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Abstract

After Michigan State University (MSU) was selected for the site of the Facility for Rare Isotope Beams (FRIB) in 2008,
technical construction started from 2014. The FRIB accelerator attained Key Performance Parameters (KPP) of project
completion (CD-4) defined by US Department of Energy (DOE) in December 2021, and beam was finally delivered
through the entire FRIB project scope in January 2022. The FRIB accelerator is the world’s highest-energy Continuous
Wave (CW) hadron linac and designed to accelerate all stable ions to energies above 200 MeV/u. During the construction,
FRIB pursued a phased commissioning approach to proceed with installation and commissioning in parallel. Beamline
installation and beam test started from the Front End segment, and then the beam line was extended to Transfer Hall in
several steps. This paper seeks to describe system integration and technical readiness for FRIB accelerator commissioning
and give an overview of the FRIB installation and commissioning.
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FRIB (I RFREEARZERE — LDk E HRYLL, BE
BN ZFEL CW (continuous wave) JE#R, 7> OFEH)TOD
RTIyH AL — LD RO | BEE) =T v /%
P LT2, RFQ LABEDANHZEIT, —EBD T —
ZER7RE Z RN T R CREE 22 & 70> TD, I
MOMRELL T, TRXTOREFRNMEAL %
200 MeV/u LA EETHEHL , 400 kW OB —L/RT —
(B8U DG 5X101 /s) TEEANC AR T2 L2 HIEE
LTWD, Mgk LT, FizicV =77 RIE—2L4 5K
SrBESEE (ARIS: Advanced Rare Isotope Separator) [2]
ERTATEAR L RBRAGE RSOV TIEBEF D NSCL
(National Superconducting Cyclotron Laboratory) MO ®
R L CHIEmEEM T2 (Fig. 1),
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Figure 1: Overview of FRIB. The superconducting driver
linac accelerates stable ions at >200 MeV/u at up to 400
kW. The rare isotope beams are produced in Rare isotope
production area (Target hall) and filtered by Advanced
Rare Isotope Separator (ARIS). Existing National
Superconducting  Cyclotron  Laboratory  (NSCL)
experimental facilities become elements of FRIB.

2. BROZENSE—LREBREFTOHIBIE

FRIB TlIt — AT A BBROHRE, B — 2B ET
DO—HEOVEEE IEZRO EFRMNSZ) T T LIZE 7
BEBEIZ53 1 THT o7 (Fig. 2).
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Figure 2: Phased installation and commissioning of FRIB
accelerator. Installation started from the Front End (ion
source and LEBT)
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Table 1: Commissioning Phase and Beamline Area

Energy

Phase Area with beam MeV/u Date
ARRI1 Front end 0.5 7/2017
ARR2 +LS1 p=0.041 CM 2 5/2018
ARR3 +LS1 p=0.085 CM 20 2/2019
ARR4 +1LS2$=0.29,0.53CM 200 3/2020
ARRS +1LS3p=0.53CM >200 4/2021
ARR6  + Target and beam dump - 12/2021
ARR7 + ARIS focal plane - 1/2022

FHRAT Y 2— )L D<A VA= DOE L ~/L D
YANAP—=EL T, PEABIOERDOET AN
DOE [Z#&ESND, GBI 2HEB LT, 56—
V=7 7% (LS1: Linac Segment 1), 5 " V=77
(LS2: Linac Segment 2), % =Y=7"v7{ (LS3: Linac
Segment 3) DB —ALTAL T T, AIvva=r 758
TRENRERNRTHD, TXTOVA/NLAN—TIT
FEEADEVY TONTEY, V=T v 7D — L7414
H¥fH72 T (DRR £ 1) X BT AV M R—TUr—Th D,

INHOFHEE, RBRATOLE 22— LTI, K4E
ZLIZ FRIB FHEIOHEHIZ DWW TOMTZE B B LU DOE
(XD E2—2% 5, LE2—ToE, AT
EOWTHREAZRFL ., ©— L7/ OBAHIT KM
5o
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WIBEEL (FE: Front End) ™95 # EEiOAA R E
L —LT A O EEFEIT 2015 45 11 H XVBI4AL
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Figure 3: Front End segment. lon sources are located in the
ground level and the beam goes to the linac tunnel
(underground level) through the vertical LEBT.
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Figure 4: Configuration of FRIB injector linac consisting of 46 cryomodules (including 324 SRF cavities and 69
superconducting solenoids) in Linac Segments and 4 superconducting dipoles in Folding Segment 2.
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B LI #ass% & 46 (RFE: Ready for equipment) 73
FOTRRIZEDHNTND,
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FREHIE 100 kW, CW TOIERZEZRL TV 5[4,

3.2 V=7 w7 (LS: Linac Segment)

V=T w78 Cld 4 FEOBEEZER, 45t 46 5O
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W EEfERL TS, CM DOAEPEIZ DWW TIESTHR [5].
CM %5 7= FRIB (2B T ATk, & Y ARRS &
TOE — LGB OFKE B OV TIESCHER [6] 1TFEELVY,

CM ZE—LT A1 LICBEIR, ST RIIC CM 4
DFEHEVEZ FANCT A A NAT9, 221 L8R R e i
DOALEBIFRIL, CM OFEASL TREICHIES LTS [7],
T TA A NMIHEN T, LLF O JE 2R O BAHEZE M T
bid,

o {filfH, E=F— BWAHEIRT—7 L ORLHR,
SR AALER, Bl

o UIAFEY 22— VHIDEZEZ JORRIE (BARER Y
J—Lb—2)
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o HEW—T v, R OB (IMEIR) 728

IO OB Y OISV RIS D W T,
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Figure 5: Scope of SRF cavities and superconducting
magnets utilized in the FRIB linac.

Figure 6: Wooden mockup of the f=0.085 cryomodule to
check mechanical interference and temporarily route
cables for termination.
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ET_RTOBIE S Te 3D-CAD 5/ (BIM: Building
Information Modeling) Z#fii, i ML T\ % (Fig. 1,3 %
ZO—HITHD), e D FSAFRNZIO BIM E7 /L

ﬁ%mu j—é:&’(‘\ /Eb%‘&)’)fl}“/*/l/mﬁgﬁlﬁﬁ;%%
jt%@JJMELTu\é

L)L BIMIZEDE T = ZIZHRA D HHT2D
*%@£%j§%/77/7 %ﬂﬂb‘f_lﬂ%ﬁ@ﬁﬁn:u%fTo
TW% (Fig. 6) ZOEVI T V71375 —7 ViR ULBED
FEHELLUTHRIHL. CM OF RO L T HE¥EA D
HZETHRILEH>TND,

CM O NI 1% (B=0.085) @ 2016 -0 9 A7
5. B (B=0.53) ™ 2020 4= 6 A £THI S HFEICHE-
TheVW =, ®BH,. CM O B @‘@u\ otééw@ﬁﬁws
WBETHST20, BIROTEAIUTIZIZRETH D, & E
T?&@L—T/ﬁﬁﬁ% F1g 7 _/T'ﬁ‘

Figure 7: Installed cryomodules in the Linac Tunnel.
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%495,

¥ — (Area Manager) WEALZEFD, #il 213,
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W5 2 BETHR-/23@Y, DHR ([CX0AHIBRMEA N 2 T
HHEDEKREZIT T, CM B HOBRMEN P REL 2D,
HH IR V—7 D HEHIEL . SRE 70—
CM RIREEALT 5,

Zeili D S RER . B OB BRI, BEI% O
A —ay IR I{H@I_JH{EZ{EIJ/E I—Jﬁﬂrﬁ;@ﬁ%ﬁi
TR NNBELLI2 D AT Tl PRIV ~DAL NS
PR, AREEMERR O FIE 2 S OWERE R LB L2 5, BT
DL IVHNAD X BRFAEEO )R HHZORE R E
TIAThD, HEfHTE T # . DHR 2KV E R BREE bh
DR E=ZT T, A RRLET 2,

223/ > 86 ) FR BRI F/Z\/VW@AL%ADﬁﬁ%Ul}Eé
N5, 207 2 VIMlRe, B AT AR EICE DD
NBZA R BEREE M (Target Hall {H) J?JE@ 57

E FFRERERIS B RHEERF DO NDH IO, I
””A{4§T27/1~/V®n}ﬁ%%:ﬁ 7potm, ZH :tl: —
LIEHRFS [FIER CTH D,

33 ﬁ@ﬁ}’fﬁﬂ (FS: Folding Segment)

— YT EHES (FS1) DOEAITIL, IRIKY T 7L
g lﬁxmﬂaﬂ% LI RO EAREENKESL
TV (Fig. 8), W IO E A It —
AE, T =78 Ao A—H =72 Pl LR E R
E— ATV ER D, )%?Aﬁ%/ﬁ?ﬁéﬁﬁﬂi\ i
] D BAHEER CIEE I MR L7=DbH ., 2021 4 3
Hlize— A5 110 pr%éz}mto Pl o — KEBRIZ LD,
Ar, Xe, U OB —2%HWZUF 7 AR LD faf B2 H
ﬁi;é‘ftéhﬂ\é [8]o

0B AE (FS2) OfRAENICIE, 2 T OEELE
45° ﬁﬁ%ffwzﬁzx 4 BEHVWBND (Fig. 8). WD

Carbon
Stripper

Figure 8: (Top) thhlum and carbon strlppers in FS1.
(Bottom) Installation and magnetic field measurement of
superconducting dipoles (1 —4) in FS2.
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7= (Fig. 9), 7238 ReA6 bunker (2O Tl —H D%
{5 %5 L C Re-Accelerator 1D CM 2338 & X41. ReA6
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DOFERLCRUE, IR S0 RV S Lo T,
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BEEMERICEHAEIECT S Z1S72 (Table 2), 24l
HORENEEICETO2RROERN D, ARRY D 24 15
IZOWTH LIRBIEDY AT Z I /NBIZHIZ B — AT A
DI ED DN TET,

| SR B

\ \\\‘\; v \ HGHeAY i [ bunker 1
i L FRIB Linac 1
\ ( o v A
L T o \

Figure 9: SRF test bunkers where the final CM tests were
performed before transferring to the linac tunnel.
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RORZ MY FHITH Y EF L THERENS,
DT E 2—7 ul I A TRESNZT =y VAN D
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YEERT, TR EOEER~ANVAR— L THEE
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F0IRLATH - DRR I2E- T B — AT A3k
i 1B 3 DR AR LS, B aR Y F RO &
RSN 2 EL A TH -T2,

Table 2: Cryomodules Required at Commissioning Phases

Phase  Cryomodules (in WRIB fotal)
ARR2  B=0.041 (1-3) 12 6
ARR3 + =0.085 (4-15) 104 39
ARR4  +$=0.29,0.53 (16-39) 272 63
ARR5  +B=0.53 (40-46) 324 69

SHBRiHRELTINETOLE 2—7 12774 (DRR,
ARR) ZFARMICHEEE T2 8t THD, LE2—DIHH
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W) ENSHOFREENZD,

5. F&H
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V=T 7 DE— T4 OFf SFEFEORE, B LW
BN ELNT- 2L I oW TS Lz, 22— —
EERBRA A D MHER O FLL T, 5l S E =Y
THNDORIE —LT7 A O, ©— A HIIHETROTD D
FESROBNN, kB2 E ZLOMRIT REFENESN
TWD, 5% 6 Fa)T CEIRBREZFR A0, B
DB —2H 77 400 kW IZTelF TREZHED DT ETHD,

e
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