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FRIB Scope and Facility Deliverables

» Deliver FRIB accelerator as part of a DOE-SC national user facility with high
reliability & availability

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

» Satisfy beam-on-target requirements
Fast Beam Area Gas Stopping  Stopped I?eajn .-f\rqa Reaccelerated Beam Area

= Option for energy upgrade to >400
MeV/u

» Maintain Isotope Separation On-
Line (ISOL) option
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Challenges to Diagnostics and Instrumentation

» Handling intense, low energy ion beams
« Multiple charge state beam dynamics
« Ensuring low beam losses
» Robust Machine Protection and diagnostics
» Safe operation of liquid lithium charge stripper

» Frequent retuning for various ion species
« Each run extends 1-2 weeks
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Commissioning Phases Completed
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Front End Instrumentation

» Array of diagnostics devices were available for beam tuning and
finding set points of optical devices and acceleratlng caV|t|es

«4-Jaw Charge selection slits svmice

« Allison emittance scanner
* Pepper Pot e
*Image viewers o o

» Wire Profile Monitors 4 ﬂ

- Faraday cups V7. e \ "\ sy
« Electrostatic Chopper NP/ N
* Intensity Attenuators A

« Beam Position Monitors (BﬂMS) o } -

* Beam current monitors
(BCM) (transformers)
* Fast Faraday Cups —
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Diagnostics Support Tuning Through Front End

D739 viewer D812 viewer D976 viewer

Perspective image Perspective image
(right-hand coordinate)

Perspective image
(right-hand coordinate)

(right-hand coordinate)
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Instrumentation for Intensity Control

= Electrostatic beam chopper
= Beam attenuator system (1OX >100000X)

Hole plates

Optics designed to S B 1 us—10 msb pulse duration
preserve phase r . 1,5,10,20,50,100 Hz repetition rate
space envelope i e Bl 3500 KV +/- per plate

Facility for Rare Isotope Beams

F R I B Q"v i e THZBB1, Commissioning of Beam Instrumentation at FRIB 7 / 31




Chopper Operation Validated with Beam
Diagnostics

» Faraday Cup with chopper
« 2.0% duty cycle

e 200 usec beam active
 8uA beam current

Raw Waveform (1MSps)
9528E-6 -

N @
W @
5 &5 o

il
&

DIAG_MTCAO01:PICO8_CH2: (A)
m
&

S -
i T
& &

»—-
[
&

0E0 1

] b. L,
729117 ' T T """"""""""""""""‘L‘.' .....
1270262 2E 4E3 6E3 8E3 1E4 1264 14E4 16E4 18E4 2E4 2264 24E4 T, 2.7239E4
¥ Time [uSec] *s,

K
9313056 - °

8E-6

g ]
2 36 E
3 1
= ]
= 266 E
2 1
2 1Es6 .

0ED E

-1E-6 -

=+ T S I I S

807.94 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1100 1126.85
Time [uSec]

F ¥
b 4

Facility for Rare Isotope Beams

e. i
F R I B Q,‘v Mo e THZBB1, Commissioning of Beam Instrumentation at FRIB 8/ 31

= Beam Current Monitor with chopper
* 0.5% duty cycle

* 50 usec beam active
 19uA beam current

d{|*:|*—” 1&||@|T‘H |«1}» #||Q|§"?|I}Hﬁ‘ : |(A>||@ Num. Samples 200000 Arm Single
BCM Output Waveform (IMSps)
32, 2463
30
1 20 13 BCM
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O : '1175 1 Ll 1 1 Ll : |l Ll ).l.““. T : T T T T + Ll 1 1 I
10 120 140 160 180 200 220 240 260 280
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|—FE_BCM:BCM:1.:Data-1|[-+-FE_BCM:BCM:StatBits:NOK AVAL ——FE_BCM:BCM:StatBits Wave AVAL

A. ToF delay (Chopper to BCM), ~15 usec
B. Beam “gap”, 50 usec
C. Beam active, 50 usec

Independent Chopper Monitor system
validates chopper operation and informs
MPS for critical variations



All Chassis Electronics are in Operations

20 MTCA 4 chassis for the entire linac

CAENels AMC-PICO-8 Struck SI1S8300-L2

8 chan @ 1MS (35kHz BW ) 10 chan @ 125MS FRIB Digital Board
65x Halo Ring Monitors 12x Beam Current Monitor General purpose
42x lon Chambers (Differential BCM)

150x Beam Position
Machine Protection System requirements (BPM)

Detect and respond to beam loss events
15 usec to detect >10% beam loss

24x Neutron Detectors
8x Faraday Cups
2x Allison Scanner

20x Event Receiver

41x_Profile Monitors 150 usec to detect 10% beam loss 20x  Machine Protect
Not required for MPS, " Detect chronic; s;1a|l losses of 1 W/m or less System (MPS)
but shared Data Acquisition HS requiremen >300x LLRF

Fast sampling data acquisition, >= 1 MSPS

(DAQ) system Analog signal response, DC to 35 kHz

Developed at FRIB, used by
Diagnostics, Low Level Radio
75% of devices covered by these three MicroTCA cards Frequency (LLRF), and

Controls
All utilize field programmable gate array (FPGA) for real-time signal processing

and machine protection (MPS)

F R I B Facility for Rare Isotope Beams
&m i e THZBB1, Commissioning of Beam Instrumentation at FRIB 9/ 31



Linac Systems Early Commissioning

= Early test of beam acceleration, tuning through lattice transition, diagnostics,
MPS

= Cryomodule and inter-module diagnostics
» Beam Position Monitor
» Fast thermometry sensor
* Halo monitor ring
* Neutron monitors

= Commissioning Diagnostics station (D-Station)
* Profile monitor
« Beam position monitor
« Beam current monitor
« Halo Monitor ring
« Faraday cup
» Si Detector

,,,,,,

Facility for Rare Isotope Beams
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Linac Systems Early Commissioning

= Early test of beam acceleration, tuning through lattice transition, diagnostics,
MPS

= Cryomodule and inter-module diagnostics
« Beam Position Monitor
* Fast thermometry sensor
* Halo monitor ring
* Neutron monitors

= Commissioning Diagnostics station (D-Station)
* Profile monitor | |
« Beam position monitor
« Beam current monitor
« Halo Monitor ring
* Faraday cup

« Si Detector | it W Vo rmami (i
N o A e Garrent ISR el
AR e s il y\f 2 ‘ Mohitbae Vi, (Y ) /o e el 1 ik

- . /L r
- - V205

/=] f)eteéto'r' W | “Faraday
: =Cup.
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Beam Measurements with D-station

» Beam position and bunch phase
* Transverse profile, rms emittance reconstruction
= Absolute energy, energy spread, time spread, contaminant ions and

relative intensity

= Beam halo monitor
signal

= Absolute beam
current (pulsed)

and differential signal |

= Longitudinal
profile, longitudinal
rms emittance
reconstruction

F R I B @‘ Facility for Rare Isotope Beams
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BPM Position and Phase Error Meet Requirements

= Sensitivity and resolution 0
* Meet requirements at <1% of nominal
current (100 puA) g \ Requirement
= Noise floor e Zlor 100 uh—
* Narrow bandwidth analog filters (300- 0.5
400 MHz) & o
. wn
« Downsampling 119 MHz -> 100 Hz > \\:

* Permits measurements with beam
intensities as low as 100 nA 0.01 - —

Beam Current [nA]

Position error = Phase noise: 3 MEBT BPMs, 1-sec avg
0.04 deg

107

€

£

@ 1t  Phase noise (rms) @ 1 pA:

- Requirement * Phase noise (rms) @ 100 nA: 0.13 deg

=

:{% for 100 ©A = Position noise: 3 MEBT BPMs, X/Y, 1-sec avg
S o1 . - « Position noise (rms) @ 1 A : 0.040 mm

; ==X « Position noise (rms) @ 100 nA: 0.140 mm

0.01 . : ;
10 100 1000 Narrowband measurements at 161 MHz

Beam Current [nA]
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BPMs Used for On-Line, Time-Of-Flight Energy Monitor

Cheppr: Chagper 00
Chopper is off, tum off GTS scheduler for best BPM measurements
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Diagnostic Beam Loss Detection Methods

energy energy

Fast Loss Primary DBCMy' DBCMy DBCM DBCM DBCM DBCM DBCM
<35us Secondary HMR v* HMR BLM BLM BLM BLM
Tertiary HMR HMR
Slow loss Primary HMR/Temp v~ HMR/Temp BLM BLM BLM BLM
>100ms Secondary HMR/Temp HMR/Temp HMR/Temp HMR/Temp
Tertiary HMR/Temp HMR/Temp
DBCM: Differential Beam Current Monitor HMR: Halo Monitor Ring
BLM: Beam Loss Monitor (neutron, gamma) Temp: Fast Thermometry

Candidates for additional MPS detection schemes

= Beam trajectory MPS with BPMs - To detect faults with small fractional fast beam loss
= DBCM with BPMs or capacitive rings — Increase network density and reduce response time

Facility for Rare Isotope Beams

F R I B &m i e THZBB1, Commissioning of Beam Instrumentation at FRIB 15/ 31




Machine Protection System in Operations

10 us ] )
Sensing and indicating T|me bUdget |nC|UdeS
dition to FPS 0 .
e sensing, signal trans-

mission, logic, and

Response logics 7 mltl atiOn
OK /NOK_ OK/NOK R g
’ Devices
FPS )
Loggno GUI Li TUPLM29

 Diagnostics interface to
MPS is implemented at
the board and chassis
level
Thresholds are compared

RS422
signals Master

at various sensitivity/time-
averaged stages

Special purpose FMC
cards are used with
FGPDBs to send &
receive to MPS network

Chopper
control
RS422 signal

RS422 signals

RS422 signals RS422 signals

Mitigation
Devices

- s Red:faSt’
Blue=slow
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Beam Mitigation Systems

= Beam mitigation time budget incorporates

Sensing/decision + Network transmission + Mitigation action + Remnant beam

lon Source 5 ‘ ‘ Electrostatic Chopper
(extraction HV or ) |
ECR microwave)

Electrostatic Bends

F R I B @‘ Facility for Rare Isotope Beams
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Beam Mitigation Systems

= Beam mitigation time budget incorporates

Sensing/decision + Network transmission + Mitigation action + Remnant beam

lon Source o Electrostatic Chopper
(extraction HV or A '
ECR microwave)

Electrostatic Bends

RFQ Dephasing (future)

Facility for Rare Isotope Beams
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Differential Current Monitoring Is Established
Satisfies Linac Fast Protection System Requirement

= Observed current monitors upstream and

downstream of cryomodules Unstrear
« Losses induced by detuning optics T o A e e :
el el J'IWF e N
Ll . . ELE I S UT Il I J' }U‘u ] Jr 1U_:1 "LJ’ i ”~LL L LUJ
= 2 different averaging timescales used ATy Wl
15 us — fast losses ] ownstream e
* 150 us — more averaging to reduce noise T Thraahald ramaad e
. rmeoriuid 1cacliicuili II\JIDe O VI
influence B e pp—— T j I
. . . EE | I
« Difference analyzed in firmware e G A by JlLHJImﬂhlll”ll
. . . . FEERES I h | H.P | et I { |
Beam mitigated within 35 us = lﬂ L A oty
: Average difference signa
T s Lt el | e« 1.5 MeV/u case
30 MPS Npermit Response - 120
] I:)~8usec i Beamg;::l;eduled Lo O MPS trlp SetpOint at AI ~ 1.5 l.lA
2 SCI - ~4.5% difference
- 2.3 MeV/u case
H l S 13 « Threshold level reduced
| «  MPS trips when Al ~ 1.0 pA
Yo | | \ os « ~2.8% difference
[ ‘ _—40
~20 usec | . - 0.
; |BEr RISl Postmortem buffer
0 | A, demonstrates time
R Scquence of MPS mitigation

Time (ms)
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Halo Monitor Ring Signals Aid Tuning
I HMR Signals \_/ery sensitive to low losses, noisy at ~1 us
— time scale
. D-Station Added averaging can detect nA-scale losses
Intercepted beam signals on Halo Monitor
Rings (HMR) anti-correlate with Faraday cup

HMR Intensity

Diagnostic chambers

- between cryomodules
g ) ot 2 measurements.
Useful signal for optimizing transmission
‘ FMMW*\

WW\\‘“ through cryomodules and lattice transitions
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Neutron Monitors Are Commissioned

= Personnel Protection System (PPS)
and Diagnostics monitors used
to validate onset of neutron
production with beam energy

= Both monitors have sensitivity to
gammas; respond to cavity emission

* Neutron signal strength larger and shows
decay behavior (asymmetry)

» Current mode sensitive to single event
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‘Fast’ Thermometry Sensors Commissioned

» Sensitive to beam losses in cryomodule cold mass

* Monitored during beam tuning with sequential cavity energization
* Responsive to introduction of cavity RF power
* Responsive to localized beam losses on 10s seconds time scale

» Response to measured losses still required for final calibration

5.15 T(t) — T(t -10 S) 0.02

= > 0.015 _y

£ 505 Beam on o .

g 001 &£ !‘1

& a

£ O g

. RF on _~ 0.005 *g ; ! //I

. I

%" 4.9 §

G>J Cl) {1

< 485 / -0.005 Vi
' e , Cold BPM and Fast Thermometry Sensors
ie Initial temperature transient oon (RTDs) ,nsta"ed on ERIB-1 cryomagule
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Testing SRF Vacuum Preservation with Actuated

Diagnostics

= Particle counts of actuated profile monitors were taken.

= EXxcessive counts observed due to ceramic components and non-SRF
cleaning protocols

= PEEK components were fabricated to replace ceramics (MACOR).

= Particle transport tests were conducted to evaluate risk to cryomodules

(@]

Profile monitor

Si Detector ‘

HMR

BCM

Faraday cup

q

Profile monitor

FRIBL,

Facility for Rare Isotope Beams
U.S. Department fE gyOfflceofS eeeeee
Michigan State Un

Partlcle countlng in clean room

Particle Counts (0.3um)

Location

Particle Counts (0.3um)

Location
A 1.83,0.17 G 0.0,0.0
B 0.17,0.33, 1.67 H 0.0,0.0
C 0.33,7.33,0.17, 0.67 I 0.0,5.67,0.17
D 0.0,0.33 J 0.0,0.0
E 0.0,0.0 K 0.17,0.0
F 7.33,4.5,19.33,1.17,3.5 L 5.83,0.5

MACOR components replaced with PEEK.
Slow pump down (<1 Torr/s)
Profile monitor actuator cycled 100x.
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Full Scale Linac Operatlons in 2019

= | S1 Commissioned in 2019

= Achieved full energy (>17 MeV/u) and
peak beam power

= Achieved full CW operation of SRF heavy
ion linac

= Established charge stripping and multiple - ¥
charge state transport in arcs . -
FﬁTB jpéc Segment 1 cofitaining

= Operational experience with full scale linac SRF cryomodules

...‘.'

= Deployment of high level applications for
tuning, optimization I Beam Current Monitor

= Validated multi-master MPS | Halo Monitor Ring

~60 Beam position Monitors, 4 Profile Monitors
Beam Dump (FS1a)

Neutron detectors, lon chambers )

NV P P

\ D2353 D2264 D2182 QO P
D2449 N "

Beam Dump (FS1b) Carbon stripper Spring 2020

Facility for Rare Isotope Beams
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Beam Position Monitors In Full Use

= BPMs installed and
providing data
* Position
* RF phase and TOF
measurements

» Used for steering
correction with
automated schemes

» RF cavity phase
scans and beam
energy measurements

= Analyzing on RF
multiple harmonics to
limit cross talk effects

» |[ntensity used to
cross-calibrate other
measurements (eg.
Charge State
Distribution)

FRIBE

Michigan State University
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Carbon Foil Distortions in High Power Test

* The foil seems to be thinner after high power
tests
« ~20% lower energy loss
» Charge state distribution shifts to lower states

CW Argon beam irradiation
0.36 puA 20.3 MeV/u

= The beam was focused on the carbon to
0.5 mm, RMS, to minimize emittance growth »
» Heat density is too high

4

» Beam size was changed 1.0 mm or more to avoid further deterioration

* No further deterioration was observed when the beam diameter was
increased

Maruta THZBA3 Beam energy after the carbon foil

40Ar charge state distribution
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Loss Monitors Providing Correlated Signals

= High power tests Shane THZBB4

Beam current monitors ji Neutron Monitors on
CB cryomodules
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High Power Target Thermal Imaging System

] Monitoring beam on target and dump Image Plane Vi
 Variations in position, distribution, intensity
« Target temperature

» Interface to Fast Machine Protection System

* Intensity and temperature changes monitored with
fast detectors

Mirror

/ V4
dog-leg
= | IR Camera
g 640 x 480 pix
% CCD sensor 1/3" ____Secondary
073
D
ey
o
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View Port IP & \
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Beamsplitter 11.2mm x 7.0mm
VIS Camera N3
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Looking Forward

= Completing the accelerator, commissioning the target
« LS2 commissioning in 2020

* Linac completion in 2021
Beam

= Improving reliability, robustness, operability power on
« Software controls for Run Permit System Gl target (kW)
» Control and remove noise in BCMs

Year after

* Validate beam loss models and monitor ! 10
sensitivity 2 50

= Ramping to high power 3 100
* Develop understanding of loss distributions 4 200
and mechanisms 5 400

* Develop high dynamic range halo monitoring

* New instrumentation to advance tuning and operations
* Collect beam harmonic amplitudes by AC coupling to Halo Rings
* Augment the loss monitor network with additional sensors and
* Develop beam contamination monitoring
* Develop non-invasive transverse and longitudinal profile monitoring

F R I B Fac lity for Rare Isotope Beams
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