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Phase space portraits for 1-dimensional particle tracking through a sextupole channel of 
unit length, (left) for 5 thin sextupoles with DN solution for asymmetric sextupole spacing 
and, (right) 3 thin sextupoles and the equal phase advance sextupole placement as 
shown in fig. 2 and                           . K3(s) / �x(s)
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Reconstructing probe from multiple measurement of aberrations,
4D-STEM measurements are more reproducible.

4D-STEM

Zemlin



An NSF Science and Technology Center
Launched in 2016, 9 institutions led by Cornell 
~$23M spread over 5 years

Center for Bright Beams - CBB

Center Vision:
Gain the fundamental understanding needed to 
revolutionize the brightness of electron beams for science, 
medicine and industry. 

Center Mission:
Transform the reach of electron beams with methods that 
increase brightness x100 and reducing cost and size

Transfer these methods 
to national labs and industry.

Workforce development

Note: Most CBB funding goes to student and postdoc 
support, so institutions rely on additional accelerator 
awards.
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Beam 
Production

Methods for better 
photocathodes

CBB Research Themes

Beam Acceleration
Methods for high 

performance 
superconducting RF 
accelerating cavities

Beam Dynamics and 
Control

Methods to conserve, cool 
and control beams
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Gaining the fundamental understanding needed to transform the brightness of 
electron beams available to science, medicine and industry.

GARD: particle 
sources and targets

GARD: Accelerator 
and Beam Physics

GARD: RF 
Acceleration



Conserve: Conserve the brightness of 
extreme-low MTE linac sources 
throughout transport in the presence of 
space charge.

Cool: Increase the brightness of beams 
in storage rings

Control: Use advanced techniques to 
optimize and control transport in storage 
rings and linacs

Beam Dynamics and Control

May 6, 2020 GARD APB workshop #5 | Patterson 4

These map onto the ABP Grand Challenges



Context: photoemission guns
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New photocathodes à potential for brighter injectors 

Sources of MTE
Surface roughness, band 

structure, many body 
scattering, non-linear 

photoemission, photon 
energy 

CBB cathode, tested at LBNL with
cold copper (100) surface
(low current density)
Karkare et al., arXiv:2002.11579

Future: epitaxially grown
semiconductors with capping for 
robustness (high current density)

Groups: CBB, BNL, LBNL, UIC

arXiv:2002.11579 [physics.acc-ph]



Can photoinjectors benefit from high-performance 
photocathodes? (ABP Challenges #1 and #2).

Genetic optimizations say YES.

Photoinjector optimization
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Application: Lepton linear colliders
Cross-cut: Single shot UED/UEM, xFELs

The effect of the photocathode 
photoinjector emittance 

Application: XFEL eg LCLS-II-HE
Gun: 1.5-cell SRF gun (KEK)
Bunch charge: 100 pC

Groups: CBB, SLAC (Norvell, 
Dunham, Raubenheimer)

11

KEK Style Gun (SRF 1.5 cell gun) 

125 meV MTE
45 meV MTE
5 meV MTE

0 MTE

500 meV MTE

Bunch length (mm)95
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Pierce et al., arXiv:2004.08034



• Needed for luminosity at high energy colliders with 
hadrons 

• Many ideas (see talk by Thomas Roser and EIC 
Hadron Cooling Workshop), two categories:
– Stochastic cooling
– Scattering with a cold electron beam

• CBB:  Optical Stochastic Cooling
Invented by Mikhailichenko & Zolotorev (1993), 
but not yet realized.

Like microwave stochastic cooling, but at optical 
wavelengths for 104 faster cooling (in  principle!)

Cooling
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Application: FCC-hh
Cross-cut:  Electron-ion 
collider (NP); future storage 
ring X-ray sources (BES)

Can you reduce the phase space
occupied by the beam?  
(ABP Challenges #2 and #3).

EIC Hadron Cooling Workshop
October 2019 



Optical Stochastic Cooling

May 6, 2020 GARD APB workshop #5 | Patterson 8

For CESR:
Novel scalable-delay bypass beamline 
provides fast cooling, large acceptance and 
properly corrected nonlinearities.
Bergan et al, IPAC2019/mopgw100

The circulating beam interacts with its own 
synchrotron radiation over multiple passes

IOTA will use a low-charge, 
150-MeV electron beam and 
focus on the physics of OSC 
using a low-gain amplifier

CESR will use high-energy, 
high-charge bunches with 
undulators and a high-gain 
amplifier  CBB supports the 
initial bypass tests.

Groups: CBB, FNAL, ANL

For IOTA:
Design of a Cr:ZnSe single-pass 
amplifier Compact, high gain,with
wavelength tuned for IOTA, tested at 
APS.
Andorf et al, arXiv:2004.13223



A conclusion of EIC Hadron Cooling Workshop:
• High current tests of ERL injectors are needed
• Still much design work to do (CSR in arcs e.g.)
• Prototyping is ongoing.
• Definitely need ERL testbed facility 

for high currents:
- Halo
- Beam loading
- Beam breakup instability
- Transients

Energy Recovery Linacs
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Many cooling schemes require high current electron beams 
àEnergy Recovery Linacs (100-1000mA, 100-150MeV)

Cornell-BNL ERL Test Accelerator

This work is outside the CBB scope,
but is synergistic.

December 2019: CBETA demonstrated 
4-turn energy recovery.

Application: 
FCC-hh cooling
Cross-cut:  
Electron-ion 
collider (NP) 
(cooling or 
electro source)
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Control: Use advanced techniques to 
optimize and control transport in storage 
rings and linacs



Nonlinear integrable optics at IOTA
Sextupole magnets are necessary for
storage rings to correct chromatic aberration,
but introduce nonlinearities that can lead to
beam loss. Nonlinear integrable optics could
offer stable, long-lifetime, high-amplitude
orbits.

17 octupole Henon-Heiles quasi-integrable
magnet insertion in the IOTA ring at FNAL

• Initial run promising, achieving up to 70%
of ideal-case performance

• Recent second run, with improvements.

Control: IOTA octupole insertion
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Groups: CBB, FNAL (Valishev) 

Observed tune 
shifts in response 
to kicks

Prediction

Kuklev et al, IPAC2019/MOPGW113



Control: Round à Flat transform
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Flat Beam First Evidence
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For angular momentum dominated beam 

Flat Beam at Pegasus

ϲ

Pegasus General Information
1.6 cell RF photoinjector
Beam energies of up to 12 
MeV

Generally, for flat beam 
experiment, run around 3.5 
MeV

100 fs bunch length

Pegasus at UCLA.   Quad triplet removes beam
angular momentum from magnetized gun needed 
to couple x and y phase space.

Application: Linear colliders 
and dielectric wakefield and 
laser accelerators with slab 
geometry

Spot size vs distance Cropp et al., NAPAC’19/frxba4

Hor

Vert



Very low emittances require new instrumentation

Low emittance diagnostics
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Knife-edge measures 4D emittance down 
to 0.0144 (nm-rad)2 and beam sizes as 
small as 90nm. 

Ji et al., PRAB 22, 082801 (2019) 

cf Talk by Jared Maxson at 
Workshop #1

Connection:  WS #2:  
Advanced instrumentation 
and controls

Now implemented at Pegasus and in the Cornell cryo source

Developed at Hi-RES at LBNL

Groups: LBNL, CBB



Smart Tuning: initial forays
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by the first 8 eigenparameters, with the complication that
tuning with these parameters entails also altering the
other, less-useful 73 eigenparameters. Adding additional
parameters only allows the independent tuning of these
73 eigenparameters, the values of which do not have a
large impact on the emittance.
If we attempt tuning with the allowed ranges of the

knobs and magnets increased by a factor of 10 above what
we had used previously, we find that the dimensionality of
the search becomes the dominant factor for the convergence
of the search. This may be seen in Table IV, which shows
the results of making the same comparisons as were
performed above, combining the final populations of
algorithms run with different genes and seeing how many
times each algorithm finds the majority of the individuals
on the nondominated front. The reason for this is that, in the
high-dimensional cases, the lower-eigenvalue knobs are
allowed to vary enough that they become significant
relative to the first few knobs well before the latter are
well-tuned. The algorithm then needs to spend resources to
optimize these additional knobs as well. When using a
reduced number of knobs, the default values for the lower-
eigenvalue knobs are fixed near their optimal values
relative to the size of the search space, so that, for our
chosen number of generations, their unavoidable contri-
bution to increasing the emittance is small relative to the
contributions from the high-eigenvalue knobs.

C. Experiment and discussion

Running the genetic algorithm on CESR, we use the
leading 8 eigenparameters as the genes and initialize the
machine with the lattice and conditions for light-source
operations, without additional emittance tuning. The initial

vertical beam size is 70 μm. After running with a
population of 30 individuals for 11 generations, we obtain
beam sizes of 30 μm, as shown in Fig. 8. This perfor-
mance is comparable to the RCDS algorithm, but with
greater control over the orbit. With the population size
chosen, each generation may be evaluated in roughly ten
minutes.
It is also interesting to measure the rate of convergence

to the trade-off frontier. The progress of our algorithm is
shown in Fig. 9. There is no consensus in the computer
science literature on the best way to measure multiobjective
convergence [39]. We choose the most popular metric
among the subset that do not assume knowledge of the
“true” trade-off frontier, the epsilon test [40]. Given the
trade-off frontiers Xi and Xiþ1 at iterations i and iþ 1 of
the algorithm, ϵ is defined as the minimum scaling factor
such that every element of the rescaled ϵXiþ1 is dominated
by at least one element of Xi. The algorithm converges
as ϵ → 1, meaning that successive generations just barely
dominate their predecessors and the fitness of the gene pool
is not improving over time. We find running on the real
machine that the algorithm has not fully converged within
the time allotted for it to run, as is shown in Fig. 10. This is
consistent with the findings from [10,11] that genetic
algorithms converge slowly when applied to online opti-
mization. However, we emphasize that the genetic algo-
rithm need not converge to be useful; good intermediate
solutions found by a genetic algorithm, such as those
shown in Fig. 8, still represent good working points for the
machine.

TABLE IV. Comparison of genetic algorithms with different
genes in a larger search space. The fraction of trials (out of 179)
where the individuals found by the genetic algorithm running
with the genes listed on the left comprise the majority of the joint
nondominated front when its final population is combined with
the final population of the algorithm running with the genes listed
above. Higher numbers indicate better performance by the genes
to the left and poorer performance by the genes above. The search
range for each gene has been increased by a factor of 10 from
what was used to obtain Table III. In this case, the reduction in the
number of dimensions plays a significant role in improving the
algorithm performance.

8
Knobs

8 Mixed
Knobs

16
Knobs

81
Knobs

81
Magnets

8 Knobs " " " 0.54 0.57 0.79 0.99
8 Mixed
Knobs

0.42 " " " 0.56 0.74 0.99

16 Knobs 0.37 0.39 " " " 0.61 0.96
81 Knobs 0.19 0.23 0.36 " " " 0.96
81 Magnets 0.00 0.01 0.03 0.02 " " "

FIG. 8. The final generation of our genetic algorithm as applied
to CESR, with the nondominated individuals differentiated from
the rest. Also plotted are the initial beam size and orbit and those
obtained after the 8-knob RCDS tuning, as in Fig. 5. The BPMs
near the undulator had some offsets, so we are in fact attempting
to steer the beam onto an arbitrary off-axis trajectory. Given that
steering the beam onto a specific nonzero orbit also represents a
trade-off with respect to minimizing emittance, our conclusions
are not affected.

W. F. BERGAN et al. PHYS. REV. ACCEL. BEAMS 22, 054601 (2019)
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Pegasus – pulsed beam

CESR – continuous wave

Bergan et al., PRAB 22, 054601 (2019)
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Broader Questions:

What are the boundaries of applicability of ML in accelerators 
with varying noise types, pulse structure, and data availability?  

Can ML “teach” us about the physical state of the accelerator 
without precise beam characterization?

ABP Challenges #2 and #3

Applications: HEP accelerators
Cross-cut:  X-ray synchrotron sources and
xFELs. UED/UEM, Electron microscopy
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Transmission Electron Microscopy
2.1 Introduction 7

Fig. 2.1 Cross section of
an FEI Titan series high
resolution CTEM (courtesy
of FEI). There will be a CCD
camera or other detector at
the bottom of the instrument
which is not shown in this
figure. There is an aberration
corrector after the specimen
to correct aberration of the
objective lens

• Whole image formed at once
• Less susceptible to noise

10 2 The Transmission Electron Microscope

Fig. 2.3 Simplified model (not to scale) of a high resolution Conventional Transmission
Microscope (CTEM). The condenser lenses (above the top of the drawing) and projector lenses
(below the bottom of the drawing) will be ignored

typical angles on the BF detector are 2–3 mrad and about 40–200 mrad on the ADF
detector. Therefore, scanning the beam should not significantly affect the angles
onto the detector.

2.3 Relativistic Electrons

The electron has a relatively small mass so that even a 100 keV electron is traveling
at approximately one half the speed of light. This means that quantities such as
velocity, wavelength, etc. should be calculated relativistically. The total energy ET
of a charged particle with charge e and rest mass m0 accelerated through a potential
V is given by:

E2
T = (m0c2 + eV)2 = p2c2 + m2

0c4 = m2c4, (2.1)

where c is the speed of light in vacuum, p = mv the particle’s momentum, v its
velocity, and m is the mass of the particle. From this expression it follows that the
ratio of the electron’s mass to its rest mass is:

m
m0

= γ =
1�

1 � v2/c2
= 1 +

eV
m0c2 (2.2)

1Images from Kirkland 2010

Electron microscope

Cornell 
Electron 
Storage 

Ring

Microscope Particle 
accelerator

~100 tuning knobs 

Chromatic aberrations 
+ multi-pole correctors
Emittance optimization is 
essential for performance

16

Groups: CBB, Nion, CEOS, and Thermo Fisher 
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+ multi-pole correctors
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essential for performance*
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Successful demonstration of X10 reduction in the 
effective number of knobs for live tuning of a 

particle accelerator (CESR):

Now applying the same technique to online 
correction of electron microscopes.



Aberration measurement
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TEM requires chromatic 
aberration correction (C3) 

stability of 1/10,000 or better
Schramm et al, PRL 109 (2012) 163901

à Constant tuning

6x faster
100x more 

accurate for 
lower orders

4D-STEM to characterize 
aberrations based on full 
(px,py) map at each (x, y) 

Geometric & chromatic aberrations

Also: Related the aberration function to emittance
Next: Apply accelerator techniques for tuning
Goal: real time tuning
Groups: CBB, Nion, CEOS, and Thermo Fisher
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Accelerator 
challenge

Identify the 
problem

Build the 
team

CBB Team

• Accelerator science
• Surface chemistry
• Nonlinear dynamics 
• Condensed matter physics
• Materials science
• Ultrafast electron 

microscopy
• Computational physics

May 6, 2020 GARD APB workshop #5 | Patterson 20

Growing 
Convergence 

Research
NSF Big Idea

Interdisciplinary teamwork is key to 
CBB success



CBB groups
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Affiliate
Partner

Teamwork is essential



Price, Frontera: 
Accelerators 

Some of CBB’s Partners
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Nalamasu, VaezIravani: 
Metrology

Reed: Ultrafast TEM

Posen:  Accel

Naman: SRF surface 
treatment 

Greiser, Schwind: Electron 
Sources

Laxdal:Accel

Murokh: Ultrafast TEM Ronglie Geng: SRF,  Douglas: 
ERL

Raubenheimer:  Sources for 
LCLS-II

Holser, Wood: EUV 
Lithography

Roser, Willeke:  Accel

GARD APB workshop #5 | Patterson

Henderson:  Accel

May 6, 2020



Summary
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NSF Center for Bright Beams
Gaining the fundamental understanding needed to transform the brightness of 

electron beams available to science, medicine and industry.

Focus areas:  Photoemission sources, SRF cavities, Beam Dynamics & Control

CBB is eager for close collaboration with labs
• For better, faster progress
• So that useful CBB methods can be integrated into future accelerators

CBB trains students and postdocs in accelerator science, including hands-on 
experience.

This talk



Thank you.
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