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Optimal Outcome: Methods for beam transport that preserve beam quality of x100

brighter beams in linear accelerators and electron microscopes and x10 brighter beams

in storage rings.




BEAM DYNAMICS AND CONTROL Roadmap 2024
Brightness conservation of beams from extreme-low MTE linac sources subject to intense Coulomb
interactions (Conserve), increased brightness of beams in storage rings (Cool/), and advanced techniques for
the optimization of many-parameter accelerators (Control).
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@ Key Achievements (2020-2023)
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@ BDC Graduate Students and Postdocs

Afnan Al Marzouk, Fabio Bosco, JP Gonzalez Aguilera, Aasma Aslan, Eric Cropp, AJ Dick,
NIU UCLA U Chicago U New Mexico UCLA NIU
postdocs graduated graduated

Gevork Gevorkyan Sergei Kladov, Emily Frame,
ASU U Chicago NIU
graduated
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Gerard Lawler, Sam Levenson, Lucy Lin, Desheng Ma,
UCLA Cornell Cornell Cornell



@ Brightness Preservation in Photoinjectors

* Performances of UED/UEM and XFEL setups are 'ase;size
ultimately limited by photoinjector brightness En(z,y) = O(z,y)

* How do we capitalize on advances in cathodes from Theme 1?

M. Gordon, et al. Phys. Rev. Accel. Beams 24, 084202 (2021)
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— Significant emittance dilution during transport
from photocathode to front-end applications
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— Brightness degradation principally occurs :Z MTE=0 meV :

during acceleration to relativistic 00 o5 10 1520 25 30
energies (i.e. to a few MeV'’s) 2 PR
* Methods: emittance preservation, - T P
physics of space charge, binary collisions, £ = -
beam characterization, deploy full-scale - os0 | |
experiments at available facilities 2 N e oo
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M. Gordon, W. H. Li, M. B. Andorf, A. C. Bartnik, C. J. R. Duncan, M. Kaemingk, C. A.

P ington, et al, Phys. Rev. Accel. Beams 25, 084001 (2022
March 15", 2024, CBB EAB ennington, et a y ( )



C@\) Deliverable 1.1: sub-nm transverse emittance

Experimental demonstration of sub-nanometer emittance in at least one beamline with low
bunch current with improvements thereafter [2026] e =0.7-

— Generated sub-nm emittances w/ 500e- in a 100 | (@ electron beam
DC gun (MEDUSA@Cornell) w/ 60 meV MTE [2022] frir

— MEDUSA performs multi-scale ultra-fast
microscopy experiment [2022]

— Integration of lower MTE (<60 meV) cathodes in
the MEDUSA setup [>2023]
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e Commissioning of the ASU DC cryogun

— Investigation of MTE (surface
roughness) have begun [>2022]

— Beams from nano-sized emitters
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(\’\2\) Deliverable 1.2: low-MTE photocathodes integration
6 In_existing photoinjectors

|dentification of beamlines for a potential experimental demonstration of the simultaneous
generation of low-emittance and high-charge (~100 pC) bunch, using CBB low-MTE
photocathodes and diagnostics, that when coupled with a bunch-compression beamline
would produce beams with 5D normalized brightness I/e2>10% A/m?2.

e F. Cropp, et al. Instruments 2023, 7(4), 42 (2023) #Ferm"ab
* Progress/Current Activities:
— Explored feasibility of integrated tests Es 2|
at UCLA (PEGASUS), ANL (AWA), and A g1\
FNAL (FAST). ,
— Investigating transverse brightness pre- ol ——— LIS : T —— L : )
servation during bunch compression. S T
? I - ."M‘WW. ‘‘‘‘‘ *—'.-Hr_iﬂ'l

— Preparation for photocathode tests at
ANL and UCLA (PEGASUS), some question regarding possible test at FNAL.

* This deliverable is now a priority deliverable

March 15", 2024, CBB EAB 7



((\2\) Deliverable 1.2: low-MTE photocathodes integration
&5 in existing photoinjectors (cnt’d)
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° ihi ?fu_-l . ?’in.lq
.M.odeled AWA fagllty (w/ planned " N o Argm‘?é nnnnnnnnnn - &&\ﬁ_ Soar |y
injector upgrade in August 2024) 021 T e,
A e : —_— distance from photocathode s (m)
*  Support ~200 nm emittance at 60 MeV 1B 'F v w RE-input coupler s s s N
e[ w L52 » L53 =00 ' =00 =0.0
3 [ —— L — L e— - & & ’ 2 ’
* Tests contingent on successful cathode N acLmc N M T TeTh 3 K B
. |gun -0.1 —0.1 —0.1
test on the ACT beamline (O. Chubenko) S e gty il

— > 1 (f) 1

* Possible improvement using collimation 0 18 391 s 759 s w03 S

1 (h)

x (mm)

¥ (mm)

(proposed by J. Maxson; see below) E. Frame, et al. Instruments 2023, 7(4), 48 (2023) » B B
- (I'tlljun} : ! (:{1[:1111) : ! (,'(1{111:11) :
2000
- Aperture
UCLA il s P el e Sacrifical collimation technique
5 | /Linac .o . .
El "1 % g simulated at the PEGASUS beamline
I £ 1250 ‘ y j 21 solencid .
L ® 1000] 1] A ¢ * Photocathode tests at PEGASUS are
Gun 2=0.286 1087 =13 = Optimization poi @ _ H - o
Y - ongoing
- ' * Setup expected to produce sub 200-
= RN i i B B nm emittance at ~10 MeV
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@ Deliverable 1.3: cathode tests

Characterization and specification of the performance of photocathodes in either high field

or high current conditions as needed to complete PHC Deliverables 2.1 and 2.2 [Annual
starting 2023].

NEG and ion pump
achi
below 1e-10 torr

* Accomplishments:

s NEGs allow passive
pumping during
suitcase shipment

— Two standardized cathode plugs across CBB

— Cathode preparation, transport tests to UCLA , et oe

— High gradients (>100 MV/m) tests at PEGASUS C. Pennington, et a;.,ta.k at the P3 meeting, Dec., 2021

~ Successful tests of low MTE cathodes at high gradients E
* Progress/Current Activities: i wpﬂ : _

— Understanding QE degradation during transport fos ; t%‘;”aet”ucé‘ﬂfde * :"’.-.

= Planning tests in other RF guns (deliverable 1.2) _i I ._..m_.:h-.....

100
Gun Phase [deg]

— Long-term lifetime + high current (~30 mA) test in DC guns (HERACLES)

March 15", 2024, CBB EAB 9



Objective 2: Cool — Overview

* Objective: Explore a novel cooling

technigue — optical stochastic cooling

(OSC) — with ~4 orders of magnitude

faster cooling times.

Impacts: OSC could increase the
luminosity of planned electron-ion
colliders, and next-generation linear colliders

beam-
information
optical signal \

storage ring

Amplifier +
manipulyations

bypass

It Is also application to short-pulse storage-ring light sources.

Methods

Qf Develop high-fidelity simulations
@‘ Participate and contribute to on-going

OSC experiment{s)

—_ A

ala a¥YaVla alaa aVa
\JI N1V \J @, W
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@ Deliverable 2.1: experimental demo of OSC

(@)

kicker undulator

Proof of principle demonstrations of key elements
W of optical stochastic cooling at IOTA and CESR
[by Spring 2023].

* Accomplishments:

— OSC models implemented in “popular”
codes (BMAD [2021] and ELEGANT [2022])

— Demonstration of passive OSC [2021]: 6,(deg)
CBB contributed the optical-delay stage @  Ovealsemyum  (b)

-10 -5 0

— Development & laboratory test of active
stabilization for long delay lines [2020]

M.B. Andorf, W. F. Bergman, et al.,
Phys. Rev. Accel. Beams 23, 102801 (2020)

Measurements

J. Jarvis, et al. (A.J. Dick),
Nature 608, 287 (2022)
Position (mm)

March 15" 2024, CBB EAB A. J. Dick et al., IPAC2021, p. WEPAB270 (2021) 11



@ Deliverable 2.1: experimental demo of OSC

A. J. Dick et al., ArXiV 2306.07898 submitted (2023),

* Last year activities:
— Validated ELEGANT model with IOTA data [2023]

— Release updated algorithm in official ELEGANT
version and passed all input to a FNAL
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— Investigated performance of amplified (active) OSC
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* Current status: (unfunded) finishing simulations on
OSC-based beam manipulation

=300 =200 —100 0 100 200 300
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@ Objective 3: Control — Overview

* Objective: Introduce new tuning methods based on machine learning and other advanced
techniques to improve the transport and storage of high-brightness beams.

* Impacts: Precise control over the beam distribution, partitioning of emittance, live
optimization and active tuning of accelerators and electron microscopes.

* Methods

— Design and test tuning &
control algorithms over a

¥ et
e

' o
e-microscope —

Tuning and precise

CW accelerators

. il !
wide range of accelerators Y phase space contl]
R . (IOTA & AWA)
I N en® @ How best to incorporate ML
aCCessi b I e th rou g h C B B Y~ A = N into accelerator applications?
/. CBETA How to extract physics from ML?

— Develop ML-based methods to
Apply ML techniques to

control the beam’s phase SRISLA (Genero sotvare Fa i sppicaton s
. . . e-cooling
space distribution — pdel

Applications of ML in
compact photoinjectors
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C@\) Deliverable 3.1: microscope “auto-tuning”

Microscope performances comparable to traditional operator tuning using ML [by Fall 2023].

* Accomplishments: operator-free tuning Acquire New image
— Connected emittance to aberration (Ronchigram) anc J - owpredcion
developed a numerical model of a microscope [2021] " O lown emiance.
’ N\ NS 12F l - Gaussian Process
- % 10+ f{!] ” GP[,H(!]. k{x.x]] Choose from different kernels
R
.E 6l l ---------- Bayesian optimization
8 a4t Choose from different
T 2| Xp4q1 = Arg max N—'l'-]':xl ] - l‘-';) acquisition functions
of 4 b
00 05 10 15 20 25 30 35 ThermoFisher Titan Cryo-S/TEM

Mean Phase Diff ()

C. Zhang, et al., Microsc. Microanal. 27 (Suppl 1), 2021 ¢ 0.6 0.4
. £ 2 0.3
— Demonstrated fast (2 min) and £ 04 §
. .« . . ® 302
robust Bayesian optimization (BO) %,,. 3
. E o Eo01
to correct aberration on three 2 .
dlﬁerent m|CrOSCOpeS [2022] un'zAbe::]a-tlion Cgﬁficien?sll{um] e TﬁdbEHa:in CngCiE:tE{Um‘t
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@ Deliverable 3.2*: microscope tuning w/o company

Intervention
ML-based higher-order microscope aberration tuning: replacing intervention by company
reps [by Fa" 202 5] Before ; — ften_r — y Before y After
S | (@
* Accomplishments: ' g '
A .
— Demonstrated the use of BO to tune
microscopes under deliverable 3.1 = X
. . . Benchmark on GPT-6D simulation

— Numerical study of BO to higher-order correction [2023] *** e

® Plan: PR s i ;E,:;::mEHRBF} + UCB

-------------

s

— Include magnet hysteresis effects

— Collaborate with company to deploy software on
commercial system(s)

Normalized Emittance &
(=]
-

* End users:

— Thermo Fisher Scientific, Corrected Electron Optical 6 20 20 60 80 100

. . . Iteration
Systems. The transfer of this technology is a KT Deliverable
March 15", 2024, CBB EAB 15



Methods for efficiently tuning an accelerator [by Summer 2026].

* Accomplishments:

— Developed framework for rapid proto- ¥ = ! F*’_fg;{ : f"); ]
typing of optimization algorithm [2019] s/ teli Ty

— Applied ML to live tuning of accelerators _ { | ]
(i.e. emittance and e-beam cooling [2021]) ' -1 0

S. Kim, .. J.-P. Gonzalez-Aguilera,

- Demonstrated phase-space diagnostics [2023]  ctaaxv o)

— Applied virtual diagnostics to magnetized beams [2023]

* Current Activities: sh ’

shaped beam
_in time

— High-precision control of beams (beyond RMS)
— Spatiotemporal shaping = “beam by design”

— Extending virtual diagnostics to 6D pe® * ’ P ——

- multi-leaf
phase space reconstruction collimator

March 15 2024, CBB EAB N Majernik, .. C. Lorch, et al. Phys. Rev. Accel. |

eams 26, 022801 (2023). L 6



&S Deliverable 3.4: boundaries of applicability of ML

Summary of the boundaries of applicability of ML in accelerators with varying noise types

and data availability [by Summer 2026]. ) control (planned) () control (simulation)
@ control (experiment) @ virtual diagnostics
* Accomplishments: S t microscopic control
. L @3N
— Demonstrated ML-assisted optimization of é \
accelerators numerically and over a wide = |
. . . AWA (shape) |
range of experimental conditions [since 2019] o |
3 andiv210210510  LCLS2
Bayesian Optimization Algorithms for Accelerator Physics AWA (4D) HI‘}RES (Simu)
Ryan Roussel,!'* Auralee L. Edelen,! Tobias Boltz,! Dylan Kennedy,! Zhe Zhang,! Xiaobiao Huang,! Daniel ‘ (Xy dIStp
Ratner,! Andrea Santamaria Garcia,” Chenran Xu,? Jan Kaiser,® Annika Eichler,>* Jannis O. Liibsen,* Natalie M. P ASUS “
Isenberg,” Yuan Gao,® Nikita Kuklev,® Jose Martinez,® Brahim Mustapha,® Verena Kain,” Weijian Lin ® % LER eC
Simone Maria Liuzzo,” Jason St. John,'® Matthew J. V. Streeter,"* Remi Lehe,'? and Willie Neiswanger'* i \
| . | 2 @NF(emII(Overrap)l\/licrosc.Microanal.%
R, Roussel, et al. [incl 4 former or present CBB participants], arXiv:2312.05667 (2024) Iaser) ‘ (Suppl 1), 3146 (2022)
AWA ( 't) Phys. Rev, Accel TEM
emi ys. Rev Accel.
[ ) Cu rre nt Acﬁviﬁe5: Nature Comm. 12, #5612 (2021) Beams 25‘1 014601 (2022) @
: : | ® ~Hz ~ ~MHz DC
— Increasing complexity of phase-space control 1 | >

operating frequency

March 15", 2024, CBB EAB 17



Connections

* Strong connections between Beam Production Theme (Theme 1)
and Beam Dynamics and Control Theme (Theme 3)

* Access to a wide variety of accelerator test facilities

CEOS
CESR and CBETA at Cornell Arg%ﬂﬁﬁ Corecnd Sl pt

UCLA Pegasus normal conducting =
RF ultrafast beamline ol 8 A\ National laboratories
Il & Industrial partners
Cornell and ASU ultrafast electron are critical to
diffraction beamlines . ‘ student training
- vist 3 Forrms Thrmnrighe
LBNL HIRES relativistic electron 2 Fermilab

diffraction facility OO A PN NATONAL

—~— =@ ACCELERATOR

IOTA+FAST facility at FNAL DR AN L150RATORY
AWA at Argonne National Laboratory

* Connection with industry: CBB works with microscope manufacturers Nion, CEOS, and
ThermoFisher.

March 15", 2024, CBB EAB 18



@ BDC impact on our community

J Deve|oped computer program open|y EAVE VI o) [ his s elegant 2021.3.0, Sep 26 2021, by M. Borland, J. Calvey, M. Carla', N. Carmignani, Z.

Duan, M. Ehrlichman, L. Emery, W. Guo, R. Lindberg, V. Sajaev, R. Soliday, Y.-P. Sun, C.-X. Wang, Y.

to the community (space charge module for GPT, [GaIEEraEs

usage: elegant {<inputfile>|-pipe=in} [-macro=<tag>=<value>,[...]] [-rpnDefns=<filename>] [-configurat

OSC in BMAD and ELEGANT) on=<filenane>] e ———————
° CBB IBDC parti Cipates in the ed u cation al activities: Recent Accepted Authors Referees  Search  Press  About Editorial Team &

— Bunch shaping in electron linear accelerators
U S PAS CI asses (AI M L/SO u rceS) G. Ha, K.-J. Kim, J. G. Power, Y. Sun () RH), and P. Piot
https//al’XIVOI’g/abS/220308919 Rev. Mod. Phys. 94, 025006 — Published 31 May 2022

- ReVieW on beam Shaping [Rev_ MOd ] PhyS] STRATEGIES IN EDUCATION, OUTREACH, AND INCLUSION

TO ENHANCE THE US WORKFORCE IN :
ACCELERATOR SCIENCE AND ENGINEERING* b

- - - - M. Bai (SLAC), W.A. Barletta (MIT), D.L. Bruhwiler (RadiaSoft LLC), S. Chattopadhyay
° (FNAL/NIU), Y. Hao (MSU/BNLY), S. Holder (SLAC), J. Holzbauer (FNAL), Z. Huang (SLAC), K.
B DC mem be rS are aCtlve partl CI pants I n Harkay (ANL), Yi(l)(‘ Kim (UChicago 82 CCI;B), X. Lu (NI?J/ZA;IHS, S.M. Lund (NlIlSa?Jg/USPAS), N. HandbOOk Of i
- . mym . . Neveu (SLAC), P. Ostroumoy; (MSU), J. R. Patterson (Comel/CBB), P. Piot (NIU/ANL/CBB), T. Accelerator PhySICS
seve ral commun |ty INn |t| at Ives: Satogata (JLab), A. Seryi JLAB/ODU), A.K. Soha (FNAL), S. Winchester (USPAS/FNAL) oy Eﬂg B g

SnowMass Accelerator Frontier White Paper
Topical Group 1: Beam Physics and Accelerator Education Third Edition

- 2021(22) Snowmass workshop (BDC participants Mareh 15, 2022
have co-authored letters of intent on a wide range https://arxiv.orglabs/2101.04107

Hans Weise

of topics including on future-collider opportunities, Accelerator and Beam - e \ehermepar
g el 2 RN

and proposal for education frameworks) Pliysics Research Goals and
Opportunities

— Contributing to the Accelerator & Beam Physics
general accelerator R&D roadmap in preparation gy s B o o L i

Power (ANL), J.-L. Vay (LBNL), P. Piot (NIU/ANL), L. Spentzouris (IIT), and ]. Rosenzweig
(ucLA)

for the Department of Energy GARD program.

(SLAC), A. Valishev (Fermilab), M. Minty (BNL), T. Zolkin (Fermilab), X. Huang (ANL),
V. Shiltsev (Fermilab), ]. Seeman (SLAC), J. Byrd (ANL), and Y. Hao (MSU/FRIB)

— Contributions to Handbook of Particle Accelerators — luwsssmssmarematmsoi e
March 15", 2024, CBB EAB 19



https://arxiv.org/abs/2101.04107
https://arxiv.org/abs/2203.08919

@ CBB Legacy (by 2026)

* Convergence Science:

— New regime of ultracold beams and identifying new physics and technical Growing
challenges affecting beam dynamics, transport, and storage Convergence

. Research
* Knowledge: NSF Big Idea

— Deeper understanding of fundamental beam brightness limits to photoinjectors
and leveraging key impact parameters to advance the brightness frontier

-  New tools (computer model) and concepts available to the community

— Dissemination of knowledge though classes and review articles

— By 2026: Fundamental understanding of beam brightness limits

Understanding the
Rules of Life
NSF Big Idea

* Current Activities: Continuous training of young scientists prepared to
join the workforce in areas of critical needs
* Technology & Applications: By 2026: improved photoinjectors, Quantum Leap

. . NSF Biqg Idea
transport lines, and rings enabled by CBB advances <
— Compact and versatile light sources (from LCLS-II-HE to table-top sources)

— Electron probes for scattering: macro-molecule Enable revolutionarv instruments to stud
single-shot UED, and atomic-sale time-resolved TEM anie revoiutionary y

— Electron-ion collider and future linear and circular biological and quantum materials ":‘ motion
colliders (EIC, future e+/e- or p+/p- colliders) and to unlock the secrets the universe

March 15", 2024, CBB EAB 20
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