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FRIB Accelerator and Coaxial SRF Cavities
= FRIB beam operations support low energy nuclear physics

O 041

0.085 92
0.29 72
0.53 148

QWR
HWR
HWR

1- meter .

~1 meter

s

m
B, =0.041 B,=0.085 B, = 0 29 B,=0.53
Quarter-Wave Resonators Half-Wave Resonators
80.5 MHz 322 MHz

Y. Zhang et. al., IPAC2015
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» 46 cryomodules with 324 coaxial cavities operating at 2K/4K
* Quarter-wave resonators (QWRs) contained in linac segment 1
» Half-wave resonators (HWRSs) contained in linac segments 2 and 3

= Beam energy can reach 200 MeV/u for uranium beam
 Potential energy upgrade for boost to 400 MeV/u using elliptical

cavities
.III _!ILI-‘II— : ]
\ (Energy Upgrade) Linac Segment 3
I|II -l\--—"l—-———lull-----lull e e i B ! Fa o L o R — _-._|_||_‘ ;
Falding u e e gt e L.- . .5 —— TI e WIS _}Fgldmg
Segmant 1 EEE NI, L NAC Sa0rmant | 8 _rront End L Segment 2

Linac Segment 2
Warm Compressor

J. Wei et. al., SRF2019

MOBO3: Status of FRIB Operations (T. Xu)
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Plasma Processing for Low-Beta SRF Cavities

= Promising technique to improve SRF Approach (in general): Neon HOM Plasma in QWR

cryomodule performance without *  Flow inert (Ne, Ar, He) and oxygen gas through

. : cavity (50 — 200 mTorr)
d|sassembly and refurbishment *  Drive resonant mode via FPC or HOM coupler to

= Pioneering development work: Oak fgﬁii,?lggvsﬂsacgsgﬁy by adiusting drive
Ridge, Fermilab, CEBAF, IMP frequency, input power
« Oxygen radicals interact with hydrocarbons on
= More recent start-ups: Argonne, Suryfgce g
IJCLab, FRIB « Sustain plasma to process and/or iterate over

several days

» FRIB development started in 2020

( 1e-9 Mass 44 - CO2 Response _ \
30 ; --- Round 1 @
= Limitations for FRIB cavities: L sl - ronaz | Ly S
» Large room temperature mismatch for | .. 3 \ 777 | R 4 §§
fundamental mode g” P 23
(Qo ~ 1E3 or 1E4,Q,,+ ~ 1E6 or 1E7) 2 éa. # gvym % 1)
« Higher-order-modes (HOMs) offer better | £ 10 3 ‘E
match, but at the cost of more complicated Ve o § =
: PN i a5

EM field distribution &\ . . \ R 3/

Time [minutes]

Bench Setup for $ =0.53 HWR  Example CO, response during plasma processing
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Why HOMSs for Sustaining Plasma in FRIB Cavities?

» |[deal EM mode for plasma generation is accelerating Fundamental Mode Q’s:
mode - plasma is localized where emitters are likely to Cavity B M
be 0.041 ~2E6 ~2E3

= Problem: Large mismatch implies |I'|? = 1 for 0.085 ~2E6 ~3E3

fundamental mode so plasma may be sustained inside :>

coupler volume rather than cavity volume 0.29 ~6E6 ~6E3
* For sufficiently dense plasma, Cu sputtering is the concern 0.53 ~1E7 ~9E3
= Solution: Seek HOMSs that have improved coupling via Simulation of HOMSs for = 0.085 QWR

FPC (no HOM couplers on FRIB cavities)

Coupling Strength vs. Frequency

1.000

Unity

= HOMs investigated via CST MWS for B = 0.085, 0.29 o Monofle ’
and 0.53 cavities Sy 5| O Lo

« Many promising HOMSs that improve mismatch by 1 or 2
orders of magnitude!

0.010

0.001 @
Fundamental mode couPIing/ 200 400 600 800 1000
Freguency [MHz]

when cavity is warm
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HOMs Vastly Improve Cavity Plasma Parameter Space

» Two “knobs” available to enhance plasma density: Modified Slater’s Theorem
- Forward power (Pr) - raises electric field in cavity, increasing ionization rate

* Drive frequency (f;) = plasma in cavity causes f, to shiftup |

» Now f; # f,, SO we can shift f; up to try and get back on resonance again

Aw 1 [w,?|E|*aV

Wy B 2(1)02 flElde

v

Lieberman and Lichtenberg, 2003

= For any given combination of parameters, (pressure, inert gas type, oxygen %, EM mode, cavity type)
we can sweep the parameter space (Af; as function of Pr)

= Example parameter sweep for 100 mTorr of Ne/0, (95:5) in § = 0.085 QWR for various HOMs
* (will later use Argon for CM processing)

ol . The price you pay... where will plasma ignite?
Single-Tone HOM Frequency Limits HOM Frequencies Measured E-fiold Maps
0.020 O = Coupler Ignition [MHZz] Q0/Qoxt P

)
0.015 ‘/./’ :égfmﬁz 1004 2.09E-1 9.5‘:?5
603 MHz
Aa 687 2.63E-1 —r
7, oo s
603 1 53E'1 5e+06 —
4e+06 —
0.005 3406
2e+06 —
o /\@ '_E+|:|61
0.000 O 542 3.10E-2 0
0 10 20 30 40 50 60 : : £ ;
Forward Power at Cavity [W] 404 1 45E_2 402 MHz 605 MHz

One solution: excite multiple HOMs?



» Goal: develop and optimize plasma recipe for every FRIB cavity shape/type

Summary of Plasma Processing Development at FRIB

» Plasma processing has been deployed in f = 0.085 QWR in: spare cryomodule and in linac tunnel

FRIB

&

Cavity B: 0.041 0.085 0.29

0.53

1 Feasibility Study (CST simulation) Yes Yes
2 Plasma generation with matched coupler Yes
3 Vertical test after step 2 Yes
4 Plasma generation with FPC Yes
5 Vertical test after step 4 Yes
6 Plasma generation in spare cryomodule with before Yes
and after bunker tests
7 Plasma generation in linac tunnel with before and Yes
after FE scans
Facility for Rare Isotope Beams -
U.SI. IDyepartment of Energy Office of Science | Michigan State University 5 gRI- 2(]25
640 South Shaw Lane * East Lansing, M| 48824, USA L L .
frib.msu.edu L | OI(QO

Yes

Yes

Yes
Yes
Yes
Yes
Yes
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Outline

* Demonstration in FRIB Cryomodules
» Spare module (B = 0.085 QWR)
* Linac module (8 = 0.085 QWR)

Facility for Rare Isotope Beams RR Jh I L
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Plasma Recipe for Spare QWR Cryomodule

= Spare f = 0.085 QWR cryomodule showing field emission (FE) in cavities

5 — 8 was first module to receive plasma treatment
» Cavities 5 & 8 receive same treatment; Cavities 6 & 7 receive
» Cavities 1 — 4 received no plasma

» Gas was flowed from cavity 8 to cavity 1 such that contaminants were
transported through FE free cavities (constraint from orientation of

cryomodule in bunker)

» Two HOMs selected to sustain plasma with Argon/0, (90:10):
* 402 MHz: monopole - azimuthally symmetric plasma distribution ;

Qo

» 605 MHz: dipole - asymmetric plasma distribution; 15

@D = plasma location @ 60 mTorr of Argon/0,

different treatments

< Gas Flow

CRYOMODULE

Cav 8
GV

No plasma Received Plasma

Vim

9.5e+06 ‘I

Be+06 —
7e+06 —
Ge+06 —
5e+06 —
4e+06 —

TE11, i—" like
at 605 MHz

Y~ 014
ext
3
CaV|ty Time
[Hr]
404 &
605 (5 each)
6 605 5
7 404 5
8 404 & 10
605 (5 each)

E, similar in all lobes; plasma could ignite in any one of them

(0.077 mbar)
Pressure Af 4 [MHZ]
[mTorr]
~125&~18.9 0.8and4.5
~58 ~10.9 3.9
~58 ~11.9 0.8
~58 ~12.0&~10.8 0.9and 3.6

Cavities were processed in 1 hour intervals



Gas Supply/Pumping and RF Systems for
Cryomodule Plasma Processing

Gas Supply/Pumping « Two compressed gas cylinders: pure Argon and 80/20 Argon/0, mix

* One mass flow controller (MFC) for each gas cylinder to set flow rate,

Cav 1, CRYOMODULE
cryomodule pressure

Cav 8
P v d
PO

« Two pressure gauges added at either end of cryomodule

* Pumping on cryomodule with roughing and turbomolecular pumps

« Additional turbomolecular pump for residual gas analyzer (RGA)

| Pressure _
Gauges
PUMPING N | =~
& GAS . -
DIAGNOSTICS ~ suppLY Portable cleanrooms for Pumping side connection Gas Supply side connectior
connections to plasma cart (cavity 1 side) (cavity 8 side)

@‘ Facility for Rare Isotope Beams 5 APV () f
q @ U.S. Department of Energy Office of Science | Michigan State University SR I' 2025
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Gas Supply/Pumping and RF Systems for
Cryomodule Plasma Processing

« Signal generator and amplifier for driving RF System
HOM
3 power sensors for Ps, P and P, B VNA [ SSA] |
» Bias tee and picoammeter for FPC and » Al D
pickup dc current measurement N -
» Vector Network Analyzer for monitoring of N | D
plasma
S||S X
T
DD
pA

RF Cart and DAQ

@‘ Facility for Rare Isotope Beams 5 \ =g P

q m U.S. Department of Energy Office of Science | Michigan State University snl- 2025
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Spare QWR Cryomodule Performance

= Multipacting Performance:

» Field Emission (FE) Performance:
* 3 =0.085 QWR has 3 multipacting barriers (5.5 kV/m, 70

[4] -

:‘E T |( -I T (‘I. I| T T T T T ? :—!é T I(“ -I T (‘I. . T T T T T T ? kv/m, and 750 kV/m)

av ‘l\l . N dav av -

R =| —a— | 5 i . _ = —.—l _“_i - . .
sl o | & 1 ="l ; - Plasma processing appears to help reduce the time
z fHl——¢ —s | ] 3 H——t —8 for high-barrier conditioning:

Z _-E; Before plasma F‘&f ? Z E After plasma ; E -E - - . I e
i E ;f Eﬁ T E ' E- [ E
> . ‘;’_. z P E MZ/J!" 3 s
E F 3
§ . " 1l I)jl- L TI 1 L 1 i:" ‘Ll“.l .‘.._l,‘,:.:*u‘_.’_-_:*"‘“" L ot 1 L 1 i:
o 2 4 6 8 10 2 2 4 6 8 10 2
E, (MV/m) E, (MV/m)

» FE onset may be slightly improved for cavities

= Cavities 1 — 4 are still FE free!

and 6

= FE onset eliminated for cavities 7 and 8 (up to 8 MV/m)

Conditioning Energy (KW 5)

—=&— hefore
+— no plasma

= | —=— after plasma

adi e i D s o i s
L

b B s i Lo i o L i o i

31811249-024

4

Cavity
= Cavities not receiving plasma treatment had slightly
worse conditioning time = potential H,0 migration
and deposition?

= Why might cavities 5/6 not improve as much?

 Cavity 5 received both HOMs and cavity 6 received only dipole
mode - dipole mode may not be as effective?

« Concerns about dipole ignition location...

Spare cryomodule was swapped into linac tunnel during 2024 long shutdown and had same FE performance

141 Presented at IPAC24 Poster Session



Modified Plasma Recipe for Linac Tunnel Cryomodule

= Worst performing f = 0.085 QWR cryomodule in linac was targeted for
plasma processing
« 3 cavities showing FE onset below specification field (< 5.6 MV/m)
« 3 cavities showing FE onset above specification field (> 5.6 MV/m)
» 2 cavities field emission free up to 6.7 MV/m

= Several modifications made to plasma recipe based on lessons learned
from spare cryomodule processing:

« 605 MHz HOM (dipole) did not appear as effective in reducing FE - decided to
only process with 404 MHz (FM harmonic)

» Decided to apply plasma to all cavities; even those without any field emission at

advice from P. Berrutti (BNL)

» Kept same gas mixture (Ar/0, 90:10), pressure (~60 mTorr), and forward power

(Pr = 12 W) but varied plasma density

Plasma Applied in 4 Rounds

Gas flow now in beam direction

Gas Flow

Cav1\

CRYOMODULE

GV

tCav 8
GV

All received plasma

Plasma
duration and
strength

Round 1

Round 2

Round 3

Round 4 |

!'b» » 4> )4

‘ | } ’<> 4

Density: Low High High

Af 4 [MHZ] 0.4 0.8 0.8 0.4
Iterations: 1 (8 cavities) 5 (3 cavities) 3 (3 cavities) 1 (8 cavities)
Time [Hr]: 0.5 1 1 0.5




Gas Supply/Pumping Connections in Linac Tunnel

Pumping line Gas Supply line  cryo-distribution = Gas Supply + Pumping
. Cart
@‘ Facility for Rare Isotope Beams R Y ") () !
q @ U.S. Department of Energy Office of Science | Michigan State University SRI' Z(]Zﬁ
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Vacuum Excursion Event

= After completion of round 4 of plasma processing:
» Gas supply was closed to CM

» Used plasma cart (roughing and turbo pumps) to restore the vacuum

» Sudden rise in beamline vacuum to ~60 mTorr (recorded by gas cart pressure
gauge) before declining again

= Speculation: momentary loss in power to roughing or turbo pumps

* No other systems (RF components, gate valves) lost power

= Recovery: cryomodule was isolated from gas cart, an additional sentry valve
was installed on the gas cart, and additional plasma processing was

conducted (prioritizing cavities close to pumping side)

Bonus Plasma Rounds

RGA Signal on Plasma Cart

107 10 10° 10

Partial pressure (torr)
1078

w070 0

10712

N 28
E | ——40 —— 44

32

18

t =0 at 00:00 27-Aug-2025?

Vacuum
event

Round 1 Round 2 Round 3
Plasma duration
and strength o O » 4> < » 4 O > <
Density: High High High
Afq [MHZ] 0.8 0.8 0.8
Iterations: 1 (8 cavities) 1 (4 cavities) 1 (2 cavities)

Time [Hr]:

1

1

1

Time (days)

Protecting the CM:

28-AUG-2025

—grp_a

m_half

At end of plasma round,
flows were discontinued

CM was isolated from
plasma cart overnight
Gas flows were
reestablished the next
morning for the next
plasma round



Tunnel Cryomodule Performance

= Field Emission Performance:

Before plasma processing (Jul 2025) After plasma processing (Sep 2025)

10°
10°

100

100

10
10

X-rays (mR/hr)

X-rays (mR/hr)

3180925-025
3180925-026

0 0.1
0 0.1

0 2 4 | 6 8
!:‘“ (MV/m) E” (MV/m)

= Cavities 6 and 8 showed no FE onset before or after plasma

Some pulsed and CW conditioning on
cavities 4 and 7 respectively

= Cavities 1, 2, 3, 5, and 7 had improved or eliminated FE onset after plasma }

= Cavity 4 showed similar FE onset

FRIB SRF Recommissioning @ 4K was completed on 9/15




Outline

= Other Topics
* Mode mixing

= Looking Ahead
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Dual - Tone HOMs

* Problem with HOMs: Depending on mode, pressure, and gas mixture/type, HOMs may ignite plasma in
unfavorable regions (likely issue with 605 MHz dipole)

= Possible Solution: Excite two HOMs simultaneously to modify spatial distribution (Presented at LINAC24)
* Inspired by “plasma bridging” technique for plasma processing of LCLS-II cavities (p. Berrutti, et. Al, J. Appl. Phys. 126 (2019)

= Spatial distribution of plasma can be manipulated from

= Special £ = 0.085 QWR was machined to allow for
“tuning” each HOM and observed directly:

viewports aligned along coaxial line direction:

Modified tuning plate and bottom flange Vlewports and attached cameras

Beam Cup o Inner Beam Cup

conductor
\_'_,; \_'_I

S—
Accelerating Gap Accelerating Gap

Plasma on IC tip and in
both accelerating gaps!

RF space illuminated by flashlight 404 MHz 1004 MHz (quad)
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Looking Ahead...

Summary

» Plasma processing of FRIB QWRs cavities using HOMs allows for higher plasma density

= HOM plasma applied to a spare QWR cryomodule and in linac tunnel to QWR cryomodule:
« Many cavities had improved FE onset and no cavities degraded after plasma processing

= Next Steps :
» Demonstration in § = 0.53 HWR cryomodule (most energy gain in linac) and repeat plasma in § = 0.085 QWR linac cryomodules
« Contuined pursuit of dual-tone HOM plasma for more efficient cleaning
« Compare cleaning efficiencies on FRIB cavities for various inert gases
* Development started for FRIB energy upgrade cavity (Y.-L. Cheon et al, HIAT 2025, TUP24)

Acknowledgments
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FRIB

Thank youl!
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