
Dear Readers,
Welcome to the 2020 APS-DPB newsletter! We are excited to introduce this 17th edition, which 
highlights some of the recent, inspiring progress and discoveries made in the accelerator science and 
technology community. This year’s edition brings a particular focus on U.S.-based projects and local 
advances; however, it is stressed in many contributions that international partnerships often play crucial 
roles in bringing either fundamental knowledge or essential in-kind contributions.  

This peculiar year has brought new challenges in every aspect of our lives, and with the IPAC 2020 article 
you will have the chance to learn how the scientific community successfully adapted to a new way of 
gathering together to share new findings and ideas, i.e. through virtual conferences. As reported in the 
article, the most popular talk boasts 1,998 views!

With a look toward the future, we report on the progress on several machines’ upgrades, in particular the 
SNS Proton Power and Second Target Station, the Advance Photon Source and the Advance Light Source.

Featured articles are then focused on: the idea, design, commissioning and first experiments of the Cornell-
BNL ERL Test Accelerator (CBETA); bunched-beam and coherent electron cooling as innovative 
techniques at the forefront of electron cooling; accelerator application of machine learning; and the idea, 
design and discovery opportunities of both the Electron-Ion Collider (EIC) and the Future Circular 
Collider (FCC). One feature article highlights the research that took place in 2020 on COVID-19 at light 
sources, stressing how research conducted in accelerator facilities can bring significant advantages to society. 
Similarly, one article unveils the mission-critical applications of accelerators during the COVID-19 era.

Another article is dedicated to shedding light on the accelerator community’s efforts currently taking place 
in preparation for Snowmass 2021, the Particle Physics Community Planning Exercise in which the entire 
particle physics community has the opportunity to identify and document a scientific vision for the future 
of particle physics in the U.S. and among its international partners.

You will also find 2020 APS DPB Awards & Fellowships, updates from different committees of the 
APS DPB, elucidations on how the division activities are benefitting current and future members, our 
interview with the DPB Dissertation Award Recipient, important dates in 2021 and obituaries of 
members in our community.

We would like to thank all of our authors for their valuable contributions and our 2020 APS DPB 
Executive Committee Members for their endless support. 

As always, don’t hesitate to get in touch if you would like to share your research in the next issue!

Nicholas Evans
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evansnj@ornl.gov  /  (865) 241-5274

Martina Martinello
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My year as the DPB Executive Committee Chair is nearly complete. 
This has been an eventful year for the APS and the DPB in many 
regards, and even a short reflection brings to mind numerous 
highlights from 2020:  

• We kicked off the year with the APS annual leadership meeting in 
Washington, DC. 

• A few short months later, the April APS meeting became the 
first of our large conferences to be held virtually as a result of the 
COVD-19 pandemic (see https://www.aps.org/about/covid-19/
index.cfm). Despite being virtual, it was extremely successful, 
with record-high participation in DPB sessions. Several of our 
members were honored at this meeting: Bruce Carlsten (the 2020 
APS Wilson Prize), Siqi Li (the 2020 Outstanding Doctoral 
Thesis Award), and William Barletta (the 2020 DPB Exceptional 
Service Award).

• Our biggest international conference, IPAC 2020, also was hosted 
virtually in May (see the highlights in this newsletter).

• The European Particle Physics Strategy update was released in 
June 2020, calling for more accelerator R&D to enable future 
discovery facilities.

• The Snowmass 2021 study, led by the APS Division of Particles 
and Fields, was initiated. The entire DPB chair line (seven past 
and present DPB chairs!) is now involved in this effort.

• Finally, we had some sad news this year with the passing of several 
prominent members of our community: Ernest Courant, Alvin 
Tollestrup, and Yuri Orlov. All three were APS Wilson Prize 
recipients and outstanding accelerator scientists.

My goal as DPB chair has been to raise awareness and obtain greater 
support for accelerator R&D within and outside our community. 
Together, the division members have worked — and continue to 
work — to increase the visibility and highlight the importance of 
particle accelerator science and technology. This year, I had several 
aspirations for my job as DPB Chair. 

First, to advance and diffuse the APS goals in support of our 
community. In January 2020, together with Michiko Minty, past 
chair, and Sarah Cousineau, chair-elect, I participated in the 2020 
Congressional Visits Day. I had a chance to meet with congressional 
staff from Illinois and South Dakota and to advocate on behalf 
of the APS and DPB. We talked about societal matters such as 

national R&D funding levels, STEM talent, and the incidence 
of sexual harassment in science, as well as science topics such as 
strategic helium reserves and methane emissions. The information 
was received very positively.

Second, to support and promote the need for adequate funding 
in accelerator science and technology research and development. 
To this end, I’m currently participating in several community-
driven planning activities, such the Snowmass process and the 
HEP GARD taskforce, to plan our future facilities and research 
needs. Together, these efforts will create research roadmaps to 
communicate to our sponsors at DOE and NSF a prioritized list of 
science opportunities. 

Finally, to find more ways to engage and empower early-career 
scientists to help guide the future of our division. During my tenure 
as chair, we have established a new DPB-sponsored April APS 
meeting student travel grant (see the report by the chair-elect in 
this issue), targeting young scientists in our field.

As you can tell, DPB is a vibrant, active group that does a great 
deal for accelerator community. Now is a good time to invite your 
friends, colleagues and students to join us. DPB membership info 
(follow “Join a Unit” link): https://www.aps.org/units/dpb/

Lastly, I congratulate the newly selected APS DBP Fellows and the 
newly elected 2021 DPB EC members

From the Chair
Sergei Nagaitsev,  Fermi National Accelerator Laboratory

Sarah Cousineau, left, Michiko Minty, right, and me at the 2020 APS Leadership 
meeting.
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DPB is performing very well as an APS division. Our members are 
engaged and interacting with each other, sister professional societies, 
and with government organizations involved in accelerator-
related activities. Financially, our income is mostly derived from 
conferences, and we have been doing well. DPB membership 
continues to be a serious concern. If our membership is too low, 
DPB could lose APS division status. Consider encouraging your 
physics colleagues who use accelerators in their research to add 
DPB to the APS units to which they subscribe.

Over the past year, the DPB has provided funds to support the 
annual newsletter. We have not been able to fund our planned 
in-person travel grants since in-person conferences were canceled 

due to the COVID pandemic. We sincerely hope that our 
membership will register and participate in IPAC21 and other 
related accelerator conferences. 

The Executive Committee has held four teleconferenced meetings 
this year and no in-person meetings. 

Our election was successfully held, and 33% of our membership 
participated. Please log in to www.aps.org from time to time, verify 
that your email address is correctly listed, and let us know of errors.  

From the Secretary Treasurer
Marion White,  Argonne National Laboratory

More than 3,000 accelerator specialists registered for the 11th 
International Particle Accelerator Conference (IPAC) held May 
11–14, 2020. Originally, it was planned to hold the conference 
in Caen, a charming city in Normandy, and to be hosted by the 
GANIL laboratory and the flagship radioactive-ion-beam facility 
SPIRAL2. But the coronavirus pandemic forced the cancellation 
of this in-person meeting. In this unprecedented situation, the 
Accelerator Group of the European Physical Society (EPS-AG), 
together with the French institutes CNRS/IN2P3, CEA/IRFU, 
GANIL, SOLEIL, and ESRF, agreed to organize a virtual version 
of this conference.

Oral presentations and the accelerator-prize session were held, 
though unfortunately the poster and industry sessions had to 
be cancelled. The proposed program included more than 2,000 
submitted abstracts. It was condensed by the scientific programme 
committee into 78 presentations which garnered more than 40,000 
video views across 60 countries, making IPAC’20 a pioneer of virtual 
conferencing and a lighthouse of science during the lockdown.

The success of IPAC’20 relied on a programme of recent technical 
highlights, new developments, and future plans in the accelerator 
world. Weighing in at 1,998 views, the most popular talk of 
the conference was by Ben Shepherd from STFC’s Daresbury 
Laboratory in the U.K., who spoke on high-technology permanent 
magnets. Accelerators not only accelerate ensembles of particles, 
but also use strong magnetic fields to guide and focus them into 
very small volumes, typically just micrometres or nanometres in 
size. Recent trends indicate a move towards the use of permanent 
magnets that provide strong fields but do not require external power 
and can provide outstanding field quality. Describing the major 
advances for permanent magnets in terms of production, radiation 
resistance, tolerances, and field tuning, Shepherd presented high 
tech devices developed and used for the SIRIUS, ESRF-EBS, 
SPRING-8, CBETA, SOLEIL and CUBE-ECRIS facilities, 
and also presented the ZEPTO (Zero-Power Tunable Optics) 
collaboration between STFC and CERN, which offers 15–60 T/m 
tunability in quadrupoles and 0.46–1.1 T in dipoles.  

The 11th International Particle Accelerator 
Conference (IPAC’20): Pioneering a Virtual Format 
Mike Seidel, Paul Scherrer Institute  /  Ralph Aßmann, DESY  /  Frédéric Chautard, GANIL
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The seven IPAC’20 talks with the most views included four 
presentations by outstanding female scientists. CERN Director 
General Fabiola Gianotti presented strategic considerations for 
future accelerator-based particle physics. While pointing out the 
importance of Europe participating in projects elsewhere in the 
world, she made the strong point that CERN should host an 
ambitious future collider and discussed the options being considered, 
pointing to the update of the European Strategy for Particle 
Physics that was approved by the CERN Council after IPAC. 
Sarah Cousineau from Oak Ridge reported on accelerator research 
and development as a driver for science in general, pointing out that 
accelerator-based research has directly contributed to more than 25 
Nobel Prizes, including the Higgs-boson discovery at the LHC in 
2012. The development of superconducting accelerator technology 
has enabled projects for colliders, photon science, nuclear physics, 
and neutron spallation sources around the world, with several light 
sources and neutron facilities currently engaged in COVID-19 
studies. The benefits of accelerator-based photon science for society 
also was emphasized by Jerry Hastings from SLAC, who presented 
the tremendous progress in structural biology driven by accelerator-
based X-ray sources, and noted that research can be continued 
during COVID-19 times thanks to the remote synchrotron access 
pioneered at SSRL. Hastings stressed the value of international 
collaboration and presented the outcome of an international X-ray 
facilities meeting that took place in April, which defined an action 
plan for ensuring the best possible support to COVID-19 research. 

GANIL Director Alahari Navin presented new horizons in nuclear 
science, reviewing facilities around the world and presenting 
GANIL’s latest activities. GANIL has now started commissioning 
SPIRAL2, which will allow users to explore the yet unknown 
properties of exotic nuclei near the limits of the periodic table of 
elements, and has performed its initial science experiment. Liu Lin 
from LNLS in Brazil presented the commissioning results for the 
SIRIUS light source, showing that 15 mA of beam current could 

already be stored, following the SIRIUS project plan. Last but not 
least in the seven most viewed talks, Anke-Susanne Müller from 
KIT presented the status of the study for a 100 km Future Circular 
Collider — just one of the options for an ambitious post-LHC 
project at CERN. 

Many other highlights from the accelerator field were presented 
during IPAC’20. Kyo Shibata (KEK) discussed the progress in 
physics data-taking at the SuperKEKB factory, where the BELLE 
II experiment recently reported its first result. Ferdinand Willeke 
(BNL) presented the electron-ion collider approved to be built at 
BNL, Porntip Sudmuang (SLRI) showed construction plans for 
a new light source in Thailand, and Mohammed Eshraqi (ESS) 
discussed the construction of the European Spallation Source in 
Sweden. At the research frontier towards compact accelerators, 
Chang Hee Nam (IBS, Korea) explained prospects for laser-
driven GeV-electron beams in plasma-wakefield schemes, and 
Arnd Specka (LLR/CNRS) showed plans for compact European 
plasma-accelerator facility EuPRAXIA, which is entering its next 
phase after successful completion of a conceptual design report. 
The accelerator application session rounded the picture off with 
presentations about a new radiation therapy technique called 
FLASH, the production of radionuclides for medical use in several 
facilities around the world, the treatment of exhaust gases using 
electron beams, and proton-driven nuclear waste transmutation.   

To the credit of the organizers, the virtual setup worked seamlessly. 
The concept relied on pre-recorded presentations and a text-driven 
chat function that allowed registered participants to participate 
in the discussion from time zones across the world. Activating 
the sessions in half-day steps preserved the appearance of live 
presentations to some degree, before a final live session was held, 
during which the four prizes of the accelerator group of the 
European Physical Society were awarded

Live around the world, 25 of more than 3,000 registered participants are seen 
participating in IPAC’20’s online closing session. Credit: IPAC’20.

Scientists connected from all over the world to IPAC’20, as indicated by the 
connection tracing map shown above (symbol size refers to number of views 
from a given country).
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The issue of adequacy of avenues for dissemination of research 
results through publication in peer reviewed journals and conference 
proceedings for the accelerator and beam science community 
frequently comes up.

There are many peer reviewed research journals available for 
publishing experimental, theoretical, and computational research 
results on physics and applications of beams. The two preferred 
journals used by DPB members are Physical Review Letters (PRL) 
and Physical Review Accelerators and Beams (PRAB). PRL is a 
weekly publication that has a section devoted to articles on plasma 
physics and physics of beams. On average it publishes between 25 
and 35 articles in the area of beam physics every year — the main 
criteria for consideration here are novelty and broad interest. PRAB 
is a more specialized monthly journal that is well supported by the 
Physics of Beams membership. In addition, the Journal of Applied 
Physics ( JAP), Lasers and Particle Beams, New Journal of Physics, 
European Physical journals (EPJ St and EPJ Plus), and Chinese 
Journal of Physics C are also frequently used by DPB members.

Then there are several instrumentation journals. Nuclear Instruments 
and Methods in Physics Research-Section A publishes articles related 
to advances in accelerators, spectrometers, detectors and associated 
equipment. Reviews of Scientific Instruments (RSI) and Journal of 

Instrumentation ( J Inst) welcome papers on accelerator and detector 
technology. Last but not the least, the Nature family of journals and 
Science also welcome major advances in beam physics, coherent 
radiation sources, advanced techniques for particle acceleration and   
applications enabled by such advances. The editors of these journals 
have a great deal of latitude in deciding which papers are likely to be 
of interest to the general scientific community (not just the physics 
community) even before the papers are sent out to referees.

As for conference proceedings, the Joint Accelerator Conference 
Website ( JACoW), maintained by CERN, is the chief repository 
for many conferences and workshops such as BIW, COOL, 
CYCLOTRONS, DIPAC, ECRIS, FEL, HIAT, ICALEPCS, 
ICAP, ICFA Advanced Beam Dynamics Workshops, IPAC, 
LINAC, MEDSI, NA-PAC, PCaPAC, RuPAC, SAP and SRF. 
In addition, JACoW publishes CERN Yellow reports and the 
CERN Courier. The A.I.P. conference series as well as conference 
proceedings published by the IEEE are also used by our community. 
Finally, Symmetry magazine, Physics Today and Scientific 
American publish articles — by invitation — of interest to the 
accelerator community, the physics community, and the general 
public, respectively

Report of the APS-DPB Publications Committee
Chan Joshi, UCLA  /  Frank Zimmerman, CERN  /  Mike Litos, University of Colorado, Boulder

The 2020 DPB Nominating Committee, consisting of Mei Bai, 
GSI (Germany); Mark Boland, University of Saskatchewan 
(Canada), Yunhai Cai, SLAC National Accelerator Laboratory; 
Wolfram Fischer, Brookhaven National Laboratory; John Jowett, 
European Scientific Institute; Michiko Minty, chair, Brookhaven, 
Andrei Seryi, Thomas Jefferson National Accelerator Facility; 
and Yoshishige Yamazaki, Michigan State University, completed 
selection of candidates for elected positions within the DPB 
Executive Committee in early August. This year there are four 
positions up for renewal: one vice chair, two members-at-large, and 
two early career member-at-large. Nominations were solicited via 
an email distribution to current APS DPB members. We are pleased 
to report that many nominations were received, reflecting a broad 

and increasingly diverse community. In the fall, the Nominating 
Committee will coordinate with the members-at-large of the 2020 
Executive Committee and will formulate suggestions, for approval 
by the DPB Executive Committee chair, for successors in other 
committees within our division listed.

Looking forward to next year, I would like to remind all DPB 
members that service on any DPB committee requires DPB 
membership. For election to the Executive Committee, candidates 
(early career members-at-large excepted) must be members of the 
division for at least two years prior to nomination. Please spread 
the word to ensure that all nominated candidates satisfy the 
qualifications for election.

Report of the DPB Nominating Committee
Michiko Minty, Fermi National Accelerator Laboratory
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Status of Spallation Neutron Source  
Upgrade Projects1

John Galambos and John Haines,  Oak Ridge National Laboratory

The The mission of the Department of Energy (DOE) Office of 
Basic Energy Sciences (BES) is to support fundamental research 
to understand, predict, and ultimately control matter and energy 
at the electronic, atomic, and molecular levels in order to provide 
the foundations for new energy technologies and to support DOE 
missions in energy, environment, and national security.2

BES accomplishes its mission by operating large-scale user facilities 
consisting of a complementary set of intense X-ray sources, neutron 
scattering centers, electron beam characterization capabilities, and 
research centers for nanoscale science. The Spallation Neutron 
Source (SNS) at Oak Ridge National Laboratory (ORNL) is 
the only BES pulsed-neutron source facility. The Proton Power 
Upgrade (PPU) project is critical to keep SNS at the international 
forefront of research capabilities and ensure continued leadership 
in the field of neutron scattering. It will maximize the neutron flux 
available at the SNS First Target Station (FTS) and provide the 
capability to drive a Second Target Station (STS) [1].

The PPU will upgrade the SNS accelerator complex by doubling 
its proton beam power capability from 1.4 to 2.8 MW. Once 
2.8 MW3 of power is reached, plans are to deliver 2 MW to the 
FTS, improving performance across the entire existing and future 
instrument suite. PPU also will provide 0.7 MW of beam power 
to drive the new STS, which will provide wholly new capability as 
a transformative source optimized to produce the world’s highest 
peak brightness of cold neutrons.4

The majority of experiments at the SNS are flux-limited, and the 
demands for beam time far exceed the capacity at SNS. Increasing 
the proton beam power from PPU translates directly into increased 
neutron brightness for a wide neutron spectrum from the moderator, 
which will translate into more experiments and better experimental 
parameters — smaller sample sizes, smaller gauge volumes, better 
time and energy resolution, and faster scanning speeds. 

The conceptual design of the STS, which was recently completed, 
provides a vision for a facility with very high cold neutron brightness 
that can be used to probe the structure and dynamics of materials 
over extended length, time, and energy scales [2]. When completed 
in the early 2030s, STS will provide researchers from a wide range 
of disciplines with new experimental capabilities for addressing key 
questions across a range of scientific areas [3]. 

Figure 1. Overview of ongoing SNS upgrade projects: PPU and STS.

Footnotes
1 Notice: This manuscript has been authored by UT-Battelle, LLC, under contract DE-

AC05-00OR22725 with the US Department of Energy (DOE). The US government 
retains and the publisher, by accepting the article for publication, acknowledges 
that the US government retains a nonexclusive, paid-up, irrevocable, worldwide 
license to publish or reproduce the published form of this manuscript, or allow 
others to do so, for US government purposes. DOE will provide public access to 
these results of federally sponsored research in accordance with the DOE Public 
Access Plan (http://energy.gov/downloads/doe-public-access-plan).

2 Department of Energy Office of Basic Energy Sciences mission statement:  https://
www.energy.gov/science/mission.

3 Neutron Sciences, Proton Power Upgrade: https://neutrons.ornl.gov/ppu

4 Neutron Sciences, Second Target Station: https://neutrons.ornl.gov/sts.
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Proton Power Upgrade Status
The SNS accelerator provides a high-intensity pulsed-proton source 
for neutron production. A high-power linac accelerates a 1 msec 1 
GeV H- beam for charge exchange injection into an accumulator 
ring. The ring compresses the proton pulse and uses single turn 
extraction to deliver a short pulse (<1 μsec) proton beam to a 
neutron generating target. This process is repeated at 60 Hz. The 
PPU will double the beam power by increasing the proton beam 
energy by 30% to 1.3 GeV and increasing the average beam current 
by 50%, as indicated in Table 1. The linac includes a drift tube linac 
(DTL) and coupled cavity linac copper structures that accelerate 
the beam to 186 MeV, and superconducting radio frequency (SRF) 
cryomodules that currently accelerate the beam to 1 GeV.

The original SNS construction provided features that are being 
leveraged by the PPU Project. For example, there is space in the linac 
tunnel to accommodate nine additional high beta cryomodules, and 
PPU will use seven of those slots. The upgrade energy of 1.3 GeV is 
determined by a hard limit due to Lorentz stripping of the H- beam 
in the existing transport line from the linac to the accumulator ring. 
Almost all the transport line and accumulator ring magnets and 
power supplies are presently capable of transporting a proton beam 
with an energy of up to 1.3 GeV. Along with the 30% increase in 
beam energy, PPU will provide for a 50% increase in beam current 
to double the beam power capability. The existing lower-energy 
copper accelerating structures in the linac, and much of the existing 
coupled cavity linac and SRF high-power RF systems, are capable 
of supporting the increase in beam loading associated with PPU’s 
higher beam current. The primary PPU technical scope includes:
• Seven new superconducting cryomodules
• New RF systems to power the new cryomodules and upgrades to 

existing DTL RF systems
• Upgrades to the accumulator ring injection and extraction regions
• Upgrades to the neutron generating target and its support systems
• Conventional facility upgrades

Much of the equipment being used in the PPU accelerator upgrade 
is an extension of technology already in use at SNS. Consequently, 

the PPU Project has been able to pursue a tailored approach to 
the DOE construction project process that heavily leverages long-
lead procurements of the new SRF cryomodules, supporting RF 
systems, and upgrades to the RF service building (the Klystron 
Gallery). This long-lead procurement approach has allowed the 
project to jump-start hardware fabrication. In Oct. 2020, the project 
received approval for both baselining the project and proceeding 
to construction. The total project cost is $272 million, and the 
early finish date is in the fall of 2024. An important aspect of the 
project is to minimize the impact on SNS operations; a gradual 
power ramp-up over 2022–2023 is planned, as shown schematically 
in Figure 2. One extended 8.5-month outage is planned in 2023 
for tunnel equipment installation work. The other installation work 
will be accommodated during normal maintenance outages. 

Proton Power Upgrade Systems Progress
The long-lead procurement process allowed SRF efforts to begin 
early. PPU is partnering with the Thomas Jefferson National 
Accelerator Facility to fabricate the new cryomodules. SNS is 
overseeing production of the 28 new high-beta superconducting 
cavities at a vendor’s facility, and Jefferson Lab will fabricate the 
seven cryomodules at its on-site facility. The cavity and cryomodule 
designs are similar to those used in SNS operation since 2007, 
with some simplifications and improvements based on operational 
experience. [4, 5] For example, the cavity fundamental power 
couplers have increased power handling, the higher-order mode 
couplers and piezo tuners for Lorentz detuning compensation have 
been removed, the cavity end-group material quality has improved, 
the cryomodule warm-to-cold transition has been redesigned to 
eliminate internal clean connections, and the cryomodule is pressure 
vessel code stamped. Figure 3 shows the first fabricated SRF cavity, 
which was recently shipped to Jefferson Lab by the vendor. 

In the RF area, the primary scope is providing complete systems to 
drive the new cryomodules. Each cavity will be driven by the same 
model of 700 kW klystron currently in use at SNS. The klystrons 
will be driven by a new high-voltage convertor module (HVCM) 
design [6], which can accommodate up to 10 klystrons. This new 
HVCM leverages many years of development on an SNS test stand. 
Figure 4 shows a prototype HVCM that has demonstrated the 
PPU requirements in the test stand. A new, low-level RF system is 
being developed in collaboration with Lawrence Berkeley National 
Laboratory, which is capable of powering different so-called 
“flavors” of beam pulses to allow independent control of the beam 
going to the existing FTS and to the future STS. Also, some of 
the klystrons powering the lower-energy DTL stations, along with 
their supporting HVCM systems, are being upgraded from 2.5 to 
3.0 MW peak power to handle the increased beam current.

In the ring area, the main systems being upgraded are in the 
injection and extraction areas. ORNL has used 3D simulation tools 

 
Parameter

Present 
Operation

 
PPU

Beam power (MW) 1.4 2.8

Beam energy (GeV) 1.0 1.3

Average linac current (mA) 1.5 2.3

Linac macropulse current (mA) 25 38

Beam repetition rate (Hz) 60 60

Linac pulse length (ms) 1 1

Medium beta cryomodules 11 11

High-beta cryomodules 12 19

High-beta cavities 48 76

High-beta klystron power (kW) 550 700

Table 1. PPU high-level parameters.



 APS Division of Physics of Beams /// Annual Newsletter 2020 9

Figure 2. PPU gradual power ramp-up plan. Beam energy and power will be gradually increased as new SRF cryomodules are installed during outages (shaded 
vertical bars).

Figure 3. PPU superconducting cavity at the vendor.

Figure 4. The new PPU high-voltage converter module undergoing a heat test.

Figure 5. The SNS ring injection area.

Figure 6. Ongoing klystron gallery construction.
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benchmarked to the SNS machine in the magnet design process 
to ensure clean beam transport in the complicated injection area 
(Figure 5), and it is partnering with Fermilab for the injection 
chicane magnet design and fabrication. Other areas of ring activity 
are upgrading the extraction kicker power supplies to accommodate 
the higher beam energy, and improved beam instrumentation in the 
injection region beam dump, which handles up to 150 kW.

The Klystron Gallery, the building that houses the RF equipment, 
runs parallel to the linac. The high-energy end of the building was 
not finished during the initial construction and is presently being 
finished in preparation for installation of technical equipment in 
2021, as shown in Figure 6. Also, during the long outage in 2023, 
a stub will be added to the transport line between the storage ring 
and the FTS to facilitate the tie into the future beamline to the STS 
without the need for another extended FTS outage.

Finally, upgrading the accelerator also requires target system 
upgrades for reliable facility operation. PPU is providing an upgraded 
2 MW FTS target design (Figure 7) that incorporates new features 
to mitigate damage to the vessel that contains the mercury target 
material. Both test-stand demonstrations and measurements from 
ongoing 1.4 MW target operation indicate that small amounts of 
gas injection into the mercury greatly reduce the vessel strain [7] 
and cavitation damage induced by the intense, short-pulse proton 
beam. In addition to a more robust mercury vessel design than the 
present 1.4 MW design, PPU will provide much higher gas flow 
with additional gas coverage in the most vulnerable target areas. 
Other target support systems will also be upgraded to handle the 
higher power levels.

The Second Target Station
The STS Project includes design, construction, installation, and 
commissioning of facilities and equipment necessary to create a 
world-leading source of cold neutrons of unprecedented peak 
brightness at SNS. The project leverages the capacity of the 
existing SNS accelerator, accumulator ring, and infrastructure, 

and takes full advantage of the performance gains delivered by the 
PPU Project. High-level parameters and characteristics are listed 
in Table 2. The conceptual design for the STS facility integrates 
the following elements: 
• Accelerator systems, including a ring-to-second-target beam 

transport line operating at 15 Hz to transport proton pulses to the 
target

• A water-cooled, rotating, solid tungsten target with closely 
coupled compact moderators to optimize the production of high-
brightness cold neutrons

• A suite of eight world-class neutron scattering instruments, to be 
developed in consultation with the neutron user community

• Conventional facilities, including a target building, three 
instrument buildings, and a Central Utilities Building

• The integrated control systems and computing infrastructure for 
all technical systems included in the STS 

Extensive evaluations, including multiple review panels and 
workshops, were conducted to select the operational characteristics 
for STS. Diverting every fourth pulse from the SNS accumulator 
ring will deliver a short-pulse proton beam with a repetition 
rate of 15 Hz, resulting in a time-averaged power of 700 kW. 
This operating mode was selected for STS primarily because it 
accomplishes the following:
• Balances the trade-off between total intensity and the range of 

wavelengths available between pulses
• Makes optimal use of nearly all the increased accelerator capability 

enabled by the PPU Project
• Provides high peak brightness of cold neutrons
• Complements the strength of FTS for high-wavelength 

resolution, atomic-length scale studies and the strengths of the 
High Flux Isotope Reactor for monochromatic or white-beam 
measurements using continuous neutron beams

The STS accelerator systems, shown schematically in Figure 8, 
consist of a beamline from the present SNS accumulator ring-to-
target-beam transport (RTBT) to the STS, referred to as the ring-
to-second target (RTST); the power supplies and other support 
equipment for the RTST; and the low-level RF upgrades for the 
SNS linac that will allow separate pulse modes for the FTS and 

Figure 7. The PPU 2 MW target vessel.

Proton beam power capability 0.70 MW

Proton pulse length on target 0.75 µs

Pulse repetition rate 15 Hz

Energy per pulse on target 47 kJ

Target material Tungsten

Number of cold moderators 2

Available neutron beam line/instrument capacity 22

Initial instrument suite 8

Table 2. STS high-level parameters.
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the STS. The magnets used to kick or divert the beam to STS are a 
new design, but the remaining magnets used to transport and shape 
the beam will have the same designs as those on the existing RTBT.

The STS target systems are designed to produce high-brightness 
cold neutron beams, which will be accomplished by employing 
three coupled processes. First, the incoming proton beam at the 
STS target will be compressed in cross-section relative to the FTS 
to provide a more intense beam. Second, a solid rotating tungsten 
target will be employed that can support the higher proton intensity. 
Finally, moderators that use a novel compact design approach will 
be optimally coupled to the resulting beam of neutrons. This source 
design, coupled with a short proton pulse, will result in world-
leading neutron peak brightness. The configuration of the target 
and closely coupled moderators is shown in Figure 9.

The proton pulses transported to the STS from the accumulator 
ring will impact the outer edge of the rotating tungsten target 
to spall neutrons that will be directed to an eventual total of 22 
instruments. The target disk will house 21 segments, containing 
tantalum-clad tungsten blocks welded to a central hub at the end 
of a 4 m long drive shaft. The target will be rotated to spread the 
power load on the target and thus simplify the cooling requirements 
and extend the target lifetime. The target will be cooled by water 
conveyed through the shaft and directed through the stainless-steel 
housings around the tantalum-clad tungsten blocks. The spalled 
neutrons will then be moderated, or reduced in energy, by a pair of 
compact (30-mm tall) hydrogen moderators operating at 20 K and 
located above and below the target. These moderators will be four 

times shorter than the 120-mm tall cold moderators at the FTS, 
resulting in much brighter beams of neutrons. Figure 10 shows 
the expected neutron brightness emitted from the STS coupled 
moderator design compared with its counterpart on FTS.

Neutrons will be distributed to the 22 experimental beamlines with 
high efficiency by neutron optical components located as close 
as 70 cm from the moderators (Figure 11). Instruments built on 
these beamlines will take advantage of state-of-the-art advances in 
neutron instrument design, methods, and technologies to multiply 
the 20-plus-fold increase in STS cold neutron brightness relative to 
the FTS, providing wholly new capabilities far beyond the reach of 
today’s best instruments. The STS Project will build eight neutron 
scattering instruments, each of which will include: 

Figure 8. Schematic design for the RTST beamline integrated with the SNS accelerator.

Figure 9. Rotating tungsten target and moderator configuration. The outer 
diameter of the target wheel is approximately 1.1 m. The red beam illustrates 
the incident proton beam coming from the accelerator, and the blue beams 
represent the outgoing neutron beams emitted from the two moderators. 
Neutron beam sizes are shown as 3 × 3 cm2.
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• The infrastructure to transport the neutrons from the moderators 
to the sample position and to shape, manipulate, and shield the 
neutron beam as required along the incident flight path

• The instrument end station and its associated shielding, 
mechanical components, neutron detectors, initial suite of sample 
environment equipment

• The data management infrastructure and scientific software 
required to reduce and analyze data

The research community is currently being engaged in an 
instrument selection process, which is focused on selecting the eight 
instruments that will be built as part of the STS Project in 2021

Figure 10. Pulse shapes of 5 Å neutrons emitted from the FTS and STS cold, 
coupled moderators. Calculations are for STS operating at 15 Hz with 700 kW 
and FTS operating at 45 proton pulses per second and 2 MW.

Figure 11. Schematic view of the STS target and experiment halls with 16 
notional instrument concepts illustrated.  The 40M, 50M, and 90M instrument 
halls are indicated in the image.

Figure 12. SNS site with major new STS facilities outlined in red from left to right. Central Utilities Building-II (CUB-II), 90 M Instrument Hall, STS target building and 
nearby instrument halls, and Central Laboratory and Office Building-II (CLO-II).
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The major elements of the facilities and infrastructure needed to 
support the STS proton beam transport line, target, potentially 22 
neutron beam lines for instruments, and lab and office space are 
identified in Figure 12.

Finally, STS will include the integrated control systems needed 
to safely and reliably operate the facility. The integrated controls 
systems will provide supervisory control, automation, and 
operational tools for the upgraded facility and will include the 
data acquisition software and hardware for the neutron scattering 
instruments. They will also update, extend, and modify some of 
the existing SNS controls systems needed to support the STS. 
The controls systems will include hardware interfaces to technical 
systems, process control software, timing and communication 
networks, and user interfaces. Operational tools will include system 
data archiving, alarm systems, and databases.

STS received DOE approval of Critical Decision-1 in November 
2020 allowing the project to proceed to preliminary design and 
finalization of a baseline design, cost, and schedule. The current 
schedule for the STS Project leads to the establishment of the 
performance measurement baseline and start of construction in late 
2024, with an early date for completion of the project in 2032.
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US Light Sources Upgrade
Bob Hettel, Argonne National Laboratory  /  Dave Robin, Lawrence Berkeley National Laboratory

The U.S. Department of Energy’s (DOE’s) light source user 
facilities each year provide some 10,000 scientists from around the 
world access to extremely bright beams of X-rays. Third-generation 
storage-ring-based light sources, like the Advanced Photon Source 
(APS) at Argonne National Laboratory — a premier DOE hard 
X-ray facility —and the Advanced Light Source (ALS) at Lawrence 
Berkeley National Laboratory — a premier DOE soft X-ray facility 
—offer stable, nearly continuous X-ray beams. These beams are 
excellent for studying the properties of homogenous and simply 
organized materials across multiple scales of length and time, but 
they are limited in their ability to elucidate the vast majority of 
functional complex materials, which are heterogeneous and can 
exhibit multiple phases and key structural features at the nanoscale.

Recent breakthroughs in accelerator technology now allow storage 
rings to be built or modified to deliver much higher coherent X-ray 
flux than current machines. The key to producing high coherent flux 
in storage-ring-based sources is the multibend achromat (MBA) 
lattice, a magnetic structure which, when combined with other 
modifications to the electron accelerator, can reduce the electron 
beam emittance and dramatically increase the spectral brightness 
and transverse coherence of the X-ray beams that are generated. An 
MBA storage ring contains many more and shorter bending and 
focusing magnets surrounding smaller vacuum chambers than in 
conventional storage rings. In 2015, the era of MBA light sources 
was ushered in at Sweden’s MAX IV facility, the world’s first MBA 
light source, and now sources around the world are upgrading or 
building new facilities based on this technology.

APS and ALS are currently pursuing MBA-based upgrades to 
their storage rings, which will increase the brightness and coherent 
flux of these sources at least 100-fold in key energy ranges. The 
facilities are also upgrading or developing new insertion devices 
and beamlines that will take advantage of these characteristics to 
provide an unprecedented combination of spatial, temporal, and 
spectral resolution. These improvements will provide insights 
into everything from atomic-scale movements inside biological 
organisms to nanometer-scale chemical processes inside batteries.

APS-U
The $815 million Advanced Photon Source Upgrade (APS-U) 
Project will replace the existing 1.1 km, 7 GeV storage ring at the 
APS with a new 6 GeV hybrid seven-bend-achromat (H7BA) 
lattice with reverse bend magnets (offset quadrupoles) that will 

reduce the electron emittance from 3.1 nm-rad to 42 pm-rad (the 
diffraction-limited emittance for ~2.3 keV photons), enabling 
the production of quasi-round photon beams (~10 μm RMS). 
The reduced emittance, together with an increase in stored beam 
current from 100 to 200 mA and the implementation of optimized 
permanent magnet and superconducting undulators, will result in 
an increase in spectral brightness and coherent flux of two to three 
orders of magnitude for hard X-rays (>1022 ph/s/mm2/mrad2 at 
20 keV), enabling unprecedented experimental capabilities using 
penetrating X-rays. The project includes the construction of nine 
new “feature beamlines” and 15 enhanced existing beamlines 
designed to exploit the high brightness and coherence of the new 
source. Two feature beamlines will be on the scale of 200 m long, 
housed in a newly constructed Long Beamline Building. The optics 
and instrumentation for these beamlines are state-of-the-art and 
much work is being done to preserve coherent X-ray wavefronts by 
passive and active means. An overview of the APS-U Project scope 
is shown in Figure 1.

A detailed overview of the APS-U storage ring design, which was 
derived from non-evaporable getter (NEG)-pumped small aperture 
vacuum chamber technology developed for the MAX-IV storage 
ring [1], the H7BA lattice development for the ESRF-EBS ring 
[2], and the use of reverse bend magnets proposed for the SLS-
II upgraded ring at the PSI [3], was presented in the Fall 2018 

Figure 1. The APS-U Project scope includes replacing the storage ring, building 
nine feature beamlines (green), including two in a new long beamline building, 
enhancing 15 existing beamlines (red), installing new permanent magnet and 
superconducting insertion devices, and modifying the injector complex for 
swap-out injection.
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APS DPB Newsletter [4]. APS-U commissioning is scheduled to 
begin in the second quarter of 2023 following a 12-month period in 
which the existing accelerator will be removed, the new accelerator 
and beamlines installed, and initial operation with at least 25 mA 
without users is established. Beamline commissioning and an 
increase in stored beam current towards 200 mA will take place in 
the following months with gradual return of users.

Building any ultra-low-emittance, fourth-generation storage ring 
light source understandably presents many challenges in accelerator 
physics and technology. Developments in high fidelity lattice 
simulation, genetic optimization algorithms, particle tracking, 
impedance, ion trapping, and magnetic modeling codes at the 
APS [5] and elsewhere, together with advances in achieving very 
tight mechanical and magnetic tolerances, have made possible the 
successful design of such strongly focusing and highly nonlinear 
lattices. Some APS-U quadrupoles and sextupoles having strengths 
of order 100 T/m and 6800 T/m2, respectively, require small bore 
radii (13–14 mm) and vanadium permendur pole faces. Alignment 
tolerances between magnets of 30 μm or less, and ~50 μm alignment 
tolerances between magnet support girders are specified. 

A fourth harmonic (~1.4 GHz) superconducting bunch-lengthening 
cavity is needed to longitudinally stretch the transversely small 
electron bunches by a factor of four or so in order to reach an 
acceptable Touschek lifetime. The bunch-lengthening system, 
which reduces the synchrotron frequency to a low value, must work 
in tandem with a longitudinal feedback system. The longitudinal 
feedback system will directly sense bunch energy oscillations, as 
opposed to the more conventional phase oscillations, since the latter 
takes too long to act back on the beam due to the low synchrotron 
tune [6]. Longitudinal oscillations will also be within the bandwidth 
of the fast orbit feedback system, necessitating some interesting 
future work to decouple the actions of these three systems.

The APS-U dynamic acceptance is only ±1–1.5 mm, sufficient for 
reasonable lifetime but insufficient for conventional off-axis injection 
and accumulation. APS-U will therefore employ on-axis, swap-out 
injection, whereby an existing bunch in the ring is totally replaced 
with a fresh, full-charge bunch in a single shot [7]. Because of the 
prohibitive cost of building a 6 GeV accumulator ring for this purpose, 
much like what is being done for the ALS-U, this implementation 
requires that the injector complex — composed of a 450 MeV linac, a 
particle accumulator ring (PAR), a 6 GeV, 1 Hz booster and associated 
transport line — must reliably provide a single, 16 nC electron bunch 
when operating in 48-bunch, 200 mA mode. When operating in 
324-bunch mode (every fourth bunch in the ring), the single-bunch 
charge is only 2.4 nC per bunch, but the spacing between bunches in 
the ring is 11.4 ns, which defines the very fast rise and fall times of 
the injection kicker pulsers needed to produce the approximately ±25 
kV stripline kicker voltage (~50 kV between striplines). The kicker 
pulser technology is in hand, as is the design of the stripline kickers 

themselves (in collaboration with Brookhaven National Laboratory). 
One bit of added complexity for this scheme is that, due to the higher 
energy density of the bunch that is being kicked out, it must receive 
a weak pre-kick to allow it to decohere before striking the swap-out 
dump to avoid damaging it. Damage is even more of an issue for 
the dumps that intercept a whole-beam dump (all stored bunches) 
due to an unforeseen Radio-Frequency (RF) system trip. While this 
damage could be mitigated with a vertically movable, refreshable 
dump surface, a scheme for “fanning out” the stored bunches using a 
weak beam abort kicker triggered by an RF trip is being investigated 
as a means to distribute the deposited energy on the dump to avoid 
damage. Meanwhile substantial work is being done on the linac, 
PAR, and booster, much of it funded off-project, to reach the desired 
injector complex performance.  

One critical system that is being developed on-project is the injection 
timing and synchronization system, which uses advanced direct 
digital synthesis technology to modulate the booster RF frequency, 
which is different from the storage ring frequency because of the 
change in ring circumference with the new lattice. This is done to 
both hit a target bucket in the ring with ~10 ps accuracy over the 1 
Hz injector cycle time and also to slew the booster beam off-energy. 
Running the beam off-energy in the booster reduces horizontal 
emittance for better injection efficiency by creating on off-axis orbit 
in quadrupoles to achieve a change in damping partition.  

The APS-U Project is making excellent progress and it is on track 
for the beginning of the accelerator removal and installation in mid-
2022. However, because of the growing impact of the COVID-19 
situation on meeting production schedules, the possibility of a slip 
in schedule is being investigated. Meanwhile there is much to do 
with completing designs, including components for the vacuum, 
injection, controls, beamlines, and radiation protection for swap-
out injection with open beamlines. The project is already preparing 
for the accelerator readiness review that will happen before beam 
commissioning begins and which has many implications for 
assuring compliance with the DOE Accelerator Safety Order at 
the APS and Argonne National Laboratory.

ALS-U
The Advanced Light Source Upgrade (ALS-U) Project is an 
upgrade of the existing ALS [9]. The upgraded ALS will operate 
at 2 GeV and 500 mA and, like the ALS, will be optimized for 
soft X-rays. As compared with the existing ALS, the soft X-ray 
coherent flux and brightness of the upgraded ALS will be more 
than two orders of magnitude higher (exceeding 4 x 1021 ph/s/
mm2/mrad2 at 1 keV). In total, the upgraded facility will provide 
an unprecedented combination of high stability, quasi-continuous 
radiation, and the highest possible coherent soft X-ray flux. 

The scope of work for the ALS-U Project includes a replacement of 
the existing triple-bend-achromat storage ring with a new 2 GeV, 



16 APS Division of Physics of Beams /// Annual Newsletter 2020

high-brightness, nine-bend-achromat storage ring [8] that will 
reduce the horizontal emittance to  ~70 pm-rad, a factor of about 
30 smaller than today’s ALS storage ring, making it diffraction 
limited throughout most of the soft X-ray spectrum. Achieving 
such a small emittance in a relatively small 200 m ring requires 
strongly focusing magnets surrounding a small-bore vacuum 
tube. The ALS-U vacuum design is a hybrid system that deploys 
NEG coating where needed (>50%). The ALS-U lattice uses nine 
bending magnets as well as 10 offset quadrupoles per arc, which 
provide about 10% reverse bending. The lattice consists of both 
strong focusing in single-function quadrupoles with gradients in 
excess of 100 T/m and combined-function bending magnets with 
gradients of about 46 T/m in order to achieve the target emittance. 
Six high-field bending magnets with ≥3.2 T fields are included in 
three arcs to support the 12 existing hard X-ray beamline ports.

In addition to the storage ring, a low-emittance, full-energy 
accumulator ring will be added as well as two transfer lines, all within 
the existing storage-ring tunnel to enable on-axis, swap-out injection 
(an exchange of electron bunch trains between the accumulator ring 
and storage ring) using very fast kicker magnets. Two new, full-
length (4 m) undulators will be installed that are optimized for high 
brightness and coherent soft and tender X-ray flux. These undulators 
will make use of small vacuum apertures. Substantial progress has 
been made at Berkeley Lab, and NEG chambers with 6 mm inner 
diameter round chambers have been coated [10].

Most of the existing beamlines will remain, and there will be 
a suite of new and upgraded beamlines designed to exploit the 
high-brightness source. The optics and instrumentation for these 
beamlines will include state-of-the-art optics that will preserve the 
coherent flux by passive and active means. 

One of the more significant technical challenges that ALS-U 
needed to overcome was keeping the beam current constant in the 
presence of a relatively small Touschek beam lifetime, estimated 
to be less than one hour at full current. Such a small lifetime, as 
compared with other fourth-generation storage ring light sources, is 

a consequence of the combination of relatively low electron energy, 
high current, and small emittance. In order to manage this, the 
ALS-U Project introduced a unique design feature, which is the use 
of an accumulator and transfer lines combined with fast injection 
magnets for on-axis swap-out and recovery of bunch trains [11]. 

In the upgraded ALS, the plan is to circulate about 277 electron 
bunches separated into 11 bunch trains containing 25 or 26 bunches 
spaced 2 ns apart. Each train will be separated from the neighboring 
train by 10 ns. The upgraded ALS will use swap-out injection and 
recovery of bunch trains, in which an entire bunch train is replaced 
through on-axis injection. By avoiding oscillations, on-axis injection 
enables small vertical and horizontal apertures both for lattice 
magnets as well as for undulators. A full prototype system of a small 
(6 mm) gap stripline kicker and an inductive adder (5.5 kV) was 
developed and installed and tested at the ALS [10]. This prototype 
demonstrated that it is possible to single out individual bunch trains 
for swapping. A new ring, called the accumulator, will be added 
between the booster and storage rings. The accumulator will allow 
bunch trains to build up sufficient charge. The accumulator will 
also reduce the bunches to the size needed for on-axis injection. 
Recovering and reusing swapped-out bunch trains reduces the 
effort required to produce and stop relativistic electrons. 

The project has made rapid progress. In September 2016, the project 
received approval of Mission Need (CD-0). In September 2018, the 
conceptual design was completed (CD-1), and in December 2019 
the project received approval to build and install the accumulator 
ring. The project will install and commission the accumulator ring 
in a series of short annual and biannual shutdowns prior to the 
main dark period, in which the existing storage ring will be removed 
and replaced with the new one. Currently the team is focused on 
fabricating the accumulator ring components and completing the 
preliminary design in preparation for project baseline (CD-2) when 
the scope, cost, and schedule are fixed. Although the project is not 
baselined, it is following approximately two years after the APS-U 
Project. When completed, the ALS-U Project will extend the 
capabilities of the ALS for decades to come. 
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Figure 6. Ongoing klystron gallery construction.
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The Cornell-BNL ERL Test Accelerator (CBETA) has been 
operated as the first four-turn superconducting RF (SRF) Energy 
Recovery Linac (ERL) [1]. It incorporates four technologies that 
can reduce accelerator construction and operation costs: energy 
recovery in SRF cavities; a multi-pass ERL; a single Fixed Field 
Alternating (FFA) gradient return loop simultaneously transporting 
seven beams of momenta varying over a factor of 3.6, from 42MeV 
to 150MeV; and the use of permanent magnets in that return loop. 
CBETA is a unique facility, and is commissioned and prepared to 
study a range of beam physics phenomena that are important to 
ERLs and accelerators in general.

An ERL, a concept first proposed in 1965 by Maury Tigner at 
Cornell University, decelerates a particle beam in the same linac 
that accelerates that beam. If SRF is used for the ERL, as in 
CBETA [2], virtually all of the energy that is delivered to the beam 
can be recovered during deceleration. This allows for much more 
efficient accelerator operation, allowing a physics program to be 
accomplished with much less power input, or allowing experiments 
with a beam power that would otherwise not be possible due to 
limitations on reasonably available power.

Synchrotrons, the most common ring accelerators, cannot accelerate 
continuous beams, but bring beam sections as long as their 
circumference to high energy. FFAs, like cyclotrons and microtrons 
keep their fields constant with time and can therefore accelerate a 
continuous beam [3, 4]. FFAs are therefore suitable for the return 
loop of multi-turn ERLs. Instead of using multiple beamlines, one 
for each return loop, one FFA can transport many circulating beams 
at their differing energies. Brookhaven physicists were extensively 
involved in several FFA projects [5, 6, 7] and contributed the FFA 
of CBETA.

In 2014, BNL and Cornell collaborated to design a multi-turn ERL 
using SRF acceleration and a single FFA beamline constructed with 
permanent magnets. Multiple turns allow the maximum energy 
to be achieved with less linac voltage. The FFA beamline allows 
all of those turns to be transported without resorting to multiple 
beamlines. Cornell had previously constructed and commissioned 
an electron source, a high-power SRF injector linac, and a high-
current SRF linac for ERL operation with funds from the National 
Science Foundation (NSF) and from industry [8]. With a funding 
start in 2005, the university designed a hard-X-ray ERL and 
prototyped these main components, culminating in the Project 
Design Definition Report in 2013 [9]. 

CBETA is the world’s first multi-turn particle accelerator that 
captures the accelerated particles and reuses nearly all of the 
energy to accelerate new particles. At small current, electrons have 
been accelerated for four passes through an SRF linac, and have 
then been decelerated again to the injection energy. This Energy 
Recovery Linac (ERL) has six cavities in its four-turn accelerator. 
When operating as a one-turn ERL, each of these cavities recovered 
99.5% of the energy of each decelerating electron [10].

These achievements at CBETA are especially relevant in the light 
of the increasing importance that ERLs have obtained: ERLs are 
part of the hadron coolers for the EIC, they are part of the Large 
Hadron Electron Collider plans, they are an integral component 
of an Future Circular Collider (electron/positron) design option, 
they can be drivers for low energy nuclear physics experiments, and 
they have been investigated as drivers for compact Compton-X-
ray sources and for industrial lithography. FFA magnets were at 
one time envisioned at BNL for the EIC, including component 
construction in 2012 [11]. Energy is saved by energy recovery 
in SRF cavities, but also by the use of permanent magnets. This 
project therefore paves the way for ultra-bright particle accelerators 
that use far less energy than today’s technology and is referred to as 
a “green accelerator.” 

CBETA was constructed by Brookhaven and Cornell, funded by 
a 42-month contract of the New York State Energy Research & 
Development Authority with BNL and is located on the university 
campus in Ithaca, NY. The project started in November 2016. 
The permanent magnets for the FFA arrangement were designed, 
developed, and precisely tuned at BNL. No other non-scaling FFA 
has ever transported such a large energy range through a closed 
ring. The CBETA team reached the final technical milestone of 
full four-turn energy recovery in the early hours of December 24, 
2019, one week ahead of schedule. Since spring 2020, CBETA has 
been in standby mode in an operationally ready state that can be 
reactivated at an opportune time.

The CBETA design and experience during operation are already 
providing significant input into the design of the hadron coolers 
of the EIC and into the follow-up on the European Strategy for 
Particle Physics, and into the U.S. Snowmass process of high energy 
physics. Numerous studies of importance for ERLs and accelerators 
in general can occur in the next stages of CBETA operation. For 
example, increasing the current and studying coherent synchrotron 
radiation, microbunching, and beam breakup instabilities in multi-
turn ERLs; SRF cavity stabilization with low-loss cavities in the 

A Multi-turn ERL Research Facility: CBETA
Georg Hoffstaetter, Cornell University  /  Dejan Trbojevic, Brookhaven National Laboratory
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presence of multiple beams; orbit and optics corrections when 
multiple beams are present in the same beamline; and production of 
beams with appropriate parameters for ERL-based hadron cooling 
for an EIC.

The layout of the CBETA machine is shown in Figures 1 and 2. 
The path of the beam from injection to beam stop is as follows: An 
electron beam is generated by the 300 kV electron source and then 
accelerated to 6 MeV through the Injector Cryomodule (ICM, 
labeled IN in the figure). The beam is then accelerated by 36 MeV 
to 42 MeV through the Main Linac Cryomodule (MLC, labeled 
LA in the figure).

The 42 MeV beam travels through the innermost SX line, S1, then 
into the FFA permanent magnet loop (FA, TA, ZA, ZB, TB, and 
FB), through the inner most RX line R1, then back into the MLC 
(LA) for the second pass, adding another 36 MeV. Successive passes 
lead to 78, 114, and finally 150 MeV after the fourth MLC pass. At 
this time the beam travels through the outer most SX line S4, into 
the FFA loop, through the outer most RX line R4, and back to the 
entrance of the MLC. The beam path length for this fourth turn is 
different from the others by 2.5 RF periods, which causes the beam 
to decelerate henceforth by 36 MeV when it reenters the MLC, 
leading successively to energies of 114, 78, 42 MeV, and finally back 
to the original 6 MeV, at which it is steered to the beam stop (BS 
in the figure).

After four-turn energy recovery had been achieved, the seven 
different orbits in the FFA section were corrected simultaneously 
(Figure 3, left), and the right shows the beam spot at 6 MeV just 

before the beam stop [1]. The joint BNL/Cornell press release for 
four-turn energy recovery in CBETA [12] was picked up by outlets 
from Nature [13] to Forbes [14], many of them interested in the 
potential for energy savings.

The beam transmission through each of the seven FFA transfers 
is shown in Figure 4. The first four sets of blue data show the 
transmission through the FFA arc after each accelerating pass 
through the linac, while the last three sets show the transmission 
after each decelerating (or energy recovery) pass. The transmission 
is roughly constant as the beam is accelerated up to 150 MeV and 

Figure 1. The major components of CBETA are the injector (IN), the Main Linac Cryomodule (MLC) (LA), the beam stop (BS), the four splitter lines (SX),  the Fixed Field 
Alternating-gradient arc (FFA) consisting of the first arc (FA), transition from the arc to the straight (TA), straight section (ZA and ZB), transition from the straight to the 
arc (TB), second arc (FB), and finally the four splitter beamlines (RX).

Figure 2. Photo of the fully assembled CBETA accelerator. The MLC is the red 
device on the right side. The blue wall is the concrete shielding wall. The FFA 
permanent magnet loop is visible along the blue shielding wall. The splitter 
sections on either side of the MLC are not visible in this photo.
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back down to 78 MeV, but note that the transmission suffers before 
the final FFA pass. This beam loss is not fully understood at this 
time. Raising the beam’s average current in future operation requires 
solving this problem and it is therefore the next topic to be studied 
when operation resumes. 

Even with a remaining transmission of about 36%, the beam was 
still easily detected on the view screen in the transport line to the 
beam stop, indicating that the energy of the remaining particles had 
been successfully recovered.

The degree to which the energy of a particle is recovered during 
deceleration depends on the correct phasing of the cavities and on 

the correct time of flight through the return loops. Especially at 
low energies the travel times depend nonlinearly on the energy, and 
finding the optimal cavity phases received significant attention [15].

During one turn operation, it was measured whether electrons 
receive as much energy in the ERL cavities as they later recover. 
This measurement compared how much power enters the cavity 
when the beam is only accelerated, without energy recovery. And 
this power is compared to how much power has to enter the cavity 
with energy recovery. Figure 5 shows these powers for each of the 
six MLC cavities as a function of beam current. The power drawn 
with energy recovery is virtually zero, as compared to the power 
drawn without. A detailed analysis shows that each cavity recovers 
at least 99.5% of the energy of each decelerating particle.

The FFA section and its permanent magnets performed remarkably 
well during beam commissioning. Hardly any of the particle losses 
occurred in this section, and all seven beams required less steering 
correction in this section than in the electromagnets of the SX 
and RX sections. Figure 6 shows how accurately these permanent 
magnets had been modeled. The FODO-cell phase advance as a 
function of energy agrees in the FFA sections over a factor of four 
in energy range.

CBETA is the first four-pass superconducting ERL. It is also the 
first particle accelerator that uses a single FFA beam line to transport 
seven different accelerated and decelerated beams. Expertise 
from BNL was combined with expertise from Cornell to design, 
construct, and successfully commission this accelerator. The success 
of CBETA proves not only that multi-turn ERLs can be operated 
but also that a single beam line can replace multiple beam lines for 

Figure 3. All seven orbits in CBETA, four being accelerated and three being decelerated (left) and the beam spot after the eighth and final path through the main 
linac (right).

Figure 4. Pulse shapes of 5 Å neutrons emitted from the FTS and STS cold, 
coupled moderators. Calculations are for STS operating at 15 Hz with 700 kW 
and FTS operating at 45 proton pulses per second and 2 MW.
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the ERL return loops decreasing both the installation and operating 
costs. CBETA was designed, constructed and commissioned by a 
team of scientists, engineers and technical staff from both BNL 
and Cornell, and included many industrial partners and input from 
renowned international accelerator experts.

The experiences with CBETA will benefit future ERL applications 
from hadron cooling in the EIC [16], high-energy accelerators 
like the Large Hadron Electron Collider, and the Future 
Circular Collider (electron/positron), low-energy nuclear physics 
experiments, compact Compton light sources, and industrial 
applications.

Figure 5. RF load deviation (beam loading) on each cavity in the MLC in non-ER mode measured (orange dots), non-ER mode projected (orange dashed line), and ER 
mode measured (blue) as a function of average beam current on July 1, 2019. This evaluation shows that 99.6+/-0.1% of the particles make it back to see the energy 
recovered. Each cavity recaptures at least 99.5 +/- 0.2 % of the energy of these particles.

Figure 6. FFA tune measurements in both the arc (left) and straight (right) periodic machine sections, measured in the single-pass energy scan (squares) and the 
four-pass ER mode (circles).
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What does the DPB do for me?

Probably the question the DPB Executive Committee hears 
most often is “What does the DPB do for me?”  While 
there are some well-known functions of our professional 
society, like nominating APS Fellows and selecting 
Robert R. Wilson Prize award winners, there are many 
other activities happening behind the scenes that are not 
as apparent.  For instance, the DPB provides financial 
support to the Physical Review Accelerator Beams (PRAB) 
journal so that it can remain Open Access.  The DPB also 
participates in organization of our largest conferences, 
IPAC, NAPAC, and LINAC, and provides student 
scholarships to these conferences. This year and next, the 
DBP is also participating with the Division of Particles and 
Fields (DPF) in the Snowmass 2021 community process.  
Perhaps the least known function of the DPB is the 
continuous engagement with broader efforts of the APS 
to improve our national scientific culture.  In particular, 
this year DPB members participated in the APS annual 
Congressional visit day, where we advocated for policies 
that would fight sexual harassment in the sciences, 
extend the lifetime of the national liquid helium reserve, 
and provide a clean path to a visa for foreign graduate 
students in the sciences. 

The DPB is working hard to generate additional 
programs that support and reward members of the 
community.  Support for students has been particularly 
emphasized with the recent introductions of the new 
USPAS travel student travel grant program, and the April 
APS Conference student travel grant program.  These 
programs will continue once in-person meetings resume.  
In partnership with PRAB, the DPB is also initiating an 
“Ernest Courant Outstanding Paper Recognition,” which 
will recognize one outstanding PRAB paper per year, and 
will fund the lead author or a delegate to attend the APS 
meeting to deliver a presentation on the paper. 

The DPB is always interested in hearing 
your ideas for how we can improve the our 
contributions  to our community.  Please 
send any feedback you have to our EC 
members (listed on page xx).   

Thank you for being an active part of the DPB.
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Snowmass’2021 Planning and Summer Study
Steve Gourlay, Lawrence Berkeley National Laboratory / Tor Raubenheimer, SLAC National Accelerator Laboratory /  
Vladimir Shiltsev, Fermi National Accelerator Laboratory

The Snowmass’2021 process is a long-term planning exercise 
for the particle physics community, organized by the DPF and 
supported by DPB, DAP, DNP, DGRAV of the American Physical 
Society. Snowmass is an opportunity for the entire particle physics 
community to come together to identify and document a vision for 
the future of particle physics in the U.S. and its international partners.  
The study is organized into 10 Frontiers, including the Accelerator 
Frontier, which is of particular interest to the Division of Physics 
of Beam (DPB), and is convened by Steve Gourlay (LBNL), Tor 
Raubenheimer (SLAC/Stanford), and Vladimir Shiltsev (Fermilab). 

 The Accelerator Frontier(AF) activities include discussions on the 
entire spectrum of particle accelerators with all relevant technologies 
and beam physics aspects.  The AF website https://snowmass21.org/
accelerator/start provides a list of upcoming activities and a summary 
of prior events.

The list of questions ahead of the AF groups includes: 

1. What is needed to advance the physics? 
2. What is currently available (state of the art) around the world? 
3. What new accelerator facilities could be available on the 
next decade (or next next decade)? 
4. What R&D would enable these future opportunities? 
5. What are the time and cost scales of the R&D and 
associated test facilities as well as the time and cost scale of 
the facility?

Topics within the Accelerator Frontier are divided into seven 
topical groups led by 3–4 conveners: 

AF1: Beam Physics and Accelerator Education
Zhirong Huang (SLAC/Stanford), Steve Lund (MSU),  
Mei Bai (GSI /U. Bonn)

AF2: Accelerators for Neutrinos 
John Galambos (ORNL), Bob Zwaska (Fermilab),  
Gianluigi Arduini (CERN)

AF3: Accelerators for EW/Higgs 
Marc Ross (SLAC), Qing Qin (IHEP, Beijing),  
Georg Hoffstaetter (Cornell)

AF4: Multi-TeV Colliders 
Alexander Valishev (Fermilab), Mark Palmer (BNL),  
Nadia Pastrone (INFN/Torino), Jingyu Tang (IHEP)

AF5: Accelerators for PBC and Rare Processes 
Richard Milner (MIT), Eric Prebys (UCD), Mike Lamont (CERN)

AF6: Advanced Accelerator Concepts 
Cameron Geddes (LBNL), Mark Hogan (SLAC),  

Pietro Musumeci (UCLA), Ralph Assmann (DESY)

AF7: Accelerator Technology R&D
Subgroup RF: Emilio Nanni (SLAC), Sam Posen (Fermilab),  
Hans Weise (DESY)

Subgroup Magnets: Gianluca Sabbi (LBNL),  
Sasha Zlobin (Fermilab), Susana Izquierdo Bermudez (CERN)

Subgroup Targets/Sources: Charlotte Barbier (ORNL),  
Yin-E Sun (ANL), Frederique Pellemoine (MSU/FNAL)

In the first stage we held a number of general and topical kick-off 
meetings. The organization of the topical groups was based on the 
initial assessment of the community interests. Then we encouraged 
the accelerator community in all areas of accelerator research and 
the DPB membership in particular to submit Letters of Interest 
(LoIs) in order to generate a large, all-inclusive and diverse pool 
of ideas. We strongly encouraged international participation. There 
was no limit to the number of co-authors, and collaborative efforts 
were welcome. The 2-page LoIs were to give brief descriptions of 
the proposal and cite the relevant references. Collection of the LoIs 
was finished on Aug.31, 2020 – see https://snowmass21.org/loi

The LoI’s should serve as an extended abstract for a future 
Snowmass’21 contributed paper and authors are encouraged to 
make a full writeup of their work and submit it to the Snowmass 
proceedings. Please note that the letters are not funding requests; 
their purpose was to guide preparations for the Snowmass’21 
Community Planning Meeting that took place on November 
4-6, 2020 at Fermilab (virtual) and in the shorter-term, to aid in 
the development of agendas for future meetings and workshop 
planning. 

Following the Community Planning Meeting, many Workshops 
will be organized over the next year, culminating in a 2022 Summer 
Study that pulls all the work together. This workshop will take place 
in July 2022 at the University of Washington, Seattle, and will be 
modeled after the successful Snowmass 2013 event. Snowmass’21 
provides input to the HEPAP prioritization panel, P5, ultimately 
producing advice on future projects and scientific programs to the 
agencies under a set of funding scenarios. 

We encourage all DPB members to take an active part in the 
Snowmass activities. For follow-up questions, please contact 
us or the AF topical group conveners. 

Sincerely, 

Steve Gourlay (LBNL), Tor Raubenheimer (SLAC/Stanford), 
Vladimir Shiltsev (Fermilab) 
Snowmass’21 Accelerator Frontier Conveners
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Novel Electron Cooling Approach  
Using Bunched Electron Beam
Alexei Fedotov, Wolfram Fischer, Dmitry Kayran, and Sergei Seletskiy, Brookhaven National Laboratory

More than 50 years ago, Gersh Budker invented a technique called 
electron cooling — namely, using a stream of electrons (which are 
inherently cooler than larger particles) to extract heat from larger 
particles [1]. Until now, all electron cooling systems around the 
world employed electrostatic acceleration of electrons and direct-
current (DC) electron beams. Although such an approach was 
successfully extended to 4.3 MeV electron energy at Fermilab [2], 
its application to much higher energies becomes less practical.

A natural approach of accelerating electron bunches to high 
energies is radio-frequency (RF) acceleration. However, there 
are many challenges associated with such an approach. First, 
the RF-accelerated beams must have sufficiently small angular 
divergence and momentum spread. Second, the elections bunches 
must be delivered to the cooling sections without degradation of 
beam emittances and energy spread. Third, small angles between 
electrons and ions in the cooling sections are required. In addition, 
there are several challenges associated with stable high-current 
operation of the electron accelerator, as well as several physics 
effects related to bunched beam cooling. All these challenges were 
successfully overcome, and the world’s first electron cooling using 
RF-accelerated electron bunches was recently demonstrated using 
the Low Energy Relativistic Heavy Ion Collider (RHIC) electron 
Cooler (LEReC) at Brookhaven National Laboratory (BNL) [3-
6]. With this approach now experimentally demonstrated, one can 
consider its application to much higher energies. 

The high-current high-brightness electron accelerator was 
commissioned in 2018 with all required electron beam param-
eters achieved [4]. During the 2019 RHIC run with Au ions, 
electron cooling was commissioned for a 3.85 GeV/nucleon ion 
beam using electrons with a kinetic energy of 1.6 MeV, and then 
for 4.6 GeV/nucleon ions using 2 MeV electrons [3]. At the same 
time, first electron cooling of hadron beams in collisions was also 
successfully demonstrated. Electron cooling of colliding gold 
beams became operational during 2020 RHIC physics run and 
increased the luminosity [7].

Challenges and innovations
The layout of LEReC is shown in Figure 1. The LEReC 
accelerator includes a photocathode dc gun with a high-power 
laser system, magnets, beam diagnostics, a superconducting radio-
frequency (SRF) booster cavity, and a set of normal conducting RF 

cavities to provide enough flexibility to achieve the necessary small 
momentum spread. 

Unlike in any previous coolers, the LEReC cathode in not immersed 
in a magnetic field, and no continuous magnetic field with precise 
solenoids is required in the cooling regions. This significantly 
simplifies the technical design. However, requirements on the 
electron beam quality become more demanding since one needs to 
have tight control of the transverse electron velocities. 

The space-charge beam dynamics during the acceleration of the 
bunches inside the gun determines the temperature of the electron 
beam, which is very different from electron beam temperatures 
typically obtained during electrostatic acceleration of dc beams in 
standard coolers. For LEReC, a CsK2Sb photocathode and laser 
pulse shaping are used to generate “cold” electron beams with small 
longitudinal and transverse temperatures.

The low transverse angular spread for the electron beam was 
achieved by a proper design of the space-charge dominated beam 
transport and the engineering design of the cooling sections, shown 
in Figure 2. The measurements of the transverse phase space, 
resulting from the optimized matching to the cooling sections, are 
shown in Figure 3.

The required low energy spread in an electron bunch was obtained 
by producing a close-to-uniform longitudinal bunch profile using 
laser pulse stacking and RF gymnastics.

The conclusion from the measurements is that a relative energy 
spread of less than 2x10-4 or an absolute energy spread of 400 eV 
was achieved.

In the LEReC approach, an individual electron bunch occupies 
only a small portion of the ion bunch, and only selected ions 
experience the friction force during a pass through the cooling 
section. However, as a result of the synchrotron motion of ions all 
ions experience interaction with electrons and are being cooled with 
characteristic times larger than the synchrotron period.

One more innovation is that the electron beam, after cooling ions 
in one RHIC ring, is used again to cool the ions in the other RHIC 
ring. This is also the first implementation of electron cooling for 
colliding ion beams. The latter is of crucial importance when 
electron cooling is being considered for future high-energy colliders.
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Figure 1. Layout of the Low Energy Relativistic Heavy Ion Collider electron Cooler (LEReC) accelerator.

Figure 2. LEReC cooling sections in the Yellow and Blue RHIC Rings. Figure 3. Transverse phase space measurements in the two cooling sections: 
a) and b) horizontal and vertical phase space in the Yellow cooling section, 
respectively, c) and d) horizontal and vertical phase space in the Blue cooling 
section, respec-tively. Each plot lists the respective geometric emittance (ε),  
the rms beam size (σ) and the rms beam angular spread (σ').

Figure 4. The plot on the left shows evolution of the rms length of a cooled bunch and a test uncooled ion bunch. The plot on the right shows the longitudinal 
profiles of a cooled and a test (uncooled) ion bunch after 20 min of cooling.
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Roadmap to cooling
The matching of electron and ion beam average longitudinal 
velocities was achieved by employing a well-calibrated 180-degree 
dipole spectrometer magnet between the two cooling sections and 
by observing losses caused by a radiative recombination of heavy 
ions with electrons. Once the electron and ion beam velocities 
were matched [5], longitudinal cooling of Au ion beam was 
observed on Apr. 5, 2019. The typical bunched beam cooling is 
shown in Figure 4.

Shortly after the demonstration of cooling in the longitudinal plane, 
the electron-ion trajectories in the cooling sections were carefully 
matched transversely. This led to the first observation of transverse 
cooling, seen as a reduction of the transverse beam sizes. 

After full 6-D cooling of the ion bunches was established in the 
Yellow RHIC ring, cooling of ions was also commissioned in the Blue 
RHIC ring, which was quickly followed by simultaneous cooling of 
ion bunches in both RHIC rings using the same electron beam.

For these demonstrations, short trains of a few electron macro 
bunches were sufficient. The cooling of Au beams in operation 
then required the demonstration of stable, high-current 9 MHz 
CW electron beam operation [6].

Following the cooling demonstration of all ion bunches in both 
RHIC rings using the 9 MHz CW electron beam, the focus 
shifted next towards operational aspects of cooling in RHIC, thus 
commissioning first electron cooling in a collider (with beam-beam 
and other effects impacting ion beam lifetime) [7]. Cooling was 
successfully commissioned at 3.85 and 4.6 GeV/nucleon ion energy 
using electrons with kinetic energy of 1.6 and 2 MeV, respectively. 
An example of cooled ion bunches in two RHIC rings undergoing 
collisions in a detector is shown in Figure 5. In the absence of cooling, 
both the transverse and longitudinal beam sizes are increasing due to 
a diffusion process called intrabeam scattering. 

During the 2020 RHIC physics run, electron cooling became fully 
operational and increased the luminosity. The positive effect of 
cooling on the event rate, illustrated in Figure 6, is a part of multi-
parametric optimization of RHIC operations for the two cases 
shown. Among other aspects, this includes the fine-tuning of the 
RHIC rings working point, the lengthened cooled stores due to a 
slower decay in the event rate, an ability to perform a beta-squeeze 
of the cooled stores (in the shown example it is happening at 900 
s into the cooled store), and a reduced detector background due to 
the longitudinal cooling eliminating the ion debunching.

Figure 5. RHIC physics stores with Au ions at 4.6 GeV/nucleon. First store: with cooling (using 2 MeV electrons), second store: without cooling. Top: rms vertical size of 
ion bunches. Bottom: rms bunch length of ion bunches in the Yellow and Blue RHIC rings.
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Figure 6. RHIC STAR detector event rate, top, and number of accumulated events per physics store for cooled (blue line) and not cooled (red line) stores.

Apart from its use in RHIC operations, LEReC offers a unique 
opportunity to study various aspects of electron cooling using short 
electron bunches, as well as effects relevant to the ion beam lifetime 
in a collider in the presence of electron cooling. Some of these 
effects were already explored and benchmarked with computer 
simulations [8]. This experience allows for designing future high-
energy electron coolers with more confidence.

In summary, the world’s first electron cooling based on the RF 
acceleration of electron bunches was successfully commissioned 
at BNL’s RHIC, and cooled colliding hadron beams are used in 
operation. The LEReC cooler also offers a unique platform of research 
on various effects relevant to the high-energy electron coolers. 

The LEReC project greatly benefited from help of many people from 
various groups of the Collider-Accelerator and other Departments 
of BNL, as well as Fermi National Accelerator Laboratory (FNAL), 
Argonne National Laboratory (ANL), Thomas Jefferson National 
Accelerator Facility (TJNAL), and Cornell University.
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Coherent Electron Cooling  
of High-Energy Hadron Beams
Vladimir N. Litvinenko, Stony Brook University

In contrast with electron and positron beams, hadron beams in 
storage rings (colliders) do not have a strong loss mechanism 
such as synchrotron radiation and, therefore, do not have a 
natural damping mechanism to reduce their energy spreads and 
emittances. A proposed Future Circular Collider with 50 TeV 
proton beams reaches the scale where cooling of a hadron beam 
would happen “naturally”. 

At the same time, there are several reasons why cooling high-
energy hadron beams, mostly at the top energy range of a collider, 
is strongly desirable. In general, current high-energy (TeV-class) 
hadron colliders do not have control of beam emittances at the 
collision energy and are forced to use beams as they are. This is 
not always the optimal approach. Any increases of beam emittance 
accumulated during multi-stage acceleration of the beams may 
reduce luminosity or entail the need to discard accelerated beams. 
Cooling of hadron beams both transversely and longitudinally at an 
energy of collision may significantly increase their luminosity, but 
cooling intense, high-energy hadron beams poses a major challenge 
for modern accelerator physics. 

None of the traditional cooling methods seem able to cool TeV-class 
protons beams. Nevertheless, there is promise that a novel method of 
Coherent Electron Cooling (CeC) using a high-gain free-electron 
laser or microbunching amplifiers could play this role to allow 
reaching high luminosities in hadron and electron-hadron colliders. 

The idea of coherent electron cooling was invented by Yaroslav 
Derbenev in 1980 when he was investigating the electron beam 
response of the presence of positively charged hadron. Derbenev 
recognized that the response could be amplified by various 
instabilities in the electron beam, such as a high-gain free-electron 
laser or a microwave instability [1-3]. 

The complete theory of the CeC system — including three 
components: a modulator, an amplifier and a kicker (see Figure 1) 
— was fully developed later in a set of original publications [4-
9]. Three types of amplifiers based on broadband instabilities are 
studied in detail theoretically: a high-gain FEL, chicane-based 
instabilities, and plasma-cascade microbunching instabilities (see 
Figure 2). 3D simulations had been developed for the FEL and 
plasma-cascade CeC systems.

The three CeC principles of operations are as follows:
1 In the modulator, each hadron creates an imprint in electron 

beam in a form of a slice of increased electron beam density. 
This process is well known in plasma physics as Debye screening; 
in about one quarter of the plasma oscillations, each hadron is 
surrounded by an electron cloud with a charge equal to its charge 
in the amplitude and opposite in sign.

2 In the central section, the electron beam density is amplified 
using a broadband beam instability (typically about 100-fold). 

Figure 1. Schematic of a generic Coherent Electron Cooling (CeC) system: electron and hadron beams.



28 APS Division of Physics of Beams /// Annual Newsletter 2020

At this section, the hadron beam undergoes longitudinal 
dispersion — hadrons with higher energy advance with respect 
to low-energy hadrons.

3 In the modulator section, each hadron has to overlap with 
its own amplified imprint to be cooled. This means that the 
group velocity of the amplified imprint would be equal to that 
of the hadron with the central energy (see the discussion of 
consequences for the choices for CeC experiment later in this 
article). The system is tuned is such a way that the hadrons with 
central energy arrive on the crest of the electron beam density, 
where longitudinal electric field is zero, and therefore experience 
no energy kick. Hadrons with higher energy arrive at the kicker 
section earlier and are pulled back (decelerated) by the slice of 
high-density electrons. Vice-versa, hadrons with low energy 

arrive at the kicker section behind the high-density slice and are 
propelled forward (accelerated) by its field. As a result, the energy 
spread and longitudinal emittance of the hadron beam are cooled. 

Transverse cooling in any of the above CeC schemes is provided 
and controlled by the coupling between the longitudinal and the 
transverse degrees of freedom [5,7]. 

It is important to note that the cooling action is the result of the 
hadron’s interaction with its own amplified imprint (longitudinal 
wake) and, in general, has the form of an exponential decay of 
oscillation amplitudes with some cooling decrement. Wakes from 
the surrounding particles as well as noise in the ion beam will 
introduce random energy kicks resulting in the diffusive growth 
of emittances. Resulting emittances are defined by the balance 
between the cooling decrements and the diffusion [5,14].

Figure 2. CeC schematics with four types of amplifiers: (a) the High-Gain FEL amplifier (FELA) [4-5], (b) the Multi-Chicane Microbunching amplifier (MCA) [6], (c) the 
Plasma Cascade Microbunching amplifier (PCA) [8-9], and (d) a Hybrid Laser-Beam amplifier (HLBA) [7].
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The CeC mechanism bears a lot of similarities to regular stochastic 
cooling (SC) [10-11]: particles are cooled by an amplified signal 
induced by them in the pick-up and randomly kicked by signals 
originating from surrounding hadrons and noise from the 
electronics. It is well known that the SC cooling time is proportional 
to the linear density of the hadron beam and inversely proportional 
to the SC amplifier (system) bandwidth. This is the main reason 
why modern RF SC can cool long, heavy ion bunches with linear 
densities ~108/ns in about one hour [11] but are not capable of 
cooling proton beams with linear densities of ~1010–1011/ns in 
present and future colliders.

The bandwidth of the CeC amplifiers shown above range from tens 
to 10,000 THz, while the best RF-based stochastic coolers have a 
bandwidth of a few GHz [11]. This is the main reason why CeC 
carries promise to provide cooling time measured in minutes for 
hadron beams with energies from a few tens of GeV to a few TeV. 

The 3D simulations of CeC processes are an extremely important 
component for developing and designing CeC systems [12-13]. 
They reveal a number of important effects both in FEL and PCA 
amplifiers, which are intractable in theory, and have to be used for 
any reliable prediction of the cooling rates and evolution of hadron 
beams [14]. Our simulations show that CeC with PCA amplifier 
designed to cool a 275 GeV proton beam in future electron-ion 

collider would have a bandwidth ~1,000 THz and would be capable 
of a cooling time under five minutes. Table 1 shows some of the 
electron beam parameters used for simulations.

Nevertheless, in order to rely on the capability of this promising 
cooling technique it has to be tested experimentally. This is the 
goal of the dedicated CeC experiment, which is under way at 
the Relativistic Heavy Ion Collider at Brookhaven National 
Laboratory since 2018 [15-16]. Figures 4 and 5 show layouts and 
photographs of the original FEL-based, and current PCA-based 
CeC experimental systems located at RHIC’s Interaction Point 2 
(IP2). In both systems, a 14.56 MeV CW electron beam, generated 
by SRF linear accelerator, propagates (from left to right) through 
the common CeC section, where it interacts with the 26.5 GeV/u 
ion bunch circulating in the RHIC’s Yellow storage ring.

The choice of FEL and PCA amplifiers for our demonstration 
experiment is driven by economic reasons: there are only two CeC 
schemes which do not require separation of the hadron and electron 
beam. As noted before, for CeC to operate, the travel time of the 
on-energy hadrons and the amplified imprint from the kicker must 
be identical. Any deviations of the arrival time comparable to the 
system response time — length of the FEL or PCA density wave-
packet — would turn off interaction of hadrons with their own 
amplified imprint (i.e., completely turn of the cooling process). 

 
Parameter

CeC  
Experiment

RHIC with 275  
GeV proton beam 

 
Parameter

CeC  
Experiment

RHIC with 275  
GeV proton beam 

PCA 4 sec. 4 sec. γ 28.5 275

I0, A 100 250 E, MeV 14.56 140.5

Energy spread 1 10-4 1 10-4 Norm. emittance, 
mm mrad 3 2

f, THz 25 1,000 PCA gain 114 75

Figure 3. (A) Evolution of density modulation amplitude in 4-cell PCA periodic lattice with parameters shown in Table 1. Blue line: CeC experiment. Red line: cooling RHIC 
proton beam at 275 GeV. The PCI gain spectrum for current CeC experiment is inset in the bottom-right corner. (B) Evolution of the ion imprint at the exit of the CeC 
modulator, left, amplified by the broad-band micro-bunching PCA to 114× higher density modulation at the entrance in the CeC kicker, right. The distance between the 
low-density (blue) slices is 10 µm — it represents the PCA response time and the PCA bandwidth of 30 THz. All simulations were performed by 3D code SPACE [12-13].

Imprint  
From Ion

Modulation  
In the Kicker

Table 1. Parameters for PCI simulations and tests.
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Since the beams have to have equal relativistic factors, the rigidity 
of the electron beam is orders of magnitude smaller than that of the 
hadron beam. It means that while the electron beam can be easily 
delayed with respect to the hadron beam using a magnetic chicane 
or a wiggler, the hadron beam cannot be delayed with respect to the 
electron beam without being separated from it.

Both PCA and FEL amplifiers can provide the required 
synchronization without separation of electron and hadron beams. 
In the PCA, the beams propagate along the same straight line with 
identical longitudinal velocity, which guarantees this synchronization. 
The group velocity of the amplified wave-packet in the FEL is a 
combination of the speed of light and the longitudinal velocity of 
electron beam. This speed-of-light contribution allows one to 
compensate for slowing of the electron beam in wigglers when the 
dimensionless wiggler parameter, aw, does not exceed 0.5 [5,6,17]. 

In contrast, the Multi-Chicane Microbunching amplifier, the 
Hybrid Laser-Beam amplifier and FEL amplifier using a strong 
(aw > 0.5) wiggler generate very large delays of the electron beam 
and must have a dedicated separation and delay system for the high 
rigidity hadron beam. Such CeC system would require significant 
modification of the hadron accelerator using a very long bypass for 
the high rigidity beam and a controllable longitudinal dispersion.

It is worth mentioning that separating the electron and hadron 
beams in the central section provides for additional flexibility 
and could allow optimization of the cooling rate, if and when a 
significant increase of the CeC system cost and modification of the 
hardon ring are affordable. According to our estimates, the hadron 
bypass would require modifying 200 meters of RHIC straight 
section and portions of adjacent arcs which would result in at least 
quadrupling the cost if the CeC experiment. Needless to say, such 
dramatic modification of the operational collider was not an option. 
The initial choice of the high gain FEL amplifier for the CeC 
experiment was the only option when the CeC experimental project 
was conceived in 2010s: the PCA was developed theoretically in 
the Fall 2017 [8] and the plasma-cascade instability was discovered 
experimentally in the Summer of 2018 [9]. The FEL-based CeC 
experiment, started during RHIC Run 2018, was not completed 
[16] because small aperture of the FEL wigglers was incompatible 
with RHIC switching to very low energy scan for exploration of 
the QCD phase diagram in Run 2019 [18]. We had designed and 
built the new CeC section using a plasma cascade amplifier (Figure 
4(b)), which is undergoing commissioning during this RHIC run. 
Our plan calls for demonstrating CeC cooling in two years.

We built a state-of-the-art CW SRF linear accelerator, shown in 
Figure 6, providing high quality a electron beam to support our 
CeC experiment.

Figure 4. (A) Original (circa 2018) CeC system layout utilizing high-gain FEL comprised of three helical wigglers; (B) Current (circa 2020) CeC system layout with 4-cell 
plasma-cascade (PCA) amplifier using five strong focusing solenoids.
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Figure 5. (A) The photograph of the FEL-based CeC system installed in the RHIC IP2; (B) The photograph of current CeC system with plasma-cascade (PCA) amplifier 
using strong focusing solenoids.
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While the construction and commissioning of the advanced CeC 
SRF accelerator met a number of serious challenges, it resulted in 
the machine producing electron beam with exceptional quality (see 
Table 2) which is sufficient not only for the CeC experiments but 
for many other advance accelerator applications. Probably the most 
impressive, as well as unexpected, is the performance of 1.25 MeV 
CW SRF electron gun using CsK2Sb photocathodes illuminated 
by green laser pulses: our gun has generated CW electron beam 
with record-low emittance and overall beam quality exceeding 
requirements for the CW X-ray FELs [19]. 

The design and construction of this state-of-the-art system and 
its successful commissioning would be impossible without the 
talents of the CeC group and dedicated efforts of engineers and 
technicians at Collider Accelerator Department, and the financial 
support from our funding agencies, DOE Office of Nuclear Physics 
and National Science Foundation, and the Laboratory Directed 
Research Program at  Brookhaven National Laboratory. 
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Figure 6. The CeC SRF linear accelerator comprises of 1.25 MV CW SRF photoemission gun, bunching 500 MHz cavities, 9 m low-energy beam transport with five 
solenoids for bunch compression, and 13.1 MV SRF linac. The distortion (curvature) is result of panoramic mode in taking the photo.

Parameter Measured

Beam energy, MeV 14.56

Peak current, A 50-100

Core RMS Energy spread <1 10-4

Bunch rep-rate, kHz 78.18

Charge per bunch, nC 0.1 -10.7

RMS Bunch duration, psec 12

Norm. emittance, mm mrad 0.15-5

Average beam current, µA 150

Table 2. Main parameters of the CEC SRF accelerator.
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Outlook on Machine Learning  
for Particle Accelerators
Joe Duris, Auralee Edelen, SLAC National Accelerator Laboratory / Christopher Tennant, Thomas Jefferson National Accelerator Laboratory 
Anna Shabalina, Thomas Jefferson National Accelerator Laboratory and STFC Daresbury Laboratory (UK)

Particle accelerators are some of the largest, most complex 
machines in existence. They serve a wide variety of scientific, 
medical, and industrial applications, each with their own specific 
operational requirements. In some cases, custom beam parameters 
must be achieved on-demand for different users. The challenge 
of meeting the various operational requirements for accelerators 
becomes increasingly difficult as we push toward higher-energy, 
higher-intensity beams, and as we increasingly rely on advanced 
accelerating technology (e.g., plasma-based accelerators, 
superconducting radio frequency [RF] cavities). In recent years, 
there has been rapid progress in the use of machine learning (ML) 
to help tackle these challenges and open up fundamentally new 
capabilities [1]. While a comprehensive overview of developments 
in ML applications in accelerators is outside the scope of this 
article, here we highlight a few promising recent developments 
that we hope will help build excitement in the community and 
direct readers toward additional resources.

Faster, more accurate machine models
Online models can be used to aid operation, both directly in 
machine control and as a diagnostic tool. However, detailed physics 
simulations of particle accelerators are often too computationally 
expensive to use in online prediction and control. Instead, 
simplified models that trade accuracy for speed are used. Aside 
from execution speed, it often takes substantial effort to calibrate 
simulations to match the measured system behavior. Both factors 
in practice prevent accelerator physics simulations from being fully 
used in operation. One promising application of ML is enhancing 
the accuracy of available system models by learning directly from 
machine data to account for observed behavior, as well as to speed 
up accelerator physics simulations (e.g., by learning a model that can 
replace the physics simulation in applications where fast execution 
is needed). ML models can make predictions substantially faster 
than traditional simulations, up to a million times faster in recent 
studies [2], and can include subtle machine-wide interactions that 
may not otherwise be accurately represented in standalone physics 
simulations.

These models are thus appealing candidates for online use as well 
as offline experiment planning. To this end, recent work has shown 
that neural network models can be trained on a sparse sampling 
of settings and still produce accurate optimization results when 

used in conjunction with a multi-objective optimizer [2]. In some 
cases, only limited measured data is available for training — for 
example, due to limitations in machine time for dedicated studies, 
a need for slow or invasive measurement, or devices that aren’t 
used as frequently during normal operation. By pre-training ML 
models in simulation and then updating with available measured 
data, a broader range of the parameter space can be represented 
than might be feasible to collect from the machine alone. Along 
similar lines, recent work has shown that incorporating analytic 
models of accelerator systems into the structure of an ML-based 
simulator can also reduce the need to collect large amounts of 
measured data in training [3]. Developing approaches to keep 
ML models updated over time as the machine drifts, especially 
when incomplete information is available or when the parameter 
space is very large, is presently an open area of study. Online model 
retraining has been shown to be a viable option in some cases (see 
reference [4], where a neural network for a feed-forward correction 
is retrained online).

Reconstruction and advanced data analysis
Particle accelerators produce a variety of diagnostic signals, 
including beam images, spectra, and time series responses (e.g., 
RF waveforms). In many cases, this diagnostic information is 
not put to full use in online control because the information is 

Figure 1. Neural network phase space predictions from simulations of LCLS. The 
neural network model execution is around a million times faster than simulation 
with nonlinear collective effects included [5].
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either not available continuously during operation or is difficult 
to analyze online. ML can play a role in improving the accuracy 
and speed of analyzing complicated diagnostic information as 
well as providing online estimates of what an unavailable set of 
diagnostic information would show. For example, the XTCAV 
[6] at the Linac Coherent Light Source (LCLS) shows the time-
energy profile of the electron bunch. To obtain the X-ray power 
profile (based on apparent energy loss in the electron beam image) 
an iterative reconstruction algorithm is used. This algorithm is 
relatively slow and cannot be used accurately in the saturation 
regime, where the energy loss spikes in the image begin to overlap 
one another with respect to the vertical plane. A recent simulation 
study showed that a convolutional neural network (CNN) can use 
the full information in the image to reconstruct the X-ray power 
profile more accurately and 100 times faster [7] (see Figure 2).

Often times, accelerator diagnostics are not continuously available 
for use. This can occur, for example, when the diagnostic is 
destructive, when diagnostic data cannot be recorded at a sufficiently 
high repetition rate, or when parameters of the machine need to 
be scanned for the measurement. In cases where a diagnostic is not 
continuously available, online prediction of the diagnostic output, 
a so-called “virtual diagnostic,” can be used instead of a direct 
measurement. This could also be done with an empirically-tuned, 
physics-based model [8, 9], but using ML may confer advantages 
in terms of execution speed and accuracy in some cases. Two 
recent examples that use neural networks to provide non-invasive 
predictions of image-based accelerator diagnostics include a multi-
slit emittance diagnostic at FAST [10] and the longitudinal phase 
space as measured on the XTCAV at LCLS [11].

Related to this, compressive sensing (CS) uses trained priors to 
constrain solutions from under-sampled data. In accelerator 
applications, CS can be combined with ghost imaging (GI) 
to reconstruct a variety of accelerator signals. While originally 

proposed to reduce measurement time, CS has a secondary 
advantage of allowing non-invasive measurements. Rather than 
raster scanning a probe (for example, light illuminating a sample), 
CS/GI combines random, multiplexed illumination patterns with 
simple, scalar measurements — called bucket measurements — 
to reconstruct the sample. Because randomness is so pervasive 
in accelerator signals, it is possible to simply measure the noise 
inherent to a facility rather than interrupt operation to scan a 
variable [12]. At LCLS, examples of this so-called “natural” ghost 
imaging concept include cathode QE measurements [13] and both 
time-domain [14] and frequency-domain [15] experiments with 
SASE FELs. Compressive sensing/ghost imaging has also been 
demonstrated directly on the electron beam [16].

Moving toward advanced data analysis, ML can also be employed to 
improve our physics understanding of how accelerators operate in 
practice by uncovering subtle sensitivities to hidden or unexpected 
variables. At SPEAR3, for example, a neural network model that 
was trained on several years of injection efficiency data revealed 
strong correlations with a temperature sensor [17]. Similarly, ML 
has been used to investigate sensitivities in the microbunching 
instability in the KARA ring [18].

Online optimization
ML is a promising avenue for achieving faster, higher-quality 
optimization of particle accelerator settings via active searching of 
the parameter space, both online in machine tuning and offline 
in design studies. Most of the optimization algorithms used at 
present in accelerators do not leverage a learned representation of 
the system behavior. For example, standard evolutionary algorithms 
rely on mixing the best previously observed solutions, and methods 
such as Nelder-Mead simplex method, robust conjugate direction 
search (RCDS) [19], and extremum-seeking (ES) [20] use the 
immediately observed local behavior, such as the estimated 
gradient of the cost function, to decide where to sample next.

In contrast, ML models can be learned on the fly to help guide 
the search as points are sampled. For example, in Bayesian 
optimization (BO), both a learned model’s prediction and its 
prediction uncertainty are combined in an acquisition function 
which is used to strategically sample the parameter space. This 
function codifies a strategy of optimism in the face of uncertainty 
to balance the trade-off between exploring new regions of the 
space where the uncertainty is high (and thus might contain a 
better optimum) and exploiting what has been learned by moving 
to regions where promising performance has been seen. Gaussian 
process (GP) models are popular choices for models in BO because, 
in contrast to neural networks and other parametric models, they 
can be readily updated more reliably with fewer data points. This 
makes them appealing in settings where little may be known about 

Figure 2. Reconstruction of the X-ray power profile using a convolutional neural 
network (shown in red). The simulated power profile (including simulated 
smearing from the XTCAV) is shown in green, and the standard reconstruction is 
shown in blue [7].
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the underlying system or where sample acquisitions are limited. 
BO using GPs has been demonstrated both at LCLS [21] and 
SwissFEL [22] for maximizing FEL pulse energy, as well as at 
SPEAR3 for optimizing emittance [23]. At LCLS and SPEAR3, 
prior physics knowledge about expected correlations has been 
used in the GP design, which improves the speed of convergence 
(see Figure 3). At SwissFEL, explicit safety constraints were 
introduced to reduce intermittent drops in the FEL pulse energy 
during tuning, and a new acquisition function search strategy was 
developed for controlling larger numbers of parameters faster.

Similarly, in reinforcement learning (RL), an algorithm learns how 
to interact with an environment, such as an accelerator control 
task, over time in order to achieve a goal, such as optimization 
of a quantity in a minimum amount of time. Over the course of 
many interactions with the environment the RL algorithm learns 
to improve its overall strategy for fine-tuning while retaining 
information about previously visited environmental states. Some 
RL algorithms use a learned map from system states to actions 
(i.e., a learned policy), whereas other kinds use a learned model 
that estimates the likely future reward that will be obtained when 
specific actions are taken in various observed system states. In the 
latter case, these predictions can then be combined with simple 
policies analogous to the acquisition function in BO to determine 
actions to take. RL has been applied to the problem FEL tuning 
at LCLS [24] and FERMI@Elettra [25], and it is at present being 
developed for a variety of other online optimization and control 
tasks in accelerators, including round-to-flat beam transforms at 
UCLA [26] and beam size control at AWAKE [27]).

In addition to online optimization, ML methods are being 
investigated for efficient design optimization. For example, Song 
et al [28] demonstrated a combination of GP modeling and an 
evolutionary algorithm that was applied to dynamic aperture 
optimization for storage ring design, with a 35% improvement 
in speed compared to particle swarm optimization. Similarly, 
although faster design optimization was not the main goal for 
Edelen et al [2], in their work a neural network was iteratively 
retrained and optimized to choose new points, resulting in 
substantially improved sample efficiency over a standard multi-
objective genetic algorithm (300–500 times fewer samples needed 
on a 6D injector optimization problem). Because computational 
efficiency is a major limiting factor in design optimization, ML-
enhanced approaches could enable larger parameter spaces to be 
explored in practice during design optimization as well as reduce 
the overall time to solution.

Inverse models and feed-forward corrections  
in accelerator control
Global models of machine behavior can also be used to provide a 
guess of initial suggested settings for a particular setup. This solution 
can then be refined with local search, for example, by hand tuning 
or with an automated tuning algorithm. This approach has been 
prototyped in simulation [5] and later was tested experimentally at 
LCLS [29]. In the experimental case, a neural network model was 
used to provide an initial guess of the settings needed to achieve a 
target XTCAV image, and a local optimizer was used to fine-tune 
the solution. In Figure 4, we see that by providing a warm start 
with the neural network, the local optimizer is able to converge. 
However, without the warm start, it becomes stuck in a local 
minimum and fails to converge. By combining the two approaches, 
errors in the ML model due to machine drift or entering unseen 
regions of parameter space can be accommodated, and the local 
optimizer can then find a better solution.

Similarly, ML can also be used to replace standard feedforward 
corrections commonly used in accelerators. A neural network-
based feed-forward correction has recently been used at the 
Advanced Light Source to correct for the impact that different 
insertion devices have on the beam size [4]. This approach can be 
extended to enhance a variety of standard correction algorithms in 
accelerators such as trajectory or dispersion correction.

Anomaly detection, failure Classification,  
failure prediction
Ensuring reliable operation by detecting, classifying, and predicting 
failures or faulty signals is another area where ML can facilitate 
performance improvement. A variety of techniques, including 
decision trees, random forests, and k-nearest neighbor have been 

Figure 3. Bayesian optimization with Gaussian processes of X-ray FEL pulse 
energy at LCLS while tuning four quadrupoles. Adding prior known correlations 
to a GP improves its prediction and can also speed up the optimization. The 2D 
histograms illustrate the impact that including correlations has on the accuracy 
of the GP model predictions (in this case, for a multi-normal test function). 
Figures from Duris et al [21].
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brought to bear on these problems for accelerators. Recent work 
at Jefferson Lab leverages ML for classifying superconducting RF 
cavity faults [30]. When a cavity trips, information-rich RF signals 
are written to file by a specially designed data acquisition system. 
The recorded time-series data allows subject matter experts to 
analyze the data offline and classify the fault type. A set of several 
thousand labeled examples exists, providing clear motivation to 
utilize machine learning to automate the process. Immediate 
— rather than post-mortem — identification of the fault type 
gives accelerator operators valuable feedback for corrective action 
planning. The models have been deployed, and an online system 
is operational. Building on the initial success, work is underway 
to understand the relevant fault time scales and investigate if 
preventative measures can be implemented to avert the fault. 
This represents a move from analysis of the event after the fact, to 
proactive analysis. 

In general, one of the areas where ML holds significant promise 
is prognostics, that is, to anticipate and correct events that would 
otherwise lead to machine down time. Toward that end, recent 
work at the Spallation Neutron Source has shown the ability to 
predict machine failures by leveraging ML [31]. ML can also 
be used to detect anomalous machine readings. For example, at 
CERN, ML-based anomaly detection has been used to identify 
bad beam position monitor readings so that they won’t be used in 
orbit correction and mis-steer the beam. ML-based methods were 
shown to out-perform standard methods [32].

Conclusion
ML is increasingly being investigated for a variety of tasks in 
accelerators. Initial studies are encouraging, and there are many 
exciting avenues of investigation to pursue as the community 
continues to test these approaches. For some use cases (e.g., 
virtual diagnostics, online modeling), major open questions exist, 
such as how best to improve robustness of predictions to machine 
drift, how to reliably retrain models, and how best to sample and 

characterize large parameter spaces. In the case of neural network 
models, another major area of ongoing work concerns how best 
to obtain accurate uncertainty estimates for predictions. This will 
be important when using model predictions in optimization or 
important analyses. Finally, as these efforts progress the trade-
off between how much up-front effort is required and how 
much benefit is obtained with various methods is also being 
actively explored. For additional information about the exciting 
intersection between accelerator science and machine learning, we 
recommend reviewing the work presented at the workshops on 
ML for accelerators [1, 18, 33–35].
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The Electron-Ion Collider  
at Brookhaven National Laboratory
The EIC Design Team, compiled by F. Willeke

The Electron-Ion Collider (EIC), designed by a partnership between 
Brookhaven National Laboratory (BNL) and Thomas Jefferson 
National Accelerator Facility (TJNAF), will seek to answer how 
nucleons — neutrons and protons — are assembled to form the nuclei 
of atoms, and uniquely address three profound questions about them:

• How does the mass of the nucleon arise?
• How does the spin of the nucleon arise?
• What are the emergent properties of dense systems of gluons? 

The mission need for the new collider was acknowledged by the U.S. 
Department of Energy, and CD-0 was granted on December 19, 
2019.

The EIC takes advantage of the entire existing Relativistic Heavy 
Ion Collider (RHIC) facility [1] with only a few modifications at a 
relatively small cost on the scale of the project. The well-established 
beam parameters of the present RHIC facility are close to what is 
required for the highest performance of the EIC, with the exception 
of the total hadron beam current, which will be increased by a 
factor of approximately three by increasing the number of bunches. 
The addition of an electron storage ring (ESR) inside the present 
RHIC tunnel will provide polarized electron beams up to 18 
GeV for collisions with the polarized protons or the heavy ions of 
RHIC. The EIC design must satisfy the requirements of the science 
program while having acceptable technical risk, reasonable cost, and 
a clear path to achieving design performance after a period of initial 
operations. The present EIC design is the result of a design strategy 
which takes all these requirements into account. The storage-ring-
based design meets or even exceeds the requirements referenced in 
the 2015 Long Range Plan [2], including the upgraded energy reach: 

• Center-of-mass energy (ECM) of 20 to 140 GeV.
• A luminosity of up to 1034 cm-2 s-1 (the Long Range Plan requires 

1033 to1034 cm-2 s-1).
• High polarization of electron and light ion beams with arbitrary 

spin patterns, with time-averaged polarization of ~70%, as required 
by the Long Range Plan.

• Beam divergences at the interaction point and apertures of the 
interaction region magnets that are compatible with the acceptance 
requirements of the colliding beam detector.

• Collisions of electrons with a large range of light to heavy ions 
(protons to uranium ions; the long-range plan requires ions as heavy 
as uranium).

• Up to two interaction regions.

The RHIC tunnel incorporates two large experimental halls with 
infrastructure for two major colliding beam detectors. These are 
at the 6 o’clock position , where the RHIC STAR detector [3] is 
currently operating, and the 8 o’clock position, home of the RHIC 
sPHENIX detector [4] (see Figure 1). The design described here 
supports two EIC detectors, but the project scope includes only one 
interaction region and one detector. In this report, we describe in 
detail the interaction region (IR) configuration for a large, general-
purpose detector in one of these areas (likely the 6 o’clock area), which 
fulfills the requirements for the full range of EIC science questions 
described above. Our plans for the EIC include the capability for two 
such detectors.

The scientific requirements, calling for high luminosity and near-
complete angular coverage by the detector, result in an IR lattice that 
produces a significant degree of chromaticity (energy sensitivity of the 
beam optics). The nonlinear sextupole fields needed to compensate 
for this effect generally limit the dynamic aperture and must be 
well optimized to provide sufficient beam lifetime. Calculations 
motivated by experience at HERA [5] indicate that adding an 
identical, second IR can be achieved without further reduction of the 
dynamic aperture. We thus plan to allow for detectors at both the IR6 
and IR8 positions. The forces acting on the particles in each beam, 
which are introduced by the collective charges of the opposing beam, 
respectively, and the corresponding dynamical implications are called 
beam-beam effects. To avoid unacceptably large beam-beam effects 
in the case of two experiments, the collider would operate in a mode 
where each of the two experiments sees half of the bunch crossings; 
i.e., each experiment receives half of the total luminosity. The highest 
luminosities can only be achieved by implementing strong cooling 
of the hadron beams to counteract emittance growth by intrabeam 
scattering (IBS) [6] associated with the corresponding small beam 
emittances. Cooling of hadron beams with energies up to 275 GeV 
requires a novel cooling technique that is being developed and tested 
in a BNL R&D program [7].

The luminosity is proportional to the electron beam current. At 
energies of 10 GeV and higher, the electron beam current is limited 
by the RF power installed to replace the synchrotron radiation power 
emitted by the electron beam. The installed RF power of 10MW 
is not a hard limit, but a design choice to limit construction and 
operations costs.

The design satisfies all requirements without exceeding fundamental 
beam dynamics limits. In particular, the design parameters remain 
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within the limits for maximum beam-beam tune-shift parameters 
(hadrons: ξp ≤ 0.015; electrons: ξe ≤ 0.1) and space charge parameter 
(≤0.06), as well as beam intensity limitations and IR chromaticity 
contributions. The EIC is composed of one of the present 
RHIC superconducting accelerator rings, an ESR with a similar 
circumference in the same tunnel, and an injector ring for on-energy 
injection of polarized electron bunches. The hadron and the electron 
beams collide in one (and possibly two) interaction point(s). The 
outline for the EIC is shown in Figure 1.

Polarized electron bunches carrying a charge of 7 nC are generated 
in a state-of-the-art polarized electron source. The beam is then 
accelerated to 400MeV by the electron injection LINAC and injected 
into the rapid cycling synchrotron (RCS) that is also located in the 
RHIC tunnel. Two batches of four of these 7 nC bunches are injected 
into adjacent RCS RF buckets and subsequently merged into two 
28 nC electron bunches. Once per second, a new electron bunch is 
accelerated to a beam energy of up to 18 GeV and injected into the 
ESR, where it is brought into collisions with the hadron beam.

The spin orientation of half of the bunches is anti-parallel to the 
magnetic guide field. The other half of the bunches have a spin parallel 
to the guide field in the arcs. Spin polarization in the ESR approaches 
an equilibrium polarization due to the combination of stochastic 
depolarization [8] and self-polarization, the Sokolov-Ternov [9] 
effect. The initial high polarization of 85% of freshly injected electron 
bunches will decay towards the equilibrium polarization with a time 
constant of at least 30 min (at the highest energy of 18 GeV). To 
maintain high spin polarization, each of the bunches with their 
spins parallel or anti-parallel to the main dipole field is replaced 

every one to three minutes depending on the polarization direction 
with respect to the magnetic guide field. The polarization lifetime is 
larger at lower beam energies, and bunch replacements are therefore 
needed less frequently. The highest luminosity of L = 1×1034  cm-2 s-1 
is achieved with 10 GeV electrons colliding with 275 GeV protons 
(Ecm=105 GeV). The high luminosity is achieved due to large 
beam-beam parameters, at the shape (or large aspect ratio σx⁄σy) of 
the electron and hadron bunches at the collision point, and the large 
circulating electron and proton beam currents distributed over as 
many as 1,160 bunches. Table 1 lists the main design parametersfor 
the beam energies with the highest peak luminosity.

At lower center-of-mass energies, the collision parameters must be 
re-optimized to remain within the limitations already discussed, 
which tends to result in lower luminosity. At a higher center-of-mass 
energy, achieved by increasing the electron energy to 18 GeV, the 
electron beam intensity must be reduced to prevent the synchrotron 
radiation power loss from exceeding 10 MW. Figure 2 shows the 
peak luminosity versus center-of-mass energy that will be achieved 
in the EIC. In the case of collisions between electrons and ions, the 
electron-nucleon luminosity is lower, but event rates comparable to 
the electron-proton case are achieved.

The electron and hadron beams must be quickly separated after 
collisions to avoid parasitic crossings without introducing separator 
magnets, and to avoid the associated generation of synchrotron 
radiation in the detector region. The beams therefore collide with 
a crossing angle of 25 mrad. Collisions with a crossing angle reduce 
the overlap region of the colliding bunches, which reduces the 
luminosity by an order of magnitude with 25 mrad. In addition, with 

Figure 1. Schematic diagram of the EIC layout.
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a crossing angle, the transverse beam-beam forces depend strongly 
on the longitudinal position of individual particles in the bunch. 
These forces generate strong synchro-betatron coupling and strong 
resonances that affect the beam lifetime and stability. These crossing 
angle effects are avoided by employing crab crossing [11], using crab 
cavities. Compensation of the crossing angle with crab cavities is a 
technology routinely demonstrated in the electron-positron collider 
KEKB [12], and crab cavities are part of the high luminosity upgrade 
of the LHC. The main elements of the EIC that have to be added to 
the existing RHIC complex are:

• A low frequency photo-cathode electron source delivering up to 10 
nC bunches of polarized electrons at 1 Hz.

• A 400 MeV normal-conducting S-band injector LINAC.
• A 400 MeV to 18 GeV spin-transparent rapid-cycling synchrotron 

(RCS) in the RHIC tunnel.
• A high-intensity ESR in the RHIC tunnel, with up to 18 GeV 

beam energy using superconducting RF cavities.
• A high luminosity interaction region with 25 mrad crossing angle, 

crab cavities, and spin rotators that allows for a full acceptance 
detector; a second interaction region is possible and feasible.

• A 149 MeV energy recovery LINAC that provides continuous 
electron beams for strong hadron cooling.

• A small number of additional buildings. The most important ones 
will house additional RF power stations, pulsed magnet systems, 
and the electron injector complex.

The ESR design is using established and existing technologies 
which were previously implemented at high intensity ESRs such as 
the B-factories of KEK [12] and SLAC [13], as well as at modern 
synchrotron light sources.

In conclusion, the presented EIC design based on an ESR and 
its injectors added to the RHIC complex is an attractive, low-risk 
solution, which meets all requirements on an electron-ion collider at 
reasonable cost.
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Parameter Hadron Electron

Center-of-mass energy [GeV] 104.9

Energy [GeV] 275 10

Number of bunches 1160

Particles per bunch [1010] 6.9 17.2

Beam current [A] 1.0 2.5

Horizontal emittance [nm] 11.3 20.0

Vertical emittance [nm] 1.0 1.3

Horizontal β-Function at IP βx* [cm] 80 45

Vertical β-Function at IP βy* [cm] 7.2 5.6

Horizontal/Vertical  
fractional betatron tunes

0.305/0.31 0.08/0.06

Horizontal divergence at IP σx*  [mrad] 0.119 0.211

Vertical divergence at IP σy* [mrad] 0.119 0.152

Horizontal beam-beam parameter ξx 0.012 0.072

Vertical beam-beam parameter ξy 0.012 0.1

IBS growth time longitudinal/horizontal [hr] 2.9/2.0 -

Synchrotron radiation power [MW] - 9.0

Bunch length [cm] 6 2

Hourglass and crab reduction factor [10] 0.94

Luminosity [1034 cm-2 s-1] 1.0

Table 1. Maximum luminosity parameters.

Figure 2. UEIC electron-proton peak luminosity versus center-of-mass energy 
(ECM). The luminosity for low ECM is limited by space charge, for intermediate 
ECM by the beam-beam interaction, and for high ECM by the electron beam 
intensity and the total synchrotron radiation power. (Solid lines connecting the 
dots are inserted to guide the eye.)
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Meeting the Moment: U.S. Light Source and  
Neutron Scattering User Facilities and SARS-CoV-2
Advanced Light Source, Advanced Photon Source, Cornell High Energy Synchrotron Source, Linac Coherent Light Source, National Synchrotron 
Light Source-II, Spallation Neutron Source and High Flux Isotope Reactor, Stanford Synchrotron Radiation Lightsource

The worldwide COVID-19 pandemic crisis engendered by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
was—and is—clearly a problem ripe for attack with the capabilities 
of accelerator-based X-ray light and neutron scattering sources. 
Indeed, the world’s user facilities quickly pivoted from broad 
research across multiple disciplines to highly focused studies of 
the structure of virus proteins. The SARS-CoV-2 virus, which 
causes coronavirus disease 2019 (COVID-19), is composed of 
approximately 28 unique proteins. There are as many as 16 non-
structural proteins involved in replication, at least four structural 
proteins including the spike, envelop, membrane, and nucleocapsid, 
and other accessory proteins. Although each of these proteins is 
potentially a therapeutic target, the main protease and spike protein 
are prime targets for the development of antiviral drugs or vaccines, 
respectively. Understanding the structure of all of these proteins, 
either alone or in complex with inhibitors or antibodies, is crucial 
to developing effective therapeutics. On Jan. 26, 2020, researchers 
using the Shanghai Synchrotron Radiation Facility submitted the 
first structure of a SARS-CoV-2 protein, the main protease in 
complex with an inhibitor, to the international Protein Data Bank 
(PDB), which was released to the community on Feb. 5, 2020. 

Similar work at U.S. user facilities located throughout the DOE’s 
national laboratory system and at Cornell University ramped 
up quickly. Facilities added additional user operations time and 
coordinated maintenance schedules to ensure availability for 
the research community. As of July 8, 2020, there are a total of 
69 SARS-CoV-2 structures in the PDB from these facilities. 
Structural biology work has been followed by other investigations 
of mask materials, etc., all while dealing with the access and staffing 
issues brought on by the pandemic and the implementation of 
safety measures to protect against the spread of COVID-19. 
Extraordinary facility operations at the DOE facilities are being 
supported in part by the DOE Office of Science through the 
National Virtual Biotechnology Laboratory, a consortium of DOE 
national laboratories focused on the response to COVID-19, with 
funding provided by the CARES Act.

Some examples:

The Advanced Light Source
Following California’s shelter-in-place order, the Advanced Light 
Source (ALS) at DOE’s Lawrence Berkeley National Laboratory 

resumed operations on March 30 with a very limited number 
of staff onsite. The initial set of beamlines authorized to restart 
operations were three macromolecular X-ray (MX) crystallography 
beamlines with remote access data collection capabilities. Now 
the beamlines available for COVID-19 research cover a broad 
spectrum of techniques including biomolecular solution X-ray 
scattering and soft X-ray tomography. 

So far, 25 groups from both the public and private sectors have 
taken advantage of the ALS beamlines in their effort to fight 
COVID-19 and stop this pandemic. Their research covers a wide 
range of studies, from the basic understanding of coronavirus 
infection mechanisms to the development of inhibitors of SARS-
CoV-2 and cellular targets for antiviral therapy. Those experiments 
are multiscale, ranging from atomic resolution to molecular shape 
determination and up to imaging of infected lung cells. These 
studies are in progress, but already ALS data have contributed to 
the discovery and characterization of cross neutralization of SARS-
CoV-2 by a human monoclonal SARS-CoV antibody, known 
as S309. Variants of S309 have already entered an accelerated 
development path for clinical trials.

The Advanced Photon Source
The Advanced Photon Source (APS) at DOE’s Argonne National 
Laboratory was in a shutdown in January 2020 for normal 
maintenance activities. As the pandemic loomed, the APS started 
up several days early, on Jan. 28, for data collection on an already 
available close relative of the SARS-CoV-2 papain-like protease, 
and implemented expedited rapid access for COVID-19 research. 
Several other research groups also immediately started collecting 
data on SARS CoV-2 proteins, and by the end of February 2020, six 
structures from two different APS beamlines had been submitted 
to the PDB. The first deposited structure was of the spike protein 
receptor-binding domain in complex with its human receptor 
human ACE2, a key element of how the virus infects human 
cells. Several potential therapeutics have been studied at the APS 
and are under evaluation for efficacy. The APS has also hosted a 
nanotomography study to characterize in three dimensions new 
fiber-based materials fabricated using electrospinning technology 
for N95 mask materials.

When the state of Illinois issued a stay-at-home order, the APS 
transitioned to only remote access and mail-in data collection for 
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COVID-19-related and pharmaceutical research. As of July 8, 2020, 
over 4800 hours of beamtime had been used for both proprietary 
and nonproprietary research on 17 beamlines by 52 groups and over 
200 users for COVID-19-related research, resulting in 60 structures 
being released by the PDB. The structures of 11 different SARS-
CoV-2 proteins were first determined based on work at the APS.

The Cornell High Energy Synchrotron Source
On April 29, 2020, the Cornell High Energy Synchrotron Source 
(CHESS) received the green light from Cornell University to restart 
operation for university-approved COVID-19-related research 
after CHESS was shut down in mid-March due to the pandemic. 

The research efforts using room-temperature serial crystallography 
at the MX beamline FlexX focused on the study of glutaminase 
enzymes, which play essential roles in the metabolism of virus-infected 
host cells and in the transmission of viruses such as SARS-CoV-2. 
The macromolecular crystallography studies were complemented 
by biological small-angle scattering (SAXS) measurements at the 
CHESS BioSAXS beamline. Factors regulating drug potency 
might be better visualized by room-temperature crystallography, 
while SAXS can provide insights into how different drugs affect 
key oligomeric changes occurring in the glutaminase enzymes in 
solution, as well as potentially serve as a rapid and easy screening 
technique to identify better drug candidates.

The Linac Coherent Light Source
The Linac Coherent Light Source (LCLS) at the DOE’s SLAC 
National Accelerator Laboratory avoids the deleterious effects of 
conventional radiation damage on biological samples by delivering 
X-ray pulses in <50 fs, which is faster than the time scales of the 
primary damage. The LCLS can therefore provide high-resolution, 
room-temperature structures of viral proteins and complexes of 
these proteins with small molecules for drug discovery efforts 
without the need to grow large, well-ordered crystals — potentially 
saving months of optimization effort. The LCLS is also able to 
track the dynamics of these molecular complexes on femtosecond 
to millisecond timescales, with atomic spatial resolution, enabling 
studies of key phenomena such as the catalytic function of the 
protease, and the efficacy of potential inhibitors of viral replication. 

The LCLS prioritized the restart of the coherent X-ray imaging 
and macromolecular femtosecond crystallography beamlines to 
assist in COVID-19 research, with a set of experiments planned 
to start in August 2020. Beyond this, LCLS has developed a new 
Rapid Access Program, with an ongoing call to allow COVID-19 
related proposals to be scheduled at short notice. 

National Synchrotron Light Source-II
The National Synchrotron Light Source-II (NSLS-II) at DOE’s 
Brookhaven National Laboratory has been operating three 
structural biology beamlines, a soft X-ray spectroscopy beamline, 
and a hard X-ray fluorescence imaging beamline in response to 
the SARS-CoV-2 virus pandemic. Through the height of the 
pandemic, 50 days of MX experiments were run, examining 1600 
samples, which in turn produced about 620 processed datasets, 
through a dedicated rapid access mechanism. Projects have tested 
a wide variety of strategies such as drugs that boost the immune 

Figure 1. Small-angle solution X-ray scattering and biochemical characterization 
studies at the Bio-CAT beamline 18-ID at the APS are being used to study the 
structure of portions of RNA from the SARS-CoV-2 virus. This RNA contains 
the genetic instructions the virus uses to replicate itself. These experiments are 
designed to see how these structures change when they interact with selected 
small molecules that are potential drug candidates. This work is a collaboration 
between Blanton Tolbert, Department of Chemistry, Case Western Reserve 
University; Amanda Hargrove, Duke University; Srinivas Chakravarthy (pictured 
here), Illinois Institute of Technology; and a nuclear magnetic consortium 
coordinated by Harald Schwalbe at the Goethe University (Germany). Photo: 
Richard Fenner, Advanced Photon Source, Argonne National Laboratory.

Figure 2. Support with crystals of drug treated glutaminases used in room 
temperature serial macromolecular crystallography experiments performed at 
CHESS for COVID-19 research.
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system before infection, antiviral drugs that kill the virus during 
infection, and drugs that heal injuries.  

In addition to structural biology research related to COVID-19, 
NSLS-II also enabled two beamlines to study N95 mask 
materials. Soft X-ray absorption spectroscopy and hard x-ray 
fluorescence microscopy at NSLS-II, and electron microscopy and 
X-ray photoelectroscopy at Brookhaven’s Center for Functional 
Nanomaterials have been used to examine the integrity of N95 
and other mask materials following different types of disinfection 
protocols.

Oak Ridge National Laboratory
DOE’s Oak Ridge National Laboratory provides remote, rapid 
access to its advanced neutron scattering facilities, the Spallation 
Neutron Source (SNS) and the High Flux Isotope Reactor for 
research related to the COVID-19 pandemic. Since launching 
in March, more than 30 experiments have been conducted on 11 
beamlines, with ongoing work on 18 active user proposals. 

Experiments have studied SARS-CoV-2 protein complexes 
involved in replicating the virus in host cells, using small-angle 
neutron scattering measurements to investigate the structural 
properties of non-structural proteins and their interactions with 
nucleic acids. Experiments at the SNS liquid reflectometer focus 
on viral protein interactions with cell membranes, and how viral 
proteins recognize and infect our cells. Other research studies 
how pulmonary surfactant, a material that protects the lining of 
the lungs, is affected by infection and disease. Teams are using 
beamlines at the SNS to study the molecular dynamics of a series 
of compounds proposed as potential therapies for the treatment of 
COVID-19, including Remdesivir. 

Stanford Synchrotron Radiation Lightsource 
The Stanford Synchrotron Radiation Lightsource (SSRL), at 
DOE’s SLAC National Accelerator Laboratory, opened several 
of its structural molecular biology facilities, including three MX 
beamlines, a SAXS beamline, and several cryo-electron microscopy 
instruments to perform COVID-19-related research. Researchers 
from academic institutions and pharmaceutical companies in the 
U.S. and Canada have been using the MX beamlines to study the 
atomic structures of multiple SARS-CoV-2 targets with datasets 
collected from hundreds of unique structures. This work includes 
antibody complexes of the spike protein that reside on the surface 
of SARS-CoV-2. Several other research projects employ structure-
based approaches to design antiviral drugs targeting RNA-dependent 
RNA polymerase, and drugs that treat the disease by modulating or 
blocking host proteases that are central to virus replication.  

A large consortium of researchers grew crystals of isolated macro 
domain proteins and then partnered with the ALS and SSRL 
to carry out very large fragment-based studies to identify small 
molecules that bind to the macro domain, offering another attack 
point on the SARS-CoV-2 virus. Researchers are using SAXS at 
SSRL to look at the interactions of selected sections of the viral 
proteome that interact with the machinery of the human immune 
system. Researchers at two National Institutes of Health-funded 
centers – the Stanford-SLAC Cryo-EM Center and the National 
Center for Macromolecular Imaging – are pursuing answers to 
very similar questions with cryo-EM, which uses electron beams 
to study the novel coronavirus and how its molecular components 
interact with drugs or antibodies.
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Radioisotopes play important roles in the biomedical sciences, 
the physical sciences, fundamental nuclear physics, environmental 
science, engineering, national security, and stockpile stewardship. 
The U.S. Department of Energy (DOE)— together with its 
predecessor, the Atomic Energy Commission — has been involved 
in radioisotope production for more than 70 years. Today, the DOE 
harnesses the powerful capabilities within its national laboratory 
complex to play a leading role in developing routes for producing 
novel radioisotopes needed by the nation.  

The DOE Isotope Program supports technology transfer and 
focuses on production to complement the commercial sector 
supply of these essential isotopes. In addition, the unique facilities 
and expertise within the DOE Isotope Program are also focused 
on understanding emerging and future needs and developing new 
production routes for radioisotopes to meet those needs.  

Many of the radioisotopes being investigated are very short 
lived, with half lives of hours to days. This mandates that they be 
produced on demand; they cannot be stockpiled, as by their nature 
they decay away very quickly. The high-energy, high-intensity 
particle accelerators at Los Alamos National Laboratory (LANL) 
and Brookhaven National Laboratory (BNL) are part of the DOE 
Isotope Program network that provides critically needed production 
of these short-lived, high-demand radioisotopes year-round.  

Accelerator infrastructure
LANL and BNL both operate accelerators that deliver high-
current, high-energy proton beams, each providing a rare capability 
in the United States. 

The Isotope Program at BNL operates the Brookhaven LINAC 
Isotope Producer (BLIP). BLIP was the first facility designed to 
accept high-energy, high-current protons from the 66-200 MeV 
proton LINAC to irradiate targets and produce radioisotopes, with 
routine beam current up to 165 μA. The LINAC was originally 
designed to deliver proton beams to Brookhaven’s Alternating 
Gradient Synchrotron (AGS), a powerhouse of physics research 
since 1960, with BLIP coming online in 1972 as a synergistic user 
of the LINAC. The LINAC can deliver protons pulse-by-pulse to 
different facilities to simultaneously serve the needs of multiple users. 

The LANL Isotope Program operates the Isotope Production 
Facility (IPF), which accepts a 100 MeV proton beam at routine 
currents up to 300 μA from the main accelerator at the Los Alamos 
Neutron Science Center (LANSCE). The LANSCE accelerator, 
an 800 MeV machine, has delivered beam for hundreds of users 
each year to multiple target stations since 1972. 

BLIP operates typically six months a year, coming online in late 
December and ending each year’s run in late June. The IPF typically 
comes up in June and runs through December. This staggered 

Synergistic DOE Partnership Ensures  
Uninterrupted Supply of Essential Radioisotopes 
Eva Birnbaum, Cathy Cutler, and Stephen Milton  Los Alamos Isotope Production Facility and Brookhaven LINAC Isotope Producer  
operate cooperatively to maintain critical radioisotope supplies for medical, industrial, and research applications

Figure 1. Isotope Production Facility operators at LANL prepare to use remote 
manipulator arms at the target station hot cell to handle the irradiated targets 
that contain newly formed radioactive isotopes.

Figure 2. Operators performing a transfer of the cask for moving irradiated 
targets from the Brookhaven LINAC Isotope Producer facility to the Radioisotope 
Research and Production Laboratory during the COVID-19 pandemic at BNL.
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schedule has been established to allow concurrent operation with 
each laboratory’s physics programs, enabling more cost-effective 
operations as well as facilitating year-round supply of radioisotopes 
that only these facilities can provide. 

In addition to the unique accelerator facilities, both programs 
also operate hot-cell facilities to process, purify and characterize 
radioisotopes to meet the required final product specifications.  

Critical backup
The complementary nature of the operational schedules and 
capabilities has guaranteed that the two sites can provide backup to 
each other and ensures a routine, reliable supply of the same quality 
of material to the external users. In two recent examples, this backup 
has been executed in a seamless fashion to avoid interruptions in 
supply of mission-essential accelerator isotopes. 

In the spring of 2020, as the COVID-19 pandemic began to impact 
the operations of research facilities across the nation, and especially 
in the pandemic’s early days in New York, LANL IPF was brought 
up early as the BNL BLIP was unable to operate. Not only did 
this require powering up the LANSCE accelerator weeks ahead 
of its typical annual run cycle, this also had to be accomplished 
during a period when most workers were moving to telework to 
stem the spread of COVID-19. The LANSCE accelerator and IPF 
teams responded safely and effectively to emerging guidance on 
COVID-19 work practices in real time to ensure that workers were 
kept safe and that mission-essential activities were executed.

Fortunately, this backup support goes both ways. In the fall of 
2019, BNL BLIP extended operations while LANL conducted 
a high-consequence repair that was delaying LANSCE startup. 

This required BNL to continue LINAC operations for sole use 
by the BLIP as the needs of the other programs had been met 
and completed. This meant staffing for 24/7 operations had to 
be extended to perform continued isotope target irradiations and 
processing. That, in turn, reduced the planned down time for annual 
maintenance at BLIP and the LINAC, requiring implementation 
of a revised work plan to meet the shorter schedule. The ability of 
BNL and LANL to back up each other makes for a great partnership 
to ensure consistent supply of critically needed radioisotopes.

Emerging isotopes—those for which small-scale research is 
growing into large-scale use—are especially important to have 
reliably available during this transition. Actinium-225 is one such 
isotope, and with a half-life of only 9.92 days, this is an isotope 
that must be produced frequently. Scientists at LANL and BNL, 
along with partners at Oak Ridge National Laboratory who have 
extensive expertise with this isotope, have formed a Tri-Lab effort 
to scale up Ac-225 production for promising applications such as 
targeted alpha therapy for treating certain cancers. By working 
together, the Tri-Lab team is developing high-current targetry, 
improved purification methods, and complete quality-assurance 
infrastructure including a drug master file to ensure a reliable, robust 
supply of Ac-225 that meets the specifications required for clinical 
use and drug development.  Additional investments are being made 
in processing capabilities at BNL and LANL for handling these 
challenging isotope targets. This effort will continue the synergistic 
nature of isotope processing and irradiation between the two sites, 
and support production scale-up to meet the anticipated multi-
Curie-per-year demand for clinical application of Ac-225.
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The mission of the Education, Outreach and Diversity Committee 

includes promoting the education of new students in the broad 

field of beam physics; fostering the education of the whole 

science community, Congress, and the general public in the 

importance, benefits, accomplishments, and promise of beam 

physics; and monitoring and increasing diversity in the field of 

beam physics, and in events associated with and sponsored by 

the Division of Physics of Beams.

The 2020 committee is formed by Steve Lund, Michigan State 
University; Camille Ginzburg and Geoffrey Krafft, Thomas 
Jefferson National Accelerator Facility; Linda Spentzouris, Illinois 
Institute of Technology; Ina Reichel, Lawrence Berkeley National 
Laboratory; Tiziana Spina, Fermi National Accelerator Laboratory; 
David Bruhwiler, RadiaSoft; and chaired by Pietro Musumeci, 
University of California, Los Angeles. The committee maintains 
a collection of resources which will be available in the form of 
links for best practices for inclusion and diversity with specific 
recommendation in the field of accelerator and beam physics.

Traditional activities for the committee include the review of the 
APS DPB scholarship for the U.S. Particle Accelerator School 
(USPAS). Unfortunately, due to the COVID-19 situation the 
2020 summer session was canceled, but typically this consists of 
40 or so applications for about 10 fellowships. In addition, the 

committee is planning to work with the division to establish a 
USPAS travel scholarship for underrepresented minority students 
that would supplement existing scholarships. To be sustainable 
and impactful, the scholarship support will be coordinated with 
committee outreach to physics professors at various minority serving 
institutions (including, but not limited to historically Black colleges 
and universities, Hispanic-serving institutions, and Tribal colleges 
and universities) with an interest in particle accelerator technology.

Another activity that this committee engages in is maintenance 
and updates to the Accelerator Physics Brochure (last edition, 
published in 2013, available at https://www.aps.org/units/dpb/
news/edition4th.cfm) which is typically used as an outreach tool 
with the general public (and even more importantly with state 
and federal legislators) to advocate for continuing investment in 
accelerator science and technology.

Finally, a large chunk of activities of the committee for this 
year are centered on the preparation for Snowmass 2021. The 
Committee has been interacting with various topical groups 
in the Accelerator Frontier as well as in the Computational and 
Community Engagement Frontier. The goal there is to make sure 
that education, outreach and diversity plans specific to accelerator 
science and technology will be well represented in the decadal plans 
for the future of high energy physics.

Updates from the DPB Education,  
Outreach, and Diversity Committee
Pietro Musumeci  University of California, Los Angeles
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Future Circular Colliders:  
Status and Plans
Michael Benedikt and Frank Zimmermann  CERN

At the end of 2018, the first phase of the Future Circular Collider 
(FCC) study was successfully completed with a four-volume 
Conceptual Design Report (CDR) [1-4]. Eighteen months later, 
June 2020 saw the long-anticipated Update of the European 
Strategy for Particle Physics [5].

As the first item under high-priority future initiatives, this strategy 
update observes “An electron-positron Higgs factory is the highest-
priority next collider. For the longer term, the European particle 
physics community has the ambition to operate a proton-proton 
collider at the highest achievable energy,” and continues with the 
request that “Europe, together with its international partners, should 
investigate the technical and financial feasibility of a future hadron 
collider at CERN with a centre-of-mass energy of at least 100 TeV 
and with an electron-positron Higgs and electroweak factory as 
a possible first stage. Such a feasibility study of the colliders and 
related infrastructure should be established as a global endeavour 
and be completed on the timescale of the next Strategy update.” 

An accompanying deliberation document [6] further elaborates 
that “The feasibility study should involve the following aspects: the 

possibility of constructing such a large infrastructure in the vicinity 
of CERN, the financial plan to complete and operate a project 
of this scale with international partners, its governance, and the 
handling of the energy consumption.” 

All these requests are perfectly matched by the FCC integrated 
programme [1,7], which is preparing for both: an e+e-  Higgs and 
electroweak factory (FCC-ee) as a possible first stage, and a highest 
energy hadron collider (FCC-hh) in a second stage (see Figure 1).

The requests from the 2020 European Strategy rang in the new 
feasibility phase of the FCC design study and set the high-level 
goals for end 2025: (1) proof of feasibility of infrastructure and 
tunnel; (2) a financial plan for the construction and operation phases; 
(3) a concept for the governance structure; (4) a demonstration of 
the collider’s feasibility, further R&D progress, and key technology 
proof of principles; (5) an approach to energy consumption and 
environmental aspects; (6) an advanced Conceptual Design 
Report (so-called “CDR++”) or Technical Design Report (TDR) 
for the entire integrated project; and (7) a concrete plan for the 
international collaboration to build and operate the collider, with 

Figure 1. The FCC integrated project plan [1,7]. The R&D effort for the lepton collider will focus on optimizing the engineering design, energy efficiency, and 
maintainability, while in parallel key R&D on superconductors and high-field magnet technology is being carried out for the hadron collider.
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distributed lead roles. The results of the FCC’s feasibility phase 
will serve as an important input to next European Strategy Update 
expected for 2026/27. 

Specifically, during the feasibility phase, the FCC study will work 
out a single scenario for 2025/26, comprising FCC-ee as stage 1 
and FCC-hh as stage 2. The sequential nature of this program 
needs to be taken into account in the level of detail in accelerator 
studies and R&D for FCC-ee and FCC-hh, as indicated in 
Figure 1. A number of integrated project milestones have been 
defined. Assuming support by the next European Strategy Update 
2026/27 and a possible project approval in 2028, the FCC tunnel 
construction could begin around 2030. The first e+e- collisions in 
FCC-ee are then foreseen by 2040, the launch of FCC-hh high-
field magnet series production could be in 2045 or later, and the 
earliest possible starting date for FCC-hh machine installation may 
be envisaged around 2050 or 2055.

To stay on the FCC technical roadmap, preparatory civil-
engineering activities planned for the period from 2020 to 2030 are 
of uttermost importance (see Figure 3). To accomplish the proof-
of-principle feasibility demonstration, high-risk site investigations 
are scheduled for the years 2022/23.

The CDR++, to be finalized by end of 2025, should include several 
important ingredients. For the FCC-ee, it should present a complete 
collider design with full beam dynamics simulations; a complete 

injector design with proof-of-principle e+ production yield and 
capture demonstration; a concept design for all scalable technical 
systems; R&D on non-scalable or critical systems, including key 
prototyping; a technical infrastructure design and infrastructure 
cost estimates obtained with the help of external consultants; 
and further cost estimates, schedule, and concepts for component 
production and construction. The CDR++ work should also build 
up appropriate CERN in-house expertise for FCC-ee construction 
and operation. 

For the FCC-hh, the high-field magnet development is the main 
activity with appropriate milestones for 2025/26. The FCC-hh 
development also needs to stay coherent with the FCC-ee design 
with regard to layout and implementation (e.g., for the injection 
lines). The insertions for FCC-hh collimation and beam dump 
will be optimized for length, efficiency, etc., and ongoing R&D 
(e.g., on beam transfer, vacuum system design and coating) will 
be completed. Requirements for FCC-hh infrastructure and civil 
engineering will need to be fully developed.

The key technology for FCC-ee is the staged superconducting RF 
system, consisting of three different types of RF cavities operating 
at 400 and 800 MHz. A comprehensive, targeted R&D program, 
supported by the European Union’s MSCA EASITrain network 
[8], addresses the respective optimum cavity shapes, improved 
cavity production methods, cryomodule optimization, high-power 
fundamental and higher-order mode couplers, and highly efficient 

Figure 2. The FCC technical roadmap from 2011 through 2040.
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RF power sources. Multi-cell 400 MHz Nb/Cu cavities, as required 
for the Higgs factory operation mode, and a full SRF cryomodule 
shall be available by 2025.

Other hardware developments for 2025 include the mock-up of 
an arc half cell (Figure 4), about 25 m long, for optimisation of 
integration, interfaces between systems, installation and maintenance 
aspects, etc. The arc cell is a key element of the collider that will be 
required over about 80 km of the FCC-ee circumference. Key beam 
diagnostics will also be developed and tested, such as bunch-by-
bunch, turn-by-turn longitudinal charge density profiles based on 
electro-optical spectral decoding (with beam tests planned at KIT/
KARA in Germany), ultra-low emittance diagnostics (beam studies 
with a novel X-ray interferometer are underway at SuperKEKB 
in Japan, and a second beam test is pursued at CELLS/ALBA in 

Spain), distributed beam-loss monitors, beamstrahlung monitors, 
polarimeters and luminometers. Another important proof-of-
principle demonstration is a high-yield positron source target with 
a DC SC solenoid, or alternatively flux concentrator, complemented 
by a positron capture linac, that will be tested with beam at the 
PSI SwissFEL facility, allowing single-shot yield measurements at 
variable primary beam energy.

Simulation tool development for FCC-ee is also high on the 
agenda for the coming years. The goal is to develop and maintain 
a modular lepton optics design and particle tracking code, which 
incorporates all aspects of synchrotron radiation in all magnetic 
elements, field strength tapering adapted to the local beam energy 
“sawtooth”, interaction-region solenoids with large crossing angle 
and fringe fields, beam polarization, optics correction and harmonic 
spin-orbit bumps, dynamic aperture optimization, vertical 
emittance minimization, lepton collimation and synchrotron-
radiation tracking with scattering routines for leptons and photons, 
modelling of top-up injection, wake fields and coherent synchrotron 

Figure 3. Schedule of major civil-engineering processes leading to a start of FCC tunnel construction in 2030.

Figure 4. The mock-up of a complete arc half cell of FCC-ee [1] is expected 
for 2025, including girder, vacuum system with antechamber, pumps, dipole, 
quadrupole and sextupole magnets, beam-position monitors, cooling and 
alignment systems.

 Parameter EIC FCC-ee Z pole (W)

Beam energy [GeV] 10 (18) 45.6 (80)

Bunch population [1011] 1.7 1.7

Bunch spacing [ns] 10 15, 17.5 or 20

Rms bunch length [mm] 10 3.5 from 
synchrotron 
radiation, 12 with 
beamstrahlung

Beam current [A] 2.5 (0.27) 1.39

RF frequency [MHz] 591 or 394 400

SR power / beam / meter [W/m] 7000 600

Critical photon energy [keV] 9 (54) 19 (100)

Table 1. Key parameters of EIC and FCC-ee on the Z pole (and at the W pair 
threshold).
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radiation. This optics and single-beam dynamics code also needs to 
be interfaced and linkable with an advanced beam-beam simulation 
code that includes beamstrahlung, pair production, and crab waist 
collision schemes, amongst other effects, which is equally to be 
developed over the coming years.

Serendipitously, the design electron-beam parameters of the 
recently approved Electron-Ion Collider (EIC) [9] in the U.S. bear 
great similarity with those of FCC-ee, as illustrated in Table 1. This 
synergetic coincidence may enable collaborations on numerous 
topics of mutual interest and benchmarking of simulations and 
hardware in actual EIC beam operation, which is expected to start 
by the end of 2030.

Beyond the challenges in accelerator design, substantial work is 
foreseen both for the design of future FCC detectors and experiments, 
as well as for its implementation and civil engineering. The recently 
approved Horizon 2020 FCC Innovation Study (FCCIS) [10] 
(Figure 5) will not only support the optimization of the FCC-ee 
lepton collider but also advance the construction planning, prepare 
for environmental evaluation, study the management of excavation 
materials, catalyse user community building and public engagement, 
and perform socio-economic impact analyses.
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An Interview with Siqi Li 
SLAC National Accelerator Laboratory

Let’s start with your thesis 
research: Can you give a brief 
description of what it entailed 
and the impact it had on the field? 
My thesis research is on using laser 
techniques to improve the performance 
of X-ray free-electron lasers (XFEL). 
It could be divided into two parts: first 
on laser shaping, and second on laser 
streaking. 

Laser shaping is a widely used technique to modulate the profile 
of the laser. In an X-ray free-electron laser, one way to generate 
the electrons is to shine a UV laser on a metal surface (i.e., a 
photocathode) to emit electrons due to Einstein’s photoelectric 
effect. So, the profile of this UV laser can have a significant impact 
on the subsequent behaviors of the electrons. I worked on using a 
digitally controlled device to produce arbitrary profiles on the laser 
(including a Stanford tree pattern!), and studied how it can help 
with the FEL operation. Later on, my colleagues and I used this 
method to do an electron ghost imaging experiment, by imposing a 
computer controlled pattern on the UV laser. It turned out to be the 
first ghost imaging experiment demonstrated with electrons.

The second part of my thesis is on using laser streaking as a diagnostic 
tool for attosecond X-ray FEL pulses. These pulses are so extremely 
short that no existing tool has sufficient resolution to measure the 
pulse duration. With laser streaking, we can project the time axis 
onto the momentum space of the photoelectrons ionized by the 
attosecond X-ray pulse when it interacts with gas molecules. In 
this way, we can reconstruct the pulse duration from measuring the 
photoelectrons’ momentum distribution. It was the first soft X-ray 
source with attosecond pulse duration with six orders of magnitude 
higher pulse energy compared to previous attosecond sources, and 
this diagnostic method confirmed this short pulse duration.

How did you get into the field of laser applications in X-ray 
free-electron lasers, and your research area in particular? 
I was first introduced to accelerator physics during my undergraduate 
summer internship at Fermilab, where I worked as a Lee Teng intern. 
During that internship, I attended the U.S. Particle Accelerator 
School for the first time, and I got interested in accelerator physics. 
Then, when I visited Stanford, I learned about the free-electron 
laser research at SLAC National Accelerator Laboratory, so I 

started working as a rotation student with a few different research 
groups at SLAC. They were all related to accelerator physics and 
X-ray science measurements enabled the free-electron laser. I got a 
good grasp of the range of research that the FEL can generate, and 
so I decided to stay in this field.

What was the greatest challenge you faced during your 
Ph.D. (technical or otherwise)?
As a student working with LCLS, a user facility, it is challenging 
to have flexible access to the lab. The lab schedule runs 24/7 and 
is often tight. The time pressure for each test or experiment is 
quite high, because the next one would have to wait for another 
few weeks, and in some cases a few months. It was frustrating at 
first because I would feel really bad for making mistakes during 
these precious lab times. But after a few times, I gradually got used 
to it, and learned to do better planning and more comprehensive 
preparation before the lab time. Being able to solve problems under 
time pressure is a skill that I’m still working on. 

What advice do you have for current graduate students 
in accelerator physics?
I think this advice would apply to current students in general, not 
just accelerator physics students. There can be many ups and downs 
in graduate studies, so I would encourage them not to get carried 
away by negative feelings or frustrations with themselves and/or 
with their research work. Having a hobby would be a good way to 
step aside from research and take a break sometimes. 

What are you doing now? Is it a continuation of your 
previous research, or are you starting something new?
I am currently an associate staff scientist at SLAC, partly 
continuing on previous research and partly starting something 
new. I am trying to create attosecond pulse trains from the FEL 
using beam shaping techniques and then combine novel analysis 
methods to make measurements at the FEL easier.

Any plans/aspirations for the future? 
I aspire to be a more independent researcher and perhaps lead my 
own research group in the future.

Tell us a fun fact about you! An interesting hobby, perhaps.
Outside physics, I like to do ballet and yoga.

2020 Outstanding Doctoral Thesis Reserch  
in Beam Physics Award Recipient
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Upcoming Events

Conferences & Meetings

  2021

March 15–19, 2021 APS March Meeting 2021 Virtual

April 17–20, 2021 APS April Meeting 2021 Virtual

May 24–28, 2021 International Particle Accelerator Conference (IPAC’21) Virtual

June 28–July 2, 2021 International Conference on RF Superconductivity (SRF’21) Virtual

July 26–30, 2021 11th International Conference on Mechanical Engineering Design  
of Synchrotron Radiation Equipment and Instrumentation (MEDSI’21)

Chicago, Il

September 12–16, 2021 International Beam Instrumentation Conference (IBIC’21) Gyeongju, South Korea

September 12-17, 2021 ICFA Advanced Beam Dynamics Workshop  
on High Luminosity Circular e+e- Colliders (eeFACT’21)

Isola d’Elba, Italy

October 16–22, 2021 International Conference on Accelerator and Large Experimental  
Physics Control Systems (ICALEPS’21)

Shanghai, China

TBD ICFA Advanced Beam Dynamics Workshop on High-Intensity  
and High-Brightness Hadron Beams (HB’21)

Chicago, Il

  2022

June 12–17, 2022 International Particle Accelerator Conference (IPAC’22) Bangkok, Thailand

August 22–26, 2022 International Free-Electron Laser Conference (FEL’21) Trieste, Italy

August 28–Sept 2, 2022 Linear Accelerator Conference (LINAC’22) Liverpool, UK

September 11–15, 2022 International Beam Instrumentation Conference (IBIC’22) Krakow, Poland

Date Title Location

Accelerator Schools

January 11–March 19, 2021 Joint Universities Accelerator School (JUAS) Virtual 

January 25–February 19, 2021 U.S. Particle Accelerator School (USPAS) Winter 2021 Virtual

June 14–25, 2021 U.S. Particle Accelerator School (USPAS) Summer 2021 Melville, NY

September, 2021 CERN Accelerator School – General Introduction (CAS) Switzerland
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Yuri Orlov, 1924–2020 

Yuri Orlov was an extraordinary human 
being: an indefatigable human rights 
activist and a highly productive scientist 
of renown. He was born August 13, 
1924, and passed September 27, 2020.

He graduated from high school in 
1947 after a six-year interruption for 
war service as a worker in a T-34 tank 
factory and as an artillery officer in the 
Red Army of the U.S.S.R.

After university, as a graduate student and employee of the 
Institute for Theoretical and Experimental Physics in Moscow, 
he was fired for giving a pro-democracy speech at ITEP in 1956. 
This led to a two-year delay in the publication of his Ph.D. thesis 
as well as a 16-year banishment from Moscow. Upon returning 
to Moscow in 1973, he helped organize the Soviet branch of 
Amnesty International and wrote his famous “Letter to Brezhnev” 
in defense of Andrei Sakharov and demanding political and 
economic reforms. In retaliation, he lost his job and had to subsist 
as a private tutor. Three years later, he cofounded the Moscow 
Helsinki Group, which monitored Soviet adherence to the civil 
rights provision of the 1975 Helsinki Accords between the Soviet 
Union and the West.

In 1977, Yuri was arrested and sentenced to 12 years of hard labor 
and exile in Siberia. In 1986, partly as a result from pressure of 
the widespread international “Free Orlov” movement spearheaded 
by the Federation of American Scientists and other science 
organizations, Yuri was stripped of Soviet citizenship and deported 
to the U.S. as part of a prisoner exchange. His offer of employment 
by Cornell University also played a major role in his release. 
President Ronald Reagan received Yuri at the White House on 
October 7, 1986, only days after his arrival in the U.S. Yuri traveled 
around the U.S. and Europe for the next several months to bring 
attention to the remaining imprisoned dissidents in the Soviet 
Union. He arrived at Cornell in 1987. 

Yuri was an undergraduate student at the Physical-Technical 
Institute in Moscow, where he studied under Kapitsa, Landau, 
Budker, and Berestetsky. As a graduate student at ITEP, he worked 

on the design of a proton synchrotron and did original work on 
accelerator theory, notably describing the non-linear motion of 
particles in terms of Hamiltonian perturbation theory known from 
planetary motion. After banishment from Moscow, he went to 
study and work at the Yerevan Physics Institute in Armenia where 
he received his first Ph.D. and did the theoretical design of the 
accelerator to be built at YPI, writing many highly original papers 
on accelerator theory. These involved some of the earliest papers on 
quantum radiation damping and excitation of particle oscillations in 
accelerators, and also addressed the dynamics of beam polarization.

In parallel to his work at Yerevan, Yuri was also engaged in work at 
the Budker Institute of Nuclear Physics in Novosibirsk, where he 
received his second Ph.D. in 1963.  While there, he participated in 
the design of colliding beam accelerators, the first of which came 
into operation in 1963. He was elected a corresponding member 
of the Armenian Academy of Sciences and became a professor at 
YPI in 1970. From 1972–1973, although forbidden to work in 
Moscow, he was employed at the Research Institute of Terrestrial 
Magnetism and Dissemination of Radio Waves in the Moscow 
region. At this point, his story moves to the human rights activity 
described above.

In 1987, Yuri arrived at Cornell as a senior scientist and immediately 
became involved in a complex experiment at Brookhaven National 
Laboratory and made original contributions to extracting precision 
results on the magnetic moment of a fundamental particle, the 
muon. He also practiced as a visiting scientist at CERN, the 
European Laboratory for Nuclear Research, and in 1993 became 
an American citizen. In 2008, Yuri was appointed as Professor of 
Physics and Government at Cornell and was granted emeritus 
status in 2015, the same year he joined another extremely difficult 
experiment to make precision measurements of the electric dipole 
moments of several fundamental particles, looking for departures 
from expected values and for fundamental symmetry violations 
in nature. While at Cornell, he also conceived many ingenious 
improvements to the Cornell accelerator. 

Prior to his arrest in 1977, he co-authored more than 50 scientific 
papers in leading journals and proceedings, as well as 40 human 
rights documents and appeals. While in labor camp, he authored 
three scientific papers, several human rights appeals and a 
document on the situation of prisoners and forced laborers in the 
Soviet Union, all of which were smuggled out, largely on snippets 
of cigarette paper, and published in the West. After his arrival at 
Cornell, he co-authored another 100-plus scientific articles. His 
autobiographical memoir “Dangerous Thoughts” was published in 
1991 in the U.S., Russia, Germany, France and the Ukraine.

Yuri received several human rights awards including the Carter-
Menil Human Rights Prize, the Human Rights Award of the 
International League of Human Rights, the American Physical 
Society’s Nicholson Medal, and the Andrei Sakharov Prize.

In Memoriam
Yuri Orlov, Alvin Tollestrup,  
Ernest David Courant, and Yuri I. Alexahin
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In 2020, Professor Orlov was awarded the APS Robert R. Wilson 
Prize for Achievement in the Physics of Particle Accelerators just a 
few days before his passing.  

Yuri Orlov’s achievements as a giant of human rights as well as 
a leading scientist in accelerator physics made his life unique and 
much to be admired. 

Maury Tigner, Csaba Csaki, and Georg Hoffstaetter

Alvin Tollestrup, 1924–2020 

Award-winning engineer and physicist 
Alvin Tollestrup, who played an 
instrumental role in developing the 
Tevatron as the world’s leading high-
energy physics accelerator at Fermi 
National Accelerator Laboratory and 
founding member of the Collider 
Detector at Fermilab collaboration, 
died on February 9, 2020, of cancer. 
He was 95.

Alvin led the pioneering work of designing and testing 1,000 
superconducting magnets used in the Tevatron, which operated 
from 1983 until 2011 and for 25 years was the world’s most 
powerful particle collider. This was the first large-scale application 
of superconductivity worldwide. The Tevatron led to the discovery 
of two fundamental particles — the top quark and the tau neutrino. 
The top quark, discovered in 1995, was the last undiscovered particle 
of the six-member quark family that explains the composition of 
protons, neutrons, and other particles. Scientists worldwide had 
sought the top quark since the discovery of the bottom quark 
at Fermilab in 1977. The discovery of the tau neutrino with the 
Tevatron accelerator followed in 2000.

Alvin was born March 22, 1924, in Los Angeles. He received his 
bachelor’s degree in engineering from the University of Utah in 
1944. After service in the U.S. Navy, he entered graduate school at 
the California Institute of Technology, where he earned his Ph.D. 
in physics in 1950. His doctoral adviser was William A. Fowler, who 
shared the 1983 Nobel Prize in physics. Alvin then took a position 
at Caltech to build the electron synchrotron, a type of particle 
accelerator. At the time, it was the highest-energy synchrotron in 
the world, starting at 500 million electronvolts, or MeV, finally 
reaching 1,300 MeV. He joined the Caltech faculty as an assistant 
professor of physics in 1953. 

While on sabbatical at CERN, the European particle physics 
laboratory, from 1957 to 1958, he helped plan and execute the first 
experiments on the lab’s 600-MeV cyclotron particle accelerator. 
The work led to the first observations of the electron decay mode 
of the pion (a subatomic particle consisting of up and down quarks 
and antiquarks). He became an associate professor at Caltech in 
1958 and a full professor in 1962. Alvin arrived at Fermilab in July 

1975 on another sabbatical, intending to stay only six months. He 
ended up stretching the sabbatical to two years, during which time 
he worked on superconducting accelerator technology.

He joined the Fermilab staff following his sabbatical and in 1978 
became head of the newly created Collider Detector Facility. He 
later became a founding member of the CDF collaboration, serving 
as its co-spokesperson from its inception in 1983 until 1992. 
During the 1990s, Alvin also became a founding member of the 
Neutrino Factory and Muon Collider collaboration, which today 
is known as the Muon Accelerator Program. MAP is devoted to 
developing and testing the demanding technologies and innovative 
concepts needed to discover and explore exciting new regions of 
fundamental physics. In 2009, along with Florida State University’s 
David Larbalestier, Alvin successfully launched and led the Very 
High Field Superconducting Magnet Collaboration. Its purpose 
was to study the applications of high-temperature superconductors 
to accelerator superconducting magnets.

Alvin received many honors during his career, including the 
National Medal of Technology — the nation’s highest honor 
for technological achievement — and election to the National 
Academy of Sciences. Alvin also received the Robert R. Wilson 
Prize of the American Physical Society for Achievement in the 
Physics of Particle Accelerators in recognition of his contributions 
to the development of the Tevatron’s superconducting magnets. 
Other honors include Caltech’s Distinguished Alumni Award and 
the Superconductivity Award from the Institute of Electrical and 
Electronics Engineers for significant and sustained contributions to 
applied superconductivity.

Fermilab has organized an Alvin Tollestrup memorial session 
during this year’s FNAL Users meeting (August 10–14, 2020) 
and officially named one of its largest and newest conference 
rooms the Alvin Tollestrup Auditorium. A nicely illustrated and 
comprehensive book, “Alvin Tollestrup (1924-2020): A Life in 
Science,” written and edited by his colleagues and students will be 
published in early 2021. 

Alvin was respected and loved by all of us. Besides his highest 
standing as a scientist, he had great human qualities and was a 
great collaborator, tutor, and supervisor to several generations of 
researchers. We will miss him greatly.

Vladimir Shiltsev
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Ernest David Courant, 1920–2020 

The accelerator community mourns the passing of Ernest David 
Courant, who passed away peacefully and surrounded by family in 
Ann Arbor, Michigan, on April 21, 2020, at the age of 100. 

Ernest was a seminal leader in large-scale particle accelerator design 
and a distinguished scientist emeritus at Brookhaven National 
Laboratory. He was awarded by the American Physical Society the 
first Robert R. Wilson Prize for Achievement in the Physics of 
Accelerators, was a member of the National Academy of Sciences, 
and was a recipient of the Enrico Fermi Award, awarded by the 
United States Government in recognition of a lifetime scientific 
achievement, as well as many other honors and awards for his 
scientific work. 

Ernest Courant was known as the “father of modern particle 
accelerators.” Essentially all high-energy accelerators in use today 
incorporate principles that he helped to develop. He spent most of 
his career at Brookhaven National Laboratory, interspersed with 
visiting appointments at Princeton University, the University of 
Cambridge, Yale University, the University of Michigan, Stony 
Brook University, and Fermilab, among other places. 

Ernest was born in Göttingen, Germany, March 26, 1920. His 
father, Richard Courant, was head of the Institute of Mathematical 
Sciences at the University of Göttingen, and his mother, Nina, was 
a musician. Ernest was the oldest of four children, all of whom are 
now deceased. In 1933, Richard Courant was removed from his 
position as a professor by the Nazi regime, and in 1934 the family 
moved to New Rochelle, a suburb of New York City. Richard became 
head of the math department at New York University, which later 
became the Courant Institute of Mathematical Sciences. 

Ernest graduated from high school at the Fieldston School in 
the Bronx, received his undergraduate degree in physics from 
Swarthmore College at the age of 20, and completed his Ph.D. 
at the University of Rochester in 1943. He spent 1944 and 1945 
working on nuclear physics at the Montreal Laboratory, which was 

part of the Manhattan Project that developed the atomic bomb. 
Montreal was also the home of Sara Paul, who worked as a lab 
technician. She and Ernest were married in 1944. In 1948, Ernest 
moved to Brookhaven Lab, where he spent most of his life and did 
most of his work, designing and building particle accelerators.

Ernest joined the newly formed lab as a member of the team 
assembling Brookhaven’s first accelerator, a proton synchrotron 
called the Cosmotron, which was also the first synchrotron to 
accelerate beams to GeV energies. In 1952, the Cosmotron reached 
the world record of 1.3 GeV — almost five times more energy than 
had been previously achieved. The accelerator design appealed to 
European physicists interested in building a similar, but larger, 
accelerator at Europe’s CERN laboratory, and a study group was 
formed together with Brookhaven physicists.

In considering modifications to the Cosmotron’s design for the 
accelerator at CERN, Ernest together with M. Stanley Livingston 
and Hartland Snyder, discovered the “alternating gradient” principle, 
which revolutionized the design of all modern accelerators. They 
showed that with a magnetic lattice composed of alternating-
gradient dipoles, the particle beams would remain confined and 
stable. This presented a breakthrough in accelerator design with 
regards to construction costs, by limiting both the overall size of the 
accelerator and the accelerator magnets, and in particular enabling 
acceleration of beams to even higher energies. Courant, Livingston, 
and Snyder quickly published in 1952 a design for a 30 GeV 
accelerator, which became the basis for Brookhaven’s Alternating 
Gradient Synchrotron and CERN’s Proton Synchrotron. The 
alternating gradient principle provides the basis for all modern 
high-energy particle accelerators, including Brookhaven’s 
Relativistic Heavy Ion Collider, Fermilab’s Main Injector, Europe’s 
Large Hadron Collider, SLAC’s Linac Coherent Light Source, 
and many other linacs and synchrotron light sources around the 
world, including Brookhaven’s original National Synchrotron Light 
Source and its successor, NSLS-II.

In later years, Ernest made many other important contributions, 
including the development of the foundations for analyzing beam 
dynamics and stability in strong focusing synchrotrons. The 
parameters used to characterize particle beams, commonly referred 
to as “Courant-Snyder” parameters, guided the design of many 
accelerators around the world. Ernest also made major contributions 
to the field of polarized beam acceleration, which facilitated the 
development of polarization capabilities at many accelerators.

The impact of Ernest’s work on modern science can hardly be 
overstated as particle accelerators have taken center stage in many 
disciplines.

Ernest retired in 1990 but continued to be scientifically active for 
more than 20 years, spending one day a week at Brookhaven even 
after he and Sara had moved to Manhattan. Ernest was an active 
hiker, skier, flute player, photographer, bicycle rider, opera buff, 

Sam Aronson, left, Ernest Courant, center, and Derek Lowenstein at the “90-50-
10” celebration in recognition of Ernest’s 90th birthday, the 50th anniversary of 
the startup of the AGS, and the 10th anniversary of RHIC operations.
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and concertgoer. He swam several days a week and frequently rode 
his bicycle around Central Park well into his 80s. Ernest and Sara 
moved to Ann Arbor from New York in 2013.

Ernest is survived by his wife of 75 years, who spent her career as a 
librarian and library director, and by his children, Paul, a professor 
at the University of Michigan, and Carl, a retired economist with 
the New York Power Authority, and by his daughter-in-law Marta 
Manildi, an attorney. He is also survived by dozens of students 
and colleagues, three grandchildren — Ernest Mendel, Noah, and 
Sam — and three great-grandchildren, who provided him with 
limitless joy.

He will be sorely missed by his friends, colleagues and students at 
the APS Division of Physics of Beams.

Paul Courant, Michiko Minty, Erika Peters and Thomas Roser

From left, Ernest Courant with M. Stanley Livingston, Hartland Snyder, and 
John Paul Blewett standing in front of one of the then-novel strong-focusing, 
alternating-gradient accelerator magnets.

Yuri I. Alexahin, 1948-2020 

On September 8, 2020, Fermilab senior 
scientist Yuri I. Alexahin, 72, died from 
a sudden stroke at the Northwestern 
Medicine Central DuPage Hospital 
in Winfield, Illinois, just miles from 
Fermilab, where for two decades he had 
shone as a world-leading beam physicist.

Yuri was born on January 27, 1948, in 
Vorkuta, Russia. He studied physics 
and graduated from Moscow State 

University. From 1971 to 1988, he worked at the Joint Institute for 
Nuclear Research in Dubna, Russia, and in 1980 he received his 
Ph.D. in physics from the Institute of High Temperatures of the 
U.S.S.R. Academy of Sciences. 

In Dubna, Yuri developed several brilliant ideas in beam physics 
and made critical contributions to a number of accelerator facilities 
and projects. He proposed a new scheme for a Tau-Charm Factory 
based on monochromatization to reduce the collision energy 
spread, addressed a problem of limited dynamic aperture at high 
energies faced by CERN’s LEP collider, and he recommended 
the low-emittance option for LEP collider operation at the W± 
production energies.

Yuri published pioneering works on the theory of coherent beam-
beam oscillations and their stabilization with Landau damping, 
laying the foundation for parameter optimization of CERN’s 
LHC. Among many other highlights, Yuri ingeniously predicted 
the loss of Landau damping for the two beams colliding in the 
LHC, derived analytical formulae describing the emittance growth 
in collision with transverse feedback and noise, and produced some 
of the most intriguing articles related to the LHC design.  

In 2000, Yuri joined Fermilab’s Accelerator Division. Here he 
made seminal contributions to the theory of nonlinear beam-beam 
compensation by electron lenses and was deeply engaged in the 
Tevatron proton-antiproton collider Run II (2001-11). He became 
one of the “Tevatron heroes,” whose efforts resulted in outstanding 
luminosity increases of what was then the world’s most powerful 
accelerator. Widely recognized is Yuri’s leading role in the design 
and implementation of optimal helical orbits to minimize Tevatron 
beam-beam effects at injection, acceleration, and squeeze, and his 
optimization of the beam lifetime at injection energy via reduction 
of the differential chromaticity. 

From 2007 to 2018, Yuri led the Accelerator Theory Group of the 
Fermilab Accelerator Physics Center. These years were another 
extremely productive period for Yuri, as he steered the interaction-
region lattice development for the energy frontier muon colliders 
(within the U.S. Muon Accelerator Program). He also invented the 
so-called “helical FOFO-snake” muon ionization cooling channel 
concept. Yuri was closely involved in the operation and upgrade of 
the existing Fermilab accelerator complex and in other intensity-
frontier accelerators worldwide. Not only was he actively taking 
part in many experimental beam studies, but he also proposed new 
theoretical and numerical algorithms for space-charge dominated 
beams, for the Landau damping of beam instabilities provided by 
electron lenses and for novel space-charge compensation techniques. 

Yuri will be remembered by his colleagues, friends and family as 
a highly intelligent, kind, and soft-spoken person. An excellent 
mentor, Yuri generously shared his knowledge with students and 
younger colleagues, and many world-renowned physicists are happy 
to call him their teacher. 

Vladimir Shiltsev, Alexander Valishev (Fermilab), Frank Schmidt, 
Frank Zimmermann (CERN)
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APS DPB Awards & Fellowships

APS Fellow Nominations  
by the DPB in 2020

Sarah Cousineau, Oak Ridge National Laboratory
Citation: “For high-impact contributions to high-power proton 
accelerator research, inspiring workforce education and effective 
leadership in the physics of beams.”

Massimo Giovannozzi, CERN
Citation: “For pioneering research on nonlinear dynamics in 
accelerators, particularly the invention of a fast multiturn extraction 
scheme based on resonance islands, and for making this method 
operational at the CERN Proton Synchrotron.”

  

Anna Grasselino, Fermi National Accelerator Laboratory
Citation: “For groundbreaking discoveries in nitrogen doping to 
increase the quality factor of superconducting radio frequency cavities, 
and in nitrogen infusion to increase the accelerating gradient.”

Dao Xiang, Shanghai Jiao Tong University
Citation: “For pioneering theoretical and experimental work in 
developing advanced beam manipulation techniques for free-electron 
lasers, and MeV ultrafast electron diffraction.”

2021 Robert R. Wilson Prize for Achievement  
in the Physics of Particle Accelerators Recipient 

Yuri Fyodorovich Orlov, Cornell University

Citation: “For pioneering innovation in accelerator 
theory and practice, including the independent 
development of the synchrotron radiation partition 
sum rule; seminal contributions to the muon g-2 
experiment; deep understanding of beam and spin 
dynamics; consistently unique and fruitful ideas, 
ranging from the practical to the visionary; and 
embodying the spirit of scientific freedom.”

2020 Outstanding Doctoral Thesis Research  
in Beam Physics Award Recipient

Siqi Li, Stanford University

Citation: “For seminal contributions in laser 
shaping of electron beams in photocathode RF 
guns and for laser streaking measurements of 
attosecond pulses in X-ray Free-Electron Lasers.”


