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How are Particles Accelerated in Modern Machines?
• Superconducting radiofrequency (SRF) cavities

• High quality EM resonators: Q0 > 1010

• Over billions of cycles, large electric field generated (>1025 photons stored)

• Particle beam gains energy as it passes through

Slowed down by factor of approximately 4x109Input RF power at 1.3 GHz

~1 mGrassellino- First results of DarkSRF



Why SRF cavities for quantum sensing?
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SRF cavities are the most efficient engineered 
oscillators
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109

Q-factor

Best pendulum clock

Quartz clock, High-Q Copper RF/MW cavity

1011
1012

Optical whispering-gallery resonator 
Yang et al, Nat Photon (2018)

1010 Crystalline optical resonator 
Grudinin et al, Phys Rev A (2006)

Devoret & Schoelkopf, Science (2013) 
Best superconducting qubits

1014Chou et al, Science (2010) 
Al-Mg atomic clock

Galileo’s pendulum
<100

Q ≡ 2ı
energy stored

energy loss per cycle
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Niobium superconducting RF cavities 
Romanenko et al, Appl Phys Lett (2014)



Nanometric RF Penetration Layer drives the performance

RF fields

Helium cooling

RF currents
~100 nm 

Niobium 
~3 mm

RF fields <0.1% of 
thickness

Characterization and nano-engineering the surface 
layer is crucial to performance

Grassellino- First results of DarkSRF
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Major SRF infrastructure and expertise at Fermilab, enabling 
highest Q ever achieved, in low and high photon count regimes

electropolishing

Frequency tuning

Class 10 clean 
room/high 
pressure 
water rinsing

clean room 
assembly

results have been found for fine grain cavities post-heat treatment with no subsequent 
material removal, showing often very poor performance [7, 8, 9]. To date there has not 
been a detailed study of the possible roots of these poor results, and of a potential 
solution to achieve consistently good performance on all cavities annealed with no 
subsequent chemistry (fine grain, large grain, differently processed substrates), which 
strongly motivated this work at FNAL. Finally, there has been an extensive effort at 
FNAL in producing an acid-free material removal process, via centrifugal barrel 
polishing (CBP),   material   removal   technique   that   allows   obtaining   ‘mirror   smooth’  
surfaces [10]. However, CBP loads the cavity with large amount of hydrogen and a final 
degassing step followed by light chemistry is always needed post CBP. This further 
motivated our studies, since the elimination of the post-furnace material removal is 
essential to make CBP a completely chemistry-free procedure and to preserve the mirror 
smooth finish.  

 
Experimental tools 
A picture of the T-M Vacuum Furnace used for these studies is shown in Figure 1. The 
chamber can accommodate two single cell cavities or a 1.3 GHz nine-cell cavity.  Two 
cryopumps are attached to the chamber and provide a total pumping speed of 9600 L/sec 
air and 24,000 L/sec hydrogen. A dry Roots pump provides rough pumping capability.  
Throughout the furnace operation, RGA measurements of the partial pressures are 
recorded.  A full spectrum of 1-100 amu is recorded every minute.  Cold cathode gauges 
provide total pressure readings.  The maximum allowed operating temperature of the 
furnace is 1000°C. The heating elements are 2-inch wide molybdenum strips which 
surround  the  hot  zone,  which  is  a  volume  of  12”  x  12”  x  60”.    Five layers of molybdenum 
make up the thermal shields.  Chilled water kept at 70°F keeps the outer surface of the 
dual-walled vacuum chamber cool to the touch during operation.  
 

 
 

Figure 1.  Picture  of  the  T-M  furnace  used  for  the  heat  treatment  studies  of  niobium  cavities,  with  a  9-cell  
1.3  GHz  cavity  being  loaded  in  the  chamber.   

All the cavities used in these studies are 1.3 GHz TESLA shape cavities [11], with Nb-Ti 
alloy flanges. The serial number and some parameters of these cavities are summarized in 
Table 1. The typical electro-polishing removal is done using a standard solution of 
H2SO4:HF 9:1, while details of the material removal via CBP can be found in [10].  

Furnace treatments
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Material science and superconducting characterization

Grassellino- First results of DarkSRF

• Cavity surface undergoes a series of delicate chemical and heat treatments 

• Material science tools are essential to understand the surface nanostructural
changes that lead to dramatic changes in performance

Anna Grassellino - ICFA 2017

24

the baked Nb has a 
layered structure
that consists of 

1. dirty Nb layer 
and

2. clean bulk Nb.

A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)

Dirty Nb Clean Nb

At the present day, we know

N"#reconstruc,on# O"#reconstruc,on#



Modern large scale accelerators: large and 
complex high coherence SRF systems

European XFEL
LCLS-II at SLAC

Fermilab is building half 
(30+) of cryomodules

Q > 2.7 x 1010 @ 2K, 16 MV/m 

~1000 cavities

Specification: 
Q > 1010 @ 2K, 23.6 MV/m 
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Taking SRF cavities “towards” the quantum regime

Dilution 
Fridge at 
Fermilab
APS- TD 
Quantum 
Lab (QCL)

Fermilab
Vertical 
cavity 
test 
Facility 
at APS-
TD (VTS)

T= 1.4K
~1000 
photons

T~6mK
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RF Surface resistance is highly nonlinear 

Increase Q => decrease 
required power

Increase max Eacc => 
decrease accelerator 
length

T=2K

Q=const/Rs

Average surface resistance

Surface magnetic 
field B

Bpeak~160 mT

Where 
does Q 
go at 
very 
low 
fields?
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First experiment: extend the measured fields to record low
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T=1.5K

Now measured down to  
<N> < 1000  photons

Good news: low 
field Q saturates at 
Q>3 x 1010

1.3 GHz

A. Romanenko and D. I. Schuster, 
Phys . Rev. Lett. 119, 264801 (2017)
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First clear proof that growing natural Nb oxide 
degrades low field Q: confirmation of TLS lossesGrowing natural niobium oxide -> low field Q degrades

7/4/19Alexander Romanenko | SRF'2019 - Dresden, Germany15

Nb

Nb2O5
5 nm

Nb

Nb2O5100 nm

A. Romanenko and D. I. Schuster, Phys . Rev. Lett. 119, 264801 (2017)
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• New light particles are theoretically well motivated. 
e.g.
• Axion like particles (including the QCD axion)
• Dark photons

• For such light particles two hypotheses can be tested:

Longer Range Interactions and Wave-like Dark Matter

dark photons?   
axions?
long range force? 

dark photons?   
axions? 

New particle: Dark matter (and new particle):
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• Fermilab’s SRF Cavities are world’s highest quality photon 
resonators, with Q as high as 1011:
• Large fields when excited → can source dark fields.
• Resonant response → can amplify a feeble signal.

Searches with SRF Cavities

Emitter Receiver

Light Shining through wall:

Receiver

a search for a mediator.

A dark matter search:

the DM filled Universe 
is the emitter

Basic search schemes
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Dark sector search

Grassellino- First results of DarkSRF

S. R. Parker et al, Phys. Rev. D 88, 112004 (2013)
J. Hartnett et al, Phys. Lett. B 698 (2011) 346
J. Jaeckel and A. Ringwald, Phys. Lett. B 659, 509 (2008)

Looking for hidden paraphotons

QDET, QEM < 105 so 
far used

QDET, QEM > 1010 SRF can offer 
several orders of magnitude 
improvement in sensitivity to c



Grassellino- First results of DarkSRF

Dark Photon Search

Emitter Cavity Receiver Cavity

Frequency of 1.3 GHz,
excited to ~ 35 MV/m.
Thats ~ 1025 Photons! 

Tuned to 1.3 GHz. 
Responds to dark field.
Contains only thermal 
noise (T=1.4 K).

a dark photon 
field is radiated 
at 1.3 GHz.

For correct cavity positioning
[see Graham, Mardon, Rajendran, Zhao 2014]

Prec ⇠ G2 ✏4
⇣m�0

!

⌘4
QrecQemPem

Q> 1e9
Q> 1e10



DarkSRF experiment 
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Emitter (ON, 
tunable, 
accelerator 
regime)

Receiver 
(OFF, fixed, 
quantum 
regime)

Tuner/piezo
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SRF Cavity Tuner (LCLS II double lever tuner) to tune “transmitter” cavity 

Stepper motor for 
coarse/slow tuning

Piezo-actuator for 
fine/fast tuning

Coarse Tuner
- Range up to DX=2mm 

or DF=5MHz 
- Resolution dx=5nm or  
dF=12Hz

- Hysteresis ~ 300Hz

Fine/Fast Tuner
- Range up to DX=3um 

or DF=8kHz 
- Resolution  dx=0.05nm 

or dF=0.1Hz  (*)
(resolution will be limited by  
electrical noise of   the piezo 
amplifier)

(*) Piezo 
tuner 
resolution 
measured 
with LCLS II 
cavity 
~0.15Hz was 
limited by 
noise at HTS

Controlling cavity frequency with sub-Hz resolution

Grassellino- First results of DarkSRF



Happy people right before run zero
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Cavity frequency matching – Step 1
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Dark Photon search! – (Step 2)
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Bandwidth = 1 Hz

Noise level matches the expected room 
temperature thermal noise level



Cross-talk check - Step 3
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Back to dark photon search - Step 4 = Step 2
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Back to Step 5 = Step 1 – all is still in tune
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LHe

• Added cryogenic (~40 dB) 
low-noise amplifier (HEMT) 
right at the pickup antenna 
of the receiver

• Identified and suppressed 
the main cross-talk 
sources
– DC power and current 

bias wires for HEMT
– Better isolated cables, 

connectors etc

Run 1 and 2 improvements

2/21/20 A. Romanenko | DarkSRF run 2 summary29

~
RF source Phase-lock 

loop

HEMT

Emitter

Receiver

Run 1-2 schematic
Spectrum 
analyzer



• Emitter: 
– Eacc = 6.2MV/m, stored energy U = 0.6 J ó7e23 photons, 

Q0 ~ 4.5e10, Qloaded = 1.6e9, freq jitter rms ~ 1 Hz, 

• Receiver: 
– Q0 ~3e10, Qloaded = 6e9, freq jitter rms ~ 1 Hz

• Limitation: thermal excitation of the receiver cavity: ~5500 
stray photons

Data acquisition runs – medium power

2/21/20 A. Romanenko | DarkSRF run 2 summary30



• Emitter: 
– Eacc = 40 MV/m, stored energy U = 26 J ó 3e25 photons, Q0 ~ 

2e10, Qloaded = 1.6e9, freq jitter rms ~ 1 Hz, 

• Receiver: 
– Q0 ~3e10, Qloaded = 6e9, freq jitter rms ~ 1 Hz

• Limitation: some remaining cross-talk

Data acquisition runs – high power

2/21/20 A. Romanenko | DarkSRF run 2 summary31



Results from run 2 – exclusion boundary pushed up to 3 orders 
of magnitude compared to state of the art
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Taking SRF cavities to the ‘true’ quantum regime

Dilution 
Fridge at 
Fermilab
APS- TD 
Quantum 
Lab (QCL)

Fermilab
Vertical 
cavity 
test 
Facility 
at APS-
TD (VTS)

T= 1.4K
~1000 
photons

T~6mK



Record high Q in quantum regime at first run
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A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Posen, A. Grassellino, arXiv:1810.03703 



Material treatment to suppress TLS dissipation
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Nb

Nb2O5 5 nm

A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Posen, A. Grassellino, arXiv:1810.03703



Material treatment to suppress TLS dissipation
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Nb

Nb2O5 5 nm

Nb

A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Posen, A. Grassellino, arXiv:1810.03703



Record high photon lifetimes achieved
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QIS state-of-the-art

A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Posen, A. Grassellino, arXiv:1810.03703

200x



• Designed to sustain 
several Watts at 2K stage

• Working on transferring 
the light shine through 
wall setup to this DR 
(tuner, piezo, rad 
shielding…)

• Should be able to run in 
DR in the next few 
months

SRF Bluefors-2

Grassellino- First results of DarkSRF



New limit vs future potential reach in DR 
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First measurements in quantum regime
• Exclusion of dark photons floating around in the galaxy at one specific 

frequency
• Could extend experiment by scanning 

A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Posen, A. Grassellino, arXiv:1810.03703

3

FIG. 1. a) Single cell cavities of TESLA geometry used for the measurements; b) distribution of the magnetic and electric
fields in the TM010 mode (half of the rotationally symmetric cavity is shown); the coupling to the mode is performed using pin
couplers on cavity axis on both sides; c) typical microwave setup used for measurements (the attenuators and the amplifiers
were di↵erent in some cases for di↵erent frequencies and cooldown cycles).

FIG. 2. Intrinsic cavity quality factors of the investigated 1.3,
2.6, and 5 GHz cavities as a function of the accelerating field
at temperatures 1.4 < T < 1.5 K.

C. TOF-SIMS surface studies

To reveal the underlying material changes happening
during the vacuum treatment in the temperature range of
interest (340-450�C) we have performed the direct studies
on the niobium cavity cutout using the in-house time-of-
flight secondary ion mass spectrometry (TOF-SIMS) sys-
tem. TOF-SIMS measures the depth profiles of various
elements within the sample with sub-nanometer depth

FIG. 3. Average photon population decay upon switching the
RF power o↵ measured in the 5 GHz cavities before and after
heat treatment at 450�C. Blue and black curves correspond
to the decays from di↵erent starting fields and with di↵erent
filtering bandwidths (100 Hz and 10 Hz respectively). The
red lines show linear fits for both. Magenta and dark yellow
lines show stored energy decays of the 450�C treated cavity
with the much longer photon lifetime.

resolution and better than parts-per-million concentra-
tion resolution and has been actively used in recent years
to guide the SRF cavity near-surface structure tailor-
ing [18]. Shown in FIG. 5, the comparison before and
after the 400�C vacuum treatment (without subsequent
air exposure) has confirmed the removal of the Nb2O5,
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Lots of new exciting ideas on very high Q SRF cavities for 
axion searches and more – we need to implement

Grassellino- First results of DarkSRF
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Axion Searches (future directions)

Emitter Cavity Receiver Cavity

Excite two modes,     
with a non-zero 

(oscillating) E1⋅B2

an axion field is 
radiated at (f1 ± f2).

Several possibilities to explore:

• One excited and one quiet 
mode.

• Inserting a region of static B 
field.

• .... R&D is required 
search for cosmic DM.

or

Extending DarkSRF to axions searches

• Harnik, Romanenko, Grassellino, PAC 2018 DarkSRF presentation, Fermilab
• Kahn et al: Searching for axions and for the SM light-by-light interaction at low energies in a single cavity.
• Rajendran et al: Suggestion for light-shining-through-wall axion search using a quiet receiver cavity and a static B-field adjacent to the cavity. 



• FNAL SRF group has an active research 
program in Nb3Sn and other new materials 

• World record Nb3Sn cavities in the range 
650MHz - 4 GHz with Q ranging from 1e9 
to 1e11 

• Will now test them in Tesla fields
• Nb3Sn is excellent candidate – Hc2 ~ 30 T 

and we know how to make high quality 
films

• Optimize geometry for parallel fields to 
minimize Lorentz force (F~IxB)

• Several other new materials to be studied 
with our new CVD/ALD furnace

SRF Cavities for Axion Searches in Tesla fields?

Sam Posen45

Sam Posen, FNAL



Summary
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• Exciting new opportunities with SRF cavities for QIS and dark 
sector searches

• First results exclude existence of dark photons in mass range 10-8-
10-5 eV by > 3 order of magnitude form previous searches

• Lots more progress to come 
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