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SRF Cavity Overall Performance

» SRF systems are performing with high availability
« SRF down time: largest share is due to field emission for
recent years

* Three unused cavities were restored in Summer 2023;
one cavity is kept off due to frequency issue
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. . Number of Multipacting
Operation Period Unused cavities Reason Tuner Stepper Motor Slip ~ semmm—"
Pneumatic Tuner Control mm
ARRO07 commissioning 0 (0%) Cavity C‘;ﬁ‘trOT' -
las- 1
May 2022 - Jul 2023 4 (1.2%) HWR tuner blockage (2x), FPC CCG 0.00% 5.00% 10.00% 15.00% 20.00% 25.00%
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Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, MI 48824, USA

frib.msu.edu

&

FRIB

FRIB Ops: both QWRs and HWRs
FSEE Ops: QWRs only
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Cavity Field Emission Degradation Tracking

» LS cavity FE degradation: locations and periods

» “New degradation” = FE X-ray increase by one order of magnitude and

exceed 1 mR/hr

2022 Oct

 The distribution shows no signs of contamination from warm sections

upstream or downstream of SRF linac segments

» We reduce the operating gradient limit (max E,) if FE degradation

observed (keep X-rays < 30 mR/hr)
» Some cavities’ performance was improved via pulse conditioning

2024 Jul

2025 Apr

2026 Apr

« Some HWRs running 5% above field spec during FY2026 operation

- FE degradation: by cryomodule location

Before 2022/02

L7 2022/05 ~ 2023/07 0 2023/09 ~ 2024/07 & 2024/09 ~ 2025/07 0 2025/09 ~ 2026/04

E_ administrative limit

| ca ] cs [ cc [ cp

95.4% 99.3% 99.7% 98.4%
1.4% 0.9%

94.0% 99.3% 98.8% 98.4%
+1.8%" 0.6 % +0.2%"

95.8% 98.7% 98.8% 98.6%
-1.7 % -0.8% +1.7% +2.6 %"

94.1% 97.9% 100.5% 101.2%

(1) Improved by pulse conditioning

(2) Some CC and CD cavities running 5%
above field spec during FY2026 operation
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Field Emission Degradation:
by cavity location in cryomodule
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= No obvious signs of higher degradation in the “end” cavities, adjacent to cryomodule beam line gate valves and warm diagnostics
boxes.
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» | S2-CC degradation: beam losses due to unstable thickness of the liquid lithium charge stripper—improvements made.

» | S1-CB degradation: more observed in the last year. No clear evidence to show that it is due to beam loss—under investigation.
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Mitigation for LS2-CC Cryomodule FE Degradation

» Fluctuations in the liquid lithium film
thickness — beam losses in LS2

« Saw correlation between temperature sensor
signals (due to beam loss) and FE
degradation in CC cavities

= Mitigations developed by accelerator team

« Compensate for downstream energy
fluctuations due to Li film thickness
fluctuations via upstream RF voltage
adjustment

« “Stop-start” feedback: stop the beam quickly
(chopper) after observing beam losses due
to Li film thickness change

» These mitigations have significantly
reduced beam losses and FE degradation -
iIn downstream cryomodules

@ Facility for Rare Isotope Beams
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Degradation rate reduced:
2 HWRs degraded in last 2 years
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Performance Recovery: RF Pulse Conditioning

» RF pulse conditioning has been a useful technique to reduce FE X-rays and maintain accelerating
gradient in FRIB cryomodules

« However, we observed several cases in which performance improvements were limited; this supports plasma
processing as a long-term solution

FRIB Cryomodules X-rays Before and After Pulse Conditioning (May 2026)
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Performance Recovery: First In-Tunnel Plasma Processing
Next step: plasma processing of 2 QWR

c LI B B R N N

FRIB QWR cryomodule (CB06 / SCM805)

Linac
commissioning
(Sep 2020)

4

After Linac Ops,

before plasma
(Jul 2025)

Cannot further

improve with
pulse conditioning
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cryomodules, planned Summer 2026
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After plasma +
conditioning
(Oct 2025)
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the limits of pulse
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Mitigation of Trips due to
FE-Induced Amplitude and Phase Spikes in QWRs

Ls1_cBos_c5_p1707 Pulse conditioning "N Ocvor <o e Filter
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f el | after pulse conditioning : i Cavity signal
=" I 1 L Pick-up
o RF+DC port
| i :%‘ | I : patch panlel<:= o ffrrergeeeee ;+ por m
k: 18 I I | CAV port input Helix cable
ﬁ ‘;E L il | u:|.:_ . : TdPhase (pk-pk) :
1€ IR, ! ! ' y _: Filter
8 e | X-ray ==t mm s inSuateitntetetee ey
| o12 m I Fast Waveform of Spike Event
ERl : Amplitude s .
: [ L2 = Gamo | With Filter
2 = | —==- CavAmplMPSp AR AR
-:_-_; I 1 _ 2.35 ——=- CavAmpIMPSn
i o b I : s TN Amplset
:LE:DDI T 7 T T I\IDD T T T T I:I-6 B T T T T Ils:ll:ll:ll T I % 230
2026-04-09 | Il & o T
2.25
amplitUde Spike Cavity trlp pUlse Conditioning : g ..........................................................
MPS trip V3220 A
1 ° Interlock threshold
N _ |2 adjustment
= Mitigation methods: !

T T T T T T T
1.590 1.595 1.600 1.605 1.610 1.615 1.620

 Pulse conditioning: improves performance time (ms)
* Filter on pick-up line to reduce peak voltage: under test
« Set Machine Protection System (MPS) interlock

threshold = 20 ps to filter out the spike: under test
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SRF Operation: Performance Tracking with Automation

= Cavity performance tracking automation tools: generate daily reports

 Cavity amplitude and phase errors
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Summary

* Field emission (FE) degradation performance mitigation is the primary challenge at present

* RF pulse conditioning helps restore performance in the short term
» Presently: implemented during short term maintenance time by experts. Future: automation tools are under
development for use by operators.

* Plasma Processing: in early stages
» First in-tunnel plasma processing on a QWR cryomodule (Summer 2025): performance improved by plasma

processing + pulse conditioning; better performance than pulse conditioning alone.

» Planned: plasma processing of 2 QWR cryomodules in Summer 2026.
* FE-induced amplitude and phase spikes: trip rate has been mitigated with pulse conditioning

» Performance tracking, improvement and automation/Al-assisted development tools will
continue to be improved.
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