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Introduction
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Facility for Rare Isotope Beams
Premier DOE-SC National User Facility

* lons up to uranium, E>200 MeV/u,
beam power on target 400 kW, 108

Superconducting linac = AT o ADedgr
areriais, Lire
= Rare isotope beams by g BTN Sedence, ADS e
fragmentation, gas stopping, 3104 I \Y{ Aw}s\
reacceleration g = SPIRALZA A , Amm Bedm Power
— FRIB o psi \
: — © Psigles
= FRIB pushes the beam poweron  §10: g% ’ f;‘;‘;scs Lo MW
target by two orders of magnitude £ [ A
comparatively to existing medium ©1¢ E RARC/RCS /A High Energy,
. T £ — KOMAC \‘ :
and heavy ion facilities S L panSNS _Nuclear Physics
. . : : Fr 10 & ‘ 100 kW PIP-IQ
» FRIB scientific focus aligned with g E ke A -paRc/MR k.
. . . iy a | \ AGS NuMI
National Science Priorities Z.0L /> \ -
* Properties of nuclei = N1 kWD
o Ast hvsical [ Rare Isotope Beams —
S rop ySICa processes ) .]0 1 ] '.!Illul | IIIIIIIL | lII\\IE | llll'.lll | ||IIHI_|[ | \II|:IL|
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» Societal application and benefits Beam Kinetic Energy (E/ A) [GeV/u]
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FRIB Construction Site Located on MSU Campus

Enroliment 50540, Staff 12100; Campus 40 km?;
_ Endowment $2.3B; Established 1855
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FRIB Project Time Line

= 2008-12: DOE selects MSU to establish FRIB
= 2009-6: DOE and MSU sign corresponding cooperative agreement
= 2010-9 CD-1: conceptual design complete & preferred alternatives decided

= 2013-8 CD-2/CD-3a: performance baseline, start of civil construction & long
lead procurement

= 2014-8 CD-3b: start of technical construction 10/11/2016 Two years
into technical construction

» 2022-6 CD-4: construction completion

Facility for Rare Isotope Beams
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Accelerator Layout

Principle Parameters and Accelerator Sub-systems

ECR lon Sources
Room Temperature RFQ Accelerator

p=0.041 Quarter Wave Resonators
=0.085 Quarter Wave Resonators

Target Beam Delivery System

,,,,,

lon species | Stable lons up to Uranium

Energy = 200 MeV/u

Intensity ~700 epA

Duty Factor | CW

Beam power | 400 kW




FRIB Accelerator
High Complexity Subsystems
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FRIB Accelerator
High Complexity Subsystems

Fast Beam Area Gas Stopping Stopped Beam Aria Reaccelerated Beam Area

T bt
TW 1 : ?\ ??ﬂ T

e -

T

i e [ 28 GHz ECR
' : - lon Source

o yora m v
| opAAage.J660 (88 (AALE

Fragment
Separator

Reaccelerator
—1

F
| e

% L[r TI | | 200 feet

| T T T T
I 50 meters

Production
Target

Systems Beam Delivery System

—alzinac:Segment:3

-3 il | e e e e S e e
L %. . .’ . .L. « - x .Linac Segment 1 x . - e

= rinac-Segment=2-

Folding Segment 1




FRIB Accelerator
High Complexity Subsystems

Fast Beam Area Gas Stopping Stopped Beam Aria Reaccelerated Beam Area
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FRIB Accelerator
High Complexity Subsystems

Fast Beam Area Gas Stopping Stopped Beam Aria Reaccelerated Beam Area
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FRIB Accelerator
High Complexity Subsystems

Fast Beam Area Gas Stopping Stopped Beam Aria Reaccelerated Beam Area
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FRIB Accelerator
High Complexity Subsystems

Fast Beam Area Gas Stopping Stopped Beam Aria Reaccelerated Beam Area
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FRIB Accelerator
High Complexity Subsystems

Fast Beam Area Gas Stopping Stopped Beam Aria Reaccelerated Beam Area
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FRIB Accelerator
High Complexity Subsystems
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Status of Civil Construction
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FRIB Construction Site

Accelerator and target buildings, accelerator tunnel,
and three office additions to existing NSCL

_ m T

; LbuT['anng "

R I B @‘ Facility for Rare Isotope Beams
! IS f ffi f Sci
I w e e e e E. Pozdeyev, NA-PAC 2016, TUA11001, Slide 17



FRIB Civil Construction Progress [1]

Linac building completed, Front End equipment Installed
Target building mostly completed, Work inside on-going

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
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FRIB Civil Construction Progress [2]

Linac tunnel construction completed
Installation of Accelerator Equipment Started

i / r _ -
' f’;flié"/ : % |
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Tunnel West End & Povw
8/2016 Ny . STl
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Alignment Network Installed
During Civil Construction at NSCL & FRIB

= Responsibility of the ASD alignment group, work
coordinated with the site contractor

= Alignment network integrates FRIB new construction
with existing NSCL site

= Monitoring construction ground settlement and
abnormalities

Construction verification measurements, target cell north
wall alignment portal imbeds, 28 January 2015

R I B Facility for Rare Isotope Beams
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Front End Installation and
Start of Beam Commissioning
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Installation of Technical Equipment
Proceeds Ahead of Schedule

M Baseline Schedule Forecast Schedule

BOD 3/27/2017 3/27/2017
Start Installation of 4/2017 11/2015 (actual)
FE equipment

Start ECR ion source 12/2017 10/2016 (imminent)
beam commissioning

Complete FE 5/2018 Fall 2017 (plan)

commissioning

Installation of technical equipment prior to BOD requires close
coordination with the site contractor
The site contractor is frequently used to install technical equipment
« Superior rigging capabilities
« Safety on the site is contractor’s responsibility

Facility for Rare Isotope Beams
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14 GHz ECR lon Source Artemis Installed
Device Readiness and Hazard Rewews Completed

= |[nstallation of the room temperature 14
GHz Artemis on a HV platform and all
supporting equipment has been
competed
* 14GHz ECR lon Source Artemis
* 100 kV HV platform
« LCW systems with cooling skids
« 350 kVA isolation transformers
« Equipment racks, power supplies, klystron
» Safety systems
« Documentation and configuration control

= Device Readiness and Hazard Reviews
completed in September 2016

= \Waiting for permission to run beam

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

HV. piatf

‘ » A
§, Gl zECRlénqp

HV platform {5/20»16-)-—* &

’___.

—— .

E. Pozdeyev, NA-PAC 2016, TUA1I001, Slide 23



RFQ Ready for Installation

Cooling/Frequency Control System Installed and Tested

» RFQ manufacturing
completed in 06/2016

» RFQ was tuned as part of the
acceptance plan

» Leak check and alignment
were verified

» RFQ received in 09/2016 and
is ready for installation

» RFQ two heat exchanger

skids were installed and
tested. Stability 0.1C
demonstrated (without RFQ)

» The RFQ amplifier has been
procured and is being
installed, based on ReA3
RFQ amplifier

Measured magnetic field
in 4 RFQ segments after
~one tuning iteration

F R I B a‘ Facility for Rare Isotope Beams
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Front End Beam Line Installation
Proceeds Ahead of Schedule

= Components required to assemble the
Front End beam line have been
procured and received

« Some diagnostics components are
expected in 11/2016

= LEBT ground level

« Beam line stands, utilities, and magnets
installed

* Vacuum chamber to be installed in
12/2016

* Integrated testing to start in January 2017

= Tunnel LEBT and MEBT

« Beam line stands, bunchers, and some
magnets installed

 Vacuum chamber to be installed in
01/2017

* Integrated testing to start in
February/March of 2017
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Commissioning Performance Requirements Defined
by FRIB Key Performance Parameters for CD-4

Fast Beam Area Gas Stopping  Stopped Beam Area Reaccelerated Beam Area

Detect 84Se in FRIB fragment
separator focal plane
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Status of Other Accelerator
Systems and Technical
Equipment

Procurement and Installation

F RI B F Ityf R | t p B ams
& tttttttttttttttttttttt SpE SRS E. Pozdeyev, NA-PAC 2016, TUA11001, Slide 27



Status of SRF Work and
Cryomodule Assembly and Installation

Talk by Ting Xu, FRIB
Wednesday, 14:00
Superconducting Cryomodule Development and

Production for the FRIB Linac SR
Design Optimization Goal: Tig:gggAﬁ?éoﬁ;O-fgﬁwag...ofmm
Optimum performance at low production cost ~© 5 _ 1o 15 2

E . (MV/m)

e J@cryo (Jhle #3
= g assemhled at MS

E. Pozdeyev, NA-PAC 2016, TUA1I1001, Slide 28




Infrastructure for SRF Work Established
“SRF High Bay” Built at MSU

- . -
Beneficial ' - - Throughput:
05/2014 :
occupancy _ 5 cavity per week
Clean 15t cavity 07/2014 _ : : * 1 cryomodule per
Cryogenics system | 09/2015 [ - : month
RF test 1¢t cavity 11/2015 ———— i’ :

Vertical test area 01/2016 | ‘

ryomodule t
P e |

Caom g i -
—

Robotic high-pressure
Rinse System

a‘ Facility for Rare Isotope Beams
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FRIB Cryogenic Systems Scope and Layout

b

Linac distribution segment 1,3

Linac distribution segment 2

Control room

Cold box room Compressor room Oil removal

R I B @‘ Facility for Rare Isotope Beams
! IS f ffi f
I w e e e e E. Pozdeyev, NA-PAC 2016, TUA11001, Slide 30




Integrated Cryogenics Design Optimized
for Reduced Cost, Simplified Maintenance
= Cost significant: cryogenics systems accounts for ~ 20% linac cost

* An integrated design of the cryogenic refrigeration, distribution, and
cryomodule systems is key to efficient SRF operations

v FE P - Ganni cycle: floating
' " o - pressure process

= Distribution lines
segmented

& = Cryomodules connected
with U-tubes: simplifies
maintenance

» 4-2 K heat exchangers
housed inside
cryomodules

@‘ Facility for Rare Isotope Beams
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Installation of Cryogenic Systems In Progress

Six(6) 30 k gal Gas Tanks Installed Transfer line installation in tunnel Commissioning milestones

f- AT 8
| , —

Warm compressors 10/2017
4 K cold box 12/2017
2 K cold box 03/2018
Cryo ready for Linac  07/2018

Lower Cold Box delivery 10/2016 Upper Cold Box installed All 6 Warm Compressors Installed
R . S i —— — ;
_——LL_A i ! == ,” , = ==y i =

[T 20wy T v
v {.“. 5

) T kil |
Facility for Rare Isotope Beams
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Liquid Lithium Charge Stripper
Under Construction

= Development and prototyping in collaboration with §
ANL (right photo)

= Construction of the stripper in progress at FRIB
(photos and model below)

IRcoming proton beam
from"EEDA source

\ Lithium returns to pump Eletromagnetic

lithium pump

@‘ Facility for Rare Isotope Beams
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28 GHz SC ECR lon Source
Developed in Collaboration With Berkeley

. Sextupole only testing at Berkeley using
Magnet des'Qned and manufactured actual power supplies provided by FRIB

by Berkeley Magnet group. Expected
delivery to FRIB first quarter 2017

Frreecrer

A
|||‘

7
Ay,

Injection Middle Extraction
-235mm +15 mm +265 mm

| Sol. field 4T max
Sext. field 7T max

Cryocooler, [ . .ﬁ"T—- LN2 / LHe Transfer Stick
Instrumentation, —— | q 2, Vacuum

Leads_, He Feed, _ é. 0 Feedthrough
Pumping, Burst Disc 7 T _;1 1= } Copper Current Leads

|

|
- Upper Cryostat > - ‘ L— HTS Leads 500 A
Cryostat and conven_tlonal ] E.;- S i
components are designed and  Cryostat Suspension |
procured by FRIB M
Procurement to start in 1/2017  codmassand_ | rF Bl L lons Beam

Lower cryostat — - - I

[ — ‘ 4 lon Source Yoke

Shield Suspension

Extraction side

Sextupole coils
Solenoids coils




FRIB Diagnostics and Instrumentation
for Beam Tuning and Machine Protectlon

Accelerator Systems - Diagnostics [ TOTAL m

BPM
Beam Position Monitor Ready f_,,;, .
Beam Current Monitor (ACCT) n Ready *'?%:,
BLM - Halo Monitor Ring B Prod ,,,, {f, e s P N
BLM - lon Chamber - Prod
SLM - Neutron Detector m Prod ColngM and Fast Thermometry Sensors
BLM — Fast Thermometry System m ACELVA (RTDs) fhstalled on FRIB-1 cryomgglule
Profile Monitor (Lg., Sm. Flapper) “ Ready =
Bunch Shape Monitor “ Prod
Allison Emittance Scanner (2 axis) n Ready \ SIS S j g
Pepper pot emittance meter “ Prod > 300W Faradﬁ}l
Faraday Cup - Ready N al CUPS \3
Fast Faraday Cup n Prod ‘ : — ==
Viewer Plate “ Prod
Selecting Slits System - 300 W “ Prod
Collimating Apertures - 100 W n Prod
Intensity Reducing Screen System n Prod

ﬁ' Facility for Rare Isotope Beams -
[ ¢ U.S. Department of Energy Office of Science
‘v Michidan Statedlriversity E. Pozdeyev, NA-PAC 2016, TUA11001, Slide 35



Loss Detection and Machine Protection

Multi-time Scale Mitigation Necessary

= Low-energy ions has low detection sensitivity & high impact
» Must mitigate both acute & chronicle beam loss (by beam inhibition)

Mode Time Detection Mitigation = Halo monitor rings between
FPS ~35 LLRF controller LEBT bend cryomodules
us Dipole current monitor  €lectro- : :
Differential BCM static * Differential BCM
Ion chamber monitor deflector

= Thermo-sensors inside
cryomodules

Halo monitor ring
Fast neutron detector

Differential BPM
RPS ~100  Vacuum status As above;
(1) ms Cryomodule status ECR source

Non-dipole PS HV g

Quench signal &‘
RPS >1s Thermo-sensor As above
(2) Cryo. heater power

Z. Liu et al, Nucl. Instrum. Meth. A767, 262 (2014)

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



Data Acquisition based on uTCA .4

066606180668 061,9

=l [ Re 228

CAENels AMC-PICO-8 .
8 chan @ 1MS (35kHz BW ) Struck SIS8300-L2

10 chan @ 125MS

65x Halo Ring Monitors

42x lon Chambers 12x Beam Current Monitor FRIB Digital Board
24x Neutron Detectors (Differential BCM) General purpose
8x  Faraday Cups ) : : 147x Beam Position
2% Allison Scanner Machine Protection System requirements (BPM)
41x Profile Monitors * Detect and respond to beam loss events :
] 15 usec to detect >10% beam loss 20x Event_ Receiver
Not I’eqwl’ed for MPS, 150 usec to detect 10% beam loss 2OX MaCh|ne PrOteCt
but shared DAQ system Detect chronic small losses of 1 W/m or less System
* 15 us requirement > Developed at FRIB, used by
Fast sampling data acquisition, >= 1 MSPS Diagnostics, LLRF, and Controls
Analog signal response, DC to 35 kHz

75% of devices covered by these three MTCA cards

All utilize FPGA for real-time signal processing and Machine Protection (MPS)

Facility for Rare Isotope Beams
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Magnet Procurement On Schedule

* Room temperature magnets
procured from industry

* FE magnets procurement
completed. Magnets
received, partly installed

» Linac magnets are being
manufactured, partially
received

« Complete delivery within a
year

R I B @‘ Facility for Rare Isotope Beams
! IS f ffi f Sci
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FRIB Integrated Master Schedule
Critical Path Shown in Red

Facility For Rare Isotope Beams, Schedule Data Date: 02-May-16 I

FRIB Schedule to Support the PMB - T10201-BL-000042-R034 Printed: 10-May-16 10:56  Page 1 of 1
008 | 2009 [ 2010 [ 2011 [ 2012 [ 2013 [ 2014 [ 2015 | 2016 | 2017 [ 2018 [ 2019 [ 2020 [ 2021 [ 2022 [ 2023 | 2024 [ 2025
| FY09 [ FY10 [ FY11 | FY12 [ FY13 | FY14 [ FY15 | FY16 [ FY17 [ FY18 | FY19 [ FY20 | FY21 [ FY22 [ FY23 [ FY24 [ FY25
08-Jun-09 A 30-Jun-22, FRIB Summary Schedule

30-Nov-20 A 30-Nov-20, Project Early Completion
12-Jul-17A12-Jul-17, FRIB NRC License Application Approval
28-Feb-13 A, Conceptual Design, R&D, NEPA

08-Jun-09 A

01-Oct-10 A

01-Oct-10 A e 13-May-11 A, Conventional Facilities Division
29-Oct-10 A o 26-Oct-11 A, CF - Preliminary Design

30-Jun-22, TEC

28-Oct-11 A ol 25-JUl-12 A, CF - Final Design

02-Feb-12 A e 28-Feb-13 A, CF - Site Prep and Pilings
27-Mar-12 A 13-Ni

bv-15 A, CF - Excavation

17-Mar-16 A, CF - Linac Tunnel Construction
04-NoV-15 A " 13-Jan-17, CF - Target High Bay Construction

16-JUl-15 A et——— 13-Jan-17, CF - Linac Support Area

31-AUQ-15 A ) 18-NoV-16, CF - Cryoplant Area Construction

-Jan-17 A13-Jan-17, CF - CFD BOD Target

19-Jun-14 A

Conventional Facilities

-

12-Se-16 Fae—— 17-May-18, Cryogenics Plant & Distribution Fabrication & Assembly
07-Nov-17 A07-Nov-17, Cryogenics Plant 4.5K Operational
07-Apr-17, Linac Front End - Fabrication & Assembly

05-Apr-16 A 19-Dec-17, Linac Front End - Installation & Test

Technical Systems 19-Dec-13 A §19—8ep4 9, Cryomodules - Fabrication, Assembly, & Test
P7-Feb-17

) 21-Jan-20, Cryomodules - Installation & in situ Test
01-Jun-15A 01-Mar-18, Experimental Systems - Fabricate & Assembly
07-Pec-16 11-Ju
28-Dec-17 30-Nov-20, Preoperations
28-Dec-17 s 29-May-18, Front End Commissioning
29-May-18 — 03-Aug-20, Linac Commissioning
03-Apr-20
17-Jan-20

30-Jan-15A

-19, Experimental Systems - Install & Test

Commissioning 01-Sep-20, Target Commissioning

30-Nov-20, FRIB Integrated Commissioning

01-Dec-20 30-Jun-22, Schedule Contingency

02-May-16
CD-1 @ CD-2/3A @ 9 CD-3B Early Completion € ¢ CDh+4

Baseline Forecast/Complete I Critical Path A Milestone

| Data Date: 02-May-16

g‘ Facility for Rare Isotope Beams
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It’s a Team Effort
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Collaboration with Major Institutes

= ANL & - RIKEN

* Liquid lithium stripper ATERINE" * Helium gas charge stripper

« Beam dynamics verification; 3=0.29 HWR = TRIUMF

rOCGSdS|ng and test; SRF tuner validation; e Beam dynamics design, physiCS mode"ng *
BNL T sROOKHAUEN - SRF, QWR efching”
_ . : = INFN
» Plasma window & charge stripper, physics
modeling, database J PPET. PhY * SRF technology

= FNAL LFermilab  © RER . .

- Diagnostics, SRF processing « SRF technology, SC solenoid prototyping
= JLab ..!eff;?son Lab " I°Ml\5l)agne s

» Cryoplant; cryodistribution design & prototyping
 Cavity hydrogen degassing; e-traveler **

« HWR processing & certification*

* QWR and HWR cryomodule design

= Budker Institute, INR Institute
 Diagnostics
Tsinghua Univ. & CAS

= LANL ‘LosAlamos  *+ RFQ
* Proton ion source e = ESS
= | BNL /\I . AP*
- ECR coldmass design; beam dynamics**_——[| = DTRA
= ORNL * RFQ power supply**
« Diagnostics, controls %})KGE * Under discussion or in preparation
*% et
= SLAC Feniaen %% Completed
» Cryogenics™*, SRF multipacting**, physics Red: Active/actively planned WFO contract
modeling o1 AS

g Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
m Michigan State University E. Pozdeyev, NA-PAC 2016, TUA11001, Slide 41



Team of Established Experts

Some Examples Listed

: Attracted seasoned Ieaders in accelerator phySICS and engmeermg

* H. Ao (J-PARC), N. Bultman (LANL), F. Casagrande (ORNL), D. Chabot (BNL), L. Dalesio
(BNL), A. Facco (INFN), F. Feyzi (Wisconsin), K. Fukushima (U. Hiroshima), V. Ganni (JLab),
A. Ganshyn (Cornell), P. Gibson (ORNL), W. Hartung (Cornell), P. Knudsen (JLab), L. Hoff
(BNL), Y. Hao (BNL), H.-C. Hseuh (BNL), A. Hussain (BNL), M. lkegami (J-PARC), T.
Kanemura (JAEA), R.E. Laxdal (TRIUMF), S. Lidia (LBNL), S. Lund (LLNL), G. Machicoane,
A.C. Morton (TRIUMF), J. Nolen (ANL), D. Omitto (BNL), P. Ostroumov (ANL), E. Pozdeyev
(BNL), T. Russo (BNL), K. Saito (KEK), G. Shen (BNL), H. Tatsumoto (J-PARC), J. Wei
(BNL/THU), T. Xu (ORNL), Y. Yamazaki (KEK), T. Yoshimoto (TIT/KEK)
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Keep Attracting Experts in Key Areas

= V. Ganni and P. Knudsen joined MSU to start the
MSU Cryogenics Initiative

= P. Ostroumov joined MSU to lead FRIB upgrade
and accelerator physics

*Y. Hao is joining MSU as an accelerator faculty to
lead FRIB power ramp up
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Coauthors

= H. Ao', S. Beher!, N. Bultman', F. Casagrande', C. Compton’, L. Dalesio’,
K. Davidson®, K. Dixon2, A. Facco'#4, F. Fey2|1 V. Ganni', A. Ganshyn1
P. Gibson', T. Glasmacher?, W. Hartung L. Hodges1 L. Hoff!, K. Holland?, K.
HosoyamaG, H.-C. Hseuh”, A. Hussain’, M. Ikegami1, S. Jones1, M. Kellys3,
K. Kranz!, R.E. Laxdal'®, S. Lidia', G. Machicoane’, F. Marti', S. Miller1,
D. Morris?, A.C. Morton’, J. Nolen™3, P. Ostroumov’, J. Poplelarskl
L. Poplelarskl1 T. Russo', K. Saito?, G. Shen?, S. Stanley H. Tatsumoto, J.
Wei, M. Wiseman2, T. Xu', Y. Yamazaki'

1 Facility for Rare Isotope Beams, Michigan State University, USA
2 Thomas Jefferson National Laboratory, USA

3 Physics Division, Argonne National Laboratory, Argonne, IL USA
4 INFN - Laboratori Nazionali di Legnaro, Legnaro (Padova), Italy
S TRIUMF, Vancouver, Canada

6 KEK, Tsukuba, Japan

" Brookhaven National Laboratory, Upton, USA
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Summary

* FRIB Project is two years into full technical construction
 Overall accelerator systems construction is 57% complete
* Major procurement is 90% spent or committed

= Accelerator design meets FRIB performance requirements
 Accelerator lattice footprint frozen since 2011
« All major technology development work has been completed
 Design optimized for availability, maintainability, reliability, tunability,
upgradability

= Installation of technical equipment proceeds ahead of schedule
» Looking forward to starting beam commissioning
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Thank You!
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