendation Panel - 2004

What is the most appropriate 

technology for a Linear Collider 

and what are the technical 

performance parameters driving 

that?

What will allow to form a 

worldwide collaboration?

Which technology has the 

broadest impact in  other fields of 

science?

Akira Masaike, George Kalmus, Volker Soergel, Barry Barish, 

Giorgio Bellettini, Hirotaka Sugawara and Paul Grannis, Gyung-

Su Lee, Jean-Eude Augustin, David Plane (secretary), Jonathan 

Bagger, Norbert Holtkamp and Katsunobu Oide.

How to lose (a lot of) friends in 200 days
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2025 

ÅStatus:

Å> 200 cryomodules with 16.0-35.0 MV/m 

ÅProliferation of technology worldwide

ÅNeutron sources, FELs, Storage rings, Ion linacs, ERLs

Å$10.0k - $25.0k per MV 

ÅCan we do better?

ÅMajor improvement will need technology step

ÅNot clear what that that would be, but it wonôt come for 
free!

Today the TESLA 

cryomodule is a 

STANDARD



SNS, LCLS-II and many more

..lets talk what Iôm supposed to talk about



Original SNS CDR for CD -1 May 1997

Å1.0 MW 1.0 GeV copper CCL linac with no room for increased energy, only 

current

ÅHEBT and Ring magnets sized for 1.0 GeV H -

ÅOrginal  design has very little to do with what was built. 17
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TESLA 9-cell 1300 MHz Gradients  - Back to 1999 

Yanglai Cho: Capability meets Ambition

ÅRan IPNS

ÅAPS @ Argonne Nat Lab

ÅLed a team at SNS (Oak Ridge Nat. 

Lab) ­ go SCRF

Lesson: Vision, courage and leadership



The SNS Superconducting H - Linac 

 Superconducting RF Advantages:  

1. Flexibility Č gradient and energy are not fixed

2. More power efficient Č lower operational cost

3. High cavity fields Č less real estate

4. Better vacuum Č less gas stripping

5. Large aperture Č less aperture restrictions Č reduced beam 
loss Čreduced activation
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The Spallation Neutron Source

~177 M$

  ~60 M$

SNS-ORNL Accelerator systems:  ~167 M$

~113 M$

~20 M$

Description Accelerator

Project Support 75.6

Front End Systems 20.8 20.8

Linac Systems 315.9 315.9

Ring & Transfer Systems 142.0 142.0

Target Systems 108.2

Instrument Systems 63.3

Conventional Facilities 378.9

Integrated Control Systems 59.7 59.7

BAC 1,164.4

Contingency 28.3

TEC 1,192.7

R&D 100.0 80.0

Pre-Operations 119.0 95.2

TPC 1,411.7 713.6

~63 M$

~106 M$

At  peak : ~500 People 

worked on the construction

of the SNS acceleratorð only 

~200 required for Operation 20
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Integration between the Lead - and Partnerlab  Teams  

Basic Roles and Responsibilities

Lead Lab Partner Lab

Planning / Design

Building construction (Integration)

Integration  / QA  / Safety / 

Licensing / Schedule

Installation 

Testing + Commissioning 

Operation

Funding

Allocation of Scope

Detailing / Designing*

Procuring / Manufacturing

Delivering

Supporting installation

Conformance

Funding

Partnerlab collaboration means transfer of 

responsibility while maintaining control



Cavity Fabrication 

Full use of the TESLA Collaboration supply chain 

Deep drawing & 

machining

Dumb-bells Frequency adjust.

Welding
SNS b=0.61 Tuning
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2005: A 20-Year Vision -> The Power Upgrade
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The SNS Complex today ï From Vision to Reality

PUP finished: >1.3 GeV

Beam Power: >2.0 MW

2nd Target Station CD-3A 

24

SC Technology and High  Power Proton & Ion Beams are inseparable today



XFEL & LCLS -II
[FLASH & LCLS]

éa marriage made in 

Heaven ! 

Again: HEP at its best

Å SLAC had the SLC 

experience

Å DESY had the 

SCRF
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Technology Development is a Several Decade Long Process

Workshop on Scientific Applications of a 

Short Wavelength Coherent Light Source

ñWe have no interest in an expensive x-

ray laser in the water window.  We get 

all we need by examining cells with 

cryo-electron microscopyò 1992 

statement of an unnamed but famous 

biologist.

Development of the photocathode rf-

gun

First proposal how to build a 2-4 nm soft x-

ray source (using the SLAC linac)

Demonstration of SASE in 

the mm range

Begin Construction of 

LCLS

2009                 Operation LCLS

26

2004              Operation FLASH
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SRF advancements driven by fundamental understanding 

of the underlying physics of cavity surface

#2: origin of 

the ñhigh field 

Q slopeò

#3: mechanism 

of the ñ120C 

bakingò, which 

increased useful 

gradients by a 

factor of 2

#4: N doping to 

increase Q by a 

factor of >2

120C 
bake 

Electropolishe

d cavity

#1: 

microscopic 

mechanism of 

ñQ-diseaseò

Too much H 
absorbed

A. Grasselino et al; FNAL 2015
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Nanohydrides  form upon cooldown

Not 120C baked sample

ñfastò 
cooldown

T= 300K 

Interstitial hydrogen

~50 nm

Oxide

T= 2K 

Niobium hydrides 
(non-superconducting)

Oxide

A. Romanenko, F. Barkov, L. D. Cooley, A. Grassellino, Supercond. Sci. Technol. 26 (2013) 035003 ï selected for highlights of 2013

A. Grasselino et al; FNAL 2015
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Magnetic probes reveal the new physics
Full expulsion of the 

magnetic field should 

increase the field at 

equator ~2 times when 

going superconducting

Fluxgate 

magnetometer

s

H

Efficient flux expulsion

Poor flux expulsion

It turns out the expulsion efficiency can be 

controlled by the cooldown procedure 

through Tc=9.2K (fast/slow, uniform or not)

Same Meissner behavior for EP, EP+120C, N doping, 

fine/single grain, cooling is what matters
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Effect of cooling dynamics around critical temperature on Q

Fast Slow

ÅChanging the 

cooling rate through 

Tc reproducibly and 

reversibly alters Q

ÅEffect is generic for 

all cavity 

preparation 

techniques

A. Grasselino et al; FNAL 2015
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Recent breakthroughs in SRF: 

Nitrogen doping and Nb 3Sn material

DESY 
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Wuppertal, 2.0 K

Wuppertal, 4.2 K

Cavity A, 2.0 K

Cavity A, 4.2 K

Cavity B, 2.0 K

Cavity B, 4.2 K

Nb3Sn holds the promise of 
80-90 MV/m gradient and high Q

Courtesy: A. Grasselino



SSRL

FACET National User Facility

ESB

(Acc. R&D)
NLCTA

(Acc. R&D)
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Opportunity meets Ambition

Å BESAC subcommittee report  25 July 2013

Å SLAC responds to the report  29 July 2013

Å Revised MNS signed   27 Sept 2013

Å Project planning meeting @ SLAC 9-11 Oct   2013

- Partner labs joined

- Defined roles for conceptual design

Å First Cost Rollup   28 Oct  2013

Å Lab Directorsô Council: MoU signed 8 Nov 2013 

Å External review of draft CDR  28 Nov 2013

Å Directorôs review of Project  9 Dec 2013

Å DoE Review: CD-1                               4-6 Feb 2014

Å ESAAB approval, CD-1    Jun 2014

Å DOE Progress Review   28 Sep 2014

Å DOE Critical Decision 4  (Level 1)           Sep 2021

33
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3 months



DOE committed to > $2.0B between 2013 ï 2023 

with LCLS -II and LCLS-II-HE being >$1.4B 

Å 50% of cryomodules: 1.3 GHz       

Å Cryomodules: 3.9 GHz

Å Cryomodule engineering/design

Å Helium distribution                           

Å Processing for high Q (FNAL-invented gas doping)

Å 50% of cryomodules: 1.3 GHz 

Å Cryoplant selection/design         

Å Processing for high Q

Å Undulators        

Å e- gun & associated injector systems  

Å Undulator Vacuum Chamber

Å Also supports FNAL w/ SCRF cleaning facility

Å Undulator R&D: vertical polarization 

 

Å Project Management & Integration

Å Installation

Å Transition to Operation 

Home

34

Home

$130M

$175M

$53M

$593M

$4M

Contingency $90M

https://www.jlab.org/
https://www.jlab.org/


Linac Layout

Photocathode Gun

   750 keV electrons

LCLS-II DOE Status Review, April 28-May 1, 2020          

L0
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What are the revolutionary, versus evolutionary, new technical 

capabilities of the upgraded source?  (1/2)

Ç Expand the photon  energy 

reach of LCLS-II to 12 keV

o Atomic resolution requires ~1 Å

Ç ~1,000-fold increase in ave.

spectral brightness re: LCLS

o Average coherent X-ray power 

(spatial and temporal) 

is transformative

Ç Hard X-ray pulses in a uniform 

(programmable) time structure at 

a repetition rate of up to 1 MHz

Impact of the Facility Upgrade
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The perfect fité

LCLS-II: 3.4m x 3.0m

Cross sect: 10.2m2

XFEL diam: 5.3m

Cross sect: 22.8m2



LCLS-II 1.3 CM Transport System

Transportation Frame

1.3 GHz CM

End Cap

Feed Cap

Beam
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Transport Test 7/25/2018 With Loss Of Cavity Vacuum

During a road test on July 3, data indicated 

some unexpected motion, motivating 

another test run. 

During that test on July 25, we experienced 

the loss of vacuum.  
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July 2018  -   

We do not know when these 

other leaks opened up, 

during shipment to SLAC or 

during travel back to FNAL.  

SEM examination: 

ñThe material at the fracture 

location experienced 

multiple bending stress 

cycles at or above the yield 

strength, work hardening 

locally and eventually failing 

in a brittle manner.ò  

Conclusion:  fatigue fracture
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The 10 Cent Solution to a 25M$ Problem

Neoprene constraint sits on G-10 

block, held with tie-wrap.  

Limits Z (coupler lateral) motion 

but permits axial movement.

42

ñM-mountò constraint of assembled 

coupler 
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Tunnel Full ï Tunnel Empty ï Tunnel Full

2021

2017

2015



SRF Commissioning is Finished

44

SRF Cavity Performance

Å Performance has shown no 
degradation in field emission 
performance from installation

Å Q performance >2.7x10 10
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Itôs All Good in the End - Undulator and FEL 

commissioning

IPAC25, Yuantao Ding & Commissioning team 45

First lasing with SC -linac  beam, SXR line, 8/23/2023; HXR line, 9/6/2023

SXR undulator HXR undulator

ÅBeam-based alignment with Cu-linac beam;

ÅE-beam transverse and longitudinal optimization;

ÅBeam loss control; Undulator tapering;

ÅXTCAV measurement.

XTCAV and XTCAVB to 

support commissioning


