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Outline

« Introduction—Paradigm shift in MPS for Fourth Generation Light Sources
« MPS examples

. Strategies for Protection of APS-U Chambers and Collimators

« Coupled-Code Simulations and Loss Studies Data

e Summary
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Introduction

. The ultra-low emittance, high-intensity electron beams in Fourth Generation storage ring
(4GSR) machines are capable of causing high-energy-density (HED) interactions on
technical surfaces such as collimators or vacuum chamber walls.

« HED is defined as energy densities exceeding roughly 10" J/m3,

. Since dose is defined as absorbed energy per unit mass, D = E,/p, in aluminum this
represents an acute dose of 37 MGy, 11.2 MGy in copper, and 5.2 MGy in tungsten.

. The term "acute" is somewhat ambiguous; here it implies the duration of the deposition
is short. Perhaps a useful rule-of-thumb is to compare the duration with a thermal
diffusion time defined from the heat equation as t = L? /a, where L is a characteristic
scale length of the absorbed energy distribution and « is the diffusivity.
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MPS Examples

» Advanced Photon Source Upgrade (APS-U)
» Electron-lon Collider (EIC)

* Proton Improvement Plan-Il (PIP-II)

« Spallation Neutron Source (SNS)
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APS-U MPS

APS-U SR, 40 sectors

15-ID (ChemMatCARS)
13-ID (GSECARS)

MPS Topology

9-ID: CSSI (XSD)

Coherent Surface Scattering
Imaging
8-ID: XPCS (XSD)

X-ray Photon Correlation

19-ID: ISN (XSD)
In Situ Nanoprobe

Long-Beamline Bldg.

20-ID: HEXM (XSL
% High-Energy X-ray Micros
APS Upgrade Project APS Upgrade Project
feature i improved
(Operator in parens) beamlines
Spectroscopy \ (Operator in parens)
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Atomic and

3D Micro & Nano Diffraction
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APS-U MPS
APS-U SR

Two fill patterns will primarily be used in the APS-U SR:
—- 48-bunch timing mode

— 324-bunch brightness mode
« 200 mA, 6 GeV
« Machine circumference: 1104 m, T = 3.68 us
. Stored energy: 4.4 kd, average circulating power: 1.2 GW

. Power densities are also important and high—reaching peak levels of

7x10"13 W/mm? in loss study experiments
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APS-U MPS—Main
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APS-U MPS—Local

Chassis Logic
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Electron-lon Collider (EIC)

—Built inside the Relativistic Heavy lon Collider Tunnel

. Will add an electron source including polarized
electrons

. Arapidly cycling synchrotron (RCS) for
electrons

« An electron storage ring (ESR)

. Presently 3 energies planned: 5, 10, and 18
GeV

. At10 GeV, e-beam will circulate with the
highest stored energy: 1160 27.5 nC bunches.
Total stored E: 320 kJ; average circulating g G
beam power: 24.9 GW
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EIC

» The e bunches will be very dense

T |
ESR ¥ HSR

[ J
(0.5 mm?) and melt metals in case of o SKEKB  --- melting of W
: 54 ¥ HLLHC ~~- melting of Cu
normal ImpaCt' 10 —— HERA ~—- melting of Al/Ti Y
. . —— UU-SPS --=- damageto C
* The p* beam will have similar parameters - i ‘
as the post-LHC Injector Upgrade (LIU) .

SPS.

» Other complexes have reported issues
limiting performance:

» SuperKEK-B experienced instabilities
causing collimator damage and
limiting beam currents.

* HL-LHC will switch to coated
collimators (MoGr) to reduce
impedance.
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EIC Components
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Side
view

ESR abort in IR2

IR2 features the unused spectrometer tunnel which will allow extracting the 300-kJ
beam away from other IR2 users (e-cooling, ERL, RCS injection, ...).

A preliminary design requires 6 x 2-mrad vertical kickers, a 2° Lamberton magnet & a
50 m-long transfer line with 6 quads.

0.08 ‘

—— 5 oy envelope

0.061 ____ 230, envelope

0.04 1 —— extracted beam

0.02 +

0.00 —/———Ff—————=

envelope (m)

—0.02

~0.04] A ‘
-- kickers # # Lambertson magnet

e
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MPS logic

* The Hadron Storage Ring (HSR) will take ~35 minutes to fill +ramp.

* In case of an ESR abort the HSR beam can be kept while waiting for the ESR to be
re-filled.

e The ESR will take 10 minutes to fill.

* The electrons will not survive the HSR ramp due to changing f

rev’

* The electrons need to be dumped in case of a hadron abort, to avoid short
lifetimes.

=> One way coupling of the permits :
HSR beam permit used as input for the ESR

—A. Drees




PIP-ll Linac and BTL Map

Linac consists of:

Room temperature front end
(up to 2.1 MeV)
Superconducting (cold) linac

y s ”,:///: Booster * 5 types of SC cavities:
“, Injection y HWR, SSR1, SSR2, LB650,
Ve / HB650
R 3 RF frequencies are used for
acceleration
€ sC >€ RT =
Beam
Absorber Line < > < > < > < >
BTL 650 MHz 325 MHz 162.5 MHz DC
185 — 800 MeV 10.3 — 185 MeV 0.03 - 10.3 MeV 0.03 MeV
800 MeV t t
2 mA SC Linac WFE
T T
Straight-ahead _
Dump
PIP-II
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Fermilab’s PIP-ll MPS Architecture, Scheme and Instrumentation Layout

General MPS Scheme

General MPS Scheme:

e The main layer of protection is beam inhibiting by four !

devices, carefully tested and administratively controlled. | Bl e
All of them are upstream of the RFQ. T ’

Status

Data Devices
Prof

tection M
Module

e The global protection of the linac is performed by
comparison of signals from pairs of current-sensitive
devices. These devices (4 pairs) are administratively

Controls

Binary Status

BID communication

Local Channel Local Channel

controlled. ] [ -
: . Machine/sub- h::s":h Beam Switch
e The second layer of protection, the local protection, =y =
controlled _the beam loss to multlple eleCtrlcaHy isolated General Scheme shows Controls and Instrumentation roles in MPS
electrodes in the MEBT.

e The third level was the readiness signals from the Differential Beam current Monitoring (DBCM)

subsystems (vacuum, RF etc.).

e Finally, the beam could be operated only at specific
combinations of beam intensities and machine
configurations defining how far the beam can propagate.
Each combination had its own table of the MPS
parameters to control.

1.0% 10.0% 100.0%
Lost current, mA
Qen=2 mA-ps; 1= 50 ps
— Allows losing 20% of the beam at 5 ps (for
tuning) and limits to ~2% at >0.1 ms (for long-
30 MHz FSD MPS Interrupt pulse operation)

This hierarchy, on one hand, provided a robust protection, and, < ¥ -k
on the other hand, a significant flexibility in operation.

Threshold limits were less restrictive in
practice at PIP2IT (Qth =100mA . ps; t =
2000 ps)

A continuous current integration system measures differential beam loss and set a
threshold for losses

Fa'Q'AAAY
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The purpose of the Machine Protection System (MPS) is
to mitigate hazards that threaten accelerator components

« High beam power is inherently accompanied by potential hazards:
— Uncontrolled energy release, failure of hardware systems, etc.

* Hazards pose a dual-threat to the accelerator components:
— Physical damage & radio-activation
+ The MPS mitigates hazards by turning off the beam at the front-end in the event
of the following:
— Equipment failure, beam loss, power supply trips, vacuum leaks, etc.

- The MPS is a high reliability system, but it is not a credited safety system.
— The MPS does contribute to ALARA.

—A. Justice
OAK RIDGE

National Laboratory

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE

REACTOR



The purpose of this AIP is to modernize the FPS

 Improve reliability significantly » Resolve the maintainability
problem

— Current system is mostly
customized, obsolete hardware

— Use “21st century” technology
* Rely on industry standards where

— Simplify the architecture

— Increase integration => less “stuff’
= fewer failure points

« Deploy scalable architecture:

— Increase performance by possible
decreasing system response time NIy I, (OO C TR
— viable path for major facility development
upgrades — PPU & STS - Utilize COTS solutions: hedge

against future obsolescence

—A\. Justice
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A New Fast Protection System has been
designed for the MPS

Operator

“form, fit and

function [F]
(EPics L‘OC

compatible” with e )
Iegacy SyStem ---- LegacyMPSIOC )

interfaces | ‘ |
( Legacy MPS Master } 7777777777 - D ;» RFQ

—( Timing System ) H
— g
\ E
i LEBT Chopper
Controller

A

ors
A
Chief Operator ( DG535 I

FP

Signal Interface

—A. Justice HW (HWEntty ) Field Sensors
Signal Interface
Gl A N R o

HIGH FLUX | SPALLATIO
OAK RIDGE | [U§HF50% | Seatk ON
National Laboratory | REACTOR | SOURCE




Strategies for Protection of APS-U Chambers and
Collimators
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Strategies for Protection of APS-U Chambers and
Collimators

Fan-out kicker
»>Vertically spreads the beam on the collimators (5) to reduce energy
density and power density

»Necessary above 30 mA
Slow aborts—swap out bunches one-by-one into the swap-out dump
Advanced Concept: Wakefields

»Build structures (into collimators?) to disrupt the beam with head-tail

kKicks
If all else fails, build a dedicated dump line—unlikely for APS-U

AAAAAAAAAAAAAAAAAA



Coupled-Code Simulations and Loss Studies Data
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Early APS-U Collimator Simulations with elegant & MARS

e/p flux, single bunch (15.3 nC) Alapex ™" )
in a 48-bunch, 200-mA fill dose o g
pattern at 6 GeV. o 2
Al s | Flf | T2 X -0.430 N
| S 1, ww=[ panemdam -
05 L 1o gi T1 _DM?W, ooro
§ oo 8 &
it i E qv(Xmax) DinaxAw
X _0.5 J? fIFEZ max =~ _ -+- lzrél - -+- fIFEL
2 - ) (:
10 0 p (xmax)cp m
o 25 30 Mat'l Diax Ay Cp T, T, T,
e MGy) (¢ (J/kg- (K) (K) (K)
W 1.0 mole) mole)
0.5 "o g‘g
/E\ 5 Al 1.96 26.98 24.20 933 2743 2285
o 0.0 s %?
x _05 3 Ti 3.03 47.87 25.06 1941 3560 5830
ol =
-1.0 Cu 2.94 63.55 24.44 1358 2835 7650
e T W 2.53 183.84 2427 3695 6203 19300 53
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Two experiments were conducted in the APS Storage Ring to approach APS-U
conditions on possible collimator material

Ti6Al4V May 2019 . Janary 2020

202.1 T B

201.2

100.0

202.0 |

99.1 ™

69.4 B »
34.6 F g
Ti o4l _ g.9cm

o,Ti = 3.56cm Ol

Pri )

£
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Adding hydrodynamic modeling with FLASH

Var: dens
-— 2.700

—0.03746

' 0.0005196

—7.208e-06

Vz=9.5cm

— 1.000e-07
Max: 2.700
Min: 4.512e-06

7 z=10.5cm

e-beam

z=11cm
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Deposition Models

Deposition of full 200-mA
beam dervied from expt.

-0.410
-0.415
0 0
-0.420 =4, 2.75 y (mm) 3.0
/N 1 i
O -0.425
N—
X

-0.430

-0.435

-0.440

0.275 0.280 0.285 0.290 0.295 0.300
y (cm)

£
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APS-U model of full 200-mA
beam, from 1 of 48 bunches
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Initially Assumed Uniform Irradiation

. However, when looking at time varying dose, observed transverse motion

data

A, = 3.6025e+05 counts .
L, 30 o, =1.026 turns | early
(- t, = 21.045 turns
5 late
O 2x1 05
O
%)
n
O 1x105
AR

0l o o 0o vty .
20 25 50 35
turns
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Flow After Deposition
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Diagnostics

« Cameras

« Fast Beam Loss Monitors

illumination camera /

« Turn-by-turn BPMs

D
- . _— i N\
May 2019—vprior to irradiation 250 45° 65° —
400 T ]
11 mm 5§2‘; / 21.0 NAx 3
FOV 200 > fl-c. __t \;; ~ -
N
500 150 scraper = N colli- T
N mator :-\_
200 100 - N
N
N
/|

100 IE[ B 5 O
O n 1 n n I n n
0 100 200 300 400 500 600
II(FJ,.« m 3 4
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Optical Images of beam strikes

Single strikes on Al Multiple strikes on Al
67 mA
200 mA
z (mm) z (mm)
J. Dooling, etal.  Collimation and Machine Protection in Low-Emittance Rings [BIC'22 11-15 September 2022 30

AAAAAAAAAAAAAAAAAA



Fast Beam Loss Monitors

Tells when things don’t go as planned

Abort kicker fires properly Abort kicker fires late

File Edit Wertical Horizfacqg Trig Display Cursors  Measure Masks  Math  MyScope  Utilities  Help Ele Edt Vertical HorizfAcg Trig Display Cursors Meagre Masks Math MyScope  Ltiities  Help

Position

Factor
50
Run / Stop ) o ) : ) N Run / Stop

Single Sequence ; ; " ! ! ’ ! Single Sequence

Status A Status

Running Preview

Force Trigger Force Trigger

: : : : : :

J. Dooling, et al.  Collimation and Machine Protection in Low-Emittance Rings IBIC'22 11-15 September 2022 31

2022

International Beal
EUIBIC R e Argonne &

NATIONAL LABORATORY



Fast BLMs Signals during Beam Dump Studies

Turn

Turn

J. Dooling, et al.

Fast BLM, 18 mA

a)

H} T

|

1x10-6 2x10-6 3x10-6
t(s)
1 Turn = 3.68 us

8.0x10-7 9.0<10~7 1.0<10-6 1.1x1076
t(s)

Collimation and Machine Protection in Low-Emittance Rings

Loss Intensity

Loss Intensity

Fast BLM, all data

1500

1000

500

a)

00:18.1mA
01:34.7mA

02:69.6mA
0%:99.3mA
04:73.3mA
05:66.7mA
06:100.1mA
07:167.2mA
08:202.1mA
09:201.3mA

0O 10 20 30 40 50
Turns since rf muted

3.0¢10%

2.5+10%

2.0410%

1.5¢1 0%

1.0+1 0%

5.04104

b)
00:18.1mA
01:34.7mA
02:69.6mA

0%99.3mA
04:73.3mA
05:66.7mA
06:100.1mA
07:167.2mA
08:202.1mA
09:201.3mA

0O 10 20 30 40 50
Turns since rf muted
IBIC'22
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Turn-by-turn BPMs

Select beam aborts during collimator irradiation (beam dump) studies

« Sum signal is depends on log current (non linear)

» Derivative of the sum during beam loss gived nonlinear loss intensity
« Can provide loss locations but not intra-turn signals

600 - - —1 181 mA 150 ] 181 mA
500l \ | 346 ma g 34.6 mA
— T\ 69.4 mA =2 69.4 mA
> 400| _ ~
ks \r\r 99.1 mA c 100 | 991 mA
~  300| — |166.8 mA 5 166.8 mA
202.0 mA @ 202.0 mA
% 200] ] mox i
n .
% 100l B 501
S
o ol o
- o~
100} AL a O — L
o 10 20 30 40 50 O 10 20 30 40 50
Turns Turns
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Summary

« Present high-performance machines (light sources and linacs) require
significant care and feeding

 New machines will be even higher performance and demand even
more maintenance and machine protection

4GSR light sources must consider the threat from ultra-low emittance
electron beams causing mechanical damage to high-value
components and incorporate that into machine protection systems

« Simulations will help guide the effort to protect machine components
exposed to the beam

» Diagnostics are a key component of MPS and necessary for
benchmarking codes
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THANK YOU!

QUESTIONS?
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