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Welcome to the digital edition of the 2021 CERN Courier In Focus report on  
US accelerator projects.

Evolution, ambition, collaboration: these are the defining themes of this  
CERN Courier In Focus on large-scale accelerator projects in the US.  
Fermilab’s Proton Improvement Plan II, our cover theme, is an ambitious 
reimagining of its accelerator complex that, upon completion in 2028, will 
drive a diverse experimental programme in particle physics (p25). Elsewhere, 
the engagement of the international nuclear-physics community will be 
front-and-centre as the Electron–Ion Collider takes shape through the 2020s (p10). 
Meanwhile, the Facility for Rare Isotope Beams is about to open up new frontiers 
in the study of rare isotopes (p5); SLAC’s LCLS-II upgrade will take X-ray science 
to the next level (p20); and Berkeley Lab’s pioneering Cyclotron Road innovation 
initiative opens for applications (p34). These and other projects, such as the  
Proton Power Upgrade at ORNL’s Spallation Neutron Source, demonstrate the 
continuing importance of accelerators for fundamental and applied research.  
That reference point, in turn, will inform the Particle Physics Community Planning 
Exercise (“Snowmass 2021”) as it gets underway this autumn, identifying a vision 
for the future of particle physics in the US and its international partners for the  
next 10 years and beyond.
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Evolution, ambition, collaboration: these are the 
defining themes of this CERN Courier In Focus 
on large-scale accelerator projects in the US. 
Fermilab’s Proton Improvement Plan II, our 
cover theme, is an ambitious reimagining of 
its accelerator complex that, upon completion 
in 2028, will drive a diverse experimental 
programme in particle physics (p25). Elsewhere, 
the engagement of the international nuclear-
physics community will be front-and-centre as 
the Electron–Ion Collider takes shape through 
the 2020s (p10). Meanwhile, the Facility for 
Rare Isotope Beams is about to open up new 
frontiers in the study of rare isotopes (p5); 
SLAC’s LCLS-II upgrade will take X-ray science 
to the next level (p20); and Berkeley Lab’s 
pioneering Cyclotron Road innovation initiative 
opens for applications (p34). These and other 
projects, such as the Proton Power Upgrade at 
ORNL’s Spallation Neutron Source, demonstrate 
the continuing importance of accelerators 
for fundamental and applied research. That 
reference point, in turn, will inform the 
Particle Physics Community Planning Exercise 
(“Snowmass 2021”) as it gets underway this 
autumn, identifying a vision for the future of 
particle physics in the US and its international 
partners for the next 10 years and beyond. 

Cover: PIP-II project director Lia Merminga, p25.  
(R Hahn/Fermilab)
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The $730 million Facility for 
Rare Isotope Beams (FRIB) at 
Michigan State University (MSU) is 
scheduled to come online in early 
2022 – a game-changer in every 
sense for the US and international 
nuclear-physics communities. With 
peer review and approval of the first 
round of experimental proposals 
now complete, an initial cohort 
of scientists from 25 countries 
is making final preparations to 
exploit FRIB’s unique capabilities. 
Their goal: to open up new frontiers 
in the fundamental study of rare 
and unstable isotopes as well as 
identifying promising candidate 
isotopes for real-world applications. 

The engine-room of the FRIB 
scientific programme is an 
all-new 400 kW superconducting 
radiofrequency (SRF) linac. In short: 
the world’s most powerful heavy-ion 
driver accelerator, firing beams of 
stable isotopes at targets of heavier 
nuclei (for example, carbon or 
beryllium). Amid the chaos of flying 
particles, two nuclei will occasionally 
collide, fusing to form a rare and 
unstable isotope – a process that 
ultimately delivers high-intensity 
beams of rare isotopes to FRIB’s 
experimental end-stations and a suite 
of scientific instruments. 

Funded by the US Department of 
Energy Office of Science (DOE-SC), 
and supported by MSU cost-share and 
contributions, FRIB will operate as a 
traditional big-science user facility, 
with beam-time granted via merit 
review of proposals and access open 
to all interested researchers. Here, 
FRIB’s scientific director, Bradley 
Sherrill, tells CERN Courier how the 
laboratory is gearing up for “go-live” 
and the importance of wide-ranging 
engagement with the international 
user community, industry and other 
rare-isotope facilities.

Going straight At the heart of the FRIB scientific programme is the 400 kW SRF linac. The heavy-ion 
accelerator comprises 46 cryomodules, assembled in-house by FRIB staff from industry-supplied components. 

Rare isotopes aplenty at FRIB 

What are the overarching objectives 
of the FRIB scientific mission?
There are four main strands to the 
FRIB science programme. For starters, 
user experiments will generate 
a wealth of data to advance our 
understanding of the nucleus – how 
it’s put together and how we can 
develop theoretical nuclear models 
and their approximations. At the same 
time, the research programme will 
yield unique insights on the origins 
of the chemical elements in the 
universe, providing access to most of 
the rare isotopes involved in extreme 
astrophysical processes such as 
supernovae and neutron-star mergers. 
Other scientists, meanwhile, will use 
isotopes produced at FRIB to devise 
experiments that look beyond the 
Standard Model, searching for subtle 
indications of hidden interactions 
and minutely broken symmetries. 
Finally, FRIB will generate research 
quantities of rare isotopes to feed 
into R&D efforts on next-generation 

applications – from functional medical 
imaging to safer nuclear reactors and 
advanced detector technologies.

What is FRIB’s biggest differentiator?  
The 400 kW SRF linac is the heart 
of FRIB’s value proposition to the 
research community, opening up 
access to a much broader spectrum of 
rare isotopes than hitherto possible 
– in fact, approximately 80% of the 
isotopes predicted to exist. It is worth 
noting, though, that FRIB does not 
exist in isolation. It’s part of a global 
research ecosystem, with a network 
of collaborations ongoing with other 
rare-isotope facilities – among them 
RIKEN’s RI Beam Factory in Japan, 
RAON in Korea, ISOLDE at CERN, FAIR 
in Germany, GANIL in France and ISAC 
at TRIUMF in Canada. Collectively, 
FRIB and this global network of 
laboratories are well placed to deliver 
unprecedented – and complementary 
– advances across the nuclear-science 
landscape over the coming decades.

The upcoming Facility for Rare Isotope Beams (FRIB) in Michigan underpins an ambitious 
programme to transform nuclear physics and its applications. Joe McEntee reports. 
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Developing 
the talent 
pipeline is 
part of the 
organisational 
DNA at FRIB
Bradley Sherrill, 
FRIB scientific 
director
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Is it realistic to expect broader 
commercial opportunities to emerge 
from FRIB’s research programme? 
There’s a high likelihood of FRIB 
yielding spin-off technologies and 
commercial applications down the 
line. One of the game-changers  
with FRIB is the quantities of rare 
isotopes the beamline can produce 
with high efficiency – a production 
scheme that enables us to make a 
broad swathe of isotopes relatively 
quickly and with high purity. That 
capability, in turn, will enable 
potential early-adopters in industry 
to fast-track the evaluation of novel 
applications and, where appropriate, 
to figure out how to produce the 
isotopes of interest at scale (see 
“FRIB’s bumper harvest will fuel 
applied science and innovation”). 

How is FRIB engaging with  
the scientific user community  
across academia, industry and 
government agencies? 
FRIB enjoys strong links with its 
future users – both here in the US and 
internationally – and meets with them 
regularly at planning events to identify 
and coordinate research opportunities. 
Earlier this year, in response to our 
first call for proposals, we received  
82 project submissions and six letters 
of intent from 130 institutions across 
30 countries. Those science proposals 
were subsequently peer-reviewed 
by the FRIB Programme Advisory 
Committee (PAC), an international 
group of nuclear science experts which 
I convene, to yield an initial set of 
experiments that will get underway 
once FRIB commences user operations 
in early 2022. 

Those PAC-recommended 
experiments align with national 
science priorities across the four 
FRIB priority areas: properties of 
rare isotopes; nuclear astrophysics; 
fundamental interactions; and 
applications for society. The headline 
numbers saw 34 (out of 82 requested) 
experiments approved with a projected 
4122 facility-use hours. There are 
88 institutions, 24 US states and 25 
countries represented in the initial 
experimental programme.

What are the opportunities for early-
career scientists and engineers at FRIB?
Developing the talent pipeline is part 
of the organisational DNA here at 
FRIB. There’s a structured educational 
framework to pass on the expertise 
and experience of senior FRIB staff to 

An excess of useful radioisotopes will be 
formed as FRIB fulfils its basic science mission 
of providing rare-isotope beams to feed a 
broad-scope international user programme.  
For the FRIB beams to reach high purity, though, 
the vast majority of these “surplus” isotopes will 
end up discarded in a water-filled beam dump 
– stranded assets that go unused and remain 
largely unexplored. 

With this in mind, the DOE-SC Office of Nuclear 
Physics, through the DOE Isotope Programme, 
has awarded FRIB scientists $13 million in 
funding over the next four years to build up 
FRIB’s isotope harvesting capabilities. The 
hope is that systematic recovery of the surplus 
isotopes – without impacting FRIB’s primary 
users – could open up novel lines of enquiry in 
applied research – from biochemistry to nuclear 
medicine, and from radiothermal generators to 
nuclear-weapons stockpile stewardship.

“This grant is about broadening the 
scientific impact of FRIB,” says Greg Severin, 
lead investigator for the harvesting project at 
FRIB. “While physicists at FRIB are making 
ground-breaking fundamental discoveries, our 
team will be supporting exciting opportunities  
in applied science.”

In 2018, the DOE-SC awarded Severin and 
colleagues an initial grant to prove that isotope 
harvesting is feasible. Their proof-of-concept 
involved building a small-scale isotope 
harvester in FRIB’s predecessor, the National 
Superconducting Cyclotron Laboratory at MSU. 

Now, with follow-on funding secured, 
Severin’s team is scaling up, with construction of 
a dedicated Isotope Harvesting Vault at FRIB in 
the works and set for completion in 2024.

•	See also “Isotope harvesting at FRIB: 
additional opportunities for scientific discovery” 
(J. Phys. G: Nucl. Part. Phys. 2019 46 100501). 

FRIB’s bumper harvest will fuel applied science and innovation

the next generation of researchers, 
engineers and technicians in nuclear 
science. MSU’s Accelerator Science 
and Engineering Traineeship (ASET) 
programme is a case in point. ASET 
leverages multidisciplinary expertise 
from FRIB and MSU colleagues to 
support specialisation in four key 
areas: physics and engineering of 
large accelerators; SRF technology; 
radiofrequency power engineering; 
and large-scale cryogenic systems. 

Many MSU ASET students 
supplement their courses through 
participation in the US Particle 
Accelerator School, a national 
programme that provides 
graduate-level training and 
workforce development in the 
science of particle beams and 
associated accelerator technologies. 
At a more specialist level, there’s 
also the MSU Cryogenic Initiative, 
a unique educational collaboration 
between the university’s college of 
engineering and FRIB’s cryogenics 
team. Meanwhile, we continue to 
prioritise development of a more 
diverse workforce, partnering with 
several academic institutions that 
traditionally serve under-represented 
groups to broaden participation in the 
FRIB programme. 

In what ways does FRIB ensure  
a best-practice approach to  
facilities management? 
Sustainability and continuous 
improvement underpin all FRIB 
working practices. We are an 
ISO14001-registered organisation, 

which means we measure ourselves 
against an international standard 
specifying requirements for effective 
environmental management. That’s 
reflected, for example, in our use of 
energy-efficient superconducting 
technologies, and also our efforts 
to minimise any helium wastage 
through an exhaustive capture, 
recovery and reuse scheme within 
FRIB’s cryogenic plant. 

We also have an ISO 9001-registered 
quality management system that 
guides how we address scientific 
user needs; an ISO 45001-registered 
occupational health and safety 
management system to keep 
our workers safe; and an ISO 
27001-registered information security 
management system.

How important is FRIB’s relationship 
with industry?
Our strategic partnerships with 
industry are also significant in 
driving organisational efficiencies. 
The use of standard industry 
components wherever possible 
reduces maintenance and training 
requirements, minimises the need  
for expensive product inventory,  
and lowers our operational costs.  
We engage with manufacturers on  
a co-development basis,  
fast-tracking innovation and 
knowledge transfer so that they 
are able to produce core enabling 
technologies for FRIB at scale – 
whether that’s accelerator cavities, 
superconducting magnets, or vacuum 
and cryogenic subsystems.  

There’s a high 
likelihood of 
FRIB yielding 
new spin-off 
technologies 
as well as 
commercial 
applications

THE AUTHOR

Joe McEntee is a 
consultant editor 
based in South 
Gloucestershire, UK.
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• Earlier this summer, the 
Advanced Light Source (ALS), a 
synchrotron user facility at the 
US Department of Energy’s (DOE) 
Lawrence Berkeley National 
Laboratory, received federal 
approval (known as Critical 
Decision 2) for the $590 million 
budget, schedule and technical 
scope of a major upgrade project 
(ALS-U) that will boost the 
brightness of its X-ray beams at 
least a hundredfold. In addition 
to the replacement of the existing 
electron storage ring, the 
upgrade involves construction of 
two new beamlines to take full 
advantage of ALS-U’s enhanced 
beam properties. The project will 
also provide for the realignment 
of existing beamlines and a 
seismic and shielding upgrade 
of the storage-ring tunnel. A 
key challenge with ALS-U is 
the construction of a second 
concentric ring, called an 

accumulator, inside the 
already-cramped concrete 
tunnels that house the storage 
ring. This unique feature enables 
a technique called on-axis, 
swap-out injection, which allows 
the electron beam to be injected 
into the storage ring with 
minimal perturbation.

•While construction work for the 
$815 million upgrade of Argonne 
National Laboratory’s Advanced 
Photon Source (APS) is already 
well under way, the replacement 
of the facility’s existing electron 
storage ring – which will require 
a year-long shutdown of the 
APS experimental programme 
– is now scheduled to kick off  
in April 2023. That represents 
a 10-month delay versus the 
original planned refi t owing 
to the operational impacts of 
the COVID-19 pandemic. The 
upgrade of the APS, a national 

synchrotron research facility 
funded by the US DOE, will reduce 
electron beam emittance by 
a factor of 70 from its present 
value which, together with a 
doubling of stored beam current 
and the introduction of high-
performance insertion devices 

(some superconducting), will 
yield X-ray beams two to three 
orders of magnitude brighter than 
the current machine. Delaying 
the shutdown for the storage-ring 
upgrade will allow the APS to 
continue operating for all three 
experimental runs in 2022. 

• The US DOE’s Brookhaven 
National Laboratory (BNL) 
has named Wolfram Fischer as 
chair of its Collider–Accelerator 
Department (C-AD). C-AD 
develops, improves and operates 
BNL’s suite of particle and heavy-
ion accelerators – including the 
Relativistic Heavy Ion Collider 
(RHIC) and Alternating Gradient 
Synchrotron (AGS) – and will 
also play a key role in supporting 
the upcoming construction 
of the Electron-Ion Collider 
(see p10). Fischer previously 
served as accelerator division 
head in C-AD.
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Beam steering An eight-pole 
fast-corrector magnet destined for 
the APS-U electron storage ring.
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Going underground The EIC will be sited at Brookhaven National Laboratory (BNL) in Long Island, New York, utilising components and infrastructure 
from BNL’s Relativistic Heavy Ion Collider (RHIC), including the polarised proton and ion-beam capability and the 3.8 km underground tunnel. The RHIC/
EIC site at BNL is shown (top) along with two superconducting hadron rings (bottom left) and a 3D rendering of the tunnel with EIC beam lines (bottom right). 

technology innovations to shape the next generation of 
particle accelerators and detectors.

The US Department of Energy (DOE) formally initiated the 
EIC project in December 2019 with the approval of a “mission 
need”. That was followed in June of this year with the next 
“critical decision” to proceed with funding for engineering 
and design prior to construction (with the estimated cost 
of the build about $2 billion). The new facility will be sited 
at Brookhaven National Laboratory (BNL) in Long Island, 
New York, utilising components and infrastructure from 
BNL’s Relativistic Heavy Ion Collider (RHIC), including the 

B
N
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polarised proton and ion-beam capability and the 3.8 km 
underground tunnel. Construction will be carried out as a 
partnership between BNL and Thomas Jefferson National 
Accelerator Facility (JLab) in Newport News, Virginia, 
home of the Continuous Electron Beam Accelerator Facil-
ity (CEBAF), which has pioneered many of the enabling 
technologies needed for the EIC’s new electron rings. 

Beyond the BNL–JLab partnership, the EIC is very much a 
global research endeavour. While the facility is not sched-
uled to become operational until early in the next decade, 
an international community of scientists is already hard 

electron  
storage ring

RHIC rings

EIC hadron accelerator/ 
storage ring uses  
existing RHIC ring

electron accelerator:  
rapid cycling synchrotron
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PARTNERSHIP YIELDS 
BIG WINS FOR THE EIC
The Electron–Ion Collider (EIC) 
will help researchers to understand 
how visible matter emerges from 
fundamental quarks and gluons.  
As Jim Yeck, Ferdinand Willeke  
and Tom Ludlam explain, the 
engagement – at scale – of 
international partners and 
early-career scientists will be  
pivotal for successful delivery of  
this next-generation collider.

The international nuclear-physics community will be 
front-and-centre as a unique research facility called 
the Electron–Ion Collider (EIC) moves from concept 

to reality through the 2020s – the latest progression in the 
line of large-scale accelerator programmes designed to 
probe the fundamental forces and particles that underpin 
the structure of matter. 

Decades of research in particle and nuclear physics 
have shown that protons and neutrons, once thought to 
be elementary, have a rich, dynamically complex internal 
structure of quarks, anti-quarks and gluons, the under-
standing of which is fundamental to the nature of matter 
as we experience it. By colliding high-energy beams of 
electrons with high-energy beams of protons and heavy 
ions, the EIC is designed to explore this hidden subatomic 
landscape with the resolving power to image its behaviour 
directly. Put another way: the EIC will provide the world’s 
most powerful microscope for studying the “glue” that 
binds the building blocks of matter.

Luminous performance
When the EIC comes online in the early 2030s, the facility 
will perform precision “nuclear femtography” by zeroing 
in on the substructure of quarks and gluons in a manner 
comparable to the seminal studies of the proton using 
electron–proton collisions at DESY’s HERA accelerator in 
Germany between 1992 and 2007 (see “Nuclear femtog-
raphy to delve deep into nuclear matter”, p15). However, 
the EIC will produce a luminosity (collision rate) 100 times 
greater than the highest achieved by HERA and, for the 

The EIC in outline Polarised protons, light ions and (unpolarised) heavy ions are 
injected via the existing source and pre-injection stages (green) and are accelerated 
and stored in an upgraded RHIC superconducting accelerator ring (yellow). A new 
suite of components will accelerate polarised electrons in a rapid-cycling synchrotron 
(red ring) and inject them into the electron storage ring (light blue). The low-energy 
beam of cooling electrons is shown in purple. The stored beams of ions and electrons 
cross at two possible collision points, where detectors may be located. (Credit: BNL)

first time in such a collider, will provide spin-polarised 
beams of both protons and electrons, as well as high-energy 
collisions of electrons with heavy ions. All of which will 
require unprecedented performance in terms of the power, 
intensity and spatial precision of the colliding beams, 
with the EIC expected to provide not only transforma-
tional advances in nuclear science, but also transferable 
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at work within the EIC User Group. Formed in 2016, the 
group now has around 1300 members – representing 265 
universities and laboratories from 35 countries – engaged 
collectively on detector R&D, design and simulation as well 
as initial planning for the EIC’s experimental programme. 

A cutting-edge accelerator facility
Being the latest addition to the line of particle collid-
ers, the EIC represents a fundamental link in the chain 
of continuous R&D, knowledge transfer and innovation 
underpinning all manner of accelerator-related technol-
ogies and applications – from advanced particle therapy 
systems for the treatment of cancer to ion implantation 
in semiconductor manufacturing. 

The images “The EIC in outline” and “Going under-
ground” (see pages 10, 11) show the planned layout of the EIC, 
where the primary beams circulate inside the existing RHIC 
tunnel to enable the collisions of high-energy (5–18 GeV) 
electrons (and possibly positrons) with high-energy ion 
beams of up to 275 GeV/nucleon. One thing is certain: the 
operating parameters of the EIC, with luminosities of up 
to 1034 cm–2 s–1 and up to 85% beam polarisation, will push 
the design of the facility beyond the limits set by previous 
accelerator projects in a number of core technology areas.

For starters, the EIC will require significant advances in 
the field of superconducting radiofrequency (SRF) systems 
operating under high current conditions, including control 
of higher-order modes, beam RF stability and crab cavities. 
A major challenge is the achievement of strong cooling of 
intense proton and light-ion beams to manage emittance 
growth owing to intrabeam scattering. Such a capability will 
require unprecedented control of low-energy electron-beam 
quality with the help of ultrasensitive and precise photon 
detection technologies – innovations that will likely yield 
transferable benefits for other areas of research reliant 
on electron-beam technology (e.g. free-electron lasers). 

The EIC design for strong cooling of the ion beams speci-
fies a superconducting energy-recovery linac with a virtual 
beam power of 15 MW, an order-of-magnitude increase ver-
sus existing machines. With this environmentally friendly 
new technology, the rapidly cycling beam of low-energy 
electrons (150 MeV) is accelerated within the linac and 
passes through a cooling channel where it co-propagates 
with the ions. The cooling electron beam is then returned 
to the linac, timed to see the decelerating phase of the RF 
field, and the beam power is thus recovered for the next 
accelerating cycle – i.e. beam power is literally recycled 
after each cooling pass.

The EIC will also require complex operating schemes. 
A case in point: fresh, highly polarised electron bunches 
will need to be frequently injected into the electron stor-
age ring without disturbing the collision operation of 
previously injected bunches. Further complexity comes 
in maximising the luminosity and polarisation over a 
large range of centre-of-mass energies and for the entire 
spectrum of ion beams. With a control system that can 
monitor hundreds of beam parameters in real-time, and 
with hundreds of points where the guiding magnetic fields 
can be tuned on the fly, there is a vast array of “knobs-to-
be-turned” to optimise overall performance. Inevitably, 

this is a facility that will benefit from the use of artificial 
intelligence and machine-learning technologies to max-
imise its scientific output. 

At the same time, the EIC and CERN’s High-Luminosity 
LHC user communities are working in tandem to realise 
more capable technologies for particle detection as well as 
innovative electronics for large-scale data read-out and 
processing. Exploiting advances in chip technology, with 
feature sizes as small as 65 nm, multipixel silicon sensors 
are in the works for charged-particle tracking, offering 
single-point spatial resolution better than 5 µm, very low 
mass and on-chip, individual-pixel readout. These R&D 
efforts open the way to compact arrays of thin solid-state 
detectors with broad angular coverage to replace large- 
volume gaseous detectors. 

Coupled with leading-edge computing capabilities, such 
detectors will allow experiments to stream data contin-
uously, rather than selecting small samples of collisions 
for readout. Taken together, these innovations will yield 
no shortage of downstream commercial opportunities, 
feeding into next-generation medical imaging systems, 
for example, as well as enhancing industrial R&D capacity 
at synchrotron light-source facilities.

The BNL–JLab partnership
As the lead project partners, BNL and JLab have a deep 
and long-standing interest in the EIC programme and 
its wider scientific mission. In 2019, BNL and JLab each 
submitted their own preconceptual designs to DOE for a 
future high-energy and high-luminosity polarised EIC 
based around existing accelerator infrastructure and 
facilities. In January 2020, DOE subsequently selected 
BNL as the preferred site for the EIC, after which the two 
labs immediately committed to a full partnership between 
their respective teams (and other collaborators) in the 
construction and operation of the facility. 
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Test case The prototype bunched-beam polarised electron source, shown here  
in a recent test beam, achieved a peak current of 4 A with a bunch charge of 8 nC, 
meeting the EIC performance specifications.
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The construction project is led by a joint BNL–JLab man-
agement team that integrates the scientific, engineering 
and management capabilities of JLab into the BNL design 
effort. JLab, for its part, leads on the design and construc-
tion of SRF and cryogenics systems, the energy-recovery 
linac and several of the electron injector and storage-ring 
subsystems within the EIC accelerator complex. 

More broadly, BNL and JLab are gearing up to work with US 
and international partners to meet the technical challenges 
of the EIC in a cost-effective, environmentally responsi-
ble manner. The goal: to deliver a leading-edge research 
facility that will build upon the current CEBAF and RHIC 
user base to ensure engagement – at scale – from the US 

and international nuclear-physics communities. 
As such, the labs are jointly hosting the EIC experiments 

in the spirit of a DOE user facility for fundamental research, 
while the BNL–JLab management team coordinates the 
engagement of other US and international laboratories 
into a multi-institutional partnership for EIC construc-
tion. Work is also under way with prospective partners to 
define appropriate governance and operating structures 
to enhance the engagement of the user community with 
the EIC experimental programme. 

With international collaboration hard-wired into the 
EIC’s working model, the EIC User Group has been in the 
vanguard of a global effort to develop the science goals for 

Nuclear matter is inherently complex because 
the interactions and structures therein are 
inextricably mixed up: its constituent quarks 
are bound by gluons that also bind themselves. 
Consequently, the observed properties of 
nucleons and nuclei, such as their mass 
and spin, emerge from a dynamical system 
governed by quantum chromodynamics 
(QCD). The quark masses, generated via the 
Higgs mechanism, only account for a tiny 
fraction of the mass of a proton, leaving 
fundamental questions about the role of 
gluons in the structure of nucleons and nuclei 
still unanswered. 

The underlying nonlinear dynamics 
of the gluon’s self-interaction is key to 
understanding QCD and fundamental features 
of the strong interactions such as dynamical 
chiral symmetry-breaking and confinement. 
Yet despite the central role of gluons, and the 
many successes in our understanding of QCD, 
the properties and dynamics of gluons remain 
largely unexplored. 

If that’s the back-story, the future is  
there to be written by the EIC, a unique 
machine that will enable physicists to shed 
light on the many open questions in modern 
nuclear physics. 

Back to basics
At the fundamental level, the way in which 
a nucleon or nucleus reveals itself in an 
experiment depends on the kinematic  
regime being probed. A dynamic structure of 
quarks and gluons is revealed when probing 
nucleons and nuclei at higher energies, or 
with higher resolutions. Here, the nucleon 
transforms from a few-body system, with  
its structure dominated by three valance 
quarks, to a regime where it is increasingly 
dominated by gluons generated through gluon 
radiation, as discovered at the former HERA 
electron–proton collider at DESY. Eventually, 

the gluon density becomes so large that 
the gluon radiation is balanced by gluon 
recombination, leading to nonlinear features 
of the strong interaction.

The LHC and RHIC have shown that 
neutrons and protons bound inside nuclei 
already exhibit the collective behaviour that 
reveals QCD substructure under extreme 
conditions, as initially seen with high-energy 
heavy-ion collisions. This has triggered 
widespread interest in the study of the strong 
force in the context of condensed-matter 
physics, and the understanding that the 
formation and evolution of the extreme phase 
of QCD matter is dominated by the properties 
of gluons at high density.

The subnuclear genetic code
The EIC will enable researchers to go far 
beyond the present one-dimensional picture 
of nuclei and nucleons, where the composite 

nucleon appears as a bunch of fast-moving 
(anti-)quarks and gluons whose transverse 
momenta or spatial extent are not resolved. 
Specifically, by correlating the information of 
the quark and gluon longitudinal momentum 
component with their transverse momentum 
and spatial distribution inside the nucleon, 
the EIC will enable nuclear femtography. 

Such femtographic images will provide, for 
the first time, insight into the QCD dynamics 
inside hadrons, such as the interplay between 
sea quarks and gluons. The ultimate goal is to 
experimentally reconstruct and constrain the 
so-called Wigner functions – the quantities 
that encode the complete tomographic 
information and constitute a QCD “genetic 
map” of nucleons and nuclei.

 • Adapted from “Electron–ion collider on  
the horizon” by Elke-Caroline Aschenauer, 
BNL, and Rolf Ent, JLab (CERN Courier  
October 2018 p31).

Nuclear femtography to delve deep into nuclear matter

Looking closer The internal quark and gluon substructure of the proton grows more  
complex when probed at increasing centre-of-mass energies. 
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the facility – as well as the experimental programme to 
realise those goals. Most importantly, the group has carried 
out intensive studies over the past two years to document 
the measurements required to deliver EIC’s physics objec-
tives and the resulting detector requirements. This work 
also included an exposition of evolving detector concepts 
and a detailed compendium of candidate technologies for 
the EIC experimental programme.

Cornerstone collaborations 
The resulting Yellow Report, released in March 2021, provides 
the basis for the ongoing discussion of the most effective 
implementation of detectors, including the potential for 
complementary detectors in the two possible collision points 
as a means of maximising the scientific output of the EIC 
facility (see “Detectors deconstructed” above). Operation-
ally, the report also provides the cornerstone on which 
EIC detector proposals are currently being developed by 
three international “proto-collaborations”, with signif-
icant components of the detector instrumentation being 
sourced from non-US partners. 

Along every coordinate, it’s clear that the EIC project 
profits enormously from its synergies with accelerator 
and detector R&D efforts worldwide. To reinforce those 
benefits, a three-day international workshop was held in 
October 2020, focusing on EIC partnership opportunities 
across R&D and construction of accelerator components. 
This first Accelerator Partnership Workshop, hosted by 
the Cockcroft Institute in the UK, attracted more than 250 
online participants from 26 countries for a broad over-
view of EIC and related accelerator-technology projects. 
A follow-up workshop, scheduled for October 2021 and 
hosted by the TRIUMF Laboratory in Canada, will focus 
primarily on areas where advanced “scope of work” dis-
cussions are already under way between the EIC project 
and potential partners.

Nurturing talent 
While discussion and collaboration between the BNL and 
JLab communities were prioritised from the start of the 
EIC planning process, a related goal is to get early-career 
scientists engaged in the EIC physics programme. To this 
end, two centres were created independently: the Center 
for Frontiers in Nuclear Science (CFNS) at Stony Brook 
University, New York, and the Electron-Ion Collider Center 
(EIC2) at JLab.

The CFNS, established jointly by BNL and Stony Brook 
University in 2017, was funded by a generous donation from 
the Simons Foundation (a not-for-profit organisation that 
supports basic science) and a grant from the State of New 
York. As a focal point for EIC scientific discourse, the CFNS 
mentors early-career researchers seeking long-term oppor-
tunities in nuclear science while simultaneously supporting 
the formation of the EIC’s experimental collaborations. 

Core CFNS activities include EIC science workshops, short 
ad-hoc meetings (proposed and organised by members of 
the EIC User Group), alongside a robust postdoctoral fellow 
programme to guide young scientists in EIC-related theory 
and experimental disciplines. An annual summer school 
series on high-energy QCD also kicked off in 2019, with most 

of the presentations and resources from the wide-ranging 
CFNS events programme available online to participants 
around the world. 

In a separate development, the CFNS recently initiated 
a dedicated programme for under-represented minorities 
(URMs). The Edward Bouchet Initiative provides a broad 
portfolio of support to URM students at BNL, including 
grants to pursue masters or doctoral degrees at Stony Brook 
on EIC-related research. 

Meanwhile, the EIC2 was established at JLab with funding 
from the State of Virginia to involve outstanding JLab stu-
dents and postdocs in EIC physics. Recognising that there 
are many complementary overlaps between JLab’s current 
physics programme and the physics of the future EIC, the 
EIC2 provides financial support to three PhD students and 
three postdocs each year to expand their current research 
to include the physics that will become possible once the 
new collider comes online. 

Beyond their primary research projects, this year’s cohort 
of six EIC2 fellows worked together to organise and estab-
lish the first EIC User Group Early Career workshop. The 
event, designed specifically to highlight the research of 
young scientists, was attended by more than 100 delegates 
and is expected to become an annual part of the EIC User 
Group meeting.

The future, it seems, is bright, with CFNS and EIC2 playing 
their part in ensuring that a diverse cadre of next-generation 
scientists and research leaders is in place to maximise the 
impact of EIC science over the decades to come. 

Detectors deconstructed The layout of a conceptual general-purpose detector 
from the EIC User Group’s Yellow Report. The design exploits multiple detector 
technologies for particle momentum and energy measurement, as well as particle 
identification, at the track level over the full solid-angle range. The report includes 
an exposition of evolving detector concepts and a detailed compendium of candidate 
technologies for the EIC experimental programme. 
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Na18F, 18F-MISO, 18FLT, 18F-Choline, 
18F-DOPA, 18F-PSMA, 11C, 13N,  
68Ga and more!

   Low Energy Compact System 
   Easy to operate push-button graphic interface
   Automated quality control testing
   Ideal for Nuclear Cardiology and other Medical Applications
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Tunnel vision Aerial view (left)
of the LCLS-II linac tunnel and 
its cryoplant building. The future 
LCLS-II X-ray laser (blue) is also 
shown schematically below, 
alongside the existing LCLS 
(red). LCLS uses the last third of 
SLAC’s two-mile-long linac – a 
hollow copper structure that 
operates at room temperature. In 
LCLS-II, the first third of the 
copper accelerator has been 
replaced with an SRF 
configuration. At the beam 
switchyard, electron beams from 
each linac will be directed to one 
of two new undulators to 
produce hard or soft X-ray laser 
pulses that are subsequently 
routed to the experimental halls 
to support an increasingly 
diverse research programme. 
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Keeping cool A cutaway showing the 
LCLS-II cryomodule (right). Each 
large metal cylinder contains layers of 
insulation and cooling equipment, in 
addition to the SRF niobium cavities 
that accelerate the electrons. The 
cryomodules are fed liquid helium 
from an aboveground cooling plant, 
which keeps the SRF cavities at a 
temperature of 2 K. Microwaves reach 
the cryomodules through waveguides 
connected to a system of solid-state 
amplifiers. These microwaves power 
an oscillating electric field that 
resonates inside the superconducting 
niobium cavities and eventually 
builds in strength to a very high 
voltage to drive electron acceleration. 
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cooling pipes

beamline (niobium) 
cavity string

helium gas  
return pipe

waveguide

vacuum vessel

thermal shield

LCLS-II layout adds a 4 GeV  
superconducting linac  

in an existing SLAC tunnel,  
avoiding the need for excavation

cooling  
plant

new superconducting 
accelerator

beam  
switchyard

soft X-ray 
undulator

experimental 
halls

existing copper 
accelerator

hard X-ray 
undulator

superconducting linac beamline

copper linac beamline
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An ambitious upgrade of the US’s flagship X-ray 
free-electron-laser facility – the Linac Coherent 
Light Source (LCLS) at the SLAC National Accelerator 

Laboratory in California – is nearing completion. Set for 
“first light” in 2022, LCLS-II will deliver X-ray laser beams 
that are 10,000 times brighter than LCLS at repetition rates 
of up to a million pulses per second – generating more 
X-ray pulses in just a few hours than the current laser has 
delivered through the course of its 12-year operational 
lifetime. The cutting-edge physics of the new X-ray laser 
– underpinned by a cryogenically cooled superconducting 
radiofrequency (SRF) linac – will enable the two beams from 
LCLS and LCLS-II to work in tandem. This, in turn, will 
help researchers observe rare events that happen during 
chemical reactions and study delicate biological molecules 
at the atomic scale in their natural environments, as well 
as potentially shed light on exotic quantum phenomena 
with applications in next-generation quantum computing 
and communications systems. 

Strategic commitment
Successful delivery of the LCLS-II linac was possible thanks 
to a multicentre collaborative effort involving US national 
and university laboratories, following the decision to pur-
sue an SRF-based machine in 2014 through the design, 
assembly, test, transportation and installation of a string 
of 37 SRF cryomodules (most of them more than 12 m long) 
into the SLAC tunnel (see figures “Tunnel vision” and 
“Keeping cool”). All told, this non-trivial undertaking 
necessitated the construction of 40 1.3 GHz SRF cryomodules 
(five of them spares) and three 3.9 GHz cryomodules (one 
spare) – with delivery of approximately one cryomodule per 
month from February 2019 until December 2020 to allow 
completion of the LCLS-II linac installation on schedule 
by November 2021. 

This industrial-scale programme of works was shaped 
by a strategic commitment, early on in the LCLS-II design 
phase, to transfer, and ultimately iterate, the established 
SRF capabilities of the European XFEL project into the core 
technology platform used for the LCLS-II SRF cryomodules. 
Put simply: it would not have been possible to complete the 

LCLS-II project, within cost and on schedule, without the 
sustained cooperation of the European XFEL consortium 
– in particular, colleagues at DESY (Germany), CEA Saclay 
(France) and several other European laboratories (as well 
as KEK in Japan) that generously shared their experiences 
and know-how so that the LCLS-II collaboration could hit 
the ground running. 

Better together 
These days, large-scale accelerator or detector projects are 
very much a collective endeavour. Not only is the sprawling 
scope of such projects beyond a single organisation, but 
the risks of overspend and slippage can greatly increase 
with a “do-it-on-your-own” strategy. When the LCLS-II 
project opted for an SRF technology pathway in 2014 (to 
maximise laser performance and future-proofing), the 
logical next step was to build a broad-based coalition with 
other US Department of Energy (DOE) national laboratories 
and universities. In this case, SLAC, Fermilab, Jefferson 
Lab (JLab) and Cornell University contributed exper-
tise for cryomodule production, while Argonne National  
Laboratory and Lawrence Berkeley National Laboratory 
managed delivery of the undulators and photoinjector for 
the project. For sure, the start-up time for LCLS-II would 
have increased significantly without this joint effort, 
extending the overall project by several years.

Each partner brought something unique to the LCLS-II 
collaboration. While SLAC was still a relative newcomer to 
SRF technologies, the lab had a management team that was 
familiar with building large-scale accelerators (following 
successful delivery of the LCLS). The priority for SLAC was 
therefore to scale up its small nucleus of SRF experts by 
recruiting experienced SRF technologists and engineers 
to the staff team. 

In contrast, the JLab team brought an established 
track-record in the production of SRF cryomodules, hav-
ing built its own machine, the Continuous Electron Beam 
Accelerator Facility (CEBAF), as well as cryomodules for 
the Spallation Neutron Source (SNS) linac at Oak Ridge 
National Laboratory in Tennessee. Cornell, too, came with 
a rich history in SRF R&D – capabilities that, in turn, helped 

‘FIRST LIGHT’ BECKONS 
AS LCLS-II GEARS UP 
The LCLS-II upgrade will take X-ray science to the next level, greatly increasing  
the power and capacity of SLAC’s Linac Coherent Light Source (LCLS) for 
experimental studies of the ultrafast and the ultrasmall. Richard Stanek, Joe Preble 
and Andrew Burrill share the secrets of successful collaboration and the transferable 
lessons learned from the sharp-end of LCLS-II project delivery.

THE AUTHORS

Richard Stanek  
is the Fermilab 
LCLS-II senior  
team leader;  
Joe Preble is the 
JLab LCLS-II senior 
team leader; and 
Andrew Burrill  
is the cryogenic 
systems lead for 
LCLS-II at SLAC.
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a separate two-phase line and liquid-level probes at both 
ends of every module). 

However, the biggest setback during LCLS-II construc-
tion involved the loss of beamline vacuum during cryo-
module transport. Specifically, two cryomodules had their 
beamlines vented and required complete disassembly and 
rebuilding – resulting in a five-month moratorium on ship-
ping of completed cryomodules in the second half of 2019. 
It turns out that a small, what was thought to be incon-
sequential, change in a coupler flange resulted in the cold 
coupler assembly being susceptible to resonances excited 
by transport. The result was a bellows tear that vented the 
beamline. Unfortunately, initial “road-tests” with a similar, 
though not exactly identical, prototype cryomodule had 
not surfaced this behaviour. 

Such challenges are inevitable when developing new 
facilities at the limits of known technology. In the end, 
the problem was successfully addressed using the diverse 
talents of the collaboration to brainstorm solutions, with 
the available access ports allowing an elastomer wedge to be 
inserted to secure the vulnerable section. A key take-away 
here is the need for future projects to perform thorough 
transport analysis, verify the transport loads using mock-
ups or dummy devices, and install adequate instrumenta-
tion to ensure granular data analysis before long-distance 

transport of mission-critical components. 
Upon completion of the assembly phase, all LCLS-II cryo- 

modules were subsequently tested at either Fermilab or 
JLab, with one module tested at both locations to ensure 
reproducibility and consistency of results. For high Q0  
performance in nitrogen-doped cavities, cooldown flow 
rates of at least 30 g/s of liquid helium were found to give 
the best results, helping to expel magnetic flux that could 
otherwise be trapped in the cavity. 

Overall, cryomodule performance on the test stands 
exceeded specifications, with an average energy gain per 
cryomodule of 158 MV (versus specification of 128 MV) and 
average Q0 of 3 × 1010 (versus specification of 2.7 × 1010). Look-
ing ahead, attention is already shifting to the real-world 
cryomodule performance in the SLAC tunnel – something 
that will be measured for the first time in 2022.

Transferable lessons
For all members of the collaboration working on the 
LCLS-II cryomodules, this challenging project holds many 
lessons. Most important is the nature of collaboration 
itself, building a strong team and using that strength to 
address problems in real-time as they arise. The mantra 
“we are all in this together” should be front-and-centre 
for any multi-institutional scientific endeavour – as it was 

As with many accelerator projects, LCLS-II 
is not an end-point in itself, more an 
evolutionary transition within a longer term 
development roadmap. In fact, work is already 
under way on LCLS-II HE – a project that will 
increase the energy of the CW SRF linac from  
4 to 8 GeV, enabling the photon energy range to 
be extended to at least 13 keV, and potentially 
up to 20 keV at 1 MHz repetition rates. 

To ensure continuity of production for 
LCLS-II HE, 25 next-generation cryomodules 
are in the works, with even higher 
performance specifications versus their 
LCLS-II counterparts, while upgrades  
to the source and beam transport are also 
being finalised. 

In addition to LCLS-II HE, other SRF 
disciplines will benefit from the R&D and 

technological innovation that has come out 
of the LCLS-II construction programme. SRF 
technologies are constantly evolving and 
advancing the state-of-the-art, whether 
that’s in single-cavity cryogen-free systems, 
additional FEL CW upgrades to existing 
machines, or the building blocks that will 
underpin enormous new machines like the 
proposed International Linear Collider. 

Shine on: from LCLS-II to LCLS-II HE

Sign here The last cryomodule from Fermilab was unloaded at the LCLS-II site at SLAC on 19 May 2021. 
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to solidify the SRF cavity preparation process for LCLS-II. 
Finally, Fermilab had, at the time, recently built two 

cutting-edge cryomodules of the same style as that chosen 
for LCLS-II. To fabricate these modules, Fermilab worked 
closely with the team at DESY to set up the same type 
of production infrastructure used on the European XFEL. 
From that perspective, the required tooling and fixtures 
were all ready to go for the LCLS-II project. While Fermilab 
was the “designer of record” for the SRF cryomodule, with 
primary responsibility for delivering a working design to 
meet LCLS-II requirements, the realisation of an optimised 
technology platform was, in large part, a team effort involv-
ing SRF experts from across the collaboration.

Operationally, the use of two facilities to produce the 
SRF cryomodules – Fermilab and JLab – ensured a com-
pressed delivery schedule and increased flexibility within 
the LCLS-II programme. On the downside, the dual-track 
production model increased infrastructure costs (with the 
procurement of duplicate sets of tooling) and meant addi-
tional oversight to ensure a standardised approach across 
both sites. Ongoing procurements were divided equally 
between Fermilab and JLab, with deliveries often made to 
each lab directly from the industry suppliers. Each facility, 
in turn, kept its own inventory of parts, so as to minimise 
interruptions to cryomodule assembly owing to any sup-
ply-chain issues (and enabling critical components to be 
transferred between labs as required). What’s more, the 
close working relationship between Fermilab and JLab kept 
any such interruptions to a minimum.

Collective problems, collective solutions 
While the European XFEL provided the template for the 
LCLS-II SRF cryomodule design, several key elements of the 
LCLS-II approach subsequently evolved to align with the 
CW operation requirements and the specifics of the SLAC 
tunnel. Success in tackling these technical challenges – 

across design, assembly, testing and transportation of the 
cryomodules – is testament to the strength of the LCLS-II 
collaboration and the collective efforts of the participating 
teams in the US and Europe. 

For starters, the thermal performance specification of 
the SRF cavities exceeded the state-of-the-art and required 
development and industrialisation of the concept of nitrogen 
doping (a process in which SRF cavities are heat-treated in a 
nitrogen atmosphere to increase their cryogenic efficiency 
and, in turn, lower the overall operating costs of the linac). 
The nitrogen-doping technique was invented at Fermilab 
in 2012 but, prior to LCLS-II construction, had been used 
only in an R&D setting.

Adapatability in real-time 
The priority was clear: to transfer the nitrogen-doping 
capability to LCLS-II’s industry partners, so that the cav-
ity manufacturers could perform the necessary materials 
processing before final helium-vessel jacketing. During 
this knowledge transfer, it was found that nitrogen-doped 
cavities are particularly sensitive to the base niobium sheet 
material – something the collaboration only realised once 
the cavity vendors were into full production. This resulted 
in a number of process changes for the heat treatment tem-
perature, depending on which material supplier was used 
and the specific properties of the niobium sheet deployed in 
different production runs. JLab, for its part, held the contract 
for the cavities and pulled out all stops to ensure success.

At the same time, the conversion from pulsed to CW 
operation necessitated a faster cooldown cycle for the SRF 
cavities, requiring several changes to the internal piping, 
a larger exhaust chimney on the helium vessel, as well as 
the addition of two new cryogenic valves per cryomodule. 
Also significant is the 0.5% slope in the longitudinal floor of 
the existing SLAC tunnel, which dictated careful attention 
to liquid-helium management in the cryomodules (with 
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In the works Fermilab was the “designer of record” for the SRF cryomodule, with primary responsibility for delivering a working design to meet 
LCLS-II requirements. A cryomodule in the Fermilab test cave is put through its paces (left) before being prepared for transport (right) to SLAC. 
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Progressions of power Rendering of the new purpose-built facility (above and left from Fermilab’s Wilson Hall) that will host the 215 m-long 
PIP-II superconducting linac, the new heart of the Fermilab accelerator complex near Chicago, Illinois. 

The Proton Improvement Plan II (PIP-II) is an  
essential upgrade – and ambitious reimagining – 
of the Fermilab accelerator complex. An all-new, 

leading-edge superconducting linear accelerator, com-
bined with a comprehensive overhaul of the laboratory’s 
existing circular accelerators, will deliver multimega-
watt proton beam power and, in turn, enable the world’s 
most intense beam of neutrinos for the international Long 
Baseline Neutrino Facility (LBNF) and Deep Underground 
Neutrino Experiment (DUNE). While positioning Fermilab 
at the forefront of accelerator-based neutrino research, 
PIP-II will also provide the “engine room” for a diverse 

– and scalable – experimental programme in US particle 
physics for decades to come. Put simply, PIP-II will be the 
highest-energy and highest-power continuous-wave (CW) 
proton linac ever built, capable of delivering both pulsed 
and continuous particle beams.

Another unique aspect of PIP-II is that it is the first US 
Department of Energy (DOE)-funded particle accelerator 
that will be built with significant international participa-
tion. With major “in-kind” contributions from institutions 
in India, Italy, the UK, France and Poland, the project’s 
international partners bring wide-ranging expertise and 
know-how in core accelerator technologies along with an 
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PIP-II’s INTERNATIONAL 
ENGAGEMENT IS THE 
SECRET OF SUCCESS
Fermilab’s Proton Improvement Plan II (PIP-II) is relying on international 
collaborations to shape the future of accelerator-based particle physics in the 
US. Lia Merminga and Eduard Pozdeyev provide an insider take.
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in this case. With all parties making their best efforts, 
the goal should be to utilise the combined strengths of 
the collaboration to mitigate challenges. Solutions need 
to be thought of in a more global sense, since the best 
answer might mean another collaborator taking more 
onto their plate. Collaboration implies true partnership 
and a working model very different to a transactional 
customer–vendor relationship.

From a planning perspective, it’s vital to ensure that the 
initial project cost and schedule are consistent with the 
technical challenges and preparedness of the infrastructure. 
Prototypes and pre-series production runs reduce risk and 
cost in the long term and should be part of the plan, but 
there must be sufficient time for data analysis and changes 
to be made after a prototype run in order for it to be useful. 
Time spent on detailed technical reviews is also time well 
spent. New designs of complex components need detailed 
oversight and review, and should be controlled by a team, 
rather than a single individual, so that sign-off on any 
detailed design changes are made by an informed collective. 

Planning ahead
Work planning and control is another essential element 
for success and safety. This idea needs to be built into 
the “manufacturing system”, including into the cost and 
schedule, and be part of each individual’s daily checklist. 
No one disagrees with this concept, but good intentions 
on their own will not suffice. As such, required safety 
documentation should be clear and unambiguous, and be 
reviewed by people with relevant expertise. Production 
data and documentation need to be collected, made easily 

available to the entire project team, and analysed regularly 
for trends, both positive and negative. 

Supply chain, of course, is critical in any production 
environment – and LCLS-II is no exception. When possible, 
it is best to have parts procured, inspected, accepted and 
on-the-shelf before production begins, thereby eliminat-
ing possible workflow delays. Pre-stocking also allows  
adequate time to recycle and replace parts that do not 
meet project specifications. Also worth noting is that 
it’s often the smaller components – such as bellows, 
feedthroughs and copper-plated elements – that drive  
workflow slowdowns. A key insight from LCLS-II is to 
place purchase orders early, stay on top of vendor deliv-
eries, and perform parts inspections as soon as possible 
post-delivery. Projects also benefit from having clearly 
articulated pass/fail criteria and established procedures 
for handling non-conformance – all of which alleviates 
the need to make critical go/no-go acceptance decisions 
in the face of schedule pressures.

Finally, it’s worth highlighting the broader impact – both 
personal and professional – to individual team members 
participating on a big-science collaboration like LCLS-II. 
At the end of the build, what remained after designs were 
completed, problems solved, production rates met, and 
cryomodules delivered and installed, were the friendships 
that had been nurtured over several years. The collaboration 
amongst partners, both formal and informal, who truly 
cared about the project’s success, and had each other’s backs 
when there were issues arising: these are the things that 
solidified the mutual respect, the camaraderie and, in the 
end, made LCLS-II such a rewarding project. 

Production line The use of two facilities to produce the SRF cryomodules – Fermilab and JLab (above) – ensured a compressed delivery schedule 
and increased flexibility within the LCLS-II programme. Tight collaboration between the labs minimised any supply-chain issues.
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the far detector located in Ash River, Minnesota), while 
supporting a multitude of other research programmes 
exploring fundamental particles and forces down to the 
smallest scales.

A leading-edge SRF proton linac
The roll-out of PIP-II will make the Fermilab complex more 
powerful again. Replacing the 50-year-old linear accelerator 
with a high-intensity, superconducting radio frequency 
(SRF) linac will enable Fermilab to deliver 1.2 MW of proton 
beam power to the LBNF target, providing a platform for 
scale-up to multimegawatt levels and the capability for 
high-power operation across multiple particle-physics 
experiments simultaneously. 

Deconstructed, the PIP-II linac is an 800 MeV, 2 mA H– 
machine consisting of a room-temperature front-end (up 
to 2.1 MeV) followed by an SRF section designed to operate 
in CW mode. The CW operation, and the requirements it 
places on the SRF systems, present some unprecedented 
challenges in terms of machine design. 

The H– source (capable of 15 mA beam current) is fol-
lowed by a low-energy beam transport (LEBT) section and 
a radio frequency quadrupole (RFQ) that operates at a fre-
quency of 162.5 MHz and is capable of 10 mA CW operation. 
The RFQ bunches, focuses and accelerates the beam from 
30 keV to 2.1 MeV. Subsequently, the PIP-II MEBT includes  
a bunch-by-bunch chopping system that removes undesired 
bunches of arbitrary patterns from the CW beam exiting 

Precision engineering A technician works on the PIP-II 325 MHz spoke resonator cavity string (SSR1) in a Fermilab cleanroom (top left);  
the PIP-II Injector Test facility (PIP2IT) provides a systems engineering testbed for PIP-II’s suite of advanced technologies (top right);  
PIP2IT’s RFQ (centre left) arrives at Fermilab after transportation from Lawrence Berkeley National Laboratory (centre right); the first 
Fermilab-built cryomodule at PIP2IT (bottom left); and an engineer works on the prototype MEBT absorber (bottom right). 
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established track-record in big-physics initiatives. What’s 
more, PIP-II is not going to be the last DOE project to benefit 
from international collaboration – there will be more to 
come – so a near-term priority is to provide a successful 
template that others can follow. 

A key driver of change was the recommendation of the 
2014 US Particle Physics Project Prioritization Panel (P5) 
that the US host a world-leading international programme 
in neutrino physics. “Its centrepiece,” the P5 report asserts, 
“would be a next-generation long-baseline neutrino facility 
(LBNF). LBNF would combine a high-intensity neutrino 
beam and a large-volume precision detector [DUNE] sited 
underground a long distance away to make accurate meas-
urements of the oscillated neutrino properties… A powerful, 
wideband neutrino beam would be realised with Fermilab’s 
PIP-II upgrade project, which provides very high intensities 
in the Fermilab accelerator complex.”

Fast forward to December 2020 and full DOE approval of 
the PIP-II baseline plan, at a total project cost of $978m and 
with completion scheduled for 2028. Initial site prepara-
tion actually started in March 2019, while construction of 
the cryoplant building got under way in July 2020. Com-
missioning of PIP-II is planned for the second half of this 
decade, with the first delivery of neutrino beam to LBNF/
DUNE in the late 2020s (see “Deconstructing neutrino phys-
ics”, panel above). With the help of Fermilab’s network of 

international partners, a highly capable, state-of-the-art 
accelerator will soon be probing new frontiers in neutrino 
physics and, more broadly, redefining the roadmap for US 
high-energy physics.  

Then, now, next
If that’s the future, what of the back-story? Fermilab’s  
particle-accelerator complex originally powered the  
Tevatron, the first machine to break the TeV energy barrier 
and the world’s most powerful accelerator before CERN’s 
Large Hadron Collider (LHC) came online a decade ago. 
The Tevatron was shut down in 2011 after three illustrious 
decades at the forefront of particle physics, with notable 
high-points including discovery of the top quark in 1995 
and direct discovery of the tau neutrino in 2000. 

Today, about 4000 scientists from more than 50 countries 
rely on Fermilab’s accelerators, detectors and comput-
ing facilities to support their cutting-edge research. The 
laboratory comprises four interlinking accelerators and 
storage rings: a 400 MeV room-temperature linac; an 8 GeV 
Booster synchrotron; an 8 GeV fixed-energy storage ring 
called the Recycler; and a 60–120 GeV Main Injector syn-
chrotron housed in the same tunnel with the Recycler. The 
Main Injector generates more than 800 kW of proton beam 
power, in turn yielding the world’s most intense beams of 
neutrinos for Fermilab’s flagship NOvA experiment (with 

Operationally, LBNF/DUNE is a global 
research endeavour comprising three main 
parts: the experiment itself (DUNE); the 
facility that produces the neutrino beam 
plus associated infrastructure to support the 
experiment (LBNF); and the PIP-II upgrade to 
the Fermilab accelerator complex, which will 
power the neutrino beam. 

At Fermilab, PIP-II will accelerate protons 
and smash them into an ultrapure graphite 
target. The resulting beam of neutrinos will 
travel through the DUNE near detector on the 
Fermilab site, then through 1300 km of earth (no 
tunnel required), and finally through the DUNE 
far detector at Sanford Lab in South Dakota 
(see figure). Data from neutrino interactions 
collected by the experiment’s detectors will 
be analysed by a network of more than 1000 
DUNE collaborators around the world.

In this way, DUNE will enable a 
comprehensive programme of precision 
neutrino-oscillation measurements using 
νμ and ν—μ  beams from Fermilab. Key areas of 
activity will include tests of leptonic charge-
parity conservation; determining the neutrino 
mass ordering; measuring the angle θ23 in the 
Pontecorvo–Maki–Nakagawa–Sakata mixing 
matrix; and probing the three-neutrino 
paradigm. Furthermore, DUNE will search 
for proton decay in several decay modes and 

potentially detect and measure the νe flux from 
any supernovae that take place in our galaxy. 

To provide unprecedented detail in the 
reconstruction of neutrino events, the DUNE 
experiment will exploit liquid-argon time-
projection-chamber (LArTPC) detectors on 
a massive scale (technology itself that was 
first deployed at scale in 2010 for the ICARUS 
detector as part of the CERN Neutrinos to Gran 
Sasso facility). The LArTPC implementation 
for DUNE is currently being developed in two 
prototype detectors at CERN via the CERN 
Neutrino Platform, an initiative inaugurated 
in 2014 following the recommendations 

of the 2013 European Strategy for Particle 
Physics to provide a focal point for Europe’s 
contributions to global neutrino research. 

In addition to the prototype DUNE 
detectors, the CERN Neutrino Platform 
is contributing to the long-baseline 
Tokai-to-Kamioka (T2K) and future 
Hyper-Kamiokande experiments in Japan. 
Construction of the underground caverns 
for DUNE and Hyper-Kamiokande is under 
way, with both experiments chasing similar 
physics goals and offering valuable scientific 
complementarity when they come online 
towards the end of the decade. 

Deconstructing neutrino physics

Big physics At Sanford Lab, four neutrino detector modules (each one as tall and wide as a 
four-storey building and as long , at 66 m, as a jumbo jet) will be housed in caverns 1.5 km 
underground to shield them from cosmic rays and other interference. Akin to a “ship in a bottle”, 
the four modules will be assembled from parts transported down a mine shaft and, upon 
completion, each will be cooled to –184 °C and filled with 17,000 tonnes of ultrapure liquid argon. 
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PIP-II is the first DOE-funded particle 
accelerator to be built with significant 
international participation, leveraging 
in-kind contributions of equipment, 
personnel and expertise from a network  
of partners across six countries. It’s a  
similar working model to that favoured 
by European laboratories like CERN, the 
European X-ray Free Electron Laser (XFEL) 
and the European Spallation Source (ESS) – 
all of which have shared their experiences 
with Fermilab to inform the PIP-II 
partnership programme. 

US
Partners: Argonne National Laboratory; 
Fermilab (lead partner); Lawrence  
Berkeley National Laboratory;  
Thomas Jefferson National Accelerator 
Facility
Key inputs: HWR, RFQ and resonance  
control systems

INDIA
Partners: Bhabha Atomic Research  
Centre (BARC); Inter-University  
Accelerator Centre (IUAC);  
Raja Ramanna Centre for Advanced 
Technology (RRCAT); Variable Energy 
Cyclotron Centre (VECC)
Key inputs: room-temperature and 
superconducting magnets, SRF cavities, 
cryomodules, RF amplifiers

ITALY
Partner: Italian Institute for Nuclear  
Physics (INFN)
Key inputs: SRF cavities (LB650) 

UK
Partner: Science and Technology Facilities 
Council as part of UK Research and Innovation 
(STFC UKRI)
Key inputs: SRF cryomodules (HB650)

FRANCE
Partners: French Alternative Energies and 
Atomic Energy Commission (CEA);  

French National Centre for Scientific 
Research/National Institute of Nuclear and 
Particle Physics (CNRS/IN2P3) 
Key inputs: cryomodules (LB650) and SRF 
cavity testing (SSR2)

POLAND
Partners: Wrocław University of Science 
and Technology; Warsaw University of 
Technology; Lodz University of Technology
Key inputs: cryogenic distribution systems  
and high-performance electronics  
(e.g. low-level RF and RF protection 
instrumentation).

PIP-II prioritises international partnerships

International engagement Fermilab engineers welcome collaborators from India’s 
Department of Atomic Energy during the tuning of a 650 MHz SRF cavity for PIP-II.
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the RFQ. This is one of several innovative features of the 
PIP-II linac design that enables not only direct injection into 
the Booster RF bucket – thereby mitigating beam losses at 
injection – but also delivery of tailored bunch patterns for 
other experiments. The chopper system itself comprises 
a pair of wideband kickers and a 20 kW beam absorber.

In terms of the beam physics, the H– ions are non-rela-
tivistic at 2.1 MeV and their velocity changes rapidly with 
acceleration along the linac. To achieve efficient acceler-
ation to 800 MeV, the PIP-II linac employs several fami-
lies of accelerating cavities optimised for specific velocity 
regimes – i.e. five different types of SRF cavities at three RF 
frequencies. Although this arrangement ensures efficient 
acceleration, it also increases the technical complexity of 
the project owing to the unique challenges associated with 
the design, fabrication and commissioning of a portfolio 
of accelerating systems.

Mapped versus increasing energy, the PIP-II linac con-
sists of a half-wave resonator (HWR) operating at 162.5 MHz 
at optimal beta-value of 0.112; two types of single-spoke 
resonators (SSR1, SSR2) at 325 MHz and optimal betas equal 
to 0.222 and 0.472, respectively; and two types of ellip-
tical cavities with low and high beta at 650 MHz (LB650, 

HB650) and optimal betas equal to 0.65 and 0.971. The HWR 
cryomodule has been built by the DOE’s Argonne National 
Laboratory (Lemont, Illinois), while an SSR1 prototype 
cryomodule was constructed by Fermilab, with a cavity 
provided by India’s Department of Atomic Energy. Both 
cryomodules have now been tested successfully with beam 
by the PIP-II accelerator physics team. 

Innovation yields acceleration
Each of the five accelerating systems comes with unique 
technical challenges and requires dedicated development 
to validate performance requirements. In particular, the 
CW RF mode of operation necessitates SRF cavities with 
high-quality factors at high gradient, thereby minimis-
ing the cryogenic load. For the SSR2, LB650 and HB650 
cavities, the Qo and accelerating gradient specifications 
are: 0.82 × 1010 and 11.4 MV/m; 2.4 × 1010 and 16.8 MV/m; 
3.3 × 1010 and 18.7 MV/m, respectively – figures of merit 
that are all beyond the current state-of-the-art. Nitrogen 
doping will enable the elliptical cavities to reach this level 
of performance, while the SSR2 cavities will undergo a 
rotational-buffered chemical polishing treatment. 

A further design challenge is to ensure that the cavity 
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being transformed into the PIP-II Cryomodule Test Facility, 
where most of the cryomodules will be tested with full RF 
power before being installed in the tunnel.  

Notwithstanding construction of the new SRF linac, 
PIP-II also involves fundamental upgrades to Fermilab’s 

existing circular accelerators – the Booster, Recycler Ring 
and Main Injector – to enable the complex to achieve at least 
1.2 MW of proton beam power while providing a scalable 
platform towards multi-MW capability. More specifi cally, 
the path to 1.2 MW from Fermilab’s Main Injector, over the 

If PIP-II is primarily about providing a 
platform for doubling the beam power from 
Fermilab’s Main Injector, the project is also 
designed with scalability in mind to enable 
future upgrades versus a broad spectrum of 
scientifi c opportunities. 

At 2 mA average beam current at 800 MeV, 
the PIP-II linac is capable of delivering up to 
1.6 MW of CW beam power. The LBNF/DUNE 
experiment requires approximately 17 kW of 
that power budget – which constitutes 1% 
of the available beam power – though that 
requirement will scale to twice as much over the 
long term. The rest of the beam can be delivered 
to other user programmes by combining RF 
separators and fast switching magnets, yielding 
a high-power beam with fl exible bunch patterns 
for diverse experiments simultaneously. 

One key outcome of PIP-II is an upgrade 
path for a 10-fold increase in beam power 
delivered to the Mu2e experiment. The 
resulting Mu2e-II project will measure how 
muons decay to electrons with the aim of 
observing forbidden processes that could 
point to physics beyond the Standard Model. 
PIP-II will also underpin a low-energy muon 
research programme, using not only its large 
beam power but also its extremely fl exible 
bunch structure to support two diff erent 
classes of slow-muon experiments – i.e. 
those involving continuous beams and those 
involving pulsed beams.

Along the energy coordinate, meanwhile, 
the PIP-II linac tunnel currently includes 
space and infrastructure for two more 
HB650 cryomodules – additions that would 

increase the beam energy above 1 GeV. There is 
considerable interest, for example, in using the 
excess protons at about 1 GeV that PIP-II could 
provide when operated in continuous mode. 
Coupling to a proton storage ring to drive a 
MW-class proton beam dump facility would 
support new lines of enquiry in high-energy 
physics, including the search for accelerator-
produced dark matter. Extending the tunnel 
(and adding even more cryomodules) would 
off er an upgrade path to further increase the 
beam energy to roughly 2 GeV.

Versatility is a given. Although the PIP-II 
linac accelerates H– ions, it’s worth noting 
that most of the accelerator components 
are also suitable for acceleration of protons 
without modifi cations or changes to their 
polarity or phase.

PIP-II: a flexible, versatile design 
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resonance is as narrow as possible – something that is 
necessary to minimise RF power requirements when oper-
ating in CW mode. However, a narrow-bandwidth cavity 
is prone to detuning owing to small acoustic disturbances 
(so-called microphonic noise), with adverse eff ects on the 
required phase, amplitude stability and ultimately RF power 
consumption. The maximum detuning requirement for 
PIP-II is 20 Hz – achieved via a mix of passive approaches 
(e.g. cryomodule design, decoupling cavities from sources 
of vibration and more rigid cavity design) and active inter-
vention (e.g. adaptive detuning control algorithms). 

Another issue in the pulsed RF regime is Lorentz force 
cavity detuning, in which the thin walls of the SRF cavities 
are deformed by forces from electromagnetic fi elds inside 
the cavity. This phenomenon can be especially severe in 
the SSR2 and LB650 cavities – where detuning may be 
approximately 10 times larger than the cavity bandwidth 
– though initial operation of PIP-II in CW RF and pulsed 
beam mode will help to mitigate any detuning eff ects.

The management of risk 
Given the scale and complexity of the linac development 
programme, the Fermilab project team has constructed 
the PIP-II Injector Test facility (also known as PIP2IT) 
as a systems engineering testbed for PIP-II’s advanced 
technologies. Completed last year, PIP2IT is a near-full-
scale prototype of the linac’s room-temperature front-end, 

which accelerates protons up to 2.1 MeV, and the fi rst two 
PIP-II cryomodules (HWR and SSR1) that then take the 
beam up to about 20 MeV. 

The testbed is all about risk management: on the one 
hand, validating design choices and demonstrating that 
core enabling technologies will meet PIP-II performance 
goals in an operational setting; on the other, ensuring 
seamless integration of the in-kind contributions (includ-
ing SRF cavities, magnets and RF amplifi ers) from PIP-II’s 
network of international partners (see “PIP-II prioritises 
international partnerships”, p29). Beam commissioning 
in PIP2IT was completed earlier this year, with notable 
successes versus a number of essential beam manipulations 
and technology validations including: the PIP-II design 
beam parameters; the bunch-by-bunch chopping pattern 
required for injection into the Booster; and acceleration 
of beam to 17.2 MeV in the fi rst two PIP-II cryomodules. 
Signifi cant progress was also registered with successful 
testing of the SRF/cryomodule technologies, fi rst operation 
of the laser-wire profi le monitor, and the application of 
machine-learning algorithms to align the orbit through 
the cryomodules. 

There’s no duplication of eff ort here either. Post-com-
missioning, after completion of full system and design 
validation, the PIP2IT accelerator will be disassembled, 
moved and reinstalled in the PIP-II facility as the SRF linac’s 
upstream front-end. The testbed location, meanwhile, is 

Each of the 
accelerating 
systems comes 
with unique 
technical 
challenges 
and requires 
dedicated 
development
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energy range 60 to 120 GeV, requires a number of deliver-
ables to come together: increase of the Fermilab Booster 
beam intensity by roughly 50% compared to current oper-
ation (i.e. an increase in the number of protons extracted 
per Booster cycle from 4.3 × 1012 to 6.3 × 1012); reduction of 
the Main Injector cycle from 1.33 to 1.2 s; and an increase 
of the Booster repetition rate from 15 to 20 Hz. 

Right now, beam losses in the Booster – which occur 
during injection, transition and extraction – prevent 
the intensity increase and limit the performance of the 
accelerator complex to roughly 900 kW. The PIP-II SRF 
linac injection into the Booster mitigates high-intensity 
eff ects and reduces losses on two fronts: fi rst, the higher 
injection energy (800 MeV vs 400 MeV) will mitigate space-
charge forces at higher beam intensities; second, the high-
quality, lower-emittance beam will allow “beam paint-
ing” at injection in all three degrees of freedom, further 
reducing space-charge forces and beam losses at high 
intensity. Other upgrades are also in the works to further 
reduce and control losses, with some of them to be made 
available early, several years before PIP-II commissioning, 
to benefi t the NOvA experiment. 

In PIP-II, the 8 GeV Booster beam will be injected into 
the Fermilab Recycler ring – equipped with new 53 MHz RF 
cavities capable of larger beam current – where 12 Booster 
transfer batches are accumulated and slip-stacked. Next, 
the Recycler beam will enter Fermilab’s Main Injector – 

equipped with double the number of power amplifi ers 
and vacuum tubes – which accelerates this intense beam 
anywhere from 60 to 120 GeV, delivering at least 1.2 MW 
of beam power at 120 GeV. Further, the Booster upgrade to 
20 Hz will support an 8 GeV science programme, includ-
ing Fermilab’s muon-to-electron conversion experiment 
(Mu2e) and studies of short-baseline neutrinos (see “PIP-II: 
a fl exible, versatile design”, p31). 

International collaboration  
Over the next decade, the PIP-II roadmap is clear. Phase 
one of the project will see the front-end of the Fermilab 
accelerator complex replaced with an 800 MeV SRF linac 
while performing necessary upgrades to the existing 
rings. Completion will see PIP-II deliver an initial beam 
power of 1.2 MW on the LBNF target, though the longer-
term objective is to upgrade to 2.4 MW through replace-
ment of the Booster synchrotron.

Operationally, it’s worth reiterating that PIP-II is very 
much a collective endeavour – in fact, the fi rst US acceler-
ator to be built with the help of a network of international 
partnerships. In this way, PIP-II is very much a trail-
blazer, with the excellence and sustained commitment 
of the project’s international partners essential for the 
construction – and ultimately the successful delivery – 
of this next-generation accelerator complex by the end 
of the decade. 

Operationally, 
it’s worth 
reiterating 
that PIP-II 
is very much 
a collective 
endeavour
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Partner with the experts  
in advanced Silicon Drift Detectors 
Science at the speed of light
With over 40 years’ experience in XRF-detector R&D and manufacturing, Hitachi High-Tech 
detector products are used worldwide. Proven reliability and radiation hardness, low power 
consumption and competitive pricing make Hitachi detectors the complete package. From at 
our production facilities in the USA and Finland, our teams offer flexibly scalable manufacturing 
capabilities and agile R&D to deliver the custom solutions to your requirements.

Now, our expanded detector product range includes the SAANA as well as the Vortex SDD; 
offering a wider choice of designs, fully customizable to your needs:

SAANA TO8SAANA SDD VORTEX ME-7 SDD

Find out more about partnering with Hitachi for your detector supply:

Hitachi High-Tech Science America, Inc.
20770 Nordhoff St. Chatsworth, CA 91311
www.hitachi-hightech.com/hhs-us/
Email: del.redfern@hitachi-hightech.com; Call: +44 747 1086 241

 SAANA SDD  Vortex SDD
Resolution <140 eV  <140 eV
Sensor Thickness  1.0 mm  0.5, 1.0 and 2.0 mm
Sensor sizes  50 mm2 50 to 100mm2
Input Count rates 2000 Kcps  >5,000 Kcps 
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Entrepreneurial scientists and 
engineers take note: the next round 
of applications to Cyclotron Road’s 
two-year fellowship programme will 
open in the fourth quarter, offering a 
funded path for early-stage start-ups 
in “hard tech” (i.e. physical hardware 
rather than software) to fast-track 
development of their applied research 
innovations. Now in its sixth year, 
Cyclotron Road is a division of the US 
Department of Energy’s Lawrence 
Berkeley National Laboratory 
(Berkeley, California) and is run in 
partnership with non-profit Activate, a 
specialist provider of entrepreneurship 
education and training. 

Successful applicants who navigate 
the rigorous merit-review process  
will receive $100,000 of research 
support for their project as well as a 
stipend, health insurance and access 
to Berkeley Lab’s world-class research 
facilities and scientific expertise.  
CERN Courier gets the elevator pitch 
from Rachel Slaybaugh, Cyclotron Road 
division director. 

Summarise your objectives for 
Cyclotron Road
Our mission is to empower science 
innovators to develop their ideas from 
concept to first product, positioning 
them for broad societal impact in the 
long term. We create the space for 
fellows to commercialise their ideas 
by giving them direct access to the 
world-leading scientists and facilities 
at Berkeley Lab. Crucially, we reinforce 
that support with a parallel curriculum 
of specialist entrepreneurship education 
from our programme partner Activate. 

On your way to Cyclotron Road?
What are the benefits of embedding 
the fellowship programme at 
Berkeley Lab?
Cyclotron Road is not a one-size-fits- 
all programme, so the benefits vary 
from fellow to fellow. Some of the 
fellows and their teams only loosely 
make use of Berkeley Lab services, 
while others will embed in a staff 
scientist’s lab and engage in close 
collaborative R&D work. The value 
proposition is that our fellows 
have access to Berkeley Lab and its 
resources but can choose what model 
works best for them. It seems to work: 
since 2015, Cyclotron Road fellows 
have collaborated with more than 
70 Berkeley Lab scientists, while 
the organisations they’ve founded 
have collectively raised more than 
$360 million in follow-on funding. 

What do you look for in prospective 
Cyclotron Road fellows? 
We want smart, talented individuals 
with a passion to develop and grow 
their own early-stage hard-tech 
venture. Adaptability is key: Cyclotron 
Road fellows need to have the 
technical and intellectual capability 
to pivot their business plan if needed. 
As such, our fellows are collaborative 
team players by default, coachable 
and hungry to learn. They don’t 
need to take all the advice they’re 
given in the programme, but they do 
need to be open-minded and willing 
to listen to a range of viewpoints 
regarding technology innovation and 
commercial positioning. 

Explain the role of Activate in the 
professional development of fellows 
Activate is an essential partner in 
the Cyclotron Road mission. Its team 
handles the parallel programme of 
entrepreneurship education, including 
an onboarding bootcamp, weekly 
mentoring and quarterly “deep-dives” 
on all aspects of technology and 
business development. The goal is to 
turn today’s talented scientists and 
engineers into tomorrow’s technology 
CEOs and CTOs. Activate also has staff 

to curate strategic relationships for 
our fellows, helping start-ups connect 
with investors, industry partners and 
equipment suppliers. That’s reinforced 
by the opportunity to link up with 
the amazing companies in Cyclotron 
Road’s alumni network.

How does Cyclotron Road benefit 
Berkeley Lab?
There are several upsides. We’re 
bringing entrepreneurship and 
commercial thinking into the lab, 
helping Berkeley scientists build 
bridges with these new technology 
companies – and the innovators 
driving them. That has paybacks in 
terms of future funding proposals, 
giving our researchers a better 
understanding of how to position 
their research from an applications 
perspective. The knowledge transfer 
between Cyclotron Road fellows and 
Berkeley Lab scientists is very much 
a two-way process: while fellows 
progress their commercial ideas, they 
are often sparking new lines of enquiry 
among their collaborators here at 
Berkeley Lab. 

How are you broadening participation?
Fellows receive a yearly living 
stipend of $80,000 to $110,000, health 
insurance, a relocation stipend and a 
travel allowance – all of which means 
they’re able to focus full-time on 
their R&D. Our priority is to engage a 
diverse community of researchers – 
not just those individuals who already 
have a high net worth or access to a 
friends-and-family funding round. 
We’re building links with universities 
and labs outside the traditional 
technology hot-spots like Silicon 
Valley, Boston and Seattle, as well 
as engaging institutions that serve 
under-represented minorities. Worth 
adding that Cyclotron Road welcomes 
international applicants in a position 
to relocate to California for two years.  

Further information on the Cyclotron  
Road fellowship programme:  
https://cyclotronroad.lbl.gov/.

Berkeley Lab’s Cyclotron 
Road initiative provides a 
unique opportunity for 
science innovators to 
translate their ideas into 
high-impact technologies. 
Joe McEntee reports.
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Joe McEntee is a 
consultant editor 
based in South 
Gloucestershire, UK.

Cyclotron Road 
fellows are 
collaborative 
team players 
by default
Rachel Slaybaugh, 
division director
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Electronic InstrumentationCAEN

DT2740/2745
64 Channel 16-bit 125 MS/s Digitizer

Small details… Great differences

NEW

• 16-bit and 125MS/s ADC
•	 64	channels,	single	ended	or	differential
• Software selectable Analog Gain up to x100 on DT2745 only
• Waveform recording and Digital Pulse Processing modes
•	 Different	DPP	algorithms	simultaneously	storable	onboard
• Open FPGA and embedded ARM processor running Linux
• Multi-interface: USB-3.0 and 1/10 GbE or CONET 

optical link (switchable on the same socket)
• Easily rackable adding available side metal supports
• Silent Fans Design

DIGITIZER 
FAMILIES

Main Features

The DT2740/2745 belong to CAEN brand new Digitizer family, able to perform
waveform recording and run real-time advanced Digital Pulse Processing (DPP)

C and LabVIEW™libraries available for custom developments. 

SOFTWAREFIRMWARE &

2.5GB of Total Acquisition
memory (DDR4)

Zynq® UltraScale+™ MPSoC

Silent Fans Design

Common Trigger or Individual 
Self-trigger modes

1 DAC output (signal inspection or trigger sum)

Four 40pin, 2mm
header connectors

Open Innovation!

DESKTOP
RACK
VME

Form Factor

OPTICAL
LINKUSB 3.01/10 GbE

CHECK THIS OUT!
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