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Outline

• Recent achievements of SRF R&D
• PIP-II SRF – progress highlights
• Application of R&D breakthroughs to PIP-II
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Recent Fermilab SRF R&D Achievements
• Highest gradient ILC SRF cryomodule at FNAL

– 31.5 MV/m – culmination of SRF development activities at FNAL
• Ultra-high Q via nitrogen doping

– Cut cryogenic capital and operational costs by a factor of > 2
– Current baseline for LCLS-II which is a CW SRF-based upgrade for 

LCLS facility at SLAC
• >~50M$ in capital savings, 10s of M$ in operational costs

• Discovery of efficient expulsion of ambient magnetic field from cavity walls 
leading to record low residual resistances => even higher Q
– World record Q>2e11 up to ~20MV/m demonstrated combining 

N doping and efficient flux expulsion
• Development of SRF structure chain for PIP-II

– Integration of PIP-II and SRF R&D
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World Record Performance of 
ILC SRF Cryomodule

CM#2
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Fermilab CM2 -> Highest Gradient ILC–Cryomodule  

ILC Milestone = 31.5 MV/m
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Nitrogen doping: a breakthrough in Q
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Standard state-of-the art 
preparation

This was the highest Q 
possible up to 2012

Record after nitrogen doping – up to 4 times 
higher Q! 

A. Grassellino et al, 2013 Supercond. Sci. Technol. 26
102001 (Rapid Communication) – highlights of 2013

1.3 GHz



Physics – perceived BCS limit has been overcome
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A. Grassellino et al, 2013 Supercond. Sci. Technol. 26 102001 (Rapid Communication) 
A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)

Anti-Q-slope emerges 
from the BCS surface 
resistance decreasing
with field

This is what BCS theory 
predicted to be the 
lowest possible surface 
resistance



Minimizing residual resistance (maximize Q) by avoiding 
the ambient magnetic flux to be trapped
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Utilizing new physics for record high Qs
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Combination of 
nitrogen doping and 
efficient flux 
expulsion =>
Record high Q >1e11 
up to 28 MV/m in 
SRF cavities

A. Romanenko, A. Grassellino, A. C. Crawford, D. A. Sergatskov, and O. Melnychuk, Appl. Phys. Lett. 105, 234103 (2014)

Ambient magnetic fields are fully expelled
T=1.5K, 1.3 GHz 1-cell 



PIP-II and SRF R&D

• Development of cavities and cryomodules
– 162.5 MHz -> at ANL
– 325, 650 MHz -> FNAL

• High Q to enable high duty factor
– Mu2e – up to 100% duty factor is desirable
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SRF Cavity Type Freq, 
MHz

Energy
(MeV)

Cav/mag/CM CM type, length

HWR  (βG=0.11) 162.5 2.1-11 8 /8/1 scscscscscscscsc, 5.3m

SSR1  (βG=0.22) 325 11-38 16 /8/ 2 csccsccsccsc, 4.8m

SSR2  (βG=0.47) 325 38-177 35 /21/ 7 sccsccsc, 6.5m

LB 650   (βG=0.61) 650 177-480 30 /12/10 ccc, 7.1m

HB 650  (βG=0.9) 650 480-800 24 /6/ 4 cccccc, 9.5m

PIP II 
SRF Linac Technology Map
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162.5 MHz Half Wave Resonators (beta=0.11)
Z.A. Conway, A. Barcikowski, S. Gerbick, 

M.P. Kelly, M. Kedzie, S. Kim, R. Murphy, P.N. Ostroumov and T. Reid
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Fabrication of 2 prototype cavities is finishedDesign Parameters

Parameter Value
Optimal beta 0.112
EPEAK/EACC 4.6
BPEAK/EACC, mT/[MV/m] 5.0
R/Q, Ω 271
G, Ω 48

E-field

B-field
Pneumatic slow tuner

2/10/2015

ANL work 



The First HWR0 Cold/RF Testing
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• Performance sets a new 
world record in TEM-
class cavities

• The star is the design 
specification

• Testing was done with 
adjustable coupler at 
critical coupling  

• Residual resistance is 2.6 
nΩ up to 14 MV/m

• Design field is 8 MV/m, 
Q0=7×109  

• No X-rays observed 
below 15 MV/m

• Second cavity (HWR1) 
tested as well
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ANL work 



HWR Cryomodule

• The vacuum vessel, thermal and magnetic shield are 
being fabricated

• Design of sub-systems and components of cold 
mass is complete
– Fabrication is in progress for ~40% of cold mass
– Fabrication of remaining 60% 

is limited by funding
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Parameter Value

Length (beam ports) 5.93 m

Length (overall) 6.3 m

Width 2.1 m

Height 2.2 m
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ANL work 



SSR1 (beta=0.22) development

First jacketed SSR1 prototype with 
prototype tuner for HINS (2010)

New generation SSR1 for PXIE (2013)

The new Double-Lever 
tuner (left) and piezo 
encapsulations (right)

L. Ristori – D. Passarelli
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Vertical Test Stand (VTS) results of SSR1

All 8 cavities for PXIE cryomodule are qualified
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Spoke Test-Cryostat (STC) results of SSR1

17

Sep-Oct 2014
Successful cold tests of first production 
SSR1 (S107) and piezo encapsulations

Tests courtesy of A. Sukhanov

L. Ristori – D. Passarelli
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SSR1 Cryomodule for PXIE (aisle side)

Input couplers

Tuner access ports

Current leads

Viewports (both ends)

Beam valve

Control valves and 
transfer line 
connections

Relief connection

T. Nicol
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SSR1 Cryomodule for PXIE (aisle side)

Support posts

Strongback

2-phase pipeHeat exchanger Check valve

T. Nicol
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SSR2 (beta=0.47): Design ongoing

•SSR2 EM and mechanical design is be based on the SSR1 design. 
•SSR1 test results  will be taken into account;
•Preliminary EM design is finished (including MP mitigation), 
•Preliminary mechanical design is in progress.

H E
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JLAB version of the 650 MHz (beta=0.61) cavity for PIP II

Cavity #2 is above the spec:
Q0 >4e10 @17MeV/m
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650 MHz (beta=0.9) cavities 
Currently Available Cavities:

1-Cell 650 MHz
6 from AES
6 from PAVAC

5-Cell 650 MHz
4 from AES
5 from PAVAC
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Integration of SRF R&D and PIP-II

• First impact of high Q

2/10/2015Alexander Romanenko | SRF R&D and PIP-II23



Results – highlights – 120C bake vs N doping – 7e10 at 2K, 17 
MV/m – world record!

Applying N doping to 650 MHz (beta=0.9) leads to Q far exceeding specs

High duty factor 
operation may be 
possible even 
with the existing 
(limited) capacity 
cryoplant
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1-cell



Results – cooling studies – fast vs slow cooling

Good news: 650 MHz 
cavities appear to be 
less sensitive to 
fast/slow cooldown 
impact on trapped 
flux

Full cryomodule 
implementation of high 
Q cavities should be less 
challenging than for 
LCLS-II
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1-cell
T=2K



• Narrow bandwidth SRF cavities 
susceptible to detuning by 
mechanical vibrations 
(microphonics). 

• Active resonance stabilization 
critical to operation of next 
generation of SRF accelerators:
LCLS-II, PIP-II , ERLs, etc.

• Advanced compensation 
techniques being developed and 
tested in FNAL HTS and STC test 
stands.

• Full stabilized SSR1 cavity in STC
– Feed-forward LFD compensation
– Fast feed-back on forward/probe 

phase
– Slow feedback on detuning
– Synchronous down-conversion

• Almost two orders of magnitude 
improvement compared with best 
previously published results

– σDetuning=11 mHz

Microphonics Compensation at Fermilab

Courtesy of W. Schappert
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Summary
• Vibrant SRF R&D program with recent discoveries of major 

impact
– Nitrogen doping
– Efficient magnetic flux expulsion

• Immediate implementation of findings for projects
– LCLS-II

• Save >$50M in capital costs, ~4MW of power in operational costs
– PIP-II

• Potential to enable 30% duty factor for Mu2E without extending 
cryocapacity

• PIP-II
– Cavities, cryomodules design and development is successfully 

progressing
– High Q achievements are coupled in
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BACKUP SLIDES
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Magnetic probes reveal the new physics

Full expulsion of the 
magnetic field should 
give ~2x higher field at 
the equator in 
superconducting state

Fluxgate 
magnetometers

Efficient flux expulsion

Poor flux expulsionH

It turns out the expulsion efficiency can be 
controlled by the cooldown procedure 
(fast/slow, uniform or not)

A. Romanenko, A. Grassellino, O. Melnychuk, D. A. Sergatskov, J. Appl. Phys. 115, 184903 (2014) 
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Record high Qs in high ambient magnetic fields
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Very high Qs even in 
190 mG if efficient 
cooling through Tc is 
implemented

Means that stringent 
magnetic shielding 
requirements for SRF 
accelerators may be 
potentially relaxed 

A. Romanenko, A. Grassellino, A. C. Crawford, D. A. Sergatskov, and O. Melnychuk, Appl. Phys. Lett. 105, 234103 (2014)



CM2 Performance – All Cavities ON 
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• CM-2 achieved an average cavity gradient of 31.5 MV/m this past Friday 
(3 October) with all 8 cavities powered simultaneously

• 1.6 millisecond pulse width, 5 Hz repetition rate
• Lorentz Force Detuning Compensation (LFDC) on and ‘adapting’

• Peak accelerating voltage = 252 MV 

CM2 Amplitude (MV/m, left) & Phase (right)

Snapshot of cavity 
peak gradients

31.5 MV/m

31



 325 MHz couplers work 
well up to 7.8 kW CW 
inTW mode.

S. Kazakov – O. Pronitchev
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Quench: 22 MV/m
Ambient magnetic field = 30 mGauss
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