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Outline

* FRIB facility and operational status

= Superconducting linac operations and maintenance

= Target and beam dump operations and power ramp-up plan
* FRIB400 energy upgrade plan

= Summary
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FRIB for Rare Isotope Science

= The world’s largest heavy ion SC linac + Cyclotron Lab Established

| . . lon sources, fragment separator,

acce eratmg l_Jranlum beam Up to experimental areas including * First superconducting Cyclotron
200 MeV/u with an ultimate beam power of Reaccelerator are on the ground K500

400 kW

*DOE and MSU signed cooperative
agreement

= Separation of isotopes in-flight provides

€€

*CD-1: Preferred alternatives decided
Sep 2010

 Fast development time for any isotope

 Beams of all elements and short half-lives  Feiments win fast stobped,

*CD-2/3a: Project baselined and Civil
 Fast, stopped, and reaccelerated beams

construction started

FRIB located in Mlchlgan State UnlverS|ty campus

« Start of technical Construction
Aug 2014

|

400 kW

* Linac construction complete
superconducting RF

- linear accelerator

* Project technical construction

Rare isotope complete
production area and
isotope harvesting
- CD-4

Linac and isotope production

« Start of User Operations
target are 10 m below the ground

Kﬁﬁﬁ(ﬁ
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Facility Overview

{ = -+ FRIB contains unique/original accelerator
S A | | devices/systems such as:
Tk TN ' » the world’s largest low-3 superconducting linac,
Fragment Separator : | AP “@* = W8 ' . . “y - .
; T S  liquid-lithium charge stripper.
5 ; (B8 S e e e ST S A 1 3
Py - R R ; ; S () & SN A ey . .
TR e ] T « Facility upgrades are in-progress/planned:
: oot 1Y R P SRS s o -' « High-Rigidity Spectrometer (in progress),
7 | R o T (R =5 | A « FRIB400 Linac Energy Upgrade (planned).
: f ngh rlgldtty Spectrometer (HRS upgrade in progress)
Large- apertmtei ...................... T AN L
SC Magnets -~ _+ Vertical Pre-Separator
Isotope production Large-scale 2/4 K helium refrigeration
target, beam dump and distribution system (~18 kW)
s Target Hall
; 0 25 50 Meters
| : | : : 80.5 MHz CW RFQ (110 kW)
, LS3

-, FRIB400 cryomodules (future upgradel e
ety s 1OE, 400, Mew“»ugﬁmum DO g o o s st oot Fs2  SC ECR lon Source

o Fi’/' L LS1 Large-scale low-B SRF linac
o gl B ™ P L R 33 P R S T R N R R T Y VR e
for 200gMeV/u uranium beam

vaiﬁ

Liquid-lithium charge stripper
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Demonstrated Acceleration of 200 MeV/u Uranium Beam

= 23878+ peam was accelerated to 200 MeV/u
 Additionally, 3°Ar'8* beam was accelerated up to 300 MeV/u

= 323 out of 324 Linac SRF cavities have been used since FY2023 operation, which were also
used for this beam acceleration

0% = - .
FRIB LINAC 28-Jun-2024 13:28:02 '® FRIB LINAC 28-Jun-2024 13:28:1

Beam Transport - HPECR

238 35/78°

410.835 W
Post-Stripping Charge L

Mass 2380316 amu % ) S 55 S Neeny

18] ]
ENnergy ana Fower

Beam Energy: 200.05 MeV/u

§idf 3938 33 3 3§88 3@ #pyi @ g BeeREsB R EE B 3g gpeg
1383 A3 3 133 i3 3% 133 §i1i} 3 grdtie iy it oy 8t 8ii}
s 5% s5E §EEE H e s e

Source: SCS2-HPECR  op PEEE BB D BB BEY BB

MEBT

FSEE
— REE. ;
. TEEE ¢ ! ‘\E
i LI /
7.58 W 1
Beam Energy: 200.05 MeV/u = ol [
LS3 BDS L
e + R U T e i . . BeamPower: 231220 W TR 5
IBERRER L 111 LS3 ] ] H ii iid 31 i i 3iiii i1 §iiti §33 3% 3 ii §
IREERRR iil 113 138 133 11 1 P38 333333 P33 IBEARR GG AIRGI Vi3 iiiiiand siiiF i1 sHourAvg:  20206W
NENEER Pi B - PR OBE R RER BRI RERBDE ESRBRE RRRBRRERRERNNY BDEE ! Hi

E com E E a [ o + E o E o o o o -] o o o o o o o ) o o o ¢ Sta
§ 1 A i E E E E pera
E E E E E ﬂ g E E E : Machine Mode: M2 01

Beam Mode: 08 Front-End Commiss.
Anenustion Factor - 2 Inhibit Mode: Inhibit Mode 13
Att x2 Destination: Target Hall Beam Dump
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Beam Power [MW)]

Beam Power Ramp-up in Parallel with User Operations

100 ¢

= Proton (cyclotron, linac) FRIB design = Conducting user operations and, at the
L AProton (synchrotron, accumulator) performance caos Same tlme’ beam power ramp—up
10 F xHeavyion . (current ramp-up)
: s om0  Currently operating at 20 kW, including
| .
N uranium beam
' : oancd wE () » Approach: phased beam power ramp-up with
. s (x) upgrades of beam intercepting devices such
N we® N as target and beam dump as well as linac
01 F g2 *h el charge selector
[ p.5| Isis A _' X
RIKEN (Zn) 0 RIB (U)
0.01 3 R'KEN(U,)’).‘ SPIRAL2 (D)
GAD;I(I.(C] ,.’
. -’ xFRlB(xe)
LANSCE ISIS - X
0.001 ¢ ] A GANIL(Ne) -’ RIKEN bxe)
X FRIB current user operation
0.0001
1960 1970 1980 1990 2000 2010 2020 2030 2040

Year Kim, INPC 2025, FRIB Operations and Power Ramp-up, Slide 6



User Operations with High Availability

= Total 6081 Scheduled Operating S— Mesad e

. -1 SO TU WE TH FR 21 =u ] TU WE TH FR S = SO TU WE TH FR 21
Beam Hours at 95.7% Availability 1 F2 3 3 s P
2 3 4 5 & 1 8 € 7 & 8 10 11 12 4 5 6 7T 8 9
for FY2024 9 10 11 12 13 14 15 13 14 15 16 17 18 19 11 12 13 14 15 16
16 17 18 18 20 21 22 20 21 22 23 24 325 26 18 18 20 21 22 23
e 4242 hours Scheduled for FRIB §§ i: 25 26 27 28 29 27 28 29 30 25 26 27 2B 29 30
. JANUARY FEBRUARY MARCH
experlments’ MO TU WE TH FR = =u MO TU WE TH FR = =U MO TU WE TH FR =
. 1 2 a3 4 &5 6 1 1 2 3 4 1 2
* 1839 hours for FSEE eXperImentS B 9 10 11 12 13 14 5 & 7 & 8 10 11 4 5 6 7 8 9
. . 15 16 17 18 18 20 21 12 13 14 15 16 17 18 11 12 13 14 15 18
(FR'B Slngle-Event Effect using 22 23 24 25 26 27 28 19 20 21 22 23 24 25 18 19 20 21 22 23
LinaC Seagment 1) 28 30 31 26 27 28 29 25 26 27 2B 28 30
g APRIL MAY JUNE

] ] MO TU WE TH FR SA SU MO TU WE TH FR  SA  SU MO TU WE TH FR  SA
m h d | d 1 2 3 4 5 & T 1 2 3 4 5 1
FSEE eXpel’ImentS scneduled In 8 8 10 11 12 13 14 € 7 B 8 10 11 12 3 4 &5 6 T B
: 15 16 17 18 189 20 21 12 14 15 16 17 18 19 0 11 12 13 14 15
between FRIB eXperlmentS 22 23 24 25 26 27 28 20 21 22 23 24 25 26 17 18 18 20 21 22
28 30 27 28 29 30 31 24 25 28 27 28 29

 To meet FRIB users’ needs for

) ) . JULY AUGUST SEFTEMBER
various ISOtOpe beams, WhICh '\11:- Tz..l '-".'32 T.;,I ; :;« 3; MO TU WE T‘il 2‘4 -:;\ 5: MO TU WE TH FR  SA
requires Changes of target/wedge 8 9 10 11 12 13 14 5 & 7 8 8 10 11 2 3 4 5 & 7
15 16 17 18 19 20 21 12 13 14 15 16 17 18 g 10 11 12 13 14
22 23 24 25 26 27 28 19 20 21 22 23 24 25 % 17 18 18 20 21
28 30 a1 26 27 28 29 30 31 23 24 25 26 27 2B
30

Maintenance/Shutdown
Research/Development
FSEE/Maintenance beyond LINAC
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Rare Isotope Production Optimized for User Experiments
Requires Frequent Changes of Primary Beams

* Primary beam (isotope and energy), production target,
and configuration of the fragment separator need to be
optimized for each experiment

« Changes of target and wedge degrader require
replacement of physical devices in hot-cell via remote
handling

* Primary beam in the linac also needs to be frequently
changed to meet users’ need

« Stable and reliable SC linac operation and high-level
beam dynamics tools are essential for efﬁment primary
beam switching -

Wedge Fragment

To

Degrader ; Separator
Target » o P Experiment
@ Facility for Rare Isotope Beams
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Primary Beam Statistics Oct 2022 — Apr 2024

u48
[ Ca
B ’ ] 124Xe

“36Ar
=82Gg
= 40A [
"64Zn
285
1 198pt
22Ne
180

n238y

= 160

143 primary beam changes, including energy changes
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Linac Beam Tuning and SRF Cavity Operation
For Efficient User Operations
» SRF cavity operation for nearly instant switch

* Linac phasing and Instant Phase Setting for

different m/q beams

250
—— LS2:CC01-L52:CC07
LS2:CC07-L52:CD12

% 200 1 —— FS2:CG01-LS3:CD06
Linac phasing example g . |
(220 cavities during 2
ARRO5 commissioning) % 100
E 50 /
0 T T T T
0 2 4 6 8 10
Accumulated tuning time (hours)
Envelope matching using Instant Phase Setting
(model-based cavity field changes for a different beam)

4 —— Trajectories measured by BPMs —— Trajectory simulated by IPS model —— Cavities
3 Trajectory data measured by BPMs - Bunch length measurement in LS2
SE 21 A
€= 4 \| /=
=W N \V =
22 04 e
Ze N =
g%ﬂ -9 - Xé:npper- =
M QT I \ [ e I T

4 LISI : FS]l . LS2 . IF‘SZ LIS3 : Target =

110 150 200 250 300 350 400 450 500 550
Distance along the linac (m)
(Courtesy of P. Ostroumov, A. Plastun)
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Voltage at beta=0.041 (MV) CA01
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between different m/q beams
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For Ar'1* 20 MeV/u

LS1 cavity field switching for various beams”
(104 cavities for FSEE experiments)

LS1 Cryomodule Integrated Voltage

8
1

6
1

4
1

2
1

T T T
08:10
2022-07-11

* via dynamic load compensation by cryomodule internal heaters
such that the net heat load remained almost constant in each module
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Simultaneous Acceleration of Multiple-Charge-State Beam

= Multiple-charge-state acceleration: key feature of the FRIB design to obtain the ultimate heavy ion beam
current, such as uranium, at the target under the given limitation from the source

= Also helpful to reduce beam losses (heat loads) in the linac FS1 charge selector

30%

20%

Intensity fraction

Charge State Distribution
17 MeV/u 238U
(Measurement)

) 50: 83%

< »

_ 30:58%

< »

210 48Ca19+,20+

19%
17%
64Zn28+ 29+

14% !
10%
10% 7% 828632+’33+
3°/ 5%
19 ° % o 124y @48+ 49+ 50+
0%

70 71 72 73 74 75 76 77 78 79 80 238U73+ ~77+

P
&

FRIB

charge state

Facility for Rare Isotope Beams

225
240
200
228
177
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238151 beam envelope (simulation)

— 75+ —— 74+ — 76+ — 73+ —— 77+

(=)}

Stripping

Xrms [MmM]
IS

N

Efficiency
Multi / 1q

97% / 71%
88% / 70%
88% / 71%
76% / 30%
83% / 21%

o

Yrms [Mm]
B [«2}

N

w ~ O

N

=

phims [deg @ 80.5 MHz]

o

R |

250 300 350 400 450 500 550
[m]

(Courtesy of T. Maruta)
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Superconducting Linac with
324 Low-beta Coaxial SRF Cavities in 46 Cryomodules
- | W

P%;S::‘::?:m 80 m space allocated for future energy upgrade

$=0.53 Matching  Superconducting
Cryomodule Folding Segment

r

3 $=0.041 Cryomodules 500 keV/u RFQ

Room-Temperature 12 $=0.29 Cryomodules 18 p=0.53 Cryomodules 10 m Vertical Drop from
Folding Segment 120 m lon Sources (above ground)

a

Quarter Wave Cryomodule

Component Counts (baseline + spares)

P Type Cryomodules Cavities Solenoids
0.041 accelerating 3+1 12+ 4 6+2
1.1m accelerating 11+1 88+8 33+3
0.085
matching 1+1 4+4 4

Half Wave Cryomodule

I 0.29 accelerating 12 72 12
" r{: ’ . & accelerating 18 144 18
_ B=0.041 | B=0.085  B=0.29 Do B
QWR QWR HWR
f(WH) 805 805 322 322 m a0 | w9
V,.. (MV) 0.81 1.8 21 3.7
E,.. (MV/m) 5.1 5.6 7.7 7.4
E, (MV/m) 31 33 33.3 26.5 ichigan State University
B, (mT) 55 69 59.6 63.2 USA Kim, INPC 2025, FRIB Operations and Power Ramp-up, Slide 11
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Linac Cryomodule Operational Experience

80.5 MHz quarter-wave resonators (QWRS; » 322 MHz half-wave resonators (HWRSs;
104 cavities, $=0.041, 0.085) 224 cavities, f=0.23, 0.53)
» 4K operation is also stable with no microphonics * No issues/challenges associated with cavity and
iIssues coupler multipacting during commissioning and
Typical phase lock stability performance of LS1 at 4K: operation: choice of HWR, FPC bias tee
(Max Py,q Sampled every ~% second and plotted for 7 hour duration) _ _
S LSLCAOL B=0.53 HWR multipacting (MP)
e Conditioning in CW mode: typically within 0.5-1 hour
I B=0.041 QWR cryomodule (4 cavities) High-field MP L Low-field MP
e S R I |
[ I oA A A A o A AR R N R K R S =5 5E L2E 18
23?209_2; k OEISO rT OBIOL) T OEIEO L 10'00 T 10'30 T 11'00 T 11'30 T 12'00 T 12I30 T 13'00 T 13'30 L 14'00 T 14I30 T ‘152 . %I‘“‘ g%— §:—; :. ._§‘§E____
- T 5hours £Eo1g I B o1t 3
BE 1= SEagr g,
R E-:E' 5 T R
N 8'%“‘ i by e "T#".if. | E—
07:30 08!00‘ ‘08'30‘ ‘09'00‘ ‘09'30‘ ‘10'00‘ ‘10'30‘ ‘11'00‘ ‘11'30‘ ‘12!00‘ ‘12!30‘ I13!00‘ I13!30I IIAIOOI IIAISOI ‘ 12 mInUteS ) 4mInUteS ]
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Cryomodule Maintenance Program for Long-term Operation:
Spare Cryomodules and In-situ Plasma Processing

= Strategy to address field emission degradation during long-term operation (first-ever
experience in high-power heavy ion SC linac): spare cryomodules and in-situ plasma
processing

QWR cryomodule plasma processing (PP)

: - first time in-situ PP in low-beta cryomodules
First cryomodule replacement in linac tunnel (2024 summer) ( y )

Two adjacent CMs kept cold

/TN

Ef’ (MV/m)
0 10 20 30 40 50
1 L L L 1

100
100

A warm diagnostics box

temporarily removed | 5
during CM swap o cdl——Hn i
== z = f3 7
| > & ——4 —38
g _ ) E _
Z. 2 After plasma
>|< _ rS >I< §
g IJ-' 3 L |; § :,“ EREALEL | -%;
2 6 8 10 T 2 4 6 8 10
&z Facility for Rare Isotope Beams E, (MV/m) E,(MV/m)
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SRF Development for Higher QO0/Gradient Spare Cryomodules

80.5 MHz B=0.085 QWR 4.3 K Q curves 322 MHz B=0.53 HWR 2.0 K Q curves

=)

% w

E Qo/E,cc Specification g
E | —@— BCP+in—situ LTB |
F | —*— BCP+furnace LTB BCP —e— FP+LTB ] §
: —+—EP +shield+iso—T, | ] o)
0 2 4 1 5 B 16
E, (MV/m) E_ (MV/m)
 Buffer Chemical Polishing (BCP) + 120 deg.C low- * Observed improvement of high-field
temperature baking (LTB) is superior to BCP-only for Q-slope in electropolishing (EP) and EP +
4K operation LTB, compared to BCP
« BCP + furnace LTB (120°C for 48 hours) is a recipe « EP or EP + LTB is a recipe for spare
for spare cavities cavities

Facility for Rare Isotope Beams
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High-power Beam Intercepting Devices: Linac Charge
Stripper, Isotope Production Target and Beam Dump

Liquid-lithium (linac) charge stripper o 'Smgle sI|ce rotational graphite target

Illumination due to uranium
beam bombardment

5|
‘;‘ ;
3
©
Lithium film thickness | M - ‘é.’
mapplng by using beam AR\ 47 AP Uranium O |
15 10 05 BAETAN beam spot

Vertical position [mm]

Lq. Li thickness [mg/cm2]

Millimeter-size cooling channel array
to‘maximize cooling efficiency

Horizontal position [mm]

(Courtesy of T. Kanemura, P. Ostroumov, J. Song) Primary beam
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Target and Beam Dump Plan for Power Ramp-up

* Phased deployment of high-power targetry devices is planned; the devices are under
development based on operational experience with high-power heavy ion beams

Multi-slice rotational graphite target Rotational water beam dump Linac rotational graphite charge selector

5-charge U beam

Rotating graphite wheels

Radiative
heat exchanger

@‘ Facility for Rare Isotope Beams
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FRIB400 Energy Upgrade

: ’ : . FRIB400 White P 2018
2028 NSAC Long Renge Pt \Wjjj| double FRIB’s beam energy, 400 MeV/u for uranium beam, using T e

644 MHz 3=0.65 5-cell elliptical cavities
» To expand the scientific impact by increasing the yield of many rare isotopes tenfold

= Highlighted in the 2023 Long Range Plan for Nuclear Science (2023 LRP) as
one of the strategic opportunities to advance discovery science of tomorrow

» FRIB’s approach for future FRIB400
» Developing two-cavity cryomodule as a spare buncher of the existing linac

 Performing R&D for high Q, recipes, plasma processing

» The linac energy upgrade project has not started yet ( S Cavity S65 buncher
5-cavity FRIB400 accelerating cryomodule CryomOdU'fh(FszﬁbunChef spare)
Number of Cryomodules 11
7% [l Cavity Per Cryomodule 5
P Total Cavities 55 \
‘ f—

e s A — £ T |a— :-J-— ,»L ;,L, =2
et EL IS L E L = Al e S e

%- Fa-irll- P:L' = -1:.4||- H = Fq T M I M o FBI S M 5

B I; : T TP T e T T T TP e T T e T T T e Tl R T TR TS e R T e e e i
Al o ol i d o I d o ;i & o chn i o I i E—E i s 3 clin. 3 o Bt o | ol 4 ENNN ] cli, SN $: O iENN { chr. EMN1 ol RN

]

L P M L g WM P 3 ™, b

Kim, INPC 2025, FRIB Operations and Power Ramp-up, Slide 17
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Technical Roadmap for Development of FRIB400 Cryomodule

1-cell HPR

| ﬁ | @17.5MVim
PEE R RS . \gjidated

unjacketed cavity

» Validate jacketed cavity design together with
surface preparation process b

I
| : —
; ' . . Surface preparations optimization
o't SGSH“'KQ,WW: Cavity c!e5|gn and ' « Optimize High-pressure rinsing (HPR), clean
. ~ S6501 g Tresng fabrication I blv. oth f leani hod
| e mmesnes . e Unjacketed 5-cell : assembly, other surface cleaning methods
AR Ny ] . - for field-emission-free performance
% 5 _ cavity vertical |
o test: Achieved I
= TV Qo = 3.5x10%° : Jacketed cavity vertical test
|
I
I

10’ : o . ” " de.sign. Integration test in Test Cryomodule
s E_(MV/m) ’ e BUI|.t a jacketed Goal: Q, > 2e10 @ 17.5 MV/m, ] 1
cavity Q, = 2x107, Max 15 kW CW L) |
+ Validate all subsystems design : ‘ {(

: i
L

Tuner and coupler
design and
fabrication
* Built a tuner and
performed room-
temperature test

 Built fundamental
power couplers
(FPC) and

Advanced SRF R&D
+ Develop alternative high QO recipes
+ Develop plasma processing method
+ Study potential RF instability and develop
mitigation methods
* Develop field emission mapping systems

FRIB400 accelerating
~ cryomodule

performed low- 1-cell s-cell 73
power RF test Nitrogen plasma 4
dobin processing !
Ping with FPC
ﬁz Facility for Rare Isotope Beams
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Summary

* FRIB has been conducting user operations since May 2022, providing rare isotope beams to nuclear
physics experiment users more than ~4000 hours per year, with a high reliability (>95%)

= Currently operating with a beam power of 20 kW. Plan to ramp up the beam power with phased
deployment of higher-power beam intercepting devices such as target, beam dump, linac charge selector

» Maintenance program to keep such a high reliability is in place. In case of superconducting linac, we are
building spare cryomodules with higher performance, and developing in-situ plasma processing to
address field emission degradation in future long-term operation

= Additionally, FRIB400 energy upgrade, doubling the linac beam energy with new medium-velocity
elliptical cavity cryomodules, is planned. Currently conducting SRF development for cavities,

subsystems, and cryomodules

FRIB

&
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