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Tevatron Electron Lenses: Technology

~4 mm dia 2 m long very straight beam of ~10kV 

~1A electrons (~1012) immersed in 3-6 T solenoid  

3Shiltsev - Accelerator R&D Feb. 18, 2025
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Beam-beam effects:
ǐIntrinsic to all colliders
ǐe+e-, p(pbar), ions, e-i, etc

ǐLimit luminosity
ǐblowup emittances, beam loss

ǐCome in variety of forms
ǐhead-on and parasitic (long-range)

ǐcoherent and incoherent

ǐnon-linear and linear

ǐdue to EM forces or/and radiation at IP (beamstrahlung)

ǐhard to fight with (often - just cope with limits on ɝx and ɝy )
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Protons focus pbars 
Electrons defocus them
Net effect = zero
Footprint compressed!

e- profile same as p+

(V.Shiltsev, et al - 1997 ) Feb. 18, 2025
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Beam-Beam Effects: Example of Tevatron

7th order resonances:

Q=4/7=0.571 - 

HIGH LOSSES

12th order resonances:

Q=7/12=0.583 - 

BAD BEAM LIFETIME

5th order resonances: 

Q=3/5=0.600 ï 

EMITTANCE BLOWUP

p

pbar

protons
antiprotons
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TEL-1: Tevatron Electron Lens #1 at F48

Shiltsev - Accelerator R&D
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TEL-2 in the Tevatron Tunnel (A11)
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Electron Charge Distribution
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Electron gun
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G. Stancari, et al., (2011)

Phys. Rev. Lett. 107, 084802 
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TEL e-Beam Aligned and Timed on Protons
in space in time

P12

P11P10P9

A24

TEL
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Transverse e-p alignment  is very important for minimization of noise effects and optimization of positive effects due 

to e-beam. Timing is important to keep protons on flat top of e-pulse ï to minimize noise and maximize tune shift. 



TEL2  on  One Proton Bunch P12

When TEL off:

bunches #12 and #24

have same lifetime of 

8.7 hrshrs=11%/hr loss

When TEL on:

bunch #12 lifetime 

is ~2x #24 lifetime:

17.4 hrs vs 10.0 hr

11Shiltsev - Accelerator R&D Feb. 18, 2025
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Tevatron Electron Lenses (2001-2011)
ǐTechnology proven, tune shift ~0.01 demonstrated

ǐFirst successful active beam-beam compensation:

ǐCompensation of head-on beam-beam effects

ǐReduced emittance growth of a PACMAN antiproton bunch 
(ñscallopsò effect)

ǐCompensation of long-range beam-beam effects:

ǐSignificant (x2) improvement of the lifetime of most affected 
proton bunches 

ǐBy shifting tunes of otherwise unfavorable bunch away from 
resonances

ǐ(Later ï exptôs and studies on collimation and s.-c. compensation)

12Shiltsev - Accelerator R&D Feb. 18, 2025
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Nest Step: Head-On Compensation in RHIC (W.Fischeret al)

Feb. 18, 2025
Shiltsev - Accelerator R&D

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) 

away from the main IP (one IP compensation)
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With 0.6A, 2.1m long, 5 kV e-

beam, essentially: 

- one out of 2 IP head-on 

effects cancelled (ɝ=0.01)

- max allowed beam intensity 

increased by ~40%, 

- peak average lumi ~tripled, 

averaged lumi ~ doubled

RHIC pp 2015 e-Lens Success

Tevatron and RHIC success 
Ą strong Interest from LHC: 
a) Compensation of 120 long-

range beam-beam interactions

b) Hollow e-beam collimation

c) Control of beam instabilities 

(instead of  octupoles, ɝ=0.01)



Part II:
 

Challenges of Collimation,  
Proton and Electron Storage Rings

and e+e- Colliders
(Higgs Factories, FCCee)

Shiltsev - Accelerator R&D 15Feb. 18, 2025



Collimation by Electron Beams - 
Not Previously Envisioned Use of TELs

ǐDue to high charge and small dimensions Ą              
e-lens provides strong angular kicks even on (multi)TeV 
particles O(ɛrads)

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

ǐEven if the kicks are DC but highly nonlinear 
f(r) Ą diffusion over O(104 - 106 turns)

16Shiltsev - Accelerator R&D Feb. 18, 2025
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Intrabeam Scattering and Longitudinal Oscillations 
Lead to Generation of DC beam in Abort Gaps

ǐThe Tevatron operated with 36 bunches in 3 trains

ǐBetween the trains were 2.6 ms abort gaps (139 RF bckts)

ǐ Protons leak out of main bunches to the gaps: in Tevatron  
few x 109 particles (out of total beam ~ 1013) Ą  they lead 
to quench on beam abort (kicker sprays them)

ǐKill (diffuse) DC beam in gaps by electron lens 
[longitudinal collimation] Ą no quenches

139 buckets

21 buckets 1113 RF buckets total
Train

Bunch

Abort GapFire TEL here

Feb. 18, 2025



e-Lenes for ñLongitudinalò Collimation

Shiltsev - Accelerator R&D
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EIC proton ring (RHIC) 
a) has no natural abort 

gap cleaning mechanism 

like synchrotron radiation 

in the LHC (ȹE~ɔ4 )

b) Number of bunches 

1160 vs 111 in RHIC

c) Measurement and 

control of abort gap 

population might be 

needed
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Hollow Electron Beam Collimation (HEBC)

Shiltsev - Accelerator R&D
19

Hollow-e-beam has

no EM fields inside

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



Super-KEKB ï Modern Asymmetric B-factory

Shiltsev - Accelerator R&D 21Feb. 18, 2025



Super-KEKB: Nanobeams Scheme

Shiltsev - Accelerator R&D 22

40x=20 from beta* and 2 from currents

Feb. 18, 2025



Super-KEKB :Status and Challenges
ǐPeak luminosity  5.1x1034 cm-2s-1 ï collider world record!!

ǐDesign goal   80Ą(60é40?)   x1034 cm-2s-1

ǐLuminosity Challenge = x16 ï whereôs the problem?
ǐBeam 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 Ą x16

Shiltsev - Accelerator R&D 23

Injectors

InstabilitiesBeam Currents

Luminosity

Beam Sizes

Beam losses

Detector Background

Vacuum System

Beam-Beam

Beam optics

Collimation

Correctors

Controls/AI/Simul

Feb. 18, 2025



Tricks and Troubles #1 : ñNano-Beamsò

Shiltsev - Accelerator R&D 24

* beam-beam effects are not as well understood in this new regime ï  

emittances (beam sizes) are bigger than expected Ą as indicated by  

reduction in specific luminosity (Lumi)/(I+ I- ) at ɝå0.05~1/2 of EIC ESR Feb. 18, 2025



Troubles #2: SBLs - Sudden Beam Loss

Shiltsev - Accelerator R&D 25

SBL events not only obstruct luminosity improvement but also pose a significant risk to 

accelerator components, the Belle II detectors, and the superconducting focusing system
Feb. 18, 2025



Trick #3 : ñNon-Linear Collimatorò

Shiltsev - Accelerator R&D 26

Beam halo, beam-beam 

effects and SBLs demanded 

better protection

 of detectors, smaller gaps 

in collimators Ą 

Impedance ~1/Gap^2

Å Also, makes top up 

injection more difficult 

(less aperture)

Feb. 18, 2025



Future Circular e+e- Colliders

Shiltsev - Accelerator R&D 27

120 GeV, 10 km Ą 2 GeV 

]m[

]GeV[
46.88]keV[

4

0
r

E
U =

ǐEnergy of interest ï at least Higgs production (ZH, ~240 GeV)

ǐHigh luminosity O(1e34-1e35)é(104-105) Higgses per year

ǐHigh beam energy 120 GeV Ą huge SR loss/turn multi-GeV

ǐHigh luminosity needs high current Ą huge SR power=RF power 

ǐAs the result ï large rings, ~100MW power

FCCee 
90.67 km, Ecm =91é365 GeV

Feb. 18, 2025



Part III:
 

Accelerator R&D Opportunities
at electron-beam facilities

- ñTrillion Transistors on a Chipò
- Example of FAST/IOTA

-FLASH-RT

Shiltsev - Accelerator R&D 28Feb. 18, 2025



Universities: Innovation Hubs

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

ÅFundamental Research, Detector and Data Science 
Å Universities drive theoretical and experimental studies shaping collider physics goals, advance 

detectors, AI/ML data analysis, etc 

ÅPolicy and Strategic Planning 
Å Influence funding priorities (NSAC, P5, etc) and advocate for future collider projects. 

ÅWorkforce Training 
Å Educate and mentor future accelerator physicists, engineers, and data scientists. 

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

ÅEngineering & Construction 
Å Contribute to building and commissioning accelerator components, design and planning of

ÅAccelerator R&D 
Å Develop beam physics models, new technologies, instruments, methods. 

Åupgrades, etc. 



AIôs Boom  Demands New Chip Technology:
Toward a Trillion-Transistor GPU

Shiltsev - Accelerator R&D Feb. 18, 2025 30



AIôs Boom  Demands New Chip Technology:
Toward a Trillion-Transistor GPU
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Current State-of-the-Art: 14nm Ą 7 nmé

Shiltsev - Accelerator R&D Feb. 18, 2025 32

ASML
EUV-LPP

CO2 laser on tin droplets

1000/sec

Issues:
Broad spectrum of EUV

Stability of tin source

Itôs lifetime (clean x4/yr)

500W source Ą few Watts 

on the wafer (~10 mirrors)

Overall wall-plug efficiency 

~0.1% (!)

Accelerators can do 

1-10%
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Process of Radiation in FEL

Shiltsev - Accelerator R&D Feb. 18, 2025 34

Radiation 

wavelength: 

ɛ = ɛ_u / (2ɕį)

eg 500MeV, 8 mm Ą 

4nm



Efficiency Boost: Energy Recovery

Shiltsev - Accelerator R&D Feb. 18, 2025 35

Other benefits: 

spectral density

Wavelength spread of the FEL 

spectrum at 6.75-nm wavelength. 

The FWHM is Ḑ0.04 nm, which is 

narrow enough to match the 

acceptance of the multilayer mirror.
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FAST:300 MeV e-linac at FNAL
1.3GHz SRF

    ILC
    FEL
    IOTA



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

Feb. 18, 2025 Shiltsev - Accelerator R&D37

Å40 m undulator + diagnostics

Å650 MeV with CM because its pulsed, 

1 us macro pulses at 5 Hz

Å100W of 13.5 nm light

ÅAdd 3.9 GHz CM & bunch compressor after 1 CM at 300 MeV

ÅCryo from existing satellites + vac pump feeds 1st CM + 3.9 GHz

ÅBuild/install 2 more 1.3 GHz pulsed CM from existing parts + new 

feed cans

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

for 2 CMôs 



FAST/IOTA : Accelerator R&D Facility

Feb. 18, 2025Shiltsev - Accelerator R&D38

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

ǐ150-300 MeV Electron Injector, 70 MeV/c Proton Injector, and the IOTA Ring 
capable of operation with e- and p+

Electron Injector

IOTA Ring

Proton Injector
(Proton Injector RF 

Station)

135 m

1st e- beam in IOTA ï 2018  1st IOTA experiments begin

1st p+ beam in IOTA ï 2025 

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

RF

Octupoles

NL Magnet

Lambertson

Kickers

injected beam

C=40 m 

150 MeV/c e- 

and 70 MeV/c p+

OSC insert

39

IOTA: Integrable Optics Test Accelerator @ FNAL

Feb. 18, 2025



Shiltsev - Accelerator R&D Feb. 18, 2025 40

IOTA: Integrable Optics Test Accelerator @ FNAL

IOTA electron lens:
Integrable McMillan Optics

Space-Charge Compensation



McMillan Integrability: thin e- lens
ǐThe system consists of a thin nonlinear lens (electron 

beam) and a linear focusing ring

ǐAxially-symmetric thin lens:

ǐElectron lens with a special density profile

ǐThe ring has the following transfer matrix
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McMillan Integrable System:
ǐThe system is integrable. Two integrals of motion (transverse):

ǐAngular momentum:

ǐMcMillan-type integral, quadratic in momentum

ǐFor large amplitudes, the fractional tune is 0.25

ǐFor small amplitude, the electron (defocusing) lens can give a tune shift of ~-0.3 

ǐPotentially, can cross an integer resonance

42
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IOTA Electron Lens Space-Charge Compensation Experiment

Feb. 18, 2025 Shiltsev - Accelerator R&D43

p+ beam

e- beam

Electron Lens:
0.7 m length

1-4 mm rms diam.

1-3 A current

5-10 kV voltage

DC or pulsed

0.7T main solenoid

Electron lens SCC 
research is not only  
relevant to colliders 
but also to p-RCS 
for nuclear or/and 
neutrino physics 
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UHM Electron Linac (UHMEL?)



MkV FEL beam parameters
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John Madeyôs Vision (PRAB, 2014)
ǐThe inability of classical macroscopic electrodynamics to fully describe the 

key radiation mechanism of coherent emission

ǐthe 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.

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

ǐUnexpected suppression of the FEL radiation fluctuations

ǐThe development of optical storage cavities capable of integrating the 
high peak power phase coherent pulsed output of phase-locked FEL 
oscillators. 

ǐthe 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 46



40 MeV Electron Beam Facility
ǐExcellent training ground of students:
ǐSource, RF, magnets, diagnostics, vacuum, controls incl AI/ML, lasers

ǐA testbed of methods/approaches toward chip-making EUV FELs:
ǐCavity-based FEL, diagnostics, energy efficiency/recovery, beam controls and manipulations, é

ǐMight also be good for:
ǐParticle physics (?) and detector development lab, JPL, etc

ǐContributions to larger projects (EIC ESR, FCCee, Super KEK-B, XFELs, ERLs, ICS, etc):
ǐDevelopment and beam tests of diagnostics, instrumentation, bunch compression,  undulators, polarized 

sources, collimators, positron production, AI/ML virtual machines-VTS , beam-beam-kickers, C3 technology, 
EEX, CSR, etc

ǐAdvanced wakefield experiments

ǐFLASH-RT therapy studies and development

ǐGreatly expanded opportunities if upgraded:
ǐHigher energy (100MeV?), current, pulse length (SRF-C3), return loops/ERL, muons, é

Shiltsev - Accelerator R&D Feb. 18, 2025 47



FLASH - Radiation Therapy

Shiltsev - Accelerator R&D Feb. 18, 2025 48
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FLASH-RT 
Effect



Shiltsev - Accelerator R&D Feb. 18, 2025 50

FLASH-RT at CERN



FLASH-RT at PITZ/DESY Zeuthen
ǐelectron 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

Shiltsev - Accelerator R&D Feb. 18, 2025 51



FLASH-RT Trials Started in the US

Shiltsev - Accelerator R&D Feb. 18, 2025 52

Wu, Y., Hyunsoo Joshua No, Dylan Y. Breitkreutz, Anthony E. Mascia, Raphaël Moeckli, Jean 

Bourhis, Emil Schüler, 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.



Other Opportunities in the US
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Opportunities at UHM

54Shiltsev - Accelerator R&D Feb. 18, 2025

¶ Establish a Traineeship in Accelerator Science & Engineering 

¶ Join/Collaborate/Lead the US Center of Accelerator Physics (US CAP ï GARD ABP)

¶ Join US Future Collider Programs (EIC, FCCee, Muon Collider) ï R&D topics:

o Beam modeling and simulations (beam-beam, space-charge, FELs, collimation/MDI,  etc)

o Collaborative tests at other facilities

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

o Develop a program of research at the UHN 40 MeV linac facility

o Many possible topics (FELs, RF, diagnostics, irradiation, AACé)

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

o Applications for chip-making industry, medicine (FLASH-RT), and environment 
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Thanks for  your attention!



FY 2024 GARD University by Thrusts ($12.14M)

56

ABP
4%

AAC
31%

RF
10%

SCM
21%

PST 8%

Traineeship
26%

FY2024 University GARD by Thrusts (Total ~ $12M)

ABP AAC RF SCM PST Traineeship

Å ABP includes Beam 
Instrumentation and Controls

Å RF Technology includes SRF and 
NC High gradient RF and RF 
sources.

Å Accelerator Traineeship 
supports four areas (5 active 
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). 

Feb. 19, 2025

GARD = General Accelerator R&D Program in the US 

DOE Office of High Energy Physics (total ~90M$/yr 

now) 



Take Away Message 
ǐAccelerator facilities are a backbone of many fields or research

ǐin the US, 16(out of total 28) national users facilities are based on accelerators

ǐthey serve >20,000 users, and have annual operation budget ~ 2B$

ǐThe field of accelerators is growing ï just over the next decade:

ǐ~8B$ worth of DOE SCI accelerator construction projects (EIC,é)

ǐexpect many new proposals (X-ray sources, colliders ï FCCee, muon)

ǐOHEP plans to support ~1 B$ of accelerator R&D (GARD, FCCee, ɛɛCollider)

ǐdozen of dedicated Accelerator Sci. & Tech. facilities serve ~500 users (ATF,...)

57Shiltsev - Accelerator R&D Feb. 18, 2025

Among decadal challenges (NSAC, P5, NAS-EPPô2025, é) Ą 

Sustainable accelerator physics workforce development 

ǐCritical: health of the beam physics groups at Universities (UHM, é)
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FAST/IOTA Accelerators
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