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Strategic context: Fermilab core capabilities
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People and Infrastructure

Fermilab has four core capabilities that depend on people and infrastructure.
These are the elements that define the scope of what we do.
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Fermilab strategy in a nutshell

 Fermilab GARD is an integral part of lab strategy

» Our overall strategy: exploit core capabilities to strengthen the field of
particle physics in the U.S.

— Aggressively pursue US HEP priorities, based on P5 report

— Expand connections by exploring opportunities to address other
priority issues (e.g. DOE initiatives requiring accelerator science and
technology, QIS, industrial connections) and to smooth out
resource/funding profiles.

* Implications of this strategy

— If HEP community does not succeed, lab does not succeed & vice
versa

— International engagements are viewed primarily through lenses of
advancing the P5 priorities, keeping U.S. engaged, respecting key
partners
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Fermilab Project Priorities (aligned with P5 and
DOE priorities)

LBNF + DUNE

PIP-1I

LHC Upgrades (CMS and AUP)

MuZ2e

LCLS-Il complete (launch LCLS-II-HE)

SBN (includes ICARUS commissioning now)
Support of Cosmic projects (CMB-54, SuperCDMS)
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P5 has provided physics drivers for accelerator
research and development

Intensity Frontier
Accelerators

PIP

Hadron Colliders e‘e Colliders

LHC
Current Efforts

PIP-II HL-LHC ILC
. Very high-ener roton- 1 TeV class energy upgrade
Next Steps Multi-MW proton beam yhig . &Y P By UPs
proton collider of ILC*
Further Future Goals Neutrino factory * Higher-energy upgrade Multi-TeV collider *

Table 1: Particle accelerators foreseen by the P5 strategic plan to carry out future accelerator-based particle physics
research. (* The priority and urgency of some accelerators depends upon how physics unfolds at current or Next Step ac-

Mission: align GARD investments
. - 18.5% 1.5% m Accelerator Physcis and Technology
to these priorities

m Particle Sources and Targetry

m RF Acceleration

m RF Acceleration Facility Operations
15.9% Superconducting Magnets & Materials
u Superconducting Magnet Operations

Advanced Acceleration

Advanced Acceleration Facility Operations

2015 distr
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GARD Thrusts

* Supports 5 Research Thrusts:
O Advanced Accelerator Concepts

O Accelerator and Beam Physics

— Expanded to include beam instrumentation and controls

O Particle Sources and Targets

O RF Acceleration Technology (NC and SC RF)
— Includes RF sources, NCRF and SRF R&D

O Superconducting Magnets and Materials

The ABP thrust supports research efforts at 4 DOE
national labs (SLAC, LBNL, Fermilab, ANL)
and ~10 university grants

.8, DEPARTMENT OF Office of

EN ERGY Science DOE HEP GARD at HEPAP - 6/5/2017 4
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P5 accelerator R&D sub-panel (2014)

Recommendation 2. Construct the I0TA ring, and conduct
experimental studies of high-current beam dynamics in
Integrable non-linear focusing systems. (p. 9, 18)

* Both the HEP and Fermilab followed this recommendation.
— FAST and IOTA are now open for business!
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Fermilab Operations and Research Priorities

NOVA (current flagship, has multiple competitors)
CMS (upgrades and CERN partnership)

Muon g-2 (the world is watching)

Quantum science (national and DOE priority)
MicroBoone (FY20 is final year of data taking)
Accelerator science IOTA (strategic initiative)
Axion ops and R&D (Cosmic plan)
ProtoDUNE(analyze data and get ready for Run 2)
Dark Energy Survey (headline results on the way)
10. PIP-lll R&D (for accelerator and physics program)

© 00N Ok owDhRE
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FAST

FAST — Fermilab Accelerator Science and Technology facility
— Electron linac and experimental area

— Proton injector

— IOTATrIing

— Future plans: heavy-ion injector for ion crystals and quantum
experiments

 Research at FAST and IOTA is the biggest fraction of the ABP

thrust of GARD. It is also a big portion of the Test Facility
Ops budget

« The facility is managed and operated by the Accelerator
Division (A. Valishev — lead PlI)

 FAST is not a DOE User Facility, but it welcomes many
collaborators to conduct experiments at the electron linac and
IOTA.
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IOTA/FAST Facility: a center for Accelerator and Beam Physics

IOTA/FAST establishes a unique capability at FNAL to address
frontier topics in Accelerator and Beam Physics

Low Energy Beamline (~25 m) High Energy Beamline (~100 m)
— — e

-

o
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Low Energy Transport
(20-50 Meve™)

High Energy Transport & Test Line (40-300 MeV)

!
/ K Cryomodule (CM) . 2.5MeV P Transport .
Spectrometer HINS P Source

Chicane Magnet Low Energy
(Bunch Compressor) Absorber

The only dedicated facility for intensity-
frontier accelerator R&D

~30 Collaborating institutions
e Student training with Chicago, NIU

National Lab Partnerships: ANL, BNL,
LANL, LBNL, ORNL, SLAC, TINAF

Opportunities for R&D with cross-office
benefit in DOE/SC

- Nonlinear Integrable Optics

- Optical Stochastic Cooling

il — . :’/ =
\"‘\~;\’;;m__ e M’f’r/l

- Space-charge compensation 10/16/18 beam circulation at 100 MeV
. . R Jan — Mar, 2019 — First Research Run
- Suppression of coherent instabilities

3F Fermilab
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IOTA science program highlights
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Accelerator and Beam Physics Thrust

Lon.g.BaseIine Neutrino Risstai et NuMI-MINOS
Facility v, N0 Beam (120 GeV)
(60-120 GeV) “, Beam (8 GeV)

‘ —=LnoooMe)  Deljvering 8 GeV and 120 GeV

; e _— protons for neutrino experiments;
~ Switchyard .

=N aoew Muon beams to the g-2 experiment

Main Injector
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Beam power evolution beyond PIP-II (an example),

as recommended by P5

Mi
Beam Energy[GeV]

Cycle Time[s]
Protons per pulse[lel2]
Power[MW]

Proton Source
Injection Energy[GeV]
Extraction Energy[GeV]
Protons per Pulse[lel2]
Beam Power to Ml [kW]

Present PIP-ll PIP-IlI
(New RCS)
120 120 120
1.33 1.2 1.45
49 75 190
0.7 1.2 2.5

0.4 0.8 0.8-2.0

3 3 3
4.3 6.4 32
38 32 168

Increase the number of particles by a factor of ¥8 compared to Booster now!
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SNS ring experience

3 : Feature Cost Payoff So Far
o , g Large Aperture $$39 High <=
N " . ,
| < Injection Painting $$% High =
- Collimation 335 High —
- 74 b ' | TiN coating $$% Unknown
5 . .
&g v N\ @ 2" harmonic RF $$ Medium+
____,.-/"/ __ " | Main sextupoles $5 Low - None
e 'm _V,,;,A ' ] i _,.; Main octupoles $$ None
° P B OF ’ Sextupole correctors $ None
Ay T Octupole correctors $ None
2-1r-|3-~r:-Eﬂ-BF Clearing solenoids $ None
SNS ring: 1 GEV, 1.4e14 Beam in gap kicker $ None
Clearing electrodes $ None

fixed energy, storage for
~1000 turns, 1.4 MW
Beam losses are all

controlled by collimators other devices.

Vacuum chamber: stainless steel, 20 cm diam
Large aperture = high cost of magnets and

Courtesy of S. Cousineau (SNS)
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J-PARC RCS experience
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RCSring: 0.4 2 3 GeV, 8.3e13

25 Hz, ~14000 turns, 1 MW
Beam losses are ~300 W (< 1W/m)

s
,,,,,,,

Vacuum chamber: ceramic + TiN coating + rf shield
High cost of both vacuum chambers and magnets

Courtesy of J-PARC colleagues
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Fermilab Booster experience

57-mm aperture

E-H-rp

A= —

"
2-3-~"g -BF

Lp

At present: ~0.35 |

Booster: 0.4 = 8 GeV, 4.5e12
~15000 turns
Beam losses are ~400 W (< 1W/m) Small aperture, low-cost magnets,

Inside view of Booster gradient magnet

no vacuum chamber = instabilities

The Main Injector vacuum chamber is also small: 120 mm x 50 mm
 An RCS for PIP-IIl would require to accelerate 32el12 protons

* The physics of space charge and instabilities is fundamental

to all future multi-MW rings!
£& Fermilab
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Challenges of high-power beams

« Uncontrolled beam losses
— Keep losses at <1 W/m
« Fermilab Booster is presently running at the limit of losses (~400 W)
— Space-charge causes beam halo!

« Beam instabilities (loss of entire beam, emittance degradation)

— Common resistive-wall instabilities can be mitigated by external
dampers

— As beam space-charge increases, there are more severe types
of instabilities appear, e.g. an “electron cloud” instability
(observed in the Recycler) can be very fast and can not be
damped by dampers

— Connection to linear accelerators (only BNS damping at present
to suppress the BBU instability)

2% Fermilab
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Fermilab Accelerator and Beam Physics
components (the core IOTA program)

« Beam Instabilities and mitigation
— Focus: Multi-MW facilities, future colliders

— |OTA program: nonlinear optics, Landau damping, electron
lenses

e Space-charge and mitigation

— Focus: Multi-MW facilities

— |OTA program: Electron lenses, space-charge compensation
 Beam cooling

— Future colliders

— |IOTA program: OSC, EIC cooling R&D

« Modeling tools and theory development in support of the
above

2% Fermilab
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| Aperture

Octupoles introduce tune spread Q.(J.J,) = Qo + als + bJ,.

& Fermilab
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Are there “magic” nonlinearities with zero
resonance strength? -« Yes, we call them “integrable”

Integrable motion

20 4 AN
{Nonlinear beam dynamics: %
s o | A new concept for nonlineaf< @§ >
|focusing in rings :
— iy 7
Two intearals of motion : S N T A2 g
1 T2 X Y ~ N 5N — |3
H, = — (P2 + P?) - U : ~ &
2 T B(s) \en/B(s) en/B(s) S E
2 2¢%t - & )/ %
1= (xpy = yps) +c2pl+ = X 5
&= "
(m{fz — lcosh™h (&) + &2 =1 (E + cosh™! (r;))) N ; -
- Magnet cross section é
V.Kashikhin =

We found several examples suitable for accelerators -
a¢ Fermilab
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Landau Damping with Electron lenses

week ending

PRL 119, 134802 (2017) PHYSICAL REVIEW LETTERS 29 SEPTEMBER 2017

Landau Damping of Beam Instabilities by Electron Lenses

V. Shiltsev, Y. Alexahin, A. Burov, and A. Valishev
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illlinois 60510, USA
(Received 23 June 2017; published 27 September 2017)

Modern and future particle accelerators employ increasingly higher intensity and brighter beams of
charged particles and become operationally limited by coherent beam instabilities. Usual methods to
control the instabilities, such as octupole magnets, beam feedback dampers, and use of chromatic effects,
become less effective and insufficient. We show that, in contrast, Lorentz forces of a low-energy,
magnetically stabilized electron beam, or “clectron lens,” easily introduce transverse nonlinear focusing
sufficient for Landau damping of transverse beam instabilities in accelerators. It is also important to note
that, unlike other nonlinear elements, the electron lens provides the frequency spread mainly at the beam
core, thus allowing much higher frequency spread without lifetime degradation. For the parameters of the
Future Circular Collider, a single conventional electron lens a few meters long would provide stabilization
superior to tens of thousands of superconducting octupole magnets.

DOI- *A t1ea ML  sin sas0nn

Im(AQ/0Vimax)
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204 02 02 04 Re(Aq/6Vinax)

FIG. 3. Electron lens stability diagrams are presented for
various electron beam sizes (noted in units of the proton beam
rms size), assuming the same current density at the center.

“...For the parameters of the Future Circular
Collider, a single conventional electron lens a
few meters long would provide stabilization
superior to tens of thousands of
superconducting octupole magnets.”

arXiv.org > physics > arXiv:1709.10020 Search or Article.

(Help | Advanced search)

Physics > Accelerator Physics
Landau Damping with Electron Lenses in
Space-Charge Dominated Beams

Yuri Alexahin, Alexey Burov, Viadimir Shiltsev
(Submitted on 28 Sep 2017)
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Figure 1: Illustrative dynamics of the spectra of coherent and incoherent betatron oscillations: a)
left plot — in the absence of space charge forces; b) center — with strong space charge effect, but no
electron lens, blue line — for incoherent frequencies, black one — for coherent; ¢) right - with an
electron lens and in the presence of strong space charge effect, red line — for incoherent
frequencies, black one — for coherent.
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A.Burov, Y. Alexahin, V.Shiltsev, A.Valishev

Figure 2. Spectral density of transverse oscillations in a bunch with space charge at indicated values

of the maximum tuneshift due to a hollow electron lens.



Beam-cooling

* Fermilab is a world-recognized leader in beam cooling:
— Both stochastic and electron cooling systems in the past
— World’s highest energy electron cooler in operation, 2005-2011
— 1OTA: optical stochastic cooling experiments

» Two EIC R&D projects (FY18-19), ti
supported by DOE/NP T

2% Fermilab
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Optical Stochastic Cooling
from ~10 cm to 1 um wavelength

Simon van der Meer, o X
. particle bypass ypass
1984 Nobel Prize - delay (2
, before
pick-up correction

kicker pickup optics & kicker
undulator amplifier undulator

©

1. Each particle generates EM wavepacket in pickup undulator

1
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1
1
1
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1
1
1
1
1
1
ling.” Phys. Rev. Lett. 71 (25). p. 4146 (1993)

hastic coolin

method of optical stochastic co

microwave
amplifier

1

design 2. Particle’s coordinates are “encoded” by transit through a bypassé
orbif 3. EM wavepacket is amplified (or not) and focused into kicker
correction undularor i

1 2w 4. Induced delay relative to wavepacket results in corrective kick %

- = T(Zg - g?) 5. Coherent contribution (cooling) accumulates over many turns %
/N |

cooling heating i

« OSC promises a new cooling scheme of relevance to high-energy, high
brightness proton storage rings and colliders

« The IOTATINng is designed to accommodate an OSC insert and a proof-of-

’s principle experiment with electrons (see Johnathan Jarvis’s talk)

oling.” Phys. Rev. E 50 (4). p. 3087 (1994)

M. S. Zolotorev, A. A. Zholents, “Transit-time
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IOTA presents unique opportunities in QS

« |OTA demonstrated storage of a Fernila Ingrable Opics Tet Acclrator (1OTA)
single relativistic electron for long : 2
periods of time (=30 minutes). 2 5 I
« High particle energy (100 MeV) £ 9
enables observation of SR emission £ o
* This opens the way to a wide variety £ 101 B
of quantum experiments : B
 Recent Workshop on Single- : == :
Electron experiments in IOTA — 30 " Tome of day ) '
participants from U.Chicago, LANL, 5. ; single e- beam
SLAC, ANL, Princeton, RadiaBeam, « , g [Imectionevery 20
BNL, UC Berkeley, Fermilab sl I il —
R R I T
Ol gk ik 1608 i glon 8 [V af ¥ Sy
-1. X
0

-1400. -1200. -1000. -800. -600. -400. -200.
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Exploring the scalability of ion QC architectures

ClP

counterpropagating
cooling laser beams

¥,=63V

T

’ /!"‘%‘ .4
o
:
{

7

]

design orbjt

A~~~ ‘
S fluorescence detection

State of the art: ~Tens of 71Yb+ ions
(qubits) in a stationary linear ion trap
(https://iong.com/)

PALLAS ring (LMU, Germany) in 2001 achieved a 1-
D and 2-D Coulomb crystals in ring with Mg* ions

$ V008N i-.o / O.o°o°o°o°o°

. . E

Farticle Frame by using Doppler laser cooling. lon temperature y

— ~ was 1 mK, which is still too “hot” for QC {5\ i

o~ 2 ’“” ~X A applications. 'IIJ"K S
A ":, Ay T. Schatz, U. Schramm and D. Habs, “Crystalline lon e,

Beams”, 2001 Nature 412 717.

We propose to use unique IOTA infrastructure and our expertise in
beams and storage rings to create a 1-D crystal of ~one-million ions
(~10 m with 10-um separation) as a pathfinder for scalability in ion QC

Aim to develop the full suite of capabllities and techniques to create these
crystals, achieve ion temperatures of <50 uK and prepare and readout

guantum states using external lasers
2= Fermilab
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https://ionq.com/

Summary: Accelerator science at FAST

* Fermilab is mostly interested in the IOTA-based science

— IOTA Is capable of circulating both protons and electrons
* Heavy ions in the future

— Research focused on high-intensity proton rings: space-charge
effects, instability mitigation, beam loss control, beam cooling,

QS
« However, there are excellent science opportunities with the
FAST electron linac (concurrent with IOTA research):
— ML/AI
— Radiation generation
— High average current experiments with many bunches
— Complementary to FACET-Il and AWA

— Suitable for LCLS-II commissioning studies, MARIE and EIC
R&D
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