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Facility for Rare Isotope Beams (FRIB)

» Funded by DOE-SC Office of Nuclear Physics with contributions
and cost share from Michigan State University

= Serving nearly 1,400 users

= Accelerate ion species up to 238U with energies
of no less than 200 MeV/u and provide beam
power up to 400 kW

= Project timeline

» CF construction (CD3-a) started in March 2014
» Accelerator system construction(CD3-b)
started October 2014

« Early beam commissioning of the Front End 2017
 Final completion (CD4) in 2022

e

Experiments with fast, stopped, X"
and reaccelerated beams

superconducting RF
—— .
_ linear accelerator

Rare isotope
production area and
isotope harvesting

2012 FRIB Construction Site 2014 FRIB SRF Highbay
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FRIB Superconducting Driver Linac Scope
324 SRF cavities from =0.041 to 0.53, six type cryomodules, one cavity -
one RF source (semlconductor amp ) high gradlent CW operation at 2K

Beam Delivery
System To Target

$=0.085 Matching

$=0.53 Matching  Superconducting
Cryomodule

) Cryomodule  Folding Segment

3 $=0.041 Cryomodules 500 keV/u RFQ

Room-Temperature
Folding Segment

10 m Vertical Drop from
lon Sources (above ground)

Quarter Wave Cryomodule

Component Counts (baseline + spares)
B Type

Cryomodules Cavities Solenoids
0.041 accelerating 3+1 12+ 4 6+2
accelerating 1 +1 88+8 33+3
0.085
matching 1+1 4+4 -
P=0.041cavity PB=0085cavity f=0.29cavity B = 0.53 cavity
0.29 accelerating 12 72 12
accelerating 18 144 18
0.53
matching



Cryomodule Production Status

LS1 Completion by End of 2017
All QWR cryomodules (LS1 &FS1) production is on track

to be completed by end of 2017 B =0.041

HWR Cryomodule production started after =0.53 HWR ﬁiﬂii : f f - 111:
preproduction module validated ";a:"‘g"z"j : 1 ’
FRIB will receive all production cavities by the middle of  g-psz > 1 1 1 18
2018 p=08 1

On track to complete all cryomodules by end of 2019 Total 16 12 9 8 46+3

2015 ‘ 2016 2017 2018

2019 2020

T
CAVITY DEUVERY:
[ g-0.001: sjzusn‘] 5/2015

4/2016
| B=0.085: 3/2015 to 8/2017
| 1
[ | B=0.29:5/2015 to 2/2017
N IFI:-‘??'I{ B=0.53 Production: 10/2016 to 5/2018
reprodudtion

CAVITY PROCESSING & CERTIFICATION/COLD MASS ASSEMBLY:

|
B=0.085 Preproduction: [ .041: 4/2016 to 8/2016
4/2015t0 10/2015 BoosL 4/ o

B=0.53 Preproduction:
1/2016 to 4/2016
CRYOMODULE ASSEMBLY :

|
B=0.085 Preproduction: _ B=0.041: 6/2016 to 10/2016
8/2015 to 12/2015

B=0.085: 1/2016 to 11/2017

B=0.085P fon: 10/2015 to 9/2017
|

B=0.29: 4/2016-11/2018

B=0.53 Production: 3/2017 to 7/2019

| B=0.29:11/2017 to 4/2019

B=0.53 Preproduttion:
e —
CRYOMODULE COLD TEST:
B=0.085 Preproduction:
3,

B=0.041: 8/2016 to 2/2017

B=0.085 Production: 4/2016 to 12/2017
i
%  LS1Ready for Beam 10/2018
|

B=0.53: 4/2017 to 8/2019

B=0.29: 2/2018 t0 5/2019

.53 Preproduction:

TZO!S to 11/2016 -

B=0.53: 7/2017 to 9/2019
i

%  LS2Ready for Beam 1072019
|
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Cavity Processing and Test Status

= Over 230 cavities have been received and accepted 100

M Received

= 170 cavities have been certified and the rest are in the g, = Tested and not certified
work flow 70" T
60 ertified
= Qverall in-house rework rate is less than 20% 50
+ 3=0.085 QWR rework rate is expected to continue to :g
decrease as performance issues are resolved jg I
* 3=0.53 HWR rework rate is expected to decrease to o I I — — -

0.041 0.085 0.29 0.53
Cavities

planned rate as processing issues are resolved

e N

" 4
9
|

0

7 ‘,'l’ ,

g
T /
! . l

80.5 MHz B= 0.041 QWR

Cavities in the hold area Cavity being prepared for  FR|B cavities in the vertical test area prep mezzanine
chemical etching
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VTA Performance Certified FRIB Cavities

Meeting FRIB Specification with Comfortable Margin

Final VTA Result FRIB 80.5 MHz 3=0.041 QWR (16 Cavities) Final VT.A Results ITRIB 80.5 MHZ ﬂ=0'08.5 QWR (68I cavities)

12

E . (MV/m)

- g i s
B, =0.041 B,=0.085
Quarter-Wave Resonators
80.5 MHz

ipil Final VTA Result FRIB 322 MHz 5=0.290 HWR (68 cavities)

Qj: 10]()

B,=0.53
Half-Wave Resonators
10 I L = 322 MHz

E(IL'(' (MV/“]) Eu('c (MV/]TI)

THYAO1
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Cavity Processing and Certification Program

= 3=0.085 performance issue: progress made |01 —FRIB 4=D.085 QWR tet resuls through May 10, 2017
« Additional loss associated with inconsistent RF joint at
indium = . %
S 0o @
« VTA results confirmed no degradation after thermal S R ',‘ 3
& [ o9 .
cycles 5 -_‘. &% ‘,:.r.. S :
= 3=0.29 cavity certification near completion. Virtual N a L \
welding and plastic deformation techniques B e,
developed 1090. 2l0 46 6IO - 86 1(1)0\
Vertical test number (time sequence)

during processing and after testing to mechanically
tune

VTA results after retighten bottom flange

cavity
» 3=0.53 production cavities: issues and mitigation
* |Issues: higher frequency shift rate at chemistry caused

insufficient bulk BCP; blind spots during HPWR

» Mitigations: change frequency goal at vendor; optimize
HPWR
programming and nozzle
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Certified Cavity Storage Procedure Verified

= Certified 3=0.29 cavities bagged in clean
room and placed in wooden crates

= 40 certified cavities in SRF rack storage;
18 stored in clean room

= 3 cavities stored in SRF High Bay rack

Q0 vs Eacc(HWR29)
T T T

92 —G0- - 05-—0- 0 — o<
ST 0 ®O_o-—-co. o
& - e ool es%et e

5§ ’-ﬁ@\ o0

for > 1 month and then retested

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

v

Cavities meet
FRIB
specification
after storage.

Xray vs. Eacc (HWR29)
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FRIB Tailored Infrastructure to Support SRF
Processing and Cryomodule Production

» [Infrastructure setup for full in-house production:

* All critical SRF tasks performed at MSU

» Over 40,000 sq. ft. of cold mass and cryomodule assembly
area established on site

» Space for cold mass receiving, inspection, processing,
testing, assembly and storage

+ SRF component inspection and degassing capabilities

* Three vertical test area (VTA) Dewar and two test bunkers

(one at East highbay and one at SRF highbay) and five CM
assemble bays

-1 -

0 \\ ‘

S - | 7 5" assembly'b:
5 sls Ef:ﬂ il .
5 M > o ~ : o .\El *
S Yt =S - SR e
BIER<2 ] - - o > Cryomodule
. - CHH=T—= Py ® C'JA and
8 |' = s Y. S Assembly
Mg = e -
7 - - Elle} 0% ~
Lo (B
cavity g
coldmass ———» -~ E_ ; ) E
cryomodule —— B cuffent machin g SREHgh Bay s ‘ s
plan Colqmass Assembly and Cryomodule : :
THYAO1 Testing Two test bunkers in different area and supported by

independent cryogenic refrigerators
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Dedicated SRF Facility Fully Operational Since 10/2016

» 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 7 cold inserts
* FPC RF conditioning
» 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




FRIB Cryomodule Alignment

Rigid baseplate provide stable and reliable
platform for the cold mass

Double sliding
bearing mount
G-10 post

Single sliding
bearing mount
G-10 post

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

Average time spent on alignment is 3 days

Using solenoid adjustment feature to reduce the
alignment error to < 0.5 mm max

Fix mounted
G-10 post

Max measured errors are within the alignment
budget Cryomodule Alignment Survey Results.

" “Wodue | Resonator | Solenoid
Horizontal Vertical Horizontal Vertical
RMS/Max RMS/Max RMS/Max RMS/Max
Error (mm) Error (mm) Error (mm)  Error (mm)

B=0.041 cryomodule cold mass p=0.085 cryomodule cold mass 3 segments

AL spgenngs

=0.085 Matching cryomodule cold mass B=0.29 cryomodule cold mass 2 segments

=0.041 (4) 0.12/0.26 0.19/0.52  0.12/0.26  0.05/0.13
3=0.085 (6) 0.23/0.53 0.25/0.72  0.16/0.37  0.15/0.43
=0.29 (1) 0.10/0.17 0.09/0.16  0.19/0.19  0.05/0.05
$=0.53 (1) 0.27/0.81 0.32/0.71 0.18/0.18  0.26/0.26

H‘ W MpB=0.085(1) 0.07/015  0.07/013 - i
* 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

P" rFaclity 10r Kare I1sotope seams
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I R I B & M R T. Xu, Talk Number TUXAA03 July 2017 Lanzhou 2017, Slide 12




Cryomodule Testing Program

SCM401 Bunker Test ACL Results

= Total of 9 cryomodules (56 cavities/19 magnets) S CMA02 Burlcor Toot ACL Reulte
have been tested and certified SCM403 Bunker Test ACL Results

Prepare SCM801 Bunker Test ACL Results

» One cavity (SCM803/#7) could not lock due to RF —x K prevas SCM802 Bunker Test ACL Results
transmission line problem; rework done o=

/{{ﬂ;} Prepe

Issued 24 January 2017

Gt X Preparedby Reviewed by
= Streamline production cryomodule testing and DX e
demonstrate rate of one per month (including L
installation and removal) on latest couple tests E X A Ko
= Update projection of cryomodules heat load based X, L
on actual data TEE B ]
 Current projection within 10% of FRIB Spec (2349 W at T = 2 K,  Coneursa

1195 W at T = 4 K)

= Reworks after testing tracked by rework form and

recorded in ACL results

* RF bandwidth

* Frequency (QWR)

« Gate valves

* Valve actuators/JT valve stem
* Instrumentation wiring

,sll: A-ﬁ B \ .
Installation of cryomodule into test bunkers



B=0.53 HWR Preproduction CM Validated!
RF Control Bandwidth: Well Within Design Specification

All cavities locked with 30 Hz RF BW, 4 K within amplitude e —— i
and phase specification: (<2° pk-pk phase stability, < 2% pk-pk == 22/*® .}fzff_ifz;lffflafigliii.csv
amplitude stability) 7

All cavities locked at voltage > design value (5.6% higher P

overall for the cryomodule) 3

Total dynamic load of all the cavities is 33 W, hence we have £ .

30 W margin relative to design goal of 63 W

Magnet integration test successful o a0 m 30 om0 5000
Static heat load within design goal

Cavity performance has no degradation

o | - Raw Data, peak—to—peak:l.ﬁ7e+00|

Optimized phase control

. =loix|
after degaussing and thermal cycle Ble Edt vew lsert Toos Deskop Mindow e -
: . NEdL k|2 0DaL- 2| 0H =D
(validates degaussing procedure!) . /2016 12.22 rt2-cavityo8-bias.csv
—l:::rmal Curve, ¢=100.00, o=2.36e-02
5000 FRIB 322 MHz 3=0.530 HWR " ¢ Raw Data, peak-to-peak=1.72e-01
=5=3853.003 SCM501.1 4K (59Hz) g
=0r=3853.001 SCM501.2 4K (50Hz) e
=5 853.004 SCM501.3 4K (31 Hz) =
4000 | |=4=s53.006 SCMS01.44K (32 Hz) I+
I =3=5853-005 SCM501.5 4K (28 Hz) o 101
:r.:j be] 853-007 SCM501.64K (41 Hz) ‘s
= == 853.008 SCM501.7 4K (32 Hz) .
g’ 3000 $53-009 SCMS01.8 4K (30 Hz)) é
2 2
2 2000 /’) .
5 % 0
E e 1001 -0.05 0 005 01
1000 "C7SR_CMTF:RFC_NO002:PHA_RD_CAV"

04»47"'25—**31?;—. t R= i
. ; - - : . 15t 3=0.53 HWR cryomodule MOPBO031

E_ MVim) in test bunker

F R I B a Facility for Rare Isotope Beams
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Mitigation of HWR FPC Multipacting

testing at wide power range
= Multipacting takes a long time (several days) to condition

» Bias voltage was applied to FPC inner conductor to suppress
MP

» Production FPC has an improved design to mitigate MP.

Y. 7 e

Preproduction Design  Production Design
(MPF)
Suppress MP to
power level higher

F R I B @, Facility for Rare Isotope Beams than FRIB need
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HWR FPC Production and Conditioning Status
High Power RF conditioning at Factory

‘B |

Production and delivery status
» 138 fabricated and high-power conditioned
* 134 received at FRIB

QA Program

» Vendor performs high power RF conditioning (20 kW at 20% duty cycle).

* FRIB reconditions FPCs after receipt to verify shipping method. Total
reprocessing time less than 30 hours (defined by ramping speeds of RF
power and duty cycle)

Quality issue
» 2 couplers showed heating at vendor due to MP

Contamination issue and mitigation

» Contamination caused by early version of shipping caps

» Collaborated with vendor to improve shipping fixture and decontaminate
couplers

* 16 FPCs with various contamination and cleaning/transportation histories

reconditioned successfully at FRIB

W -

Vendor prepare conditioning
system for mass production

7

Improved shipping cap

. FPC after conditioning
Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science
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First =0.29 Cryomodule Completed
Cold Test On-going

= First 3=0.29 cryomodule was completed two months
after design completion
* Engineering change orders have been issued based on
assembly feedback (rail, MLI, magnetic shield, thermal
shield, vacuum vessel, cryogenic system)
= Early completion of first article and procurements
takes advantage of early completion of cavity
certification

Eile Edit View |nsert Tools Desktop Window Help
NEEL AU DEL- Q| 0EH =
2017_07_14 rf2-cavity5678-JTVFD.csv

102

(4]
C?SR CMTF:RFC_N00O2:PHA _RD_| EAV

FRXAAO1 THYAO1

R I B Facility for Rare Isotope Beams
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Cryomodule Major Procurement Status

» |L.S1 QWR cryomodule

H d [0) .
§ ':ece';'ed HIL ) subcomponents are received and
warde S accepted except 0.085 cavities
& Received 76% = LS2/LS3 HWR cryomodule
Awarded 98% subcomponents are contracted and
o in mass production
0 .
R d
2 Aece';'ed S i = HWR module subcomponents have
. 100%] :
warde : been released for mass production
5 after SCM501 test
© Received 100%
©  Awarded = 3=0.53 matching module
0% 20% 40% 60% 80% 100% procurement packages are ready

to be on market

= All Cavities will be delivered by second quarter of 2018
= QWR FPCs are all received.
= HWR FPCs will be done by first quarter of 2018

= All superconducting solenoids are received.

F R I B @‘ Facility for Rare Isotope Beams
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Cryomodule Tunnel Installation Started

« Total 8 cryomodules have been transported to
tunnel

« All 3 B=0.041 cryomodules have been installed in
the final location and aligned.

» Rest cryomodules are temporary staged in tunnel
off the beam line to allow other system installation

Temporary Diagnostic Station for staged beam
¥'| commissioning

=+ | First 3=0.085 cryomodule will be installed after
3=0.041 module beam commissioning finished.

p=0.085 cryomdoules in .
tunnel at LS1

=0.53 cryomdoule in
tunnel at LS3

F R I B @‘ Facility for Rare Isotope Beams
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Background Vibrational Displacement in Linac
Tunnel Measured Less than Cryomdule Test Bunker

» FRIB specification for the tunnel floor vibration

is less than 40 nm (RMS) between 5 and 100
Hz.

= Measurement method

« Maximum displacement (Az) observed with (1-axis)
Accelerometer and CSI 2130 machinery health
analyzer

» Displacement calculated in the analyzer using double
integral

» Overall displacement evaluated by integrating from
5to 100 Hz

= ReA6 Cryomodule Test bunker < 30 nm RMS
» All cavities locked successfully in spec
* Major resonances < 20 Hz

» Measurement of background noise in the tunnel
as utilities and systems have been tuned on.

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University
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i &
tio £ 4
1 Strippe
Vg Ls1 d
Target
| 4 .‘:j: _&_, =_
Water pumps — = l =
Air compressor. Frmsn 1
Vibration : .’. : JB] — '_ - =
T it —— = Cryogenic compressors
Support K- S A I o
Building l L?
— ""h Ve
Ground level :
=
" == ST Vibration
Linac 4
Tunnel | T
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Summary

» FRIB cromodule design has been completed and validated

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

» FRIB LS1 cryomodule production is on track to be completed in 2017
» FRIB HWR cryomodule production is ramping up
»= Cryomodule tunnel installation started

! July 20 2017 11:05 Oral Presentation by John Popielarski

* THYAO1 Performance Testing of FRIB Early Series Cryomodules Presented by John T.
Popielarski

F July 21 2017 8:00 Oral Presentation by Chris Compton

+ 8:00 FRXAAO1 Production Status of Superconducting Cryomodules for the Facility for Rare
Isotope Beams Poster July 17 2017 14:00-17:00

= July 17 2017 14:00-17:00 Poster
+ MOPBO031-Fabrication and Cold Test Result of FRIB Beta=0.53 Pre-Production Cryomodule

F July 18 2017 14:00-17:00 Poster
+ TUPBO094-Resolving High Field Q-slope in Buffered Chemical Polishing
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