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Outline

= Introduction to the FRIB superconducting radio-frequency (SRF) linac
» Challenges with field emission degradation and mitigation thereof

» Experience with microphonics and ponderomotive instability

» SRF R&D for the proposed FRIB energy upgrade

= Summary
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The Facility for Rare Isotope Beams (FRIB):
a User Facility for Rare Isotope Science at Michigan State University

= The world’s largest heavy ion SRF linac, + Cyclotron Lab Established
. . lon sources, fragment separator,
acceleratlng ur_anlum beams up to experimental areas, including » First superconducting Cyclotron
200 MeV/u; ultimate beam power = 400 kW Re-accelerator: ground level K500

*DOE and MSU signed cooperative
agreement

= Separation of isotopes in-flight provides

 Fast development time for any isotope

*CD-1: Preferred alternatives decided

 Beams of all elements and short half-lives

Sep 2010

 Fast, stopped, and reaccelerated beams & s boare®

+CD-2/3a: Project baselined and Civil

construction started
lon source

Located on the Michigan State University campus

%3 B B O\ -

« Start of technical Construction

Aug 2014

400 kW

/ * Linac construction complete
2 superconducting RF

. linear accelerator

* Project technical construction

Rare isotope complete
production area and
isotope harvesting
- CD-4

Linac and isotope production - Start of User Operations
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o e ___m__g ~ ;"iﬁﬁii;:‘j { target: 10 m below ground
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Facility Overview and User Operation

i

= >570 rare isotope beams delivered to FRIB user
experiments (as of April 2026)

graby L f = Operation hours: ~4000 hours for nuclear physics

t ‘ - |
X H 2 E . § . .
Fragment Separator g™ ﬁf“."x,.“:\.; experiment + ~2000 hours for Single-event effect
' [l o T — e fa (FSEE) users
st e
: o i s = Operating user facility at ~93% availability for last
A | el P i N & . ~4 years
)‘ High-rigidity Spectrometer (HRS: § More than 570 Rare Isotope Beams Have Been By
: ; b li d t ti o Delivered to FRIB Experiments L)
Large-aperture % new beam line, under construc ion) | N
SC Magnetss* sz _ —
36,40Ar
1 40.48Ca
. BNj
Large-scale 2 K/4 K helium gy
refrigeration and distribution system S bleTioes ;
‘ B Primary Beams T
404 Observed isotopes » ¢
AT | 0 25 50 Meters l Experiments at FRIB ;m
:;,( , [ ! ' ! | Discovered at FRIB 206::
. 3 201 Data Date: 2026-04-21
B 90 m reserved for energy upgrade LS3 =y
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Liquid-lithium charge stripper
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Facility Overview and User Operation

A o » >570 rare isotope beams delivered to FRIB user
o experiments (as of April 2026)

E ¢ | . .
Fom | o€ | = Operation hours: ~4000 hours for nuclear physics
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Pushing the Limits of Heavy lon Beam Power:
~200 MeV/u, 30 kW Uranium Beam: Demonstrated

100 ¢
M Proton (cyclotron, linac)
- A Proton (synchrotron, accumulator) CADS
]
10 E X Heavy ion IFMIF-DONES
- B
SNS (PPU)  MYRRHA
~ N
- =sfis A ESS
1 E LANSCE upac® FNAL
J-PAR
E msﬁ & FRIB (U)
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= |59§ . /
E 0.1 ¢ RIUME Psng ~AGS A CSNS A -
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» Have demonstrated 30 kW uranium beam (194
MeV/u); 200 MeV/u uranium beam also
demonstrated in the SRF linac

= Beam power ramp-up in progress with development
of higher-power beam intercepting devices (charge
selector, target, beam dump

800 ,850 900 950 ‘1000 1050. 1100 1150 1200, 1250 1300 1350 vHOO
Temperature [°C]

30 kW 233U beam on production target
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Driver Linac: 324 SRF Cavities in 46 Cryomodules

Linac SRF Operations Since 20

$=0.085 Matching

$=0.53 Matching  Superconducting
Cryomodule

80 m space allocated for future energy upgrade Cryomodule Folding Segment

x y - x x

&F:
3 $=0.041 Cryomodules

et
11 $=0.085 Cryomodules 500 keV/u RFQ

12 $=0.29 Cryomodules 18 $=0.53 Cryomodules 10 m Vertical Drop from

120 m lon Sources (above ground)

a

Quarter Wave Cryomodule

£=0.29

L 3
Component Counts (baseline + spares)
B Type Cryomodules Cavities Solenoids
0.041 accelerating 3+1 12+ 4 6+2
1.1m accelerating 1M+1 88+8 33+3
0.085
matching 1+1 4+4 4
) 0.29 accelerating 12 72 12
v i . 1t accelerating 18 144 18
B=0.041 B$=0.085 0 ps
QWR

e s ' matching 1 4 -
f, (MHz) 805 805 [TOTALS | 4643 | 324416 | 69+5
V... (MV) 0.81 1.8 2.1
E,.. (MV/m) 5.1 5.6 7.7
E, (MV/m) 31 33 33.3 26.5 ichigan State University
B, (mT) 55 69 50.6 632 USA

[IRIV AR RICIVIR VAV ]

niL?

18

Linac cool-down, SRF and
beam commissioning:

phased from 2018 to 2021
» Majority of cryomodules

have been cold for more
than 5 years

24/7 user operations since

2022

Thermal cycle (LS1 to ~300 K,

LS2 to ~200K) in 2020 to tie in

cryo-distribution for target and

fragment separator

LS2 and LS3 full thermal cycle

in Summer 2025 for

pneumatic tuner preventive

maintenance

One LS1 cryomodule replaced

in 2024 maintenance period

Kim, LINAC 2026, Opertional Experience and Challenges in FRIB SC Linac, Slide 7



Overall Performance

= SRF systems: maintaining high reliability and availability FSEE Operation SRF UOF Time Rates by Trip Types (%) ...

* Only one unused cavity out of total 324 over the past 3 years FE Degradation -

+ Availability of the SRF systems exceeds 99%: e e .

» availability = 1 — (down and recovery time)/(scheduled operating hours) Microphonics ~ s
Tuner Stepper Motor Slip &
* The need for cavity field emission management has increased FRIB
H H H W 2023 UOF m2024 UOF 2025 UOF m 2026 UOF 88%

over time, particularly as the beam power increases FRIB Operation SRF UOF Time Rates by Trip Types (%)

= No aging effects have been observed the cryomodule ehamirour m——

components to date. However, a preventive maintenance plan, ey o conee

Vacuum Spike  me—— I
including spare components, is in place Tuner Sepper Motor St mmm—
Pneumatic Tuner Control mm

Unused cavities (out Of 324 tota|) 0.00% 5.00% 10.00% 15.00% 20.00% 25.00%

W 2022 UOF m 2023 UOF 2024 UOF 2025 UOF m 2026 UOF

Operation Period Number qf. Reason SRF UOF Ratio vs. Other System UOF Ratio
Unused cavities 2026(~ to APR) 5

Commissioning (ARRO7) 0 (0%) . 202
7 ———
May 2022 - Jul 2023 4 (1.2%) HWR.tuner blockage (2x), FPC CCG 2024 9IS
failure (1x), tuning range (1x) 2023 [T —
Sep 2023 - Apr 2026 1(0.3%) Tuning range 202> [ —
0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0% 90.0% 100.0%
W Other System Downtime  ® SRF Downtime
ﬁz Facility for Rare Isotope Beams UOF: unscheduled off
Q m U.S. Department of Energy Office pf Science | Michigan State University
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Cavity Field Emission Tracking

* Tracking methods o
* Two X-ray monitors per cryomodule: X-ray alarms during normal operations and £, administrative limit
manual measurements in maintenance periods (twice per year) -
20220ct  95.4%  99.3%  99.7% 98.4%
» Results and impacts to operation -1.4% 0.9%
» No signs of contamination from warm or non-SRF particle free sections 2024Jul 94'010/; L RO e S
. . . . . . +1.8 % -0.6 % +0.2 %
* We limit the c_)peratlng gradient (E,) to maintain X-rays < 30 mR/hr 2025Apr  95.8% —— 98.8% 98.6%
(< 10 mR/hr in most cases) 3y _ | o 7% 08%  +17%"  426%"
» The performance of some cavities has been improved via pulsed RF conditioning 2026 Apr  94.1%  97.9%  100.5%  101.2%
+ ~60% of HWRs operated at 5% above the gradient spec during FY2026 (1) Improved by pulse conditioning
(2) Some cavities running 5% above spec
x d \ Lold CBOQ Before 2022/02 2022/05 ~ 2023/07 0 2023/09 ~ 2024/07 g 2024/09 ~ 2025/07 0 2025/09 ~ 2026/04
o L) —

PTRAE . oyt (B Lo, SR .

. TN e SCEINY - & m lﬁ-i '" i

g ‘E:{-éﬂp; ex u“ 207 -’u’:;:' =9 W27 iscisnns o W= ",-

‘ v-uvq
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Field Emission: an enduring challenge for SRF accelerators

" In general, excessive field emission (FE) is undesirable due to

* FE-induced Q-drop, leading to increased cryogenic loads
* Thermal or electrical (RF) breakdown, limiting maximum useable gradients
* FE electrons striking RF coupler ceramic windows, potentially causing damage and vacuum failures

= Approach for FRIB
* Limit the maximum gradients to keep FE-induced X-rays < 30 mR/hr
» Minimize the possibility of FE-induced Q-drop or breakdown and their adverse impacts
 Avoid the possibility of FE electrons directly striking the fundamental power coupler (FPC) RF window

by design

= Operational experience at FRIB
« Even with our conservative FE limits, we have observed RF trips due to cavity field emission

Facility for Rare Isotope Beams
d‘m U.S. Department of Energy Office of Science | Michigan State University
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Cavity Field-Emission-Induced RF Trips

= 80.5 MHz QWRs [1] " 322 MHz HWRs [1]
« Sharp changes in the transmitted RF power; in the * FPC: dc current (fast) and vacuum (slow) spikes
worst case, drops to 0 (but not always) « RF waveforms indicating increased dissipation power
* No dc current collected by FPC » These suggests FPC multipacting, enhanced by cavity
» Pickup RF waveform shows fast disturbance FE
« Currently suspecting localized discharge around the RO Ay s cuTen (st viveTors fom TR sonlen
cavity pickup induced by cavity FE i e

Pt measured on oscilloscope
3" (80.5 MHz RF signal)

—B8—Pt

Pt with filter

Change of Power from nominal (dB)

—o— Pt
----- Fitting -10
1660 1661 1662 4 1663 1‘1(664) 1665 1666 1667 1668
ms
0.3 . RF tripped

on bias curreng
interlock

——

-
= Ho

o
Y]
A

o
[N

o
O

Pt without filter 14'5 RF tripped on E,. high interlock

1.6 1.65 1.7 1.75 1.8 1.85 1.9

©
o

DC currnet on bias tee (A)

o
o
o

t(mslr .
emporal resolution: 1 us

0
1660 1661 1662 1683 1684 1665 1666 1667 1668
t (ms)

Temporal resolution: 0.2 ms

Even though the trips are related to ancillaries, they are primarily caused by cavity field emission

[11 W. Chang, “Field Emission Performance of FRIB Linac SRF Cavities During Initial Operations with High-power Heavy lon Beams,” TTC 2024.
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Field Emission Recovery Measures

m Pulsed RF Conditioning Plasma Processing R(e:;z r?br?sohdr::eent

Duration: ~1 year;

Duration: 5-10 minutes; Duration: ~1 month; requires full disassembly, re-
GG ENIEE can be done with normal requires a full thermal cycle of  processing and/or cleaning of
operating conditions the cryomodule the cavities, and then re-

assembly of the cryomodule

Improvements are limited. In
some cases, FE re-appeared
S0 S after more beam operation (a
couple of weeks to several
months)

First in-tunnel attempt with a
FRIB QWR cryomodule showed
promising results. More
experience needed.

Expected to be effective

= \We are pursing all 3 approaches in parallel, as each has pros and cons
» Helium processing is in principle another option, but we do not have any recent experience with it

c'z Facility for Rare Isotope Beams
Q m U.S. Department of Energy Office of Science | Michigan State University
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Pulsed RF Conditioning: Observed Limited Improvements in
Linac Compared to Offline Initial Cryomodule Tests

E'ectrica' Breakdown (EB) Offline tests during cryomodule production® Before pulse conditioning

m After pulse conditioning

100
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Linac commissioning and operations (2018 — 2024 Feb)*
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X-ray (mR/hr)

~ms decay time, still faster than normal

While the improvements in the linac are limited or not permanent, it is still worthwhile to perform this due to its low ‘cost’

Facility for Rare Isotope Beams *Y. Cheon, et al., “RF pulse conditioning to reduce field emission in FRIB SRF cryomodules,” LINAC2024
d‘m U.S. Department of Energy Office of Science | Michigan State University
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Plasma Processing: Promising initial results, needs further recipe
optimization + development for other FRIB cawty types

» FE X-rays are improved after plasma processing of one cryomodule
(B = 0.085 QWR, 80.5 MHz) + RF pulse conditioning
* Ar/O, plasma driven by a higher-order mode (HOM, ~404 MHz) [3, 4]
 Could not achieve this improvement solely by RF pulse conditioning

= We are tracking the performance as a function of beam operation T s e
Plasma processmg in the linac tunnel

= = S
— T T L T T | T T Q)
Cav Cav l© j
S S = fl—=—1 5 e v
8 = = 2 “—6 | o 1.
< ) = ——3 7 | D 1
2 S &2 *—4 8 | @ 4
EE ES e L
; ul') | (=
To] ~ o
g o | pl
- ° = ® — | Q
S =2 = o < ' 5
- 0 2 - 4 h 6 8 - 0 2 4 6 8
E,(MV/m) E, (MV/m)
Before plasma (Jul 2025) After plasma + condition. (Oct 2025) After Linac Ops + condition. (Apr 2026)

[3] P. Tutt et al., “Plasma processing of FRIB low-beta cryomodules using higher-order modes,” SRF2025, TUBO0S.
[4] W. Hartung et al., “First plasma processing trial of a quarter-wave resonator cryomodule at the Facility for Rare Isotope Beams,” Phys Rev Accel Beams 29, 012003 (2026).
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Cryomodule Maintenance and Refurbishment Plan

= Spare cryomodules: working toward replacing and refurbishing 1-2 modules per year

* One QWR cryomodule (SCM801) in LS1 slot (CB09) was replaced in with a spare (SCM813) in 2024

* Plan to add pressure stiffening rings to early production
QWRs (SCM801 and 2 other QWR cryomodules)

» Performance after cryomodule swap: no degradation
compared to the cryomodule bunker test

7.0
]

6.0

SCMB813 SRF Commissioning in CB09 -

5.0
1 1
1
|
iy
T

4.0

3.0

ml €6 [MV/m]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

T
03t
[HH/wayw] weansdn 608D

1.0 2.0

C1 [MV/m] C2 [MV/m] C3 [MW/m] C4 [MV/m]

o~
S

13:30

2024-09-10

1 T T T T T T T T T T T T T T T T T T T T T T T T T T 1 T T
14;00 1430 15:00 15:30 16:00 16:30 17:00 17:30 18:00 18:30 15:00

[IH/Wayw] weansumod 608D

Adjacent CMs: kept cold

1 warm diagnostics box
temporarily removed
during CM swap

CB09 SRF recommissioning: 7 QWRs out of 8 running at E,.. 10% above FRIB spec

First cryomodule replacement in linac tunnel (Summer 2024)

&0

FRIB

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
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Lesson from 15t Cryomodule Refurbishment:
Weak Multipacting Band Exists in the FRIB QWR FPC

= Oxidation marks were observed on the FPC components of the

cryomodule after removal from the linac

« Warm transitions (Cu-plated thin-wall stainless-steel tubes): 4 out of 8
« XRF measurements showed no removal of Cu

» Further investigation: FPC multipacting (MP) occurs at low field (low RF

power)

= No dc bias is needed
* The MP barrier is ‘weak,” with minimal power dissipation (<1 W)

» Operation within the MP zone can be avoided MP current measured on FPC bias tee
voltage, at resonance)

Facility for Rare Isotope Beams

frib.msu.edu

FRIB
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Experience with

Microphonics:

FRIB Linac QWRs Operate Stably at 4 K

= During phased linac commissioning,
Linac Segment 1 (LS1, 80.5 MHz QWRs with Q, =

Typical phase lock stability for LS1 at 4.4 K
Max Pf sampled every ~"s sec, plotted for 7 hours

- ) G - msmmmmmmmmmmmmeeoomseommseeo oo LS1-CAOX .
2E6) achieved stable operation at 4.4 K |
. . - QWRO041 cryomodule: 4 cavities
= We have been operating the QWRs at 4.4 K since R S Ty, v
then; 2 K operation is also possible 8 ekt
el r&awwmmmmmmmmm
Delivery
n To Target ]
f#=0.085 Matching p=0.53 Matching Superconducting
Cryomodule Cryomodule Folding Segment 1
E-e_ i §-: ————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
erature 12 =0.29 Cryomodules 18 §=0.53 Cryomodules 10m Vertical Dropfrom - S BSLOMOL
jment lon Sources (above groun ]
L — QWRO085 matching cryomodule: 4 cavities
LS1: 104 QWRs to ;
accelerate beam to 20 MeV/u in uranium case 2 e — ool b ol ok oAl oo A
Facility for Rare Isotope Beams 7 S'I 7777777777777777777777777777777777777777777777777777777777777777777777777777777777
6‘ U.S. Department of Energy Office of Science | Michigan State University ]
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Experience with Microphonics: Overcoming challenges from
impacts due to on-campus construction

= |nitially observed impacts from outside construction activities in LS2 (322 MHz
HWRs operated at 2 K with Q, = 5E6, 1E7) in 2024

» Further investigation and testing suggested that the root cause was the vibrating
roller. After replacing the vibrating roller, we were able to run during construction
activities such as drilling, compacting, and excavating

= We Work closely with the FRIB and MSU civil construction teams to minimize the .
impact of construction activities on linac operation

August 7

September 25 FRIB superconducting linac

g

New vibrating roller
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Experience with Ponderomotlve Instabilities

» Observed instability-like behavior during
cryomodule production and offline testing

* Investigated LLRF feedback control and
experimentally identified better control parameters
to move the potential instability threshold beyond
our operating conditions

= Further in-depth theoretical modeling and

experimental studies suggest that this is a

ponderomotive instability, this finding has

enabled further optimization of LLRF

parameters [5]

 This work will help push the operating gradients of
high-performing HWRS3 cavities and support the
development of future energy-upgrade
cryomodules

[5] J. Brown et al.,
Closed Loop,” https://arxiv.org/abs/2607. 28806 (2026)
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https://arxiv.org/abs/2607.28806

Proposed FRIB Energy Upgrade

. ) . . FR|B400Wht P 2018
2023 SAC Long Range Plan 4 \\jjj| double FRIB’s beam energy to 400 MeV/u for uranium beam using s Sy

5-cell elliptical cavities (3=0.65, 644 MHz)
» Expand the scientific impact by increasing the yield of many rare isotopes tenfold

» Highlighted in the 2023 Long Range Plan for Nuclear Science (2023 LRP) as
one of the strategic opportunities to advance discovery science

» FRIB approach

+ SRF R&D since 2017: cavity high-Q, recipes, plasma processing

» SRF infrastructure upgrades, including electropolishing, N-doping, surface inspection
 Prototyping and cryomodule design: in progress

Upgrade cavity key parameters

5-cavity upgrade accelerating cryomodule
oy 17.5 MV/m
. ; E,

‘ Quantity (Voes = 12.4 V)
Number of Cryomodules 11 Q,in cryomodule 1.5e10
Cavity Per Cryomodule 5 FPC Q 2.0e7 (loaded

L ext bandwidth = 32 Hz)
Total Cavities 55
Forward RF power 19.3 kW (max)
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Energy Upgrade: SRF R&D and Prototyping

» SRF R&D Effort
* Demonstrated the design goals in a jacketed 5-cell cavity
 Continuing recipe studies for more margin in Q, using 1-cell [6]

» Developed HOM plasma processing RF recipe with the full FPC
assembly [7]

= 1-cavity prototype cryomodule test: assembly in progress
 To validate the design of all subsystems

* To verify performance: microphonics, pondermotive instability,
plasma processing capability

S65 Test Cryomodule:
Cavity, FPC, tuner, rail, hood

[6] S. Moskaitis et al., “

[71Y.Cheonetal., “
WVAS/ 640 South Shaw Lane * East Lansing, M1 48824, USA
FRIB frib.msu.edu
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Investigation of RF Surface Resistance in Sub-GHz Superconducting Elliptical Cavities Processed with Various Nitrogen-Doping Surface treatments,” IPAC 2026, TUP7326.
Feasibility study of plasma processing for the FRIB energy upgrade 5-cell superconducting cavity,” HIAT 2025, TUP24.
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Summary

» FRIB superconducting driver linac cryomodules have been in operation since 2018 for
cryogenic and SRF operations and since 2022 for user operations

= We continue efforts to maintain high reliability and high availability. Examples include
field emission tracking and recovery from performance degradation via pulsed RF

conditioning, plasma processing, and cryomodule refurbishment

* We are pursuing SRF R&D and prototyping for the proposed linac energy upgrade
using medium-velocity elliptical cavities

ﬂ: Facility for Rare Isotope Beams
6 U.S. Department of Energy Office of Science | Michigan State University
@ 640 South Shaw Lane « East Lansing, Ml 48824, USA

FRIB frib.msu.edu
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Backup: Linac Beam Tuning and SRF Cavity Operation
For Efficient User Operations

* Linac phasing and Instant Phase Setting for

different m/q beams

BPM phase difference
(deg @ 80.5 MHz)

FRIB

250
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Linac phasing example

g)- 150 A
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ARRO05 commissioning) 5 100
E 50 /
0 T T T T
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Accumulated tuning time (hours)
Envelope matching using Instant Phase Setting
(model-based cavity field changes for a different beam)
4 —— Trajectories measured by BPMs —— Trajectory simulated by IPS model —— Cavities
Trajectory data measured by BPMs - Bunch length measurement in LS2
2
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Distance along the linac (m)

(Courtesy of P. Ostroumov, A. Plastun)
Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
frib.msu.edu

» SRF cavity operation for nearly instant switch
between different m/q beams

Voltage at beta=0.041 (MV) CA01
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25 30 35
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LS1 cavity field switching for various beams”
(104 cavities for FSEE experiments)
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* via dynamic load compensation by cryomodule internal heaters
such that the net heat load remained almost constant in each module
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Backup: Minimize Beam Losses
Downstream of Liquid Lithium Charge Stripper

» Fast thermometry (slow protection): temperature sensors attached on cryomodule internal Upstream T Downstream T
beam-pipes

* Most sensitive beam-loss diagnostic, particularly for HWR cryomodules (CC) after first bend (FS1)

= | essons learned Cavites  Solenoid  Cavities

» Detected the beam losses in CC cavities due to charge stripper (liquid Li film thickness fluctuation) >
» Found correlation between temperature rise (beam losses) and FE degradation in CC cavities Beam Direction
» Energy compensation by buncher and stripper thickness feedback control implemented to mitigate
fluctuations - Fast Thermos CC05-CCOB Upstream
Srn o oo ] \ i‘ CCO5 upstream
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Backup: Breakdown during RF Pulse Conditioning

= |n the FRIB case, RF pulse conditioning has been a useful technique to reduce FE X-rays and maintain accelerating
gradient in FRIB cryomodules for beam commissioning and user operations.

= Chose ~50 ms pulse length, 1 Hz repetition rate.

During conditioning, we observed two types of rapid drops in the transmitted RF power by using spectrum analyzer.

FRIB

Pt [dBm] ; transmitted power from cavity (Log scale) vs time (20 ms division)

Electrical Breakdown (EB)

ey ' -- --
A\ | Q-frop

-20 dBm
-30 dBm

-40-dBn

-50 dBm

)011 MHzZ

Rapid (~us or faster) collapse of field.

Facility for Rare Isotope Beams

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

frib.msu.edu

Thermal Breakdown (TB)

CF 322.0011 MHz 20,0

Relatively slow (~ms) decay time, still faster than
the normal decay set by FPC Q. (with matched condition
from circulator)
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SRF Development for Higher Q,/Higher Gradient Spare

Cryomodules
80.5 MHz 3 = 0.085 QWR performance at 4.3 K 322 MHz $=0.53 HWR performance at 2 K

=

bbbk

e b bbbboboked o0 0 g bbby

\ QCJ: EE -_: 3
. ‘ E Goal for2 K 3

| | —e— BCP+in—situ LTB T 3 o
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OCE 'I'I'I'I'm QE T P RN U N R P U O PR A U R 17§
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E,(MV/m) Furnace LTB E, (MV/m)
 Buffer Chemical Polishing (BCP) + 120 deg.C low- * Observed improvement of high-field
temperature baking (LTB) is superior to BCP-only for Q-slope in electropolishing (EP) and EP +
4 K operation LTB, compared to BCP
« BCP + furnace LTB (120°C for 48 hours): recipe « EP or EP + LTB: recipe for spare cavities

for spare cavities

Facility for Rare Isotope Beams
d‘m U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane « East Lansing, Ml 48824, USA Kim, LINAC 2026, Opertional Experience and Challenges in FRIB SC Linac , Slide 26
FRIB frib.msu.edu



	Slide 1: Operational Experience and Challenges with Low-β Superconducting Cavities and Cryomodules in a Large-Scale Heavy Ion Linac
	Slide 2: Outline
	Slide 3: The Facility for Rare Isotope Beams (FRIB): a User Facility for Rare Isotope Science at Michigan State University
	Slide 4: Facility Overview and User Operation
	Slide 5: Facility Overview and User Operation
	Slide 6: Pushing the Limits of Heavy Ion Beam Power: ~200 MeV/u, 30 kW Uranium Beam: Demonstrated
	Slide 7: Driver Linac: 324 SRF Cavities in 46 Cryomodules  Linac SRF Operations Since 2018
	Slide 8: Overall Performance
	Slide 9: Cavity Field Emission Tracking 
	Slide 10: Field Emission: an enduring challenge for SRF accelerators
	Slide 11: Cavity Field-Emission-Induced RF Trips
	Slide 12: Field Emission Recovery Measures
	Slide 13: Pulsed RF Conditioning: Observed Limited Improvements in Linac Compared to Offline Initial Cryomodule Tests
	Slide 14: Plasma Processing: Promising initial results, needs further recipe optimization + development for other FRIB cavity types
	Slide 15: Cryomodule Maintenance and Refurbishment Plan 
	Slide 16: Lesson from 1st Cryomodule Refurbishment: Weak Multipacting Band Exists in the FRIB QWR FPC
	Slide 17: Experience with Microphonics:  FRIB Linac QWRs Operate Stably at 4 K
	Slide 18: Experience with Microphonics: Overcoming challenges from impacts due to on-campus construction
	Slide 19: Experience with Ponderomotive Instabilities 
	Slide 20: Proposed FRIB Energy Upgrade 
	Slide 21: Energy Upgrade: SRF R&D and Prototyping
	Slide 22: Summary
	Slide 23: Backup: Linac Beam Tuning and SRF Cavity Operation For Efficient User Operations
	Slide 24: Backup: Minimize Beam Losses  Downstream of Liquid Lithium Charge Stripper 
	Slide 25: Backup: Breakdown during RF Pulse Conditioning
	Slide 26: SRF Development for Higher Q0/Higher Gradient Spare Cryomodules

