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Applied Superconducting Technology
Development at MSU

® 1975

MN5F approves
Superconducting cyclotron
magnet prototype

1982
First superconducting
cyclotron K500

l 2000
Starts SRF Cavity R&D

lzﬂﬂl
Infrastructure for
SRF linac R&D

Michigan

® 2004
First MSU elliptical prototype
cryomodule

® 2006
MSU Prototype low
beta cryomodule

2009
ReA3 first 3=0.041
cryomodule completed

$2008
DOE selects MSU to
establish FRIB

2006
MSU funds ReA3
re-accelerator project

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science

State University

2012
FRIBE Technology
Demonstration Cryomodule

e 2014
ReA3 (3=0.085
Cryomodule completed

2014
FRIB QWR prototype
cryomodule completed

IEDIE

First FRIB QWR

production Cryomodule

2014
SEF Infrastructure for
FRIB production

More than 30 years on superconducting magnets
More than decade R&D development on SRF

FRIBL»

¢ Today

120+ FRIB production
cavity received

8 cold mass assembles and
4 cryomodules completed

2022
FRIB completion

L

® Today
200+ superconducting
magnets, 3 cryomodules
in service for NSCL
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Large Scale of low 3 Superconducting Linac

332 SRF cavities from p=0.041 to 0.53, six type cryomodules, one cavity -
one RF source (semiconductor amp.), high gradient CW operation at 2K

Fast Beam Area Gas Stopping  Stopped Beam Area Reaccelerate@ g a4/ = J 0\ gl B13 V- (o
S o A ISR - 400 kW beam power (5 1013
[+ 1 fjj L 238J/s) for all ions from 200
A Ao L e MeV/u superconducting
b — == MR Y %S heavy-ion driver linac
_________ R . =g *World largest SC low-f3 linac
S ey || ¥ - -Unique operating at 2 K
i N S =" s| I <48 Cryomodules including
| ‘ » 332 SC resonators
Fragment R(I-:-accelerator * 69 SC solenoids
Separator . | P
J
} 4 [T1-] 200 foot FRIB Re-Accelerator (ReA):
. . [ . - I
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FRIB SRF Components

Cavities, FPCs, Tuners, Magnetic shields, and solenoid packages

igh gracient and high G

Number of

performance with cavities, Cryomodutes NCavites S
High field (8T) beam focussing

. . . = 0.041 by 3 + 1 spare 12 + 4 spare 6 + 2 spare
solenoid configuration nearby 2 coromedt
Cavities, B = 0.085 cﬁiﬁfﬂfg 11 + 1 spare 88 + 8 spare 33 + 3 spare
Optimization of solenoid design sl WAL P2 VAT -
against cavity/fringe field Half Wave Cold Masses
inte raCtion . B =0.29 Accelerating Cryomodules: 12 72 12
Local magnetic shielding for cost- Accslorating Cryomodales: 18 144 18
effective and reliable magnetic Bl

. . latching Cryomodules:

shielding,

Sottom-up assembly for easy

module assembly and better
operation against microphonics, I 'g : Eu (4)QWR/HWRMa

alignment,

2K operation for high yields, higher

Mitigation of multipacting in the -

fundamental coupler. Al rse e e (3) QWRIHWR Tuners

cavity performance and more stable
(1) Cavities (2) QWR/HWR power couplers (5) SC 25/50cm solenoid packages

Facility for Rare Isotope Beams
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= FRIB QWRs design is similar to ReA QWR

final design

= Larger aperture 36 mm
= Lower Bp and Ep allow higher gradient
= Nb/Ti bottom flange to lower fabrication cost

= Add reinforcement ring to the final production
0.085 QWR OC to increase the buckling

resistance

FRIBE.

reinforcement ring

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

QWR Cavity Development

30 mm Aperture
\

ReA3 Nb bottom flange FRIB
0.085QWR

Bottom-up rail interface

’ [
‘\\

Low cost Nb/Ti
composite flange

}nm Aperture
Blind tapped
holes

FRIB

0.041QWR 0.085QWR

Cavity Type
p

f [MHz]

V, MV]

Eace [MV/m]
e

By/Eace [MT/(MV/m)]
R/Q [Q]

G[Q]

Aperture [m]

T[K]

Intrinsic Q [109]
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FRIB Production QWR Cavity Development

0.041 QWRs perform well above FRIB spec:
average 9.4 MV/m at FRIB heat load budget

0.085 QWRs meet FRIB specification while
show a wide spread in Q, (average 6.9 MV/m

at FRIB heat load budget

Production cavities performs lower than in-
house prototype

Low df/dp and LFD are consistent with design

goals

1.0E+10

Qp at F=5.6 MV/m

1.0E+09

N MSU Prototype

B Production cavities

FRIB B=0.085 QWR

FRIB 80.5 MHz 3=0.041 QWR

1010 I

1.31 Watts
WR041F-5001-t001
WR041F-S003-t001
WR041F-5005-t003
WR041F-5006-t001
(QWR041F-S007-t001
"QWR041F-5012-t001
WR041F-5014-t003
QWRO041F-5002-t001
WR041F-5004-t001
WR041F-5009-t002

o 10°F

108 L

0 2 4 6 8 10 12
E__ (MV/m)
acc

FRIB 80.5 MHz 3=0.085 QWR

3.85 Watts

QWRO85F-5003-t001
QWRO85F-5004-t001
QWRO85F-5005-t002
QWRO85F-5006-t002

e QWROB5F-S007-t001
. ~ QWRO085F-5008-t002
sl QWROB5F-5009-t001

QWRO85F-5010-t001

QWRO85F-5011-t001
QWRO85F-5012-t001
QWROB5F-5013-t001
QWRO85F-5015-t001
QWRO85F-5016-1004

s QWRO85F-5017-£001
i QWRO85F-5018-£001
QWRO85F-5019-1002

QWR085F-5020-t001
QWR085F-5021-1002
QWRO85F-5022-t002
QWR085F-5023-t003
QWRO85F-5024-002

(- QWROBSF-5025-t002
—e— QWRO085F-5026-t001
QWROBSF-5027-1002

“ps QWROB5F-S028-t001
s QWRO8B5F-5901-t004

QWR085F-5902-1003

QWR085F-5903-001
QWRO85F-5905-t002
QWRO85F-5906-1002
QWROB5F-5907-002

QWRO85F-5908-t001

t FRIB GOAL 2.0 K
Eacc (MV/m)

o 10%}

108 L
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HWR Cavity Development

Large helium return flange

= Design optimized to lower Bp and Ep to
improve performance

= Round vessel to facilitate fabrication
= Adapt to pneumatic tuner design

» Special tuning method developed for cavity
fabrICatIOn y . Round vessel

» Production cavity perform well above FRIB
spec

T" Relocation rinse ports

Stiffering Ring

Larger OC

FRIB 322 MHz 3=0.290 HWR Larger beam cup

1011

Formed drift tube
transition

WR290F-5006-t001 Straight Section for
HWR290F-S007-t001 Idi
[*HWR290F-5010-t001 welding TR
HWR290F-5011-t001 | o~
HWR290F-5013-t001 =
WR290F-S016-t001
HWR290F-S017-t002
WR290F-5018-t001
WR290F-5021-t002
WR290F-S037-t003
HWR290F-5046-t001
HWR290F-5904-t001
HWR290F-5020-t001
WR290F-5034-t001

[HWR290F-5026-t001
RIB GOAL 2.0 K

109 - ‘ ]
0 5 10 15
E__ (MV/m)

acc

Facility for Rare Isotope Beams
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HWR FPC Development

« Two HWR FPC designs are prototyped at MSU
« Baseline from KEKB and SNS design
 MPF optimized to suppress multipacting

and choke free design

« Baseline FPCs have heavy multipacting

heating at 9-10kW (traveling wave model) and
very long conditioning time

« MPF FPC perform better in high power RF

conditioning
* No multipacting heating observed
* Quick conditioning time

i % ) o= AN
2ot .‘\1 "V’ »
| s
>

‘ == Quter Conductor(R=21mm} Temperature Rise

] 200 400 600 800 1000 1200 1400

Time [s] T. Xu, Oct 2016 NAPAC 2016 , Slide 9



HWR Integrated Test to Validate Subsystem

Guideless bellow

Split frame design allow
whole tuner assemble after
cold mass out of cleanroom

Old bellow design with
Sliding guide bushing

Side mounting arm
facilitate assemble in tight space

Statistics collected during final 3=0.53 (~3hrs, 7.4
MV/m) integrated test (BW=30 Hz)

Amplitude: 0.17% Pk-PK (.026% rms)

Phase: 0.63 pk-pk (.1 rms)

Forward Phase: 35 deg. pk-pk (15 Hz)

Tremi | R o [ S - =
Ble fdit Yew [msent ook Desitop Window Help - Fle fdit Mew Juset Took [Deshtop Window Help -% fle [t Yew [uet Jook Debtop Window |Help =
[Dode|h /v 09RL- a0 = NEde k4509 «L- 2 08=0 DEde kN5 99E -3 08 =0 |
Mogs/2016_04_22_mplrectesiTdMV permeter.csv .-'logll'mlb_Nj{mpfrglut‘MMVrmnm-u-r.n\- Nogs/2016_04_22_mpfreetest7AMV permeter.csv ‘
10 1 F = Normal Curve, ;#=135.00, 0=9.83¢-02| | Curv |
i O Raw Data, peak-to-peak=6.28¢-01 J ata, pe
" T
.
=0.053 HWR & production RN
- g | & 1 3
] : 8
| & ) | Zio o 2
| =10 ° = % o
coupler and tuner ; NG N
£ g | £ £
Nz o | ] &
N = o l z z 0
| o I L3 o \o
' |
| 107 S04k { 10" 55 10" e P
| -6 4 -2 0 2 4 6 | 04 03 02 -0 0 0.l 02 03 04 -20 -10 0 10 20
_ "VTA_LLRF:RFC2 NOOOZAMPL RD_CAV 1¢* Il "VTA_LLRF:RFC2 NOD02:PHA RD CAV" "VTA_LLRFRFC2 N0002:PHA RD FWD"
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Novel Bottom-up Cryomodules Design Approach

Resonators operate at 2 K and magnets at 4.5

K and are both supported from the bottom to

facilitate alignment

Cryogenic system is decoupled from coldmass

string to isolate vibration to minimize the

microphonics .
vVacuum Vessel

Optimized and integrated with cryo-distribution l

 Bayonet interface to allow cryomodule be : | WABgaHE STkl
cooldown/warmup and serviced :
independently

« 2K-4K heat exchanger inside module to
maximize 2K efficiency

Thermal Shield

Single layer “local” magnetic shield to be cost
effective and less sensitive to magnet operation

Cold Mass

Use common cryomodule designs principles for

all six cryomodule types

» Support rails, cryogenic circuit, thermal
shield, vacuum vessel

Cryogenic System Baseplate

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
m Michigan State University T. Xu, Oct 2016 NAPAC 2016, Slide 11



Cryomodule Design Near Completion!

= All six modules using the
same bottom-up design
approach

= |ast design package
0.29 module will be done
by Mar 2017

= All cryomodules share
large portion of common
components to simplify
design and facilitate
fabrication.

= Collaborate with JLAB on
cryomodule design
(£=0.041 and (5=0.29)

= Collaborate with ANL on
coupler and tuner design

.geft/e?son Lab :
Argonnea (=029 £=0.53 Matching

AAAAAAAAAAAAAAAAAA

F R I B @‘ Facility for Rare Isotope Beams
| U.S. Department of Energy Office of Science .
&m Michigan State University T. Xu, Oct 2016 NAPAC 2016, Slide 12




FRIB Cryomodule Alignment

Rigid baseplate provide stable and reliable
platform for the cold mass

Single sliding
bearing mount
G-10 post

Double sliding
bearing mount
G-10 post

Alignment of cold string is achieved by control
stack tolerance of cold mass and baseplate.

No post assemble alignment adjustment
needed

Rails are made of 316L and annealed before
final machining to minimize distortion during
fabrication and cool down.

R —

Fix mounted
G-10 post

Cryomodule Alignment Survey Results.

[ biods | Resonaio | Salarld

Transverse Vertical Transverse Vertical

(mm) (mm) (mm) (mm)
pB=0.041 cryomodule cold mass p=0.085 cryomodule cold mass 3 segments SCM801 O 449 O . 535 O . 305 O 433
SCM802 0.37 0.31 0.20 0.26
W SCM803 0.44 0.25 0.15 0.21
SCM401 0.25 0.52 0.26 0.07
B=0.085 Matching cryomodule cold mass p=0.29 cryomodule cold mass 2 segments
SCM402 0.14 0.13 0.24 0.13

!H M SCM501 0.807 0.71 0.106 0.096
* Cool down error is projected to be <0.33 mm

B=0.53 Matching cryomodule cold mass p=0.53 cryomodule cold mass 3 segments

F R I B 'y‘ Facility 1Or xare I1sotope seaimns
| LS D) t tof E Offi f Sci
&@ MebigenStete Uiyt T. Xu, Oct 2016 NAPAC 2016, Slide 13



Dedicated SRF Infrastructure to Support FRIB

Cryomodule Production

= All critical SRF tasks are performed on- ™
site e

» Functionalities of the SRF Highbay

* Acceptance inspection
— Dimensional inspection by CMM
— Cold shock test, Leak check
» Cavity processing and assembly
— Large cleanroom
— Cavity etching (BCP) system
— Robotic high pressure rinsing system
— Ultrapure water system
— Hydrogen degassing furnace
» Demagnetizing SRF components
 Cavity vertical test system,
— 3 Dewars and 4 cold inserts
» Cold mass assembly
* Cryogenic system (Dedicated 900W helium
refrigerator, helium purification and 2K
system)

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




Robotic High Pressure Rinse System
Boost processing rate

 Interface with all 4 type FRIB iy
cavities without changing toolings = &g

* Programmable to run complete 2
rinse cycle without operators AR D

« Liquid particle counts (LPCs) and |\ '+%
VTA test results show good 5
performance

1E07 g .

o160 -

@ Facility for Rare Isotope Beams
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Cavity Production & Test Status

= 40% of total cavities (128) for project received 70
(0.041QWR delivery completed) 60

» 59% (76) cavities certified to be installed on cold mass , so
= Averaged 2 tests per week since 6/2015 with mammuﬁ 40
rate at one test per day ,gso

» Less than 20% rework rate S 2
= 4% reject to vendor for repair or rework 10
= Welding issue, dimensional issue and threads 0

issue
» Project to receive all cavities by end of 2017

L
2 |

B0.5 MHz
f= 0,085 QWR

80.5 MHz f= 0.041 QWR

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
w Michigan State University

m Received

m Tested and not certified

m Tested

u Certified
L “I il s
0.041 OQWR 0,085 QWR 0.29 HWR 0.53 HWR

cavity type
ﬁ:'lz" C:.:évit\,f Testing Breakdown
leak avity did not _ Multipacting

wark 1%

3% 1%_

Other test error _

September 2016

T. Xu, Oct 2016 NAPAC 2016, Slide 16



Cold mass Production Status

= 8 cold mass have been completed FRIB Cryomodule Schedule

« 3 3=0.041, 4 3=0.085, 13=0.53 2015 2016 2017 218 019
= Developed procedures to tuning cavity .——_.

frequency CAVITY PROCESSING & CERTFCATION CO1D WSS ASSEMLY:

* QWR

CRYOMODULE ASSEMBLY:

» Puck height, differential etching
* HWR B ™ (RyOMODULE COLD TEST:

» Differential etching, virtual welding B s
O s
= Cavity clean remove and installation W e

[ g Certified cavities
BEES,  ready for cold
mass

Cold mass transportation

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
w Michigan State University T. Xu, Oct 2016 NAPAC 2016, Slide 17



Cryomodule Assembly Area
= 4 Cryomodule Assembly bays setup ;1;’;\“_‘

= Module is fix during the whole ]
assembly process

= Acceptance and load area
= 2 cryomodule test bunkers

= Cryomodule components are
breakdown so that subsystem can
be pre-fab and out-source

=

* Test bunker #2
at SRF highbay

» Cryogenics
commissioned

* First test in Oct
2016

» Test bunker #1 at East
highbay

 Commissioned 2015

* 3 QWR cryomodule has
been tested in this
bunker

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
m Michigan State University T. Xu, Oct 2016 NAPAC 2016, Slide 18



Cryomodule Production Status

= All Cryomodule major procurements are awarded

0.041 Cryomodule 95 % Awarded
0.085 Cryomodule 97 % Awarded
0.29 Cryomodule 65 % Awarded
0.53 Cryomodule 87 % Awarded

» Cryomodule production ramp up
* 4 cryomodules have been assembled
« 2 cryomdoule tested and certified
* LS1 cryomodules are projected to be done by 2017
« All cryomodules will be done by 2019.

* First module is completed within 6 week

. s i e
= G p =

N sy

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
m Michigan State University T. Xu, Oct 2016 NAPAC 2016, Slide 19



Extended test (5 Month) on FRIB #1

Validate system by system

= Cavity gradient (Requirement 5.6 MV/m) o i e
» Result: Eacc = 6 MV/m at 4 K, meets FRIB specifications N2 -

»* Dynamic Loss (requirement 3.85 W,

Q, =1.8 x 109 at 2 K)

« Result: 2.8 W, Q,=2.5 x10° in average at 2 K with ~ 40 % margin for
FRIB spec. 400

+ No Q-degradation by cold mass assembly 200}

800 |

600

Forward Power (Watts)

= Coupler and tuner work well
= All cavities are locked in spec at 4.5K
= Cryogenics system is very stable throughout test period

CAVITY AMPLITUDE mm FORWARD POWER FOPﬁVXQER D DETUNE

) .. PkPk RMS Pnom Pave Pk-Pk RMS  Pk-Pk
# PPK(%) RMS(%) g0 geq) BWHD Ty Ty PmaXW) et dee) ()
1 20.2 487
2 0.64 0.05 058  0.07 38.6 931 1005 1552 68 7.7 29.2 3.3
3 0.08 0.01 0.09  0.01 436 1052 1163 1274 28 15 13.4 0.7
4 0.09 0.01 025  0.03 37 893 1076 1318 28 2.9 1.5 1.2
5 0.26 0.01 053  0.07 24.8 508 488 858 72 79 19.6 2.2
6 0.09 0.01 0.09  0.01 27.1 654 650 681 9 1.4 2.7 0.4
7 0.06 0.01 0.31 0.02 26.5 639 702 835 23 2.1 6.8 0.6
8 0.14 0.01 0.32  0.04 26.3 634 645 924 49 57 14.2 1.7

0.31 0.04 736 818 1063 4.1
Average 0.19£0210.02£0.02 o ,oos 30581 [T L0 o0 4024 o 139186 1410

Spec 2.00 0.25 2.00 0.25 40.0 90 <20 <2.25



Solenoid Operation and Magnetic Shield

operation with cavities

» Solenoids ramped to full fields without training

quench.
* Integrated test with cavity at 5.6 MV/m at 4.5 K.

» Vapor cooled current leads operate well, flow
controller regulates the lead voltages stable.

= Magnetic shield material with u > 9000 at
cryogenic temperature meets FRIB requirement:

Bin <15 mG

= Validated: Mu-metal against remnant field for
FRIB local magnetic shield design

Beam
direction

Mu-metal Shield

VA —

Cryogenic magnetic Shield

4

i

i

Validation

= Successful robust solenoid package

Solenoid operation

i

:I.“F"F’:"".‘\“-‘i“f'n‘

Dipole operation
{(XandY)

Cavity operation
(C#7 and C#8) at 4 K

\

C#8 was shortly dropped by the
amplifier power trip due to cooling water

interlock, N

'

o responsible for cavity

T T T
L 10 100

Mu-metal ===

Cryogenic
magnetic__J
shield

—————rr T
1500 oo 17ee 13ee

|

—

C# S# cg C&2 O

FRIBE»

Sgl

C&H Cc# C#

FdcCilly 10r xdre 1s0Llope oedirs
U.S. Department of Energy Office of Science
Michigan State University

54

C#

—

Cavity 1
Cavity 2
Cavity 3

Cavity 4:
—| Cavity 5

Cavity 6
Cavity 7
Cavity 8

© 6.2W

. 2.4W

: 2.5W (split)
1W (seems low)
. 2.4W

. 2.5W (split)

. 2.4W

: 2.6W

Dynamic heat load measurement
at 2 K for each cavities

T. Xu, Oct 2016 NAPAC 2016, Slide 21



Preproduction 0.53HWR Cryomodule Ready
for Testing

» Q0 vs Eacc(HWR53)
10 T T

1
[ so0e oo, ‘t@fﬁ&“ AL
R R s e S T

RO SR, S

100

—G- 2K-853-001
—G- 2K-S53-003
2K-S53-004
10°F |[—G 2K-853-005 S
—- 2K-853-006
> 2K-853-007
—G- 2K-853-008
—&- 2K-853-009
108 F | € FRIB 2K Goal for VTA E
~ FRIB nominal Q0=9.2¢”
— FRIB nominal Eacc=7.4MV/m
—— 7.9W Line for Cryomodule

Qo

Eacc [MV/m]

@ Facility for Rare Isotope Beams
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Summary

= Over decade technical development in SRF | s
at MSU provide solid ground for FRIB
project

= All SRF critical components for FRIB
cryomodules are validated

» Full SRF infrastructure established and fully
operational to support cavity processing and
cold mass assembly

» FRIB cryomodule production started 2015 -
and is ramping up First FRIB 0.085 QWR cryomodule
= Cryomodule tunnel installation started moved into tunnel Sep 2016

fUUU U UL
NAPAC

UUUuUuUuU
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