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 FRIB news article (https://frib.msu.edu/news/2022/first-experiment.html)

 Publication on the first FRIB experiment was accepted to Phys. Rev. Letter
• H.L. Crawford et al., “Crossing N=28 toward the neutron drip line: First measurement of half-lives at FRIB”

Upon completion of FRIB construction and commissioning, 
FRIB begun delivering rare isotope beams to users May 2022

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 2

https://frib.msu.edu/news/2022/first-experiment.html


 Introduction: FRIB beam commissioning and user operation

 SRF performance and operational experience

 SRF R&D for maintenance, improvement, future Energy Upgrade 

 Summary

Outline
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FRIB for Low-energy Nuclear Physics Experiments
with Fast, Stopped and Reaccelerated Rare Isotope Beams

Produced from Fragmentation Target
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 Key feature is 400 kW beam power for all 
ions (8p𝜇A or 5x1013 238U/s)

 Separation of isotopes 
in-flight provides
• Fast development time                                    

for any isotope
• Beams of all elements                                   

and short half-lives

• Fast, stopped, and 
reaccelerated beams



Phased Beam Commissioning and 
User Operation
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ARR02 (2.2 MeV/u Ar, Kr) July, 2017

ARR03 (20 MeV/u Ar, Kr) May 2018
ARR04 (204 MeV/u Ar, etc) March 2020

ARR05 (212 MeV/u Ar, Kr, Xe) April 2021

ARR06 (Rare Isotopes with Kr primary beam) Dec. 2021

ARR07 (210 MeV/u Ar) Jan. 2022
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 Three-charge-state 124Xe49+,50+,51+ and two-charge state 86Kr33+,34+ were 
also accelerated and delivered to the beam dump with 100% 
transmission

36Ar, 86Kr and 129Xe Accelerated above 200 
MeV/u
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Phasing of SC cavities

Beam energy vs time

Transmission of 36Ar, beam current in A

Stripper        Charge Selector



Simultaneous Acceleration of Multiple Charge 
States Demonstrated

 Three charge states of 
Xenon beam from stripper 
to the end of HWR29 
cryomodules

 Measured and simulated 
beam centroids of 51+ 
and 49+ with respect to 
50+

 Transverse

 Longitudinal 
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 Produced isotopes from 86Kr primary beam and 
detected 84Se: achieved final key performance 
parameter of the FRIB project

Identified Selenium Isotopes 
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SRF Performance and Operational 
Experience
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FRIB Driver Linac

Segment 1 and 3



SRF Cavities and Cryomodules
All 104 QWRs and 220 HWRs commissioned with beam 
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Bottom-up cryomodule

6 m

8 T SC solenoid integrated with 

XY dipole steering coils

80.5 MHz QWRs

80.5 MHz double

window coupler
Stepper motor 

tuner for QWRs

322 MHz HWRs

322 MHz single 

window coupler
Pneumatic 

tuner for HWRs



 Total accelerating voltage exceeds the FRIB specifications, which provides 
operational margins

Accelerating Gradient in Linac Cryomodules
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(Measured Jan 2021)



 Offline cryomodule bunker test results: ample margins in Q0

 Performance in Linac: LS2 HWR53 case
• Equivalent to bunker test results

• In addition, no degradation after 
thermal cycle (partial warm up to 
~170 K and stay in 50-to-170 K zone 
for 21 days). Cavities were 
hydrogen-degassed at 600⁰C. 

Cavity Q0 in Linac Cryomodules
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4.5 K Static [W] 2K Static [W] QO in CM at 2K

CM Type CM Tested Spec Measured* Spec Measured* Spec Measured* Heat load** [W]

QWR041 4 12.8 14.1 3 4.0 1.2E+09 3.3 E+09 0.5

QWR085 11 20.5 20.0 4 7.3 1.8E+09 3.3 E+09 2.1

HWR29 12 13.1 11.0 5.1 6.4 5.5E+09 1.9 E+10 1.0

HWR53 18 16.1 16.7 6.3 8.5 7.6E+09 2.5 E+10 2.4

* Average of tested cryomodules, ** Dynamic heat load per cavity



 Amplitude and Phase Stabilities Meet the FRIB Specifications, ±1% pk-to-pk and ±1⁰ 
pk-to-pk, with Ample Margins

Amplitude and Phase Stabilities
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S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 14

WG2, Chang/Kim, “Experience with resonance control 

with slow tuners in low-beta CW linac



 Pondermotive-instability, not microphonics, could be suppressed with high-
amplitude-loop-gain control 

Suppression of Ponderomotive Instability

S.H. Kim, FRIB SC linac SRF commissioning, AWLC 2020, Slide 15

A β=0.53 HWR @ 8.1 MV/m (+10% higher than the design gradient)

Improved control
Amplitude-loop BWc = 760 Hz

Phase-loop BWc = 96 Hz 

No instability within ~±45⁰ detuning,

i.e. the cavity bandwidth 

Original control 
Controller BW (BWc) = 96 Hz

(cavity bandwidth = 34 Hz)

Stability window: -10⁰ < ψ < +22⁰, 

ψ: detuning angle



 All 324 cavities were available in the ARR05, 06, 07 beam commissioning
• ARR05: beam to the linac end (212 MeV/u Ar, Kr, Xe), April 2021

• ARR06: production of rare isotopes with Kr primary beam, Dec. 2021

• ARR07: beam to the fragment separator end (210 MeV/u Ar), Jan. 2022

 In user operation May – July 2022, one HWR53 cavity was no use due to FPC 
cold cathode gauge issue
• Bad reading instead of real vacuum leaks

• Plan to replace at the next maintenance opportunity: 
in-situ replacement after cryomodule warm-up 

• Considering to add a redundant CCG as it is 
a single point failure on a critical RF interlock

Availability of Cavities and Cryomodules in 
Commissioning and Operation

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 16



 Issue with field emission
• Observed conditioning effects such as fast breakdown in a few cavities with relatively 

high field-emission (FE) X-rays

 Pulsed RF conditioning recovered FE performance in some cavities, particularly 
if fast (electrical) breakdown happened
• However, in the other cavities, this technique did not work due to thermal breakdown

 Started plasma processing development as a long-term solution

Impacts of Field Emission on Operation

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 17
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80.5 MHz β=0.041 QWR

80.5 MHz β=0.085 QWR

322 MHz β=0.29 HWR

322 MHz β=0.53 HWR

Red: ECR-like MP

Blue, Black: Coaxial MP

 Multipacting bands in FRIB cavities
• Low-field MPs in 80.5 MHz QWRs: fast ramp-up passing through the MP bands

• The other MPs: fully conditioned in the CW mode

 MP performance during operation “so far”
• Low-field MPs

» One case that one cavity was stuck in the MP barrier this year

» Developing MP conditioning methods to maximize availability

• Already conditioned MPs 
» Not shown up again unless otherwise vacuum events happened

Impacts of Multipacting on Operation

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 18

WG2, Kim, “Low-field MP in FRIB 

QWRs and it mitigation”



 Dynamic load compensation allows fast turn on/off of 104 QWRs in Linac Segment 1 
(LS1). This supports efficient user operation particularly for FRIB Single Event Effect 
(FSEE) experiments

Cavity Dynamic Load Compensation by 
Cryomodule Internal Heaters

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 19

104 LS1 cavities are turned on within 1-2 min and 

turned off in < 1 min

FSEE beamline and user station extended from LS1

user station 



 Plan to ramp up the beam power to 400 kW for the next 6 years 

 Maintaining cryomodule performance would be a key to success of power 
ramp up 
• Already capable of refurbishing cryomodule in house
• Conducting preventive/proactive maintenance: e.g. stepper motor replacement 

• Pursuing SRF development for cryomodule maintenance and performance 
improvement

Plan for Beam Power Ramp-Up 

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 20

Year FY23 FY24 FY25 FY26 FY27 FY28

Beam list addition 48Ca,82Se,36Ar,
86Kr,124Xe, 58Ni

208Pb,92Mo,
238U,64Ni

96Zr,106Cd,
144Sm,156Dy,16,18O

162Er,176Yb,
196Hg, 204Hg

Beam power [kW] 10 20 50 100 200 400

FRIB power ramp-up plan

WG2, Chang/Kim, “Experience with resonance control with slow tuners in low-beta CW linac



SRF R&D for Maintenance, Improvement, 
Future Energy Upgrade

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 21

New EP Facility at FRIB



 Plasma processing for low-β coaxial cavities in CW linacs
• Challenges: high coupler field at room temperature due to high Qext, 

no HOM couplers

• HOMs are still effective in reducing coupler field while driving plasma 
via FPC

 Progress in development of plasma processing at FRIB
• Developed the processing setup, performed processing in β = 0.085 

QWRs equipped with FPCs

• Use 5λ/4-TEM mode, neon plasma with a few % of oxygen, pressure 
at 100 mtorr

• Promising results so far: FE improved in 2 out of 3 cases

Plasma Processing Development

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 22

Plasma processing setup: 

β = 0.085 QWR with FPC
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 FPC windows may need to be replaced due to vacuum leaks or other failures 
according to SNS experience [M. Howell et al., Linac 2014]

 Developing in-situ replacement of the 322 MHz FPC window

 First practice trial was done under conditions simulating a real cryomodule
• FPC assembled to the cavity with spacer for nearly critical coupling in vertical test

• Temporary clean room setup equivalent to a real cryomodule: cavity height, clean room space

• Achieved a promising preliminary result: no FE changes up to Eacc ~10 MV/m (Epeak ~35 MV/m)

Fundamental Power Coupler (FPC):
Developing In-situ Replacement

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 23

Model of set-up for in-situ FPC swap Practice FPC swap with temporary clean room



 Develop transformative processing 
technology for High Q/G performance, 
for a FRIB β=0.53 HWR spare 
cryomodule

 EP or EP+LTB will applied to realize 
the high Q/G performance

 Local magnetic shield will be added 
around cavity jacket to reduce 
remnant magnetic field in VT Dewar

 Two challenging R&D on cavity 
surface processing:
• Development of HFQS-free BCP
• New doping method without high 

temperature annealing.

High Q/G β=0.53 HWR Cavity R&D Program

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 24

WG1, Saito, “High Q/G beta 0.53 HWR Cavity 

R&D program for high gradient cryomodule 
to enhance the operational gradient”

Performing EP of β=0.53 322 MHz HWR at

FRIB EP facility



FRIB400: Linac Energy Upgrade to 400 MeV/u

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 25

 Low-energy nuclear physics community 
made science cases

• Luminosity gain over 50 for rarest isotopes

• Energy well-matched to exploring physics 
of neutron-star merger

 Technical approaches
• Add 11 cryomodules to the space reserved 

for energy upgrade 

• b=0.65 644 MHz elliptical cavity, design 
goal: Q0 = 2e10 @ Eacc of 17.5 MV/m

• Lever frequency tuner combined with 
stepper motor and piezos

• Double window FPC

FRIB400 White Paper

(2018)

FRIB Linac Layout with Upgrade Cryomodules



FRIB400 SRF R&D Achievements and Plan

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 26

FRIB400 Design goal    

FRIB400 SRF Cavity R&D Progress

High-β spare buncher 

with upgrade cavities 

Development of 

Jacketed cavity, 
tuner, FPC

High Q R&D with 

1-cell cavity



 FRIB begun user operation starting with 1 kW primary beam. Plan to 
ramp up to 400 kW in the next 6 years

 SRF cryomodules as operated in the linac met the specifications of the 
FRIB project

 Maintaining cryomodule performance would be a key to success of 
user operation and power ramp-up. We are performing SRF 
development for cryomodule maintenance and improvements as well 
as routine hardware maintenance

 We also pursue SRF R&D for FRIB Energy Upgrade, FRIB400

Summary

S. Kim, FRIB commissioning and first operation, TTC 2022, Slide 27
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