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Tevatron Electron Lenses: Technology
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Beam-beam effects:

F Intrinsic to all colliders
Fe+e-, p(pbar), ions, e-i, etc N

F Limit luminosity L=y fs 47Tb H(O' / )
F blowup emittances, beam loss

F Come In variety of forms
F head-on and parasitic (long-range)
Fcoherent and incoherent
Fnon-linear and linear

Fdue to EM forces or/and radiation at IP (beamstrahlung)
Fhard to fight with (often - just cope with limits on 3; and & )
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Beam-Beam Effects: Example of Tevatron
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TEL-1: Tevatron Electron Lens #1 at F48

oy f
'] - » ]

Shiltsev - Accelerator




TEL-2 In the Tevatron Tunnel (All)
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Electron Charge Distribution
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Figure 2. Three profiles of the electron current density at the electron gun
cathode: black, flattop profile; red, Gaussian profile: blue, SEFT profile. Symbols
~represent the measured data and the solid lines are simulation results. All data

Shiltsewet al.,PRL99, 244801 (2007).
Shiltsewet al., NJP 10, 043042 (2008).

Electron gun
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G. Stancarj et al., (2011)
Phys. Rev. Lettl07, 084802
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TEL e-Beam Aligned and Timed on Protons

in space In time
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to e-beam.Timing is important to keep protons on flat top of epulse’ to minimize noise and maximize tune shift.
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TEL2 on One Proton Bunch P12
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Tevatron Electron Lenses (2001-2011)

I Technology proven, tune shift ~0.01 demonstrated
I First successful active beam-beam compensation:
F Compensation of head-on beam-beam effects

I Reduced emittance growth of a PACMAN antiproton bunch
(Ascall opso effect)

F Compensation of long-range beam-beam effects:

I Significant (x2) improvement of the lifetime of most affected
proton bunches

I By shifting tunes of otherwise unfavorable bunch away from
resonances

¥ (Later - exip &nd studies on collimation and s.-c. compensation)

Shiltsev - Accelerator R&D Feb. 18, 2025
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Nest Step: Head-On Compensation in RHIC (W.Fischeet al)

p+ beam lens

defocuses

With e-lens, one can compensate Head-On effect: not
only the tune footprint, but also the resonant driving —
terms if e-lens is placed 180 degrees (betatron phase) (oo ]
away from the main IP (one IP compensation)

Blue proton teom ——

W. Fischer, et al. 2015 Phys. Rev. Lett. 115 264801

W. Fischer et al 2021 JINST 16 P03040
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RHIC pp 2015 e-Lens Success

1.00 E — ——0pAl, 0 mA With 0.6A, 2.1m long, 5 kV e-
0.90 E ™, —==-2x pAl, 0 mA beam, essentially:

0.80 E “  ——2xpAl, 365mA | - one out of 2 IP head-on
ek \\ - = 2x pAl, 560 mA | effects cancelled (3~:O._01) |
= \ —2xpAl, 750mA | - max allowed beam intensity

= 060 ] \ = ==2xpAl, 890 mA increased by ~40%,

E VE ‘eeee=2xpAl, 1030 mA | _ nagk average lumi ~tripled,
0AQE averaged lumi ~ doubled
0.30 F
0.20 E Tevatronaandk RIB1Cistecess
0.10 E d Ay strong ! InterestrfrorbHIC:

0.675 0.680 0.685 0. 690 0 6¢ a) Compensanon of 120 |0ng_

Horizontaltune range beam-beam interactions
Figure 7: Tune distribution width reduction with the RHIC electron lens. mea b) Hollow e-beam collimation

l
sured in the proton beam with p+Al collisions. The distribution widens due t C) Control of beam instabilities

two beam-beam interactions, and narrows again with increase of the electror . N
lens current to 1.03 A [9]. (instead of octupoles, 3=0.01)
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Part Il:

Challenges of Collimation,
Proton and Electron Storage Rings
and e+e- Colliders
(Higgs Factories, FCCee)
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Collimation by Electron Beams -
Not Previously Envisioned Use of TELS
FDue to high charge and small dimensions A

e-lens provides strong angular kicks even on (mult)) TeV
particles O(erads)

FIf the kicks are resonant to betatron motion A
very fast particle removal O(10-100 turns)

FEven If the kicks are DC but highly nonlinear
f(r) A diffusion over O(10% - 108 turns)
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Intrabeam Scattering and Longitudinal Oscillations
Lead to Generation of DC beam in Abort Gaps

21 buckets 1113 RF buckets total

\ — Train

'S A /
" 139/b&kets ‘
> ‘ - ™ ’
‘ A ‘ Fire TEL here ‘ ’

I The Tevatron operated with 36 bunches in 3 trains
I Between the trains were 2.6 ns abort gaps (139 RF bckts)

I Protons leak out of main bunches to the gaps: in Tevatron
few x 10° particles (out of total beam ~ 1013) A they lead
to quench on beam abort (kicker sprays them)

1 Kill (diffuse) DC beam in gaps by electron lens
[longitudinal collimation] A no quenches




e-Lenes for nLongi tud.]

§ 14— ———— 14 ¢

- : tore 3574

g O)12 _D_AGM DDDDM12E .

g (D. T —e—TEL | e o EICprotoninagR(RHIC)
T | e | 7 "~ C a) has no natural abort

E (_/5 10" """"""" . T /D,Cf """ e . e T - 10 qt_) gap Cleaning meChanism
P S8l | ‘K ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, g = like synchrotron radiation
= / ! _ g in the LHC (gqE~2%)

& = 6{Tevatron Quench on Abort Limit}6 o b)Number ofbunches

2 e / X - @© 1160 vs 111 in RHIC

C:- 8 4_/[:{5/ ..................................................................... %\,D ............................... vl €D C) Measurement and
30 ) 3 % control of abort gap
O 5 R = . R W oo e _| population might be

> 0 LIl needed

e 0 R . . L . SR 0 -

N 0 10 20 30 40 50 60

< Time, min

. Feb. 18, 2025
Shiltsev - Accelerator R&D



V. Shiltsev, 3*rd CARE-HHH-APD Oct. 2006, [CERN-2007-002]

Hollow Electron Beam Collimation (HEBC)

1010
TG (d)

Hollow-e-beam has (©) 0

= . [ -5 _5 O.
no EM fields inside - 0
. " A 7 (=
ut strong fields outside 107\ ,
= 8
0.8 g
HORIZONTAL POSITION / o 0.6 P 3
0.4 8 ©
8 -4 -9 o 2 4 @8 4 <
l 1 1 l 1 1 1 S N
0.0 S
HOLLOW ELECTRON BEAM =
6 — sg = T
X (mm) 6
'5: 4 = @ o -
4 - =3 4 iq _E_:L : - v
© = 5g 40 30 R o 7
~ Z . 60 .« Lo g < [ n &
z g 5.50 3750 =R = = f.)
O 2 - g = : = - o 2
4 = = 4 Intensity = 2 @ o 8
= = = $ L B A g
@ E = 3 i 5 £
s . - 4 o g
— -~ = o s a
g 0 7 o | Luminosity o 3 g = Lo 3
= ot 8§ 4T S 2 £ . voE
() = - 2 5 oi A % o B
B - e o g 3 9 - % < B
E -2 = : L= 9 2 | % ® o  Horizontal Al
- e Y = S In o < |o G
L 3 .,,._1-,._ 5 T g S e  Vertical : —
> B _5' BEAM CQRE ‘i:_?).‘a & o4 _ & Longitudinal
) X" RN .‘_,.5}:_.—“-..- o L < -
'_'. . ..\':. ., ""t.\j '7‘.' e T T T T - et 12 T T T
' e 16 17 18 19 16 17 18 19
SRF Al el ;
6 — > Time (h) Time (h)
—FIG. 3. Relative intensity and luminosity of the affected bunch FIG. 4. Emittance evolution of the affected bunch train, The
train, for different transverse sizes of the electron beam. The light gray trace is the electrqrghypapg copas (same experiment
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Stancari G., Shiltsev V. et al, 2011 Phys. Rev. Lett. 107 084802



HEBC: Non-destructible Collimator!
eg for LHC or EIC (e or h)

Bunch density 4
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Design HI-LHC HEBC
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Super -KEKB T Modern Asymmetrlc B-factory
1Belle I1¥_
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Super-KEKB: Nanobeams Scheme

B 5
40x=20 from beta* and 2 from currents Lorentz factor sam current RS P
N
To get 40x luminosity of KEKB \‘\ “\\ // Geometrical
O-* ] & / R \\ reduction factors
'J’i v +oy+ (V) \4 (crossing angle,
I tum Q e 5 L — 1 . 2 o ro— ) hourglass effect)
: g . \ /
;\:~\\‘) ‘(X)H’"/ ze’.‘, 7 G'\- } B-"i \\Rg)/l
e "
Reduce beam size to a few 100 atomic layers! >l |
Beam aspect ratio at IP Vertical beta function at IP

KEKB

Parameter
HER

beam energy Eb : 8
CM boost By

half crossing angle (i} mrad

horizontal emittance £x 18 24 3.2 4.6 nm

beta-function at IP Bx*/By* 1200/5.9 32/0.27 25/0.30 mm

beam currents 1.64 1.19 3.6 2.6 A
beam-beam parameter 0.129 0.090 0.0881 0.0807 nm

beam size at IP 100/2 RN Tal/a N L=\ NERNENRNINN U ET. . .k

Shiltsev - Luminosity 2.1 x 10% 8 x 10% 28 Feb. 18, 2025
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Super-KEKB :Status and Challenges

I Peak luminosity 5.1x1034 cm=2s1 1 collider world record!!
I Design goal 804 (66. 04674 xT0¥* cm2s?
F Luminosity Challenge = x16 - wiee's tecOposobldmnh e pr obl em

I Beam current LER&4 GeV e+) is 1.7A vs 3.6A design, HEP(7 GeV e-) 1.3A vs 2.6A (design); beta-function 1.0mm vs
0.3mm design A x16

IVacuuTm System I Wrmnts ) //I Instabilities I
| Collimation IW -

I Correctors I

Injectors \ /l Beam oﬁtics I
I I/
DELEEENTEEE S " Beam Sizes | * | Controls/Al/Simul |

Feb. 18, 2825 23
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Tri1 cks and TrouBIe,a:ms

Nano-beam collision scheme

* Proposed by P. Raimondi at INFN-LNF for the Italian SuperB
project around 2006 and tested successfully at DADONE.

/
* Implemented at SuperKEKB, for the first time, with low- / /
emittance beams on a high-energy collider. / /

SuperKEKB B -

5 mn;];_A T 7"‘7’4‘\

* To avoid Hourglass effect:
* Beam bunces collide
v' With sufficiently small g,*.
v" At a large horizontal crossing angle.

* beam-beam effects are not as WeII understood In this new regime 1
emittances (beam sizes) are bigger than expected A as indicated by
reduction in specific luminosity (Lumi)/(l, I.) at 3 8.05~1/2 of EIC.ESR



Troubles #2: SBLs - Sudden Beam Loss

Horizontal Orbit

o~ p—— e reTIN—

Vertical Orbit

- Bunch (Tu:rrenl _- [

' VACSEAL
... ‘ Vacuum
Leak
Beam l.oss Sealant

0 180 %0 3Mac 5120 a8 | 5220 1200 25G0 30 3120 A0 2500 Ml 3120 1280 240 3840 3130 1080 259
Pt 4 Avie n Fairest A Tarhst Wi N Poraw A

SBL events not only obstruct luminosity improvement but also pose a significant risk to
accelerator components, the Belle Il detectors, and the superconducting focusing system



Tri1 ck #3i1:nenaNo nCol

Beam halo, beam-beam * Non-linear collimation (NLC) system was installed in

effects and SBLs demanded = LER Oho straight section.

better protection * Impedance of NLC is much lower than that of conventional Conventional collimation scheme
of detectors, smaller gaps collimator due to its large aperture. N 4

in collimators A * NLC can relax TMCI bunch current limit. 6"‘*.—'
Impedance ~1/Gap”2 * Oho straight section is the location where the optics satisfies the S

collimator

requirements for NLC.
A Also, makes top up

Injection more difficult
(less aperture)

* A part of wiggler magnets was removed to make space for NLC.

* New skew sextupole magnets and beam pipes in them were

fabricated.
Small aperture can make
* New power supplies, cabling works and new radiation shields \
beam instable.

weredlsorequired. @000 N et e s ek e e e

- Non-linear collimation scheme (conceptual diagram) +======-- _ m
."j :

P ———————————— —
) '

ik Skew

‘. Sext.
= (K./2)(y*-x?)

First sextupole magnet kicks Ap K.xy
unwanted beam particles.

Collimator scrapes unwanted beam
particles with large aperture.
{low_ impedance)

e e wm me e m w wm —,

———————————————————————————————————————————————————————————————————————————



Future Circular e+e- Colliders

¥ Energy of interest i- at least Higgs prag"Ysics 1opay

\F H igh lu m i nOSity 0(1634‘1 @ 53 ' 5 ( ) Oé‘% f::::::::;:lerator pursues nanobeams to boost luminosity @3

F High beam energy 120 GeV A huge { -

E[G

Uo[keV]:88.46—[
[ "

F High luminosity needs high current A

Squeezing beams of electrons and pesitrons for the Belle 1| experiment at the SuperKEKB facility proceeds with halting

progress.

DOI: hitps:f/dol.org/10.1063/pt.Imsn lidg

F As the result i- large rings, ~100MW p fg L 8

3 Psq R,'rf;\g

£ Sy
16775 (mec?) 1 By
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Part Ill:

Accelerator R&D Opportunities
at electron-beam facilities

- Afdllion Tirahsistornon B Capn s 1 s
- Example of FAST/IOTA
-FLASH-RT
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Universities: Innovation Hubs

Aundamental Research, Detector and Data Science

AUniversities drive theoretical and experimental studies shaping collider physics goals, advance
detectors, Al/ML data analysis, etc

Aolicy and Strategic Planning

Alnfluence funding priorities (NSAC, P5, etc) and advocate for future collider projects.

ANorkforce Training

AEducate and mentor future accelerator physicists, engineers, and data scientists.

Mational and International Collaboration
APartner with labs (BNL, Jlab, Fermilab, CERN, etc) in design studies, R&D, CDRs, and TDRs.

Angineering & Construction
AContribute to building and commissioning accelerator components, design and planning of

Adccelerator R&D

ADevelop beam physics models | new technologies

1.
jinstruments, methods.
Aipgrades,etc. @~ 02— ————-—--

Shiltsev - Accelerator R&D Feb. 18, 2025 29



Al0Os Boom

Demands

Toward a Trillion-Transistor GPU

AN

New C

@ 10,000
9 Transistors per processor are Projected
E increasing 1.73 times every two years.
Q
% 1,000 e
o ™
%)
8 Vertical connection density in 3D chips has increased at
8 roughly the same rate as the number of transistors in a GPU.
Q. 100 1,000,000
| - <
Projected
a § 600,000
o
_E, E 400 , 000 )
2 :
o ® o €% 200,000 e o
- 10 @ [}
) & ' -~ P
= 3 100,000 "
(7] @ o ==
o ® 0 — —
c @ L 60,000 —.
c ® o 40,000 =
b ) '
1 [ l | | | | //
2008 2010 2012 2014 2016 20!3 5 goo /
Source: Taiwan Semiconductor Manufacturing Co. 10,000 — T T T T T T ; T T |
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Al 0s Boom De mands
Toward a Trillion-Transistor GPU

Leaming to Code With A Particie Accarator

How Nvidia Uses | | How AMD Uses 3D Technology SR o e

Advanced Packaging The AMD MI300A accelerated processor unit .

CoWoS, TSMC'’s chip-on-wafer-on-silicon leverages not just CoWoS but also TSMC’s 3D
advanced packaging technology, has already technology, silicon-on-integrated-circuits
been deployed in products. Examples include (SolC). The MI300A combines GPU and CPU
the Nvidia Ampere and Hopper GPUs. Each cores designed to handle the largest Al

consists of one GPU die with six workloads. The GPU performs the intensive
high-bandwidth memory cubes allon a

X . I matrix multiplication operations for Al, while
silicon interposer. The compute GPU die is

bout as | chibmakina tools will the CPU controls the operations of the entire
I oo. S_W' system, and the high-bandwidth memories
currently allow. Ampere has 54 billion e .
: i are unified to serve both. The 9 compute dies
transistors, and Hopper has 80 billion. The built with 5 el A S
transition from 7-nm technology to the e ) O ooy D v aeag ovIop

denser 4-nm technology made it possible to of 4'base dies of 6-nm technology, which are
pack 50 percent more transistors on essen- dedicated to cache and /0 traffic. The base

How we'll get toadiillior
J—

model training. It takes tens of thousands of posed of 150 billion transistors.

these processors to train ChatGPT.

r

; : 5
R L in a Particle Accelerator*

hr
]

(RLBLCRITEN T [T ELEURS

WIGGLING ELECTHONS COULD TURBOCHARGE EUV LITHOGRAPHY
By John Boyd

O I T O R T TR TR TR )

tially the same area. Ampere and Hopperare dies and memories sit atop silicon ir_mterposers. IS the Futu re of
the workhorses for today’s large language . The compute part of the processor is com-
ent ps

Shiltsev - Accelerator R&D Feb. 18, 2025



Current State-of-the-Art: 14nm A 7 nn

Vacuum ~1072 mbar Multilayered Mirror Optics

Intermediate Focus Reticle ASML

Cooler Collector/ Droplet Dispenser EUV-LPP
Debris Mitigation CO2 laser on tin droplets
Laser 1000/sec
Beam Delivery
Issues:

Broad spectrum of EUV
Stability of tin source

|l t 6s | i feti me (
500W source A few Watts

on the wafer (~10 mirrors)

...................................................................................... Ovetallwiablug €ffitiency
~0.1294!(")

Accelerators ©ancdo

1-10%



1ight. The light interacts

with the electrons to amplify a
particular wavelength, resulting
in a free-electron laser.

Injector linac:
This portion of the
accelerator gives
new electrons a kick
before they enter
the magnetic path of
‘the accelerator.

Electron gun: Particles
are injected into the
accelerator to begin
their journey.

4st arc: Accelerated
elactrons make their first
bend and head toward the
light-emitting undulators.

Deceleration (main linac): The
superconductors sap energy from the
roturning electrons that have already

Acceloration (main linac):

Supaerconducting RF circuits ®ade a complete loop, using tho enargy
boost the speed of the newly to accelerate the new electrons from
injected electrons. the electron gun.

Is the Future of

in a Particle Accelerator?

WIGGLING ELECTRONS COULD TURBOCHARGE EUV LITHOGRAPHY
By John Boyd

33



Process of Radiation in FEL

In a free-electron laser, accelerated electrons are subject to alternating magnetic fields,
causing them to undulate and emit electromagnetic radiation. The radiation bunches up the
electrons, leading to their amplifying only a specific wavelength, creating a laser beam.

Electron
cloud from
particle
accelerator

Undulator magnet

Alternating magnets cause
the electrons to wiggle.

_~~ Radgiation
< wavelength:

emits
photons.

e mlalmlsjﬁiglfa

m e U/ (B
Photons cause

electrons to bunch Laser light

together and emit

more photons. egsmew am

4nm



Efficiency Boost: Energy Recovery

i . Other benefits:
Undulator Recirculation loop spectral density

ENNNN]

4 0 8
VVVV
ENNNN] ‘ : |

/ Acceleration/Q\ \
. \ \‘4eceleration

> " / % o6 68 7 7.2
_/WVW\_ Wavelength (nm)
Wavelength spread of the FEL

> O
/ W \ spectrum at 6.75-nm wavelength.

A AN
VUV VY

=

& 6k
=

=

-

g

= 4r ~0.04 nm
=

e

-9

-

=

S

" . The FWHM is D0.04 nm, which is
UPCI'COIldUCtlng linac narrow enough to match the

acceptance of the multilayer mirror.

Injector Dump
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FAST:300 MeV e-linac at FNAL
1.3GHz SRF

SL ’ ||,

'E"

5"&

Beam energy: 40-300 MeV
Bunch charge: 1e-to 3 nC (160 pC nominal)
" Pulse frequency: up to 5 Hz (83 MHz train)




FAST Modification for EUV-L Demonstration (100W at 13.5nm)

Existing
recycled
cryo plant

A Add 3.9 GHz CM & bunch compressor after 1 CM at 300 MeV A4O m undulator + diagnostics

A Cryo from existing satellites + vac pump feeds 15t CM + 3.9 GHz

A650 MeV with CM because its pulsed,

A Build/install 2 more 1.3 GHz pulsed CM from existing parts + new
feed cans 1 us macro pulses at 5 Hz

A Install recycled cryoplant and vac pump to get another 150 W at 2K

for 2 CMbs A100W of 13.5 nm light




FAST/IOTA : Accelerator R&D Facility

I The Fermilab Accelerator Science and Technology (FAST) facility
contains 3 components

1 150-300 MeV Electron Injector, 70 MeV/c Proton Injector, and the IOTA Ring
capable of operation with e- and p+

15t e- beam in IOTAT 2018 15t IOTA experiments begin
Electron Injector 15t p+ beam in IOTAT 2025

Experimental R&D program For next 5-10(?) years

2 ~ ﬁ,

Proton Injector
(Proton Injector RF

Station) IOTA Ring

135 m

38 Shiltsev - Accelerator R&D Feb. 18, 2025



IOTA: Integrable Optics Test Accelerator @ FNAL

C=40m
150 MeV/c e-
and 70 MeV/c p+

Shiltsev - Accelerator R&D Feb. 18, 2025
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IOTA: Integrable Optics Test Accelerator @ FNAL

ectron lens:

Shiltsev - Accelerator R&D



McMillan Integrability: thin e- lens

I The system consists of a thin nonlinear lens (electron
beam) and a linear focusing ring

electron
lens

I Axially-symmetric thin lens:

kr -
r) =
q(r) ar’+1 <

I Electron lens with a special density profile

I The ring has the following transfer matrix

ao b6 0 O
& 4 c=cos( )
& — 0 0 O —
acl sl & b s=sin(f)
Esl ¢l g0 0 0 b 21 0
&U U - — U (!v ==
&hiltsev - Accelerator R&D g b Feb. 18, 2025



McMillan Integrable System:

I The system is integrable. Two integrals of motion (transverse):

I Angular momentum: Xp, - Yyp, =cons

—_

McMillan-type integral, quadratic in momentum

P or

I For large amplitudes, the fractional tune is 0.25
I For small amplitude, the electron (defocusing) lens can give a tune shift of ~-0.3

I Potentially, can cross an integer resonance

&hiltsev - Accelerator R&D Feb. 18, 2025



IOTA EIectron Lens Space Charge Compensation Experiment
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MKV FEL beam parameters

TABLE 1. Table of accelerator parameters and measured
electron beam properties following acceleration to 42 MeV.

Operation frequency: 2.856 GHz

Energy range: 30-45 MeV

Fractional energy spread: 0.25% FWHM

Macropulse length: S us

Macropulse average 200 mA
current:

Bunch length: 3.1 ps FWHM

Geometric emittance:  vertical: 0.105 gm, horizontal: 0.120 gm
Normalized emittance: vertical: 8.67 ym, horizontal: 9.91 ym
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John Madeyos VI s|

F The inability of classical macroscopic electrodynamics to fully describe the
key radiation mechanism of coherent emission

1 the performance of the present generation of SASE x-ray FELs might be
optimized, for example, by including an energy selective Mossbauer absorber as
part of the targets in which the radiation emitted from these sources is absorbed.

F The roles of the acceleration-dependent coherent radiation and velocity-
dependent amplification of the harmonic radiation emitted by FELs
approaching saturation

I Unexpected suppression of the FEL radiation fluctuations

F The development of optical storage cavities capable of integrating the
hi‘ghwpeak power phase coherent pulsed output of phase-locked FEL
oscillators.

I the circulating optical pulses in such an optical cavity would persist for at least the 1/e
decay time of the storage cavity, increasing the duty cycle at which these pulses
would be present by orders of magnitude.

Shiltsev - Accelerator R&D Feb. 18, 2025
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40 MeV Electron Beam Faclility

F Excellent training ground of students:
I Source, RF, magnets, diagnostics, vacuum, controls incl AI/ML, lasers

F A testbed of methods/approaches toward chip-making EUV FELSs:

I Cavityy-based FEL, diagnostics, energy efficienc

F Might also be good for:

1 Particle physics (?) and detector development lab, JPL, etc

I Contributions to larger projects (EIC ESR, FCCee, Super KEK-B, XFELSs, ERLS, ICS, etc):

1 Development and beam tests of diagnostics, instrumentation, bunch compression, undulators, polarized
sé%uic%sélgo”l{nators, positron production, AI/ML virtual machines-VTS , beam-beam-kickers, C3 technology,
; , e1C

I Advanced wakefield experiments

I Higher energy (100MeV?), current, pulse length(SRF-C3) , return | oops/ E
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FLASH - Radiation Therapy

Conventional (b) FLASH

Timescale => min Timescale => ms

—
Q
—

B
>

= |
o o) ~100 Gy/s
o : same integral dose
o I
o | ~0.02 Gy/s : o .,
6 | same integral dose OAR . § OAR ’
() b 0O :
> Necrosis : P Tissue Sparing Effect
Time (s) Time (s)
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FLASH-RT at CERN
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FLASH-RT at PITZ/DESY Zeuthen

I electron beam energies of up to 22 MeV can be provided with bunch
charges up to 5 nC and bunch train charges within 1 ms up to 5000 nC

FLASHEat@PITZ

PITZ accelerator
B_® i ; - —— ‘_1 2= % > | "" ‘ 0. 5 i -0
b | it ] _ - H 11 URLR AN
s -y ef) :
WorIdW|de unlque parameter space Radiation biology & Radiation therapy
N Y . == |-
5 2 - lfﬁ“ | FLASH E in silico
P : -_— TR v7ooy ‘ . '
B R e : In vitr
E]“c_g,,.. Wi N N el B conventional S 0
e S e T o —— [——— In vivo
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FLASH-RT Trials Started in the US

Table 1. FLASH Technologies Currently in Use for Active Clinical Trials

Facility Machine Modality Energy Therapeutic Nominal Dose Maximum  Trial Trial # of
depth trialdose per fieldsize indica- startdate patients
rate pulse tions
CHUVZ IntraOp Electron 6and9 2and2.5¢cm 300Gy/s 3.0and 6cmdiameter Melanoma  June 2021 7-21
Mobetron MeV 3.3Gy/s skin
metastases
Cincinnati Varian Proton 250 MeV ~26¢cm 60 Gy/s N/A 7.5x20cm Painful Nov 3, 2020 10
Children’s/  ProBeam extremity
UC Health  PBS bone
Proton metastases
Therapy
Center®

Wu, Y., Hyunsoo Joshua No, Dylan Y. Breitkreutz, Anthony E. Mascia, Raphaél Moeckli, Jean
Bourhis, Emil Schiiler, Peter G. Maxim, and B. W. Loo. "Technological basis for clinical trials in
FLASH radiation therapy: A review." Appl Rad Oncol 10, no. 2 (2021): 6-14.
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Other Opportunities in the US

Shiltsev - Acceler

Table 2. UHDR-RT Technologies with Published Parameters that

Should be Suitable for Clinical Trials in Selected Indications

Facility Machine Modality Energy Therapeutic Dose rate Dose Size of Potential
depth (at SSDs per flat field clinical
outsideof  pulse indications
treatment
head)
Lund ELEKTA Electron 8 MeV 1.0-20cm Upto120Gy/s Upto19Gy,  10x10cm Cutaneous
University” Precise at cross-hair but0.18 Gy malignancies
foil at cross-hair
foil
Dartmouth Varian Electron 10 MeV 50cm Upto271Gy/s  075Gywith  1-15x1-15cm  Small
University" Clinac withapplicator  applicator cutaneous
2100C/D malignancies
Stanford Varian Electron 16-18MeV  55¢cm 50-80 Gy/s 028-0.44Gy 10x10cm Cutaneous
University® Clinac (potentially up ~ malignancies,
21EX to20x20cm)  extremity
soft-tissue tumors,
partial breast
irradiation
CHUV™ Oriatron Electron S5and6MeV 1.8-2.3cm 1000 Gy/s Maximum 20cmdiameter  Cutaneous
eRT6 10Gy malignancies
CHUV# PMB Electron 10 MeV ~3cm 350 Gy/s 1.2 Gy 10cmdiameter  Intraoperative RT
FLASH
KNIFE
University of IBA Proteus  Proton 230MeV  0-15g/en? 60-100 Gy/s N/A 1x2cm Small
Pennsylvania®  Plus cutaneous
malignancies or
extremity tumors
htor R&D

Anthony E. Mascia, Raphaél Moeckli, Jean Bourhis,

Wu, Y., Hyunsoo Joshua No, Dylan Y. Breitkreutz,
Emil Schuler, Peter G. Maxim, and B. W. Loo.

“Technological basis for clinical trials in FLASH

Feb. 18, 2025

radiation therapy: A review." Appl Rad Oncol 10, no. 2

(2021): 6-14.
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Opportunities at UHM

v Establish a Traineeship in Accelerator Science & Engineering
+ Join/Collaborate/Lead the US Center of Accelerator Physics (US CAP i- GARD ABP)

v Join US Future Collider Programs (EIC, FCCee, Muon Collider) i~ R&D topics:

o Beam modeling and simulations (beam-beam, space-charge, FELSs, collimation/MDI, etc)
o Collaborative tests at other facilities

o Design and prototyping (halo monitoring, collimation systems, magnets, RF, beam diagnostics, etc)

. Develop a program of research at the UHN 40 MeV linac facility
o Many possible topics (FELs, RF, diagnostics, 1i1rrad

o Al/ML-based accelerator optimization, nonlinear optics, and halo control

. Applications for chip-making industry, medicine (FLASH-RT), and environment
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FY 2024 GARD University by Thrusts ($12.14M)

GARD = General Accelerator R&D Program in the US A ABP includes Beam
DOE Office of High Energy Physics (total ~90M$/yr Instrumentation and Controls
now) A RF Technology includes SRF and
FY2024 University GARD by Thrusts (Tet&L2M) NC High gradient RF and RF
sources.

A Accelerator Traineeship
Traineeship supports four_ areas (b active
26% awards now):
" 1. Physics of large accelerators and
systems engineering.

2. Superconducting
radiofrequency accelerator
physics and engineering.

3. Radiofrequency power system
engineering.

4. Cryogenic systems engineering
(especially liquid helium
systems).

m ABP = AAC = RF = SCM = PST = Traineeship Feb. 19, 2025



Take Away Message

¥ Accelerator facilities are a backbone of many fields or research
1In the US, 16(out of total 28) national users facilities are based on accelerators
I they serve >20,000 users, and have annual operation budget ~ 2B$

F The field of accelerators is growing ¥ just over the next decade:
1 ~8B$% worth of DOE SCI accelerator construction projects (E| C) é
I expect many new proposals (X-ray sources, colliders i FCCee, muon)
I OHEP plans to support ~1 B$ of accelerator R&D (GARD, FCCee, ¢ «ollider)
I dozen Ef dedicated Accelerator Sci. & Tech. facilities serve ~500 users (ATF,...)

Among decadal challenges (NSAC, P5, NAS-EFRF°R @2, 0.24 |,

Sustainable accelerator physics workforce development
I Critical: health of the beam physics groups at Universities (UHM, &)




FAST/IOTA Accelerators

1.3 GHz SRF cavities

RF cc1 cC2 1 3 GHZ SRF CryomOdU|e (CMZ) Spectrometer
1 ( ........ 0122 ORI CeNT | CORRTI | CANTT eeEtrTe merto | pewTo - eewim ) dipole magnets Beam
(T g ,::::::::“:::::::::“,::::::::::::::::::“:::::::::“‘::::::::“::::::::"‘:::::::::' D604 absorber
N sy a—f Y AT DY OO T p oy DGO’\O
E e [ ,’ ) & e, (An SR o ~
g & ) L el e
! 2 1P ‘Master:. = HV Modulator :
o i s
r.-..‘.’i.t(".'.’...'...'-.‘._.'__n. uuu 4 osc'“ator (120kv' 140A) IOTA r!ng and
{ Control, LLRF& | 7\ experiments
Photoiniect 1 synchronization § @
otoinjector ; system | = tuner
klystrons and e 1.3 GHz Klystron ® phase shifter
modulators (SMW, 1.6ms) ® variable tap-off
| 18 m | 20 m 98 m |

Electron beams are supplied to IOTA from FAST, 1.3 GHz
Superconducting RF electron linear accelerator

— Beam energy: 40-300 MeV
— Bunch charge: 1e-to 3 nC (160 pC nominal)
58 — Pulse frequency: up to 5 Hz (83 MHz train)
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