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Outline

• What IS an SRF Cryomodule, and why is it so complicated?

• How does this complexity impact final delivery and 

performance?

• Examples:

– Stability of LCLS-II cryomodules (microphonics)

– Transportation for LCLS-II (failures and successes) and 

planning for PIP-II

• Successful strategies for facing challenges (organizational, 

strategic, technical).

• Caveat: I’m focusing on Cryomodules, making a whole linac/accelerator is 

10x more complicated. Also, I’m an RF guy; magnets are going to get 

short shrift, sorry. 
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What IS an SRF Cryomodule, and why is it so complicated?
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High Energy Particles

• What does the science want?

– More Energy!

• Different science available

– Controllable/Tunable Energy!

• Dynamic behavior studies

• Fine structure investigations like 

resonances

– More Intensity!

• Take data faster

• Study rare processes

– Rare isotopes

– Neutrinos

– Rare particle decays

– Variety of Particle Beams!

• The ability to create and use 

beams of any element/isotopes

J. Holzbauer | Introduction to RF - Lecture 14

• What do they REALLY want?

Wall power

Desired Beam
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• The minimum criteria:

– SRF Cavities (including coupler)

– Cryogenic Vessel, insulation, fill and 

pumping

– Beampipe

• Even in the broadest sense, what is 

needed to make build a particle 

accelerator? Electric and Magnetic fields. 

• Many young scientists are trained this way 

(I do it myself), start from the RF cavity 

outward:

– Maxwell leads to Helmholtz

– Boundary conditions lead from waveguide 
to resonant structures

– Coupled modes, tuning, bead pulls, 
coupling

– Thermal breakdown, surface properties, 

material treatment, high pressure rinsing, 
etching, baking, doping

• All important, but not the whole picture

SRF Cryomodule (According to Wikipedia)
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SSR1 Cryomodule (PIP-II)
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High power RF couplers are a 

great example of the real 

complexity:

• 300K to 2K transition

• Clean Vacuum to Air

• High power RF (kW to MW)

• Thin-walled bellows and 

copper plating

• Ceramic Windows

• Thermal intercepts, 

static/dynamic heat loads

• Significant alignment, 

contraction, movement 

requirements

• Challenging assembly

HB650 Cryomodule Cross-Section (PIP-II)
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What is an SRF Cryomodule?

• A device that allows SRF cavities and superconducting 

magnets to accelerate/guide particle beams

• Why is it complicated:

– Massive thermal challenges (minimize static heat leak, 

effectively manage dynamic heat load)

• Ignoring complexity of Cryoplant and CDS!

– Must preserve clean vacuum

– Mechanical complexities (thermal contraction, alignment 

preservation, stability)

– Enormously complex assembly process

– Must integrate safety: pressure vessels, vacuum vessels, 

cryogenic circuit relieving, rigging and handling, transportation

– Detailed instrumentation installation, wiring, and feedthroughs
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How does this complexity impact delivery/performance?
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If the cavity shifts frequency from 

design (blue arrow), the response 

drops (green arrow). The cavity must 

be driven harder to maintain field at 

the cost of RF power.

• SRF cavities are well modeled as 

coupled harmonic oscillators with 

extremely high quality factors/low 

damping coefficients

• Remember: Acceleration of particles 

requires tight timing synchronization 

of all components and amplitude 

regulation

• Thus, cavities are driven at design 

frequency and must be forced, with 

complex RF control systems, to stay 

at phase and amplitude required for 

acceleration

• RF power is limited (and expensive!)

• Why would a cavity change 

frequency?

Unintended Consequences: Vibration and Stability
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Bare LCLS-II 1.3 GHz cavity after 

baking (lower), model of LCLS-II 

cavity end-level tuner (above)

• Cavity frequency is proportional to 

length (in this case)

• Optimization for LCLS-II gives 

enough RF power to control only 

~13 Hz of detuning of the cavity

•
Δf

f
≈

Δ𝐿

𝐿
;

13 𝐻𝑧

1.3𝐸9𝐻𝑧
⋅ 1𝑚 ≈ 10 𝑛𝑚

• At this level, many effects are very 

significant (pressure, temperature, 

dielectric constant, resonant 

excitation)

• Slow pressure control is generally 

quite good, but fast pressure waves 

and mechanical vibration can have 

significant effects on cavity 

resonance

LCLS-II Cavity Microphonics
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LCLS-II pCM Testing at FNAL (~2017)
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Capturing microphonics of 

all 8 cavities in SEL

Many acceptance criteria 

can be satisfied in this 

condition (gradient, Q0, 

coupler, heat loads), BUT:

This cryomodule ‘as is’ 

would be non-functional in 

the machine. 

Working group formed, 

about a dozen people, all 

stakeholders included in a 

strongly collaborative effort.

-RF, Cryo, Mech, Vacuum, 

Controls, LLRF, HPRF, 

Instrumentation, etc.

LCLS-II pCM Microphonics
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Many Avenues of Attack

• Cryogenic Concerns

– Liquid quality/High gas velocities

– Thermo-Acoustic 

Oscillations/Valve Icing

– Weiring (liquid drag)

• Mechanical Concerns

– Ground motion studies showed 

no sizable external vibrations.

– Impulse testing could not be 

correlated with detuning

– Why is cavity 1 worse?

• TAOs are generally important for the 

tremendous heat leaks they can 

represent, not microphonics.
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Dynamic Frequency Behavior

• Vibration lines 

shift rapidly 

frequency and 

amplitude

– Not mechanical 

resonances

– Narrow-band 

cryogenic 

source(s) 

exciting wide-

band, low 

frequency 

mechanical 

response
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Low Pressure Tests

• Breakthrough occurred during a liquid 

level test (supplying via bypass valve), 

several minutes of ‘quiet’ were seen. 

• Ben Hanson of AD-Cryo correlated this 

quiet with the transition to sub-critical 

supply pressure. 

• Sub-critical via bypass and JT valves:

– Vibration levels remained at low 

levels over a period of several hours

– Ice on the head of the supply valve 
melted (both JT and bypass)

– Helium consumption levels were 

lower than during comparable tests at 

super-critical injection pressures

• All three factors point to thermal-acoustic 

oscillations excited by the high pressure 

helium at the JT valve inlet
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Critically Transition

11/18/2022J. Holzbauer | Cryomodule Microphonics Studies for LCLS-II17



Brief Introduction to TAOs

• Thermoacoustic oscillations generally occur in long gas-filled 

tubes with a large temperature gradient. 

• Acoustic modes couple to mass transport up and down 

column especially well when gas density is strongly tied to 

temperature. 

– E.g. Warm gas from the top of a valve column moving to the 

cold bottom contracts, reducing pressure at warm region, 

driving the now cold gas back. 

• Long valves and very low speed of sound in cold helium can 

easily give lowest acoustic modes at dangerous frequencies.

– The quarter-wave mode in a 1 meter valve filled with 5K helium 

has a resonant frequency of 130 [m/s] / 4 [m] = 32 [Hz]. 

• These oscillations are generally important for the tremendous 

heat leaks they can represent, not microphonics.
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Cryogenic Valve Plumbing – Improved Valve Stems

• TAOs are a pressure/temperature oscillation 

in cryogenic lines (in this case, valve stems)

• During testing, wipers were added to close space 

in valve stem, acting as a damping term for the 

TAOs

• Significant improvement in heat load and 

microphonics levels and stability

• Optimized valve stems with wipers were used on 

all cryomodules
- 4-5 wipers, positioned to keep temperature ratio <4 

as recommended by literature

- Radiation hard material (PEEK)

J.P. Holzbauer | LCLS-II Microphonics Lessons Learned

DN10

DN6

Before

After

Optimized wiper placement going forward
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Cryogenic Valve Plumbing – Reverse Flow Path
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• Test results show valve reversal (lower press in stem) 

significantly reduces/eliminate TAOs there
- F1.3-01 configuration has valve stem at supply pressure (~3 bar)

- Reversing flow will lower this pressure to sub-atmospheric, requiring 

guard gas to prevent contamination

- All cryomodules will have guard gas, reversed valves

• Additional effort to mitigate TAOs in cryogenic distribution 

system should improve inlet temperature at test stand

• Reversed additional valve on the FNAL test stand (bypass) 

after latest test

Reversed Flow 
Pattern (CM2)

3 bar Supply

~23 Torr

pCM Flow 
Pattern

~23 Torr

3 bar Supply
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Cavity 1 Mechanical Connections – Mitigation
Beamline Gate Valve Bellows

J.P. Holzbauer | LCLS-II Microphonics Lessons Learned

• Replacing spool piece between cavity 1 

and gate valve with a bellows is non-trivial

• Corrective fix includes extending tuner 

arms with fixture to connect to gate valve

• When replacing spool piece with 

bellows, fixture fully supports gate 

valve

• Current supports are long arms 

connected to the 300 mm pipe with 

needle bearing for the longitudinal 

motion

• With gate valve is supported by 

frame/helium vessel, the spool piece can 

be replaced with a bellows to separate 

mass from cavity/tuner system

• Two cryomodules with bellows have been 

tested at FNAL (F1.3-06/07)

Extended Tuner Arms

Fixture with Bellows
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Mitigation Steps in Cryomodule Design – 2 Phase 

Injection

J.P. Holzbauer | LCLS-II Microphonics Lessons Learned

• Liquid level control was coupled to input 

flow rate and the amount of flash gas 

generated across JT valve

• Helium injection line impinged on liquid 

surface

• Flash gas from JT caused liquid dragging

• CM2 has baffles to protect liquid surface

• CM3 has tangential injection into cap to 

reduce velocity and allow phase 

separation in addition to baffles

• Should greatly reduce liquid dragging and 

improve liquid level stability,                          

especially at high flow rates

• Fluid simulation gives good confidence in 

improved injection behavior

C
M

2
C

M
3
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Mitigation Diagnostic Tools
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• Significant testing effort was spent on microphonics 

mitigation

• This effort built up a sizable infrastructure of testing 

tools and techniques

• LLRF data capture system allows capture of simultaneous 

detuning on all cavities for long times

• Scripting has been built out significantly to process and 

analyze this data, and expertise has been spread to 

multiple people

• Can be correlated many sources of data via ACNET:

- Impact/Vibration Measurements

- Temperatures, Pressures, etc. from instrumentation

• On-site, expert cryogenics support and flexibility are 

powerful diagnostic tools, allows testing in different 

cryogenics configurations

• Leveraged significant work done at both labs on vibrational 

design and testing as a baseline



For active compensation 

purposes, we took many 

piezo to detuning transfer 

function

Mysterious 45-55 Hz lines on 

all cavities resisted 

explanation

-Dependent on cavity position

-Very high Q, hard to measure 

exactly, and seemingly 

variable in frequency

-90 degrees out from piezo

-Varies with liquid level

-Severely suppressed at 4K

Unintended Consequences: Superfluid Acoustics
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Helmholtz Resonance of 1.3 GHz Cavities
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High JT flow rates (high JT 

inlet temperature leads to 

lots of flash gas) gives 

large flow velocities (up to 

70% of the speed of 

sound!).

JT injection hits directly on 

liquid surface (changed 

already in CM2).

The flash gas must 

escape to chimney, and 

this will push liquid 

downstream.

Remember that the 

upstream side is higher 

than the downstream side.

High JT Flow Rates and LCLS-II Module Tilt (0.5%) 
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Cavity 1 has lowest liquid level, thus 

highest Helmholtz Q, strongest 

microphonics impact

• Directly demonstrated 

correlation between:

– Strong microphonics line 

amplitude and frequency

– Liquid level

– Cavity position

– Resonance quality factor

• Done at Test Stand and in 

LCLS-II tunnel during 

commissioning

• Explained high piezo gain 

feedback microphonics 

during LCLS-II turn-on

Bringing it all together
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Unintended Consequences: One-off Activities

• LCLS-II Transportation, or, how the lab director finally learned 

my name (not a great thing)

• LCLS-II needed to ship dozens of modules from JLab and 

FNAL to SLAC 

– LCLS-II Transport from FNAL on YouTube
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LCLS-II 1.3 CM Transport System

LCLS-II Cryomodule Transportation, 6 Feb 2019

Transportation Frame

1.3 GHz CM

End Cap

Feed Cap

Beam



First Module at SLAC had Vented Clean String

• Hardware at bottom of vessel

– Systematically revisited and improved all fasteners: Loctite, lock 

washers, Bellville washers, torque specifications, etc.

• Beam Position Monitor Flange missing hardware

– Wrong grade of titanium Bolts stretched at required torque

• Several RF Coupler bellows totally fatigued and torn

– Much bigger issue

• Transport Frame was totally mis-designed

– Far too stiff, no isolation, no validation of performance

• Transport instrumentation wildly inadequate

– Needed to develop systems for high quality data capture 

including CW 3D acceleration, pressure, temperature, GPS, 

including active remote monitoring

LCLS-II Cryomodule Transportation, 6 Feb 201930



LCLS-II-4.5-ES-0403, Cold Button Beam Position Monitor 

LCLS-II Cryomodule Transportation, 6 Feb 2019 31
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CAD model cross section at RF power coupler

LCLS-II Cryomodule Transportation, 6 Feb 2019

Center part of coupler between bellows is free to oscillate front to back in this image, 

cryomodule axis direction. Relative motion of cavity string and coupler in X (cavity string 

swinging side-to-side in this image) is also taken mostly via the inner coupler bellows.  
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Coupler internal motion during shipping 

LCLS-II Cryomodule Transportation, 6 Feb 2019

Analysis predicts 16 Hz.  During last road test, 

we measured 15 Hz with amplitudes sufficient 

to damage the bellows.  



“M-mount” constraint of assembled coupler 

LCLS-II Cryomodule Transportation, Dec 2018
34

Neoprene constraint sits on G-10 

block, held with tie-wrap.  

Limits Z (coupler lateral) motion 

but permits axial movement.
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Bellows prediction, data, and specification 

LCLS-II Cryomodule Transportation, Dec 2018

Note about the blue line 

specification:   
Below 2 mm peak to 
peak lateral offset, 

bellows stress is below 
the fatigue limit for 316L 

stainless.  
We selected a 
specification which sets 

the number of cycles at 
2 mm peak to peak at 

no more than 100,000, 
two orders of magnitude 
below failure.  We set 

the magnitude of high 
frequency cycles at 1 

mm peak to peak, a 
factor of two below 
failure amplitude.



Key improvements in transportation system
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Reconfigured CM isolation frame springs: 
lowered frame Z motion resonance from 13 
Hz to 7 Hz 

Constrained bellows motion: 
increased coupler Z motion resonance 
from 15 Hz to > 30 Hz 

Improved shipping frame spring configuration



The PIP-II Project is 

receiving over a dozen 

cryomodules from 

European partners as in-

kind contributions

Overseas transport is 

identified as a high risk for 

the project, so significant 

resources are being spent 

to prepare

PIP-II Cryomodule Transport
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Dummy Load Testing at STFC-UKRI
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Departure from STFC-UKRI
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Return of Load to FNAL (Logistics matter!)
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FESHM 10210 – Equipment Transport

• Transport failures for LCLS-II led 

FNAL to evaluate how 

engineering was done at the lab

• Fundamentally, one-off activities 

like transport are still major 

design effort and sources of risk, 

but are not always treated as 

such

• FESHM 10210 is a new kind of 

engineering oversight at the lab, 

ensuring that realistic risk 

assessment and mitigation are 

done for all major transports
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Systematic Risk Assessments and Mitigations
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Conclusions

• Accelerators are wildly interdisciplinary devices, one of the 

great uses of Applied Physics

– My undergrad degree with UW-Madison was Applied Math, 

Engineering, and Physics

• Integrated performance requires close collaboration between 

disciplines, cross-training, and significant effort 

• Design efforts should be widely communicative and broadly 

reviewed, and operations teams should be similarly broadly 

skilled and collaborative

• Intensive diagnostic development can pay strong dividends
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