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Background: High Reliable FRIB Machine Operation

* FRIB has officially completed CD4 on May 2, 2022, and now is under
machine operation for users.

= The reliable machine operation is the first priority for user service.

= This project is to develop high Q and high gradient cavities with
operational gradient > 10 MV/m, for cryomodule replacement in future due
to cavity performance degradation in long term operation.

* Project final goal: Cavity performance, 12 MV/m @ Qo = 2.0E+10
= This project has four objectives.

» Several challenging transformative preparation developments are
presented In this program.
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High Q&G 0.53HWR R&D for FRIB 0.53 HWRS

Q&G performance.

Qo has to be improved by a factor 2 - 4 for the
high gradient operation at Eacc =12 — 15 MV/m.

FRIB production 0.53HWR performance limitations

HWR 0.53
Total number of certificated
. 148
cavities

1. Quench<Bp=85mT 2 (0.1 %)

2. Field emission
X-ray below Bp = 85 mT

3. High Field Q Slope 37 (25 %)

109 (74 %)
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So far, FRIB SRF cavities are operated stably at 5 - 8 MV/m.
Field emission (FE) and high field Q slope (HFQS) are major issues to be resolved, for high

(o]

| "NOTE: FRIB production cavits |
= were processed by BCP.

perr_e2®_ge 01-FEB-2019

b530_su

1 9

E, (MV/m)
FRIB 0.53HWR production cavity performance
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Objective 1: Apply EP+LTB to FRIB 0.53HWRs

= Apply electropolishing (EP) and low temperature bake (LTB) to FRIB  s,amy 1 % 3 w s @ 7 s o w0 1m0 20 0 w0 150

0.53HWRs to mitigate FE and HFQS. e e .
| Protgfype HWRs{: :R:g‘:
« Successful EP (no LTB) experience with HWR at ANL, showing a W‘f"?{{:f‘*‘w & v
. . 10| £ g d_2=8 v HWR7 |
promising result. U BA -A--'{W" INAG L,
" . o el e ooal = e F
« ILC cavities show that HFQS is eliminated by the LTB post EP. ST o HrQS onset /
|0"g‘ LS : HFQS
E\ | Earliest measurement
@ /SN2 W Cavity Power N 0f 0.1 mrihr field
e 5 10% [ v ‘ ! emission in HWR4-8
ILC Cavity 3 v - ep. ok paidapo | +10° [ 12 0180 Baselne ow o NekGtwonw
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PUL TN : ol &n EP only HWR cavity performance electropolished
Qo it I:%m“ 210 \J!‘/"Z.:/V'l-,-... at ANL.
iu“‘ = j e
10" i 1 - Qo TSIy
5 | K 5 ep {178 e
s HFQS by EP After LTB 91{)8‘2) /“. w5y
4 8109 FEOrvFQS™
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10 | 1 610°
|;|.'"']ulillg{]""m}”"40"- 51090...2.”4..‘6”.8.”10...12...14.
Eacc [MV/m] Eacc [MV/]

HFQS by EP is eliminated by LTB post EP Expected FRIB 0.53 HWR performance
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Objective 1: Apply EP+LTB, Procedure

Brand new FRIB 0.53 HWR SC53-159
==
Borescope inspection
~ =
Mechanical grinding

s ]

Hydrogen degassving, 600 ©C 10 hr

i

Clean assembly

< >
Cold test

Cold test
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EP System at FRIB

» EP System has been constructed in FRIB SRF Highbay for future high gradient cavities, i.e.
energy upgrade 644 MHz cavity. System commissioning completed in Fall 2022.

EP system at FRIB
EP condition for this R&D HWR (SC53-159)

EP | Average | [VErage Acid Flow | Rotational
) current Total EP : _
voltage | Current density temperature rate speed time [hr] Material removal
V| A | sy | CC1 | W] | [ro/min) |
Inlet 17 ©C From | From Mirror like electropolished surface
. total weight
16 269 29 2.6 1 8.5 def
Outlet 27°C charge orenee - o Sl
L 1199 um | 122.9 um 2023 NP Accelerator R&D PI Exchange Meeting, Saito , Slide 7




Objective 1 Results: Completed on June, 2023

» EP produced HFQS, as expected.

= EP+LTB reduced BCS surface resistance, as expected. Residual surface resistance also decreased by 1.7
nQ . LTB post EP eliminated HFQS, as expected.

= High gradient performance up to 15 MV/m (quench) by EP+LTB
» Demonstrated first in the world that LTB post EP is effective for medium beta cavities.

= Need to increase Qo for the high gradient operation. ot
107 BT - cseeun)
>Ny A QK] 214E-5  1.30E-5 : eroject Goal
Alkg [K] 19.42 19.03 Qo HH""'*‘:':-;:!L\&: SNy
Rres [ Q] 5.90 4.24 10} \'\\( \.1'\‘*];'
Racs [Q] 1.30 0.954 i s
Q0@ 2MVim 1.49E+10 2.07E+10 I LY
——Rs(EP) N _
= Rs(EP+LTE)
10-9 I I I 1090 2 4 6 8 10 12 14 16
02 025 03 035 04 045 05 055 0.6 Eacc [MV/m]

UTK™Y
Eacc vs Qo performance, EP and EP+LTB
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Objective 1 Result: Mitigation of FE

* EP smooth surface finishing pushed up the FE onset, and mitigated FE very much, as
expected.

= |n this R&D, HPR took place the robotic system developed after FRIB production. This
result will include such a HPR optimization.

104 i S $H FF SR AR AR A B B B i S S e S S e i

—&— C 106, BCP
—&— C 046, BCP
—&—C 153, BCP
—®— C 033, BCP
—8—C 072, BCP
—®—C 132, BCP
—®— C 156, BCP
—&—C 157, BCP
—&— C 159, EP+LTB

1000

100

10

1

X-ray [mR/hr]

0.1g

0.01

0,001 i T T T O D R
0 2 4 6 8 10 12 14 16
Eacc [MV/m]

Field emission behaviors, BCP and EP+LTB
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Objective 1 Summary

» Objective 1 was successfully completed in early June, 2023. The result was published
In SRF2023 conference, June 25-30, Grand Rapids, MI.

» Flat Qo performance reached up to 15 MV/m (quench) by EP+LTB: innovation of a
processing method for high gradient performance for medium beta cavities.

* The same result as ILC cavities that LTB post EP eliminates the HFQS has been
confirmed first in the world with a medium beta cavity: Technical and Scientific
contributions

* Field emission is greatly mitigated by EP.

= Qo needs to be enhanced more for high gradient operation, for example at 12-15
MV/m.

ﬁ: Facility for Rare Isotope Beams
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Objective 2: Reduce Ambient Field to Enhance Qo

* Requirement for Qo to be improved more for high gradient operation.

» BCS surface resistance at 2 K is small enough at frequency 322 MHz of FRIB 0.53 HWR, for
example ~ 0.5 n() with EP+LTB. Residual surface resistance (R,..) is dominant in the
surface resistance (Rg) at 2K. For higher Qo, the causes of R, have to be understood, to
reduce It.

= Ambient magnetic field around cavity is well known as a cause of R,..
* Objective 2: Investigate the ambient magnetic field influence

* Reduce the ambient field in VTA Dewar as much as possible by installing a local magnetic shield on
the cavity.

* Investigate thermoelectric current effect

** Many deferent material connections of Ti/Nb, Ti/SUS, Nb/NbTi, etc. around cavity. These produce
thermoelectric currents by Seebeck effect, if temperature difference is large during cooling down, and
results in lower Qo due to flux trapping.

Facility for Rare Isotope Beams
d‘m U.S. Department of Energy Office of Science | Michigan State University
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Local Magnetic Shield Design and Fabrication

* A local magnetic shield (MGS) was designed to reduce the ambient field in VTA Dewar < 0.1 mG
*» The MGS was fabricated using Permalloy.
" In FRIB acceptance test, this design goal was confirmed at RT. Attenuation 99.6%.

10t
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= . ; I ==
Ambient field in the Dewar is 2 — 5 mG at effective zone, at RT. - —  1L51%5inchl|i = E.
i i i i3
7 7 7 " " 713 10° L -— L5=20inch =f'” _
F ' : — — L5=2Sinch é
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St S 10 = =J—... = =
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Qg 100 "% N Nur:h'; -
5= A& Eas A-- East ] 2
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o % o  West @~ West 7
S 15 mG g Shaf’ .
& X o8 107 | i =
s 10f Cavity!Area 4 ]
: \1\,_—'7 o o Sk
[ ] ) ‘> :
P i ahale, 11}4 i i L i i \
e "’)é‘“;"% 2 15 10 -5 0 5 10 15
Center of cqvity, 72inch . . . 0y
| et :’L.sy. =t Magnetic Shield design Z{mm)ZY=9.2inch
Dcmh' o ‘ The ambient field is reduced below 0.1
Ambient field in a FRIB VTA Dewar mG by putting a sleeve around port.
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Local Magnetic Shield and Procedure of Objective 2

e,

FRIB

&

X

MGS installed on the SC53-159.

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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Objective 1 LTB, warmed up after cold test

i} Cavity kept under vacuum for 4 months

Cold test, fast cooldown

~ b
Warm up to 250K

~

Cold test, uniform cooldown

~ b
Warm up to 300K

Cold test, without MGS. uniform cool down
=
Warm up 250 K

~

Cold test, without MGS, uniform cool down
and active ambient field cancellation

2023 NP Accelerator R&D Pl Exchange Meeting, Saito, Slide 13



Active Monitoring of Temperature and Flux, Fast and

Uniform Coollng

= 7 temperature sensors around cavity, and 3 flux

gauges.

= Fast cooling (Temp. difference at top and bottom of

cavity >10 K)

= Uniform cooling (Temp. difference. top and bottom of
cavity < 10 K)

Magnetic shield (MGS) LHe Outlet N

— SUS306 000 |

Fast cooling: T-
difference > 10K

He Jacket, Ti \ | Flux gauge
N r

300.00 |

Temperature (K)

—
LHe inlet

Temperature sensor SUS306

Time (0-2.5 hours)

Uniform Cooling

=#=5mall Bottom Port He Fill Side —*—5mall Bottom Part

=+—Qutside of Shicld —a—3ide Port

25000 f

Uniform cooling:
T-difference < 10 K

Time (0-2.5 hours)
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09056
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&

FRIB

Ambient Magnetic Field around T- by Uniform
Cooling, Active Field Cancellation

Uniform cooling, Nov. 10

Ambient Magnetic Field at Tc
(no cancellation)

|_.—e—Bottom |

Cavity in superconducting
state

Time (0-0.5 hour)

Facility for Rare Isotope Beams
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Ambient field was ~ 6 mG by uniform cooling.
~ 3 mG by Uniform cooling and active field cancellation.

Uniform cooling and active field cancellation, Nov. 13

Ambient Magnetic Field at Tc
(with cancellation)
—e—Bottom

_

Cavity in superconducting state

H ~3mG

amb =

L —

Tfm

Time (0-0.5 hour)
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MGS, Fast and Uniform Cooling, Active Field
Cancellation

= Local magnetic shield improved the residual surface resistance a little.

= Uniform cooling worked well to reduce the residual surface resistance up to ~ 2 nQ.

= High Q&G performance was achieved up to 15 MV/m (quench) in all cases.

= Active field cancellation up to 3 mG produced the highest Qo performance, Rres= 1.5 nQ.

= The goal: Qy,=> 2.0 E+10 at 12 MV/m has been reached.

10 —r——T—TT1T 717 T T

P R O O O

Uniform

—&8— Rres:
—a— Rres:
—um— Rres:
—H— Rres:
—0— Rres:

EP,FC

EP+LTB, FC
EP+LTB, MGS, FC
EP+LTB, MGS, UC
EP+LTB, UC

-t

cooling,

EP+LTB, UC, Field cancellation

............

........

Field cancellation
L )

0.4

T [K™]

0.5 0.6

Comparison of surface resistance, uniform cooling works to reduce

the residual surface resistance
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1EP,FC P : o o
--{ —&—Qo: EP + LTB, FC R U S S U U R S o S S

—®—Qo: EP + LTB, MGS, FC T TR O T T A O
—d—Qo: EP + LTB, MGS, UC e
O Qo:EP+LTB, UC AT A A T A R A
A Qo: EP + LTB, UC, Field cancellation i & & &+ &+ & [
— —Qoat7.9wW A A

109;;;l;;;l;;;l;;;liiiiiiiiiiiiii
0 2 4 6 8 10 12 14 16

Eacc [Mv/m]

Comparison of cavity performance, uniform cooling pushes up high Q performance.



Field Emission Behavior

* Field emission behavior is similar to the
case of EP in all other experiments in Jp=3220M
objective 2.

-2023

= X-ray iIs less than 0.1 mR/hr below 13
MV/m. From point of FE view, 13 MV/m
IS FRIB usable gradient.

01-NOV

3

~—
=
2
=
S
.E"'.
)
o3
D
P<

cw_auto

* Need to improve FE for higher gradient
operation >13 MV/m.

Field emission behavior in a Objective 2 experiment
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Ambient Field Contribution (R,4) on Rres

Ambient field (H,,,) contribution (R,,) on Rres is well known:
ng(nQ):CX\/f[MHZ] ><Hamb[mG]’ QA i S O O O O O O
at 1300 MHz, C\/fz 0.43 (KEK measurement result) [ "] ]

AU SO S S SN SN S Ao st s s [T 0.96623 | 1.7162 fi-..]
bbb bbbl i ) m2 018372 | 0.19327 fi....]
b i 3N cnisg | 0.0022907 NA L

R| 099873 NA |

e S My AP R MUy S i i LA .Sttt A AP

The data fitting result 0.184 is consistent with
the frequency dependence of R,

...............................................................................................................................

Rres [nQ]

» EvenH_, =0, R, of 1 n() remains, which is 0 O S O O 0

unexplainable by flux trapping, so far. I O

..............................................................................................................................

Hamb [mG]

Ambient field dependence on residual surface

resistance measured in Objective 2 experiments
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Understanding of Residual Surface Resistance (R,..)

* 80% of the Rres is due to flux trapping in case of fast cooling.
* The remaining 20% (1 nQ) cause is not yet known.
= Improvement of remaining 1 nQ enhances extremely Qo to 1x1011.

* For high Q performance at high gradient, Qo slope has to be improved, one of which methods is
to enhance thermal conductivity of niobium material, use more higher RRR material (current
RRR=300), or post Ti purification before jacketing vessel on the cauvity.

Understanding of R, and Expected Qo

Rges [NQ] at 2K

Res [NQ] 4.3 2.0 1.0 0
Rs [NQ)] 4.8 2.5 1.4 0.50
Qo 2.2 x 1010 4.3 x1010 7.7 x1010 2.2 x 101
1/Qo slope 2.5x 1013 1.3 x 1013 1.3 x 1013 1.3 x 1013
ﬂ 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 2023 NP Accelerator R&D PI Exchange Meeting, Saito, Slide 19
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Comparison BCP and EP+LTB

» EP+LTB produces a lower BCS surface resistance than that BCP.

= EP+LTB produces a flat Qo performance and pushes the gradient, while BCP’ed
cavities are limited by HFQS or FE.

{..ioil —=—C 150 EP+LTB, Fast cooling
i+ | —&—C 159, EP+LTB, Uniform cooling

T EEEEEEEEEE RN

0.2 0.25 0.3 0.35 0.4 0.45 0.5

UT [KY

T-dependent surface resistance between BCP and EP+LTB

0.55

1011

| —<—C 159, EP+LTB, Fast cooling
A C 159, EP+LTB, Uniform cooling
—%¥— 1005, EP+LTB, Uniform cooling, Active field cancellation

109 PO N I T R S S O N S T S N S T S N S T
0 2 4 6 8 10

Eacc [MV/m]
Eacc vs Qo performance between BCP and EP+LTB
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Objective 2 Summary

= Objective 2 was successfully completed in November, 2023.
* Local magnetic shield improved the Qo performance a little.
* Flux trapping is dominate of the residual surface resistance, 80%.
= Uniform cooling works to reduce the thermoelectric current effect.

* The final goal of this project has reached:12 MV/m @ Qo = 2.0E+10,
operational gradient > 10 MV/m (12 MV/m) with an operational margin >
30 % (60 %).

* To reduce the thermoelectric current effect more, investigation of Seebeck
effect Is iImportant with various different material connection used In
cryomodule, for example Nb/Ti, Ti/SUS,.....

e,

FRIB

&
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Objective 3: Wet N-doping

Challenge to A Transformative Processing “
= Objective 3: Explore transformative processing for more high Q

performance.

= N-doping might push up Qo performance, for FRIB 0.53HWRs, up to

~10 MV/m (85mT) at least, even a low frequency 322 MHz.

* FRIB spare cavities have a Ti jacket, and impossible to perform 800
— 900 ©C heat treatment included in current N-doping recipe.

* P| found out a Qo enhancement phenomenon in a new EP method

at KEK 20 years ago, which might work to FRIB

* Objective 3: Apply the new EP (Wet N-

doping). Use EP acid with 1500 ppm HNO,
Into the current electrolyte.

= This method will provide a H-free EP also, H- *
degassing process will be able to be omitted.

» Objective 3 is to be done during Q5

o 2] '
N-doping for
LCLS-Il HE
1 T
0 5 10 15 20 25 30
E__[MV/m]
8 e B s A B B B B A B |
810" L T -
[
L N do in
- YYVYYvvy "“'w .E) g
a, Y v -
L v -
t—n\.(.q.A.\ = Vvv -
i : / AL, "W
C

Baseline: EP+LTB

O 2x10"™ @)
. 53 HWR . PIP-Il high beta spec
= aeso N-doping for the 650MHz "
i 3 vy PIP-II cavmes £
0 -B 2 24 26 28 : 32 34
E.. (MV/m)
., 10% 2.2
| ® Qo: EP(HNO3, 1500 ppm) 50um + LTB
i New EP i ; ]
o0 eo® ooo“ou’.._.. } 1 ....o ooohou‘.o... 12
Bl gy ® i i i i ) 3 —
é 171212 O.Q ° ‘ | ‘ L T
; Ennﬂnﬂﬁﬂﬁu % QoJ | O g
} ﬂﬂﬂﬂ 2@ . ; ; ; ; P e ] 18-(.3
/ 3 107t Bath temperature is rising up ] 2
Basellne EP+LTB i during measurement 1168
‘ j--"*““*““.'.'-.-.ﬂ*""éﬂs-f a
ID Qo: EP (HNO3, 1500 ppm) 50um + +LTB| 00000 {14
oooo-__________‘_________ ______
‘ 4 Qo: EP (conventional acid) 100 um + LTB‘ . ‘ ° Tempe rature: 142 +- OOGK ]
: : i i i 10

i i i i i
5 10 15 20 25
Eacc [MV/m]

5 lO 15 20 25 30
Eacc [MV/m]
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Objective 4: HFQS-free BCP

Challenge to Another Transformative Processing

= Why post BCP LTB does not eliminate the HFQS with BCP’ed cavity is a opened question for more than
20 years in the SRF community.

= A MSU PhD program (2019) concluded that N-contamination from HNO, in BCP acid could be the cause.

= |n this program, a new BCP acid with Copper catalyst and replace the HNO; to H,O, was successfully
developed for small Nb samples. This new BCP could leave an Oxygen contamination on Nb surface
similar to EP, therefore the HFQS could be eliminated by LTB.

" ObJ eCtlve 4: Apply thiS neW BCP methOd to FRIB i E:?;;l;fs:':u:n;:;;+ﬂu :L :iﬁ::I;:T_;ia::iCu{variabm}
HWR. ‘::z H202 + (15 mL} HF + Cu {variable)
¢ NeW BCP+LTB COUId prOduce hlgh Q/G :i 19 miHE IimLHF Only replacement of HNO; to H20,
performance similar to EP+LTB mo | T L G ssental o get st
. . . . x x f
- BCP is much simpler than EP for complicated cavity _ = —
16.00 m
geometry. £ 1eoo | 7mLuF ma
. . " = 1200
* If successful, it will be a very important technical o0 [ f oMM s w
. . . . 431 ppm Cu
and scientific contribution. ao [mHEl =~ [
. . . ] a0 T o———=¢ P @ * <
= Objective 4 is to be done during Q5-Q6 200 ' 108 pom G 262 ppm Cu
oy Facllity for Rare Isotope Beams 000 © - " p po - pr—
& m U.S. Department of Energy Office of Science | Michigan State University Removal each side (um)
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Resources for This Project

» P|: Kenji Saito (Professor and SRF Development Manager), overall
= Co-Pls:

» Chris Compton (Cryomodule Assembly Group Leader): cavity inspection mechanical grinding, magnetic shield fabrication,
install, etc.

« Taro Konomi (SRF Staff Physicist), ambient field simulation, magnetic shield design, cavity cold test

» Laura Popielarski (SRF and Superconducting Magnet Deputy Manager), Cavity processing, managing bi-weekly meeting
= Research Associate: Yuting Wu started from Oct. 16", 2023
» Graduate student: Spencer Combs supported by ASET program, joined from Fall, 2023

= Other resources
« Sam Miller (Mechanical Engineering Department Manager): managing the mechanical design
» Alex Taylor (Superconducting mechanical design engineer I): Magnetic shield mechanical design
« Joe Asciutto (Engineer): cavity borescope and surface polishing
« Walter Hartung (Senior SRF Physicist): Cavity cold test
« Wei Chang (SRF high level application team leader): Cavity test
» Kyle Elliott (Cavity Processing & Cold mass Assembly Group Leader): EP, BCP, and Cavity clean assembly,
« Ethan Metzgar (Processing team leader).EP, BCP, Hydrogen degassing
» Brian Barker (SRF Process Engineer): EP, BCP, and Hydrogen degassing
« Dave Norton (Accelerator Engineer |): Cavity test preparation
« John Schwartz (SRF Engineer): Cavity frequency measurement
* Hiroyuki Ao (Senior SRF Physicist)
« Sang-hoon Kim (SRF System Engineer AND Test Group Leader): coordinating VTA schedule, cavity testing

2023 NP Accelerator R&D PI Exchange Meeting, Saito, Slide 24



Budget Status

FY 2023(§) | FY 2024 (9) Totals ($)
a) Funds allocated 359,000.00 345,000.00 704,000.00
b) Actual costs to date 140,386.70 39,256.80 179,643.50
¢) Uncosted commitments 84,803.09 224,209.07 309,012.16
9 l(J d”:;’_’g‘_rg)'tted funds 133,810.21 81,534.13 215,344.35

The unused cost $105K in FY2023

Delayed hiring Postdoc one year, $75K
Graduate student is supported by other DOE grants (ASET), $30K.

This unused cost to be used for the materials newly necessary to this project R&D.

Temperature sensors (6) and flux gauges (3) have been ordered, $20K, delivery in March, 2024.
NC25 bolts/nuts (perfect non magnetized material) are quoted, $40K, delivery end of February, 2024.
Magnetic thin sheets are ordered, $2K, delivery end of December, 2023

Nitrogen gas analysis have been quoted, $14K, delivery end of April 2024.

HIP bonded samples for Seebeck Effect study are under Quote, ~ $30K, delivery mid May, 2024.

Totally ~ $106K will be spent in FY 2024Q1 for these materials.
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Summary

= So far, first two objectives of four have been successfully completed. The project
schedule is on track.

= Two innovations have been developed in first two objectives.
« EP+LTB processing recipe for high G cavity performance on HWRs
* EP+LTB+Uniform cooling method for High Q&G HWRs.

* Final project goal: Eacc = 12 MV/m @ Qo = 2E+10 has been achieved.
» Remained two objectives challenging more high Q will be completed during Q5-6.

= |_essons learned

* For higher gradient > 15 MV/m, needs more effective mechanical grinding prior to
EP. |:> Apply other mechanical grinding method like barrel polishing.

* Investigation of Seebeck effect to push up Qo performance.
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