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About your speaker

Senior scientist at Fermilab and UChicago
Chair of the IOTA/FAST Scientific Committee
Research

* Master and PhD at U. Ferrara / Fermilab in particle physics: charmonium spectroscopy,
hadron form factors, scintillating-fiber detectors

* Post-doc at Fermilab: antiproton source, charmonium experiments

* Researcher at INFN Ferrara/Legnaro: production and trapping of radioactive francium for
atomic spectroscopy and parity violation

* Professor at Idaho State U. / Jefferson Lab: positron source for CEBAF

* Scientist at Fermilab: beam dynamics in Tevatron, IOTA and LHC, electron lenses, nonlinear
integrable optics, dynamics of single electrons, optical stochastic cooling, synchrotron-light
detection

Teaching

electromagnetism, accelerator physics, seminars for
high-school students and teachers

Interests and hobbies
playing music, photography, running, swimming, ...

Alexander Valishev / Fermilab
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IOTA and the FAST Facility at Fermilab

The Integrable Optics Test Accelerator (IOTA) is part of the
Fermilab Accelerator Science and Technology (FAST) facility,
located on the north side of the Fermilab campus

Test-Beam e
Fixed-Target Beamlines =——=_> % S
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Muon T 3
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2= Fermilab

4 Giulio Stancari Beam Physics Research in IOTA/FAST at Fermilab GSI  Apr 18, 2024



Overview of IOTA/FAST

Photoinjector Superconductlng Linac

263-nm laser el N 2\
3000 micropulses @ 3 MHz srf Tesla type =5
5 Hz rep. rate ibooster cavities§ i
Low Energy_B/ea.m\Iine (~25m) ' High Energy Beamline (~100 m)

100
102
124
125

o~
o~
-

Low Energy Transpor‘t
(20 - 50 MeV &) High Energy Transport & Test Line (40-300 MeV &)
E-Gun - 2.5 MeV p' Transport
Cryomodule (CM) : P P
Spectrometer

RFQ p~ Source High Energy

IOTA Ring Absorber

150 MeV e” / 2.5 MeV p~

(Bm:z'::::;esso,) et veew Tesla type lll+ cryomodule
8 9-cell cavities

IOTA Storage Ring

Antipov et al., JINST 12, T03002 (2017)
Broemmelsiek et al., New J. Phys. 20, 113018 (2018)

2% Fermilab

5 Giulio Stancari Beam Physics Research in IOTA/FAST at Fermilab GSI  Apr 18, 2024



Main features of IOTA

* Dedicated to beam physics research Electrons Protons
. . Ci i{ ,C 39.96 39.96
* Flexible layout and lattice, to accommodate | e enerey. &, 0oty | 2saev
: Revolution period, Tyey 133 ns 1.83 pus
Several mOdUIar eXperlmentS Revolution frequency, fiey 7.50 MHz 0.547 MHz
° C an Sto re Rf harmonic number, A 4 4
Rf frequency, fi¢ 30.0 MHz 2.19MHz
* electrons up to 150 MeV Max. rf voltage, Vi 1KV 1KV
. . Number of bunches 1 | 4 orcoasting
» fast synchrotron-radiation damping, | unch poputation. N, e —33%10°e | <57%10° p
: TP _ : ” : Beam current, I, 1.2pA-4mA < 2mA
nonllnear Slngle part|C|e dynam|CS Transverse emittances (rms, geom.), €y 20-90 nm 3—4 pm
* protons at 25 Mev Momentum spread, 6, = Ap/p 1-4x 107 1-2x 1073
p . ] Radiation damping times, 7y ., 0.2-2s -
* studies with strong space charge Max. space-charge tune shift, |Avy| <1073 0.5
* Accurate beam optics T
- Large aperture (50 mm) ﬂ@@%ml o
« Advanced instrumentation veL @ﬁ/ N . \7% -
é% - Electrostatic BPMs (position, turn-by-turn) %
= Sync. light monitors (position and shape)
Eg Combined dipole and skew correctors Eg
o cL B Injection bump vertical correctors CR o
l Sextupole correctors
% ; Vacuum pump ports @
M\aLl /@ bL -correctors In benas bR /@@\j’??
EL ER Q{/
RF CAVITY &A@}H —‘-—°|HII—-H- _“Hlo__ H{ %\Q
M4L M4R
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The IOTA storage ring

T E—— e,
f (ON Sy STRAIGHT SECTIONS &
su_ INJECTION 2 FOR EXPERIMENTS

OCTUPOLE
.| CHANNEL .

e

I OPTICAL STOCHASTIC
: ‘ COOLING EXPERIMENT

 SYNCHROTRON-
RADIATION STATIONS il

Photo: Giulio Stancari / Fermilab

The IOTA Storage Ring in May 2021
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The IOTA research program

GOALS

* Address the challenges posed by high-intensity and
high-brightness machines, such as instabilities and losses

 Carry out basic research in beam physics

* Provide education and training for scientists, engineers
and technicians

Examples of RESEARCH AREAS

» mitigation of beam losses and coherent instabilities via
Landau damping, with nonlinear magnets or electron lenses

 optical stochastic cooling and electron cooling

» classical and quantum properties of undulator radiation

* novel beam instrumentation

- statistical analysis of large data sets for accelerator
optimization

SUPPORTED mainly by
* the high-energy-physics community at large (P5, Snowmass community planning),
through the US DOE HEP General Accelerator R&D (GARD) sub-program

 external collaborators and research groups
3¢ Fermilab
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IOTA timeline

Nonlinear
integrable optics
demonstration
. (Run 2) _ _
Construction . _ , First observations of
completeq TSt cireulating beam optical stochastic cooling
(uly 2018 (Aug 21, 2018) (April 20, 2021)
COVID-19 lockdown
(March 2020)

operation with stored electrons

commissioning of the
proton infector

* Experimental runs are interleaved with shutdowns for maintenance and installations

* The machine runs beam a few months per year

2% Fermilab
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Nonlinear Integrable Optics (NIO)

Accelerators are designed with linear forces to approximate harmonic particle motion.
Nonlinearities are necessary and unavoidable. Can an accelerator be designed with
intrinsic nonlinearities to improve beam stability and avoid particle loss?

Linear phase space
constant oscillation frequencies
vs. amplitude, bound trajectories

k = 0.00398

Nonlinear forces are introduced
dependence of frequency with ke =0.00794 k200916
amplitude, chaos, restricted
dynamic aperture, losses
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Nonlinear Integrable Optics (NIO)

(1) In a real accelerator, is it possible to have a nonlinear lattice that stabilizes the beam via
Landau damping, suppresses resonances and does not reduce dynamic aperture?

(2) How robust are nonlinear integrable lattices agains imperfections?

(3) Can the benefits of NIO be demonstrated in a high-intensity synchrotron?

Two implementations:

(A) Segmented octupole channel (B) Segmented elliptic-potential magnet
Quasi-Integrable (Ql) system e (DN) system

A
- = ﬁl
S A 7
&
a

BL
éﬁ@/ - Electrostatic BPMs (position, turn-by-turn)

= Sync. light monitors (position and shape)

I Combined dipole and skew correctors

%o oL : Injection bump vertical correctors CR
% + Vs pomp s
DL / X-correctors in bends oR
M\sﬁ %, /gg\g‘\
EL ER &%//
RF CAVITY & @
- B A" )

Both require fine control of beta Danilov and Nagaitsev, PRAB 13, 084002 (2010)
functions (~1%) and phase advances Valishev et al., PAC (2011)
(~10-3) through the nonlinear section Mitchell et al., PRAB 23, 064002 (2020)
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NIO experiments

Demonstrated integrable focusing systems experimentally
Observed large detuning with amplitude

Ql system (octupole channel) DN system (elliptic potential)
Achieved detuning of 0.04 Achieved detuning of 0.08
o SmalI»A:npliludc Tune P\ - ’/'; it s -~ /
0.16 -’,"T‘\\ /{ 3
031 ‘,-' 0.l4g : \\\ e _ \»
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0'250,2/;;»»0,'26 027 028 029 030 031 032 033 0‘000 gl_ L;_ ; ; gl_ gL 0
Q o D Yy Ve Y Y D %

Crossed integer resonance without beam loss

Observed predicted transverse splitting
Valishev et al., IPAC 2021 .
Kuklev, PhD Thesis, U. Chicago (2021) Into stable beamlets
Szustkowski, PhD Thesis, NIU (2020)
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Nonlinear integrable optics and instability thresholds

Tested the effect of the NIO QI system on S

instability thresholds, using a positive w ~ % eew orzona
feedback (anti-damper) to excite the beam o '_| AN
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Observed a factor 2 increase in the instability thresholds
with the strength of the octupole channel

Valishev et al., IPAC 2021
Eddy et al., Beams-doc-9171 (2021)
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Optical Stochastic Cooling (OSC): design and apparatus

Can a patrticle’s radiation be used to manipulate its phase space and yield cooling?
Stochastic cooling uses microwave electromagnetic pickups and kickers (bandwidth ~GHz,
sample length ~cm). An optical analogue (~10 THz, ~um) could increase cooling rates by
3 orders of magnitude.

ML MIR

coupling quadrupole
picku

kicker p
undulator undulator
lightbox and
UR diagnostics - ﬂ%{] -------- A
lens

stage chicane dipole

Injection straight

IOTA RING
Phase |: no

optical amplifier
M4L
dipole

quadrupole
OSC bypass sextupole

f M4l - -- -~ . M4R
vertical corrector ™ 0SC INSERTION &

RF cavity

/ beam
- circulation

undulator

Technological challenges:
* overlap of beam and radiation in the kicker undulator within 0.2 mm, 0.1 mrad, 0.3 fs
* relative stability of radiation path and magnetic bypass much smaller than wavelength (um)

van der Meer, RMP 57, 689 (1985)
Mikhailichenko and Zolotorev, PRL 71, 4146 (1993)
Zolotorev and Zholents, PRE 50, 3087 (1994)
Lebedeyv, Jarvis et al., JINST 16, T05002 (2021) ]
3& Fermilab
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Optical stochastic cooling: first results

time (s) time (s)

slow delay scan —

o
=
N
w

Simultaneous cooling in

QL0 all degrees of freedom

-75 -150

057 ST 0 ST 05T

150 75 0

&
'g
fard
v
I~
o
"
v
o
w

position (mm)

-75 -150

iy |
S
g
)
N
1))
S
)
o
Q

€0ST0 0 ST'0E0

150 75 0

Streak camera images

1 rf ping Observed heating and cooling of a single electron!

130 140 150 160 170 180 190

24

Measured cooling rates 8x faster
than natural radiation damping

23

Signal Arrival Time (PMT) [ns]

2

Jarvis, Lebedev, Romanov et al., Nature 608, 287 (2022)

2% Fermilab

15 Giulio Stancari  Beam Physics Research in IOTA/FAST at Fermilab GSI  Apr 18, 2024



Dynamics of single electrons

Single electrons (or a known given number of electrons) can be stored
for minutes to hours (in a single bucket or multiple buckets)

Discrete steps in

intensity decay
Fermilab Integrable Optics Test Accelerator [~
~ IOTA Run 2
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Stancari, FERMILAB-FN-1116-AD (2020)
Romanov et al., JINST 16, P12009 (2021)
Romanov, IOTA/FAST Collab. Meeting (2021)
Lobach et al., JINST 17, P02014 (2021)
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Detection of synchrotron radiation in IOTA

photomu/t/pl/er s ?

- &

mlrror 2

S ynchrotron
radiation

2% Fermilab

17 Giulio Stancari Beam Physics Research in IOTA/FAST at Fermilab GSI  Apr 18, 2024



Classical and quantum properties of undulator radiation
What are the statistical properties of undulator radiation from single or multiple
electrons? Can they be used for beam diagnostics?

Verified that intensity fluctuations contain a calculable
term that depends on beam sizes (interference)

(W)’
var(J) =
, Photoelectron count mean (\) %107 Photoelectron count mean (N) %107
(a) x108 0.8 1.0 1.2 1.4 1.6 1.8 20 22 (b)>< 0 08 10 12 14 1. 6 1.8 2. 0 22 24
®) TR L &
Py e Round-beam fluctuations pote L g e Flat-beam fluctuations weo ® o
21.0 --var(N) = () PPRL 1o ‘21.0 -var(N) = () vees®®®
~— LN ] ~—
i <— Dark box §0.5_ e 000 ° cese §0.5_ .
oM e mesESEESEE——— 080t & e
Focusmg Lens ) T @ —
M4R Undulator (/‘-E\ 7
- /
IR W oo i
—— g TR LN
bend g By — ¢ via SLMs $250 Hm‘ l * J _6 via EU\{IS ti
6 via fluctuations
LIEJ Round-beam (¢, = €, = 6) i : zig Il]'l(l)fltslcl:?ltt:jlnl?fet1me - Flat-beam (e, >>¢ ){ ¢, via Touschek lifetime
0—T0o 15 2.0 2.5 3.0 0—T0 5 2.0 25 3.0

Beam current (mA) Beam current (mA)

Intensity fluctuations can be used to infer small beam emittances

Lobach et al., PRAB 23, 090703 (2020)

. : : : Lobach et al., PRAB 24, 040701 (2021)
Editors’ Suggestion, Featured in Physics Lobach et al., PRL 126, 134802 (2021)
Winner of the 2022 APS DPB Award Lobach, PhD Thesis (2021)
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Interferometry of radiation from single electrons

What is the coherence length of undulator radiation from a single electron? Is
radiation in a coherent Glauber state or in a Fock number state? Can quantum
optical techniques be used for beam diagnostics?

Mach-Zehnder interferometer

~300 electrons
3000 AT ARAMZ) stage scan . -4

SPAD1
SPAD2
Py
o,
Coincidence

rate [Hz]Photocount rate [kHz]

140000 200000 500 1500

100 102 104 106 108 110 112 114
Interferometer arm displacement [um]
_ 1o il Boan M HEOF D2 4
:
o @
o
€ ©
5
g~ AD1
g o SPAD2
[
2 4 6 8 10 12 14 16

Interferometer arm displacement [um]

Observables: count rates vs. delay, distributions of arrival times, correlations

2% Fermilab

19 Giulio Stancari  Beam Physics Research in IOTA/FAST at Fermilab GSI  Apr 18, 2024



IOTA Run 4 program (2022-2023)

Run 4 (1 April 2022 - 23 October 2023)

I0TA

ID Acronym Title SPOkF sper_s ?n / L.o 1 Proposal Presentation Status Beam Time Reports

Fermilab Liaison (optional)
1-401 NioLp - IOTA Experiment Nonlinear Optics: N. Eddy (FNAL) “original Srevised | .55 2022 approved 12 8-h shifts
Landau Damping & final
1-403 CLARA | Coherence Length of Undulator Radiation S. Nagaitsev (JLAB) / A. Romanov 7 PDF 7 PDF /Sep 9, 2022 approved (1§ x8h) +(3x4h)
(FNAL) shifts
1-405 NIO & Nonlinear Integrable Optics A. Valishev (FNAL) ) Beams-doc-9715 | i/ Feb 24, 2023 approved s(;fl?ft); 8h) + (4x4h)
1-406 SETI (7 Single-Electron Tracking in IOTA A. Romanov (FNAL) 7/ Beams-doc-9762 ‘;“J;cr;2e316, approved S;IESZ h) + (7x8h)
- . - - conditional .

1-407 LADR  Low-Alpha Demonstration Research J. Jarvis and M. Wallbank (FNAL) 7 PDF 1Sep 9, 2023 approval 10 4-h shifts
FAST Linac

ID Acronym Title Spok-e sper_st-m / L_O 1 Proposal Presentation Status Beam Time Reports

Fermilab Liaison (optional)
Tapering Enhanced Stimulated Super-Radiant . . . ) Cropp's PhD Thesis

~ FAST- - . ~ ) . P. Musumeci (UCLA) / J original - 3 shift blocks, -

1-402 GREENS Amplification: Gamma-Ray High Efficiency D. Broemmelsiek (FNAL) = final £/ Apr 4, 2022 | approved 10 x 8 h each & Instruments 7, 42
Enhanced Source (2023)

_ N en S. Nagaitsev (JLAB) / J. Ruan | _ J original & July 14, (2x4h) + (3x

1-404 NEB “'Noise in Intense Electron Bunches (FNAL) 7'PDF S final 2023 approved 8 h) shifts

2= Fermilab
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Construction of the IOTA proton injector (2022-2024)

Next key facility upgrade for the research program
on space-charge-domin

db Typical IOTA proton parameters
ate | éams (bunched beam):

—— — | =

—— 2.5 MeV

1.3 mA, 4 um (geom.)
Av,, ~ 0.5

Electron injector

WE ERELE R
i

“l z!in'a!?

50'k V R F Q Parameter Nom. Unit

=g I, . , B,
=) =)
4| '. s .'

Energy 50 keV
duoplasmatron . Proton Beam Current 0 mi Proton Beam Encrgy 25 MV
2 pulse length (99%) 350 s Relativistic B 2:66 - 10
source E Source Pulse Rate 1 Hz Circumference 40 "
. ~  Proton RF Frequency 2.19 MHz
Transverse Beam Size 700 um E Revolution Period 1.83 s
Energy 2.5 MeV E RF Voltage 50 kv
RF Pulse Rate 1 Hz = Geometric Emittance 0.3 um
= RFQ Frequency 325.0+0.5 MHz S Ap/p (RMS) 0.3 %
ES RFQ Duty Factor <0.002 % = Beam Current 8 mA
= Phase/Amp. Stability 1°/1% RMS Beam size B = 10 m 4.5 mm
Beam Pulse 2 s Momentum compaction 0.07
Bunch length (10) 0.3 ns Betatron tune (Qx, Qy) 53

2% Fermilab
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Examples of research areas planned after Run 4

Research with the IOTA electron lens
* Novel implementations of NIO schemes

ELECTRON
GUN

» Electron cooling o) 5. I
* Tune-spread generation for Landau damping - e R
 Space-charge compensation —1 ”

SOLENOID 1 &

* Beam diagnostics

= ré
— o —He——

Stancari et al., JINST 16, P05002 (2021) iz s T —u_SEC_TfO_'E.

Instabilities, Space Charge and Controlled Feedback

* Excite and detect instabilities with a wake-building
feedback and intra-bunch monitor over varying wake
amplitudes and space-charge intensities

protons
Ag¢ = 90°
L | YA —
pickups 180° oscilloscope
hybrid
+
Feedback J

Kicker BPM1 BPM2
board A-B

Ainsworth et al., ECA Grant

Amplifiers

2= Fermilab
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Examples of research areas planned after Run 4

Optical Stochastic Cooling with Amplification

* Development of optical parametric amplifier, transverse
sampling, specialized optics

* Demonstration of achievable cooling rates OE’ZBE?S"

* New types of beam manipulations % L1LELLI =

e-beam  pickup Optics
undulator

Quantum Computing with Stored Crystalline lon Beams?

* Preliminary feasibility and scalability studies. Study and
mitigation of heating mechanisms in a storage ring.

* Major upgrades: ion source, laser cooling

S N LW € 8 8 8 B8 B8 68 8 0 Shaftan and Blinov, PRAB 24, 094701 (2021)

Jarvis et al.,

detector

delay
stage

ECA Grant

N
collectionU )

optics =

(L0 b}

kicker
undulator

Birkl et al., Nature 357, 310 (1992)

Habs and Grimm, ARNPS 45, 391 (1995)
Schéatz et al., Nature 412, 717 (2001)
Shaftan, NSLSII-ASD-TN-299 and 309 (2019)
Brown and Roser, PRAB 23, 054701 (2020)
Brown et al., Snowmass White Paper (2020)

2% Fermilab
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Examples of possible collaborations with GSI

Physics and technology of electron lenses
Beam dynamics with nonlinear forces and space charge
Commissioning of the IOTA proton injector

New ideas and projects are welcome

2= Fermilab
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Resources
IOTA/FAST web site

fast.fnal.gov

IOTA/FAST Scientific Committee

cdcvs.fnal.gov/redmine/projects/ifsc/wiki/

Collaboration Meeting 2024

indico.fnal.gov/e/62181

Special Issue of the Journal of Instrumentation
iopscience.iop.org/journal/1748-0221/page/extraproc90

RO CRGREL ke AT B T

AD Home Contact | Phone Book

Visitor Resource

2K e,
AN B

2% Fermilab

IOTA/FAST Scientific Committee (ISC)

+ Overview Activity Documents Q'/[{M Files Settings

@ New wiki page i
N, ki Edit

Proposing an experiment at =10TA/FAST

« Proposal submission guidelines: & Beams-doc-7363

« Proposal template [ PDF] [ LaTeX]

« Note on data storage options for IOTA/FAST experiments: ' Beams-doc-8245
Contacts

« (0 Presentation given at the & FAST/IOTA Collaboration Meeting (October 2021) Experiments

« 0 Presentation given at the ' FAST/IOTA Collaboration Meeting (June 2020)

« O Presentation given at the & FAST/IOTA Collaboration Meeting (June 2019) 10TA

FAST Linac
Run 3 (8 Oct 2020 - 29 Aug 2021)

10TA

10TA

10TA

Attachments

Contacts

IOTA/FAST Scientific Committee (ISC)
Giulio Stancari (chair) 630-840-3934 stancari@fnal.gov
Dan Broemmelsiek 630-840-4124 broemmel@fnal.gov

Alexander Valishev 630-840-2875 | valishev@fnal.gov

10Pscience Journals~  Books  Publishing Support  Login v

Journal of Instrumentation

25 Giulio Stancari

Beam Physics Research in IOTA/FAST at Fermilab GSI

FAST Linac
Run 2a (Nov 27, 2019 - Dec 20, 2019) and Run 2b (Feb 17, 2020 - Mar 21, 2020)

FAST Linac
Run 1 (Aug 2018 - Apr 2019)

FAST Linac

Watch (&) Lock * Rename fij Delete History

Table of contents
Proposing an experiment at IOTA/FAST

Run 4 (April 2022 - )

Search I0Pscience content

Accelerator Science and Technology Research at the Fermilab

Integrable Optics Test Accelerator
Editors

Giulio Stancari and Alexander Valishev from Fermi National Accelerator Laboratory

Apr 18, 2024
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https://fast.fnal.gov
https://cdcvs.fnal.gov/redmine/projects/ifsc/wiki/
https://indico.fnal.gov/e/62181
https://iopscience.iop.org/journal/1748-0221/page/extraproc90

Conclusions

Many exciting opportunities for experimental, theoretical and
computational research in accelerator physics and technology at
IOTA/FAST

Several resources for students: summer schools, internships,
master theses, joint PhD program, ...

New ideas and proposals are always welcome

Thank you for your attention!
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IOTA/FAST Collaboration Meeting, March 2024



