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Introduction to CBETA

« CBETA stands for Cornell-BNL ERL Test Accelerator

« Multi-turn SRF Energy Recovery Linac (ERL) utilizing a Fixed Field Alternating-gradient
(FFA) permanent magnet return loop

- Configuration of 1 - 4 turns with a maximum energy of 150 MeV

 FFA return loop has a wide energy acceptance — all 4 energies in the same pipe

« ERLs are characterized by the acceleration and deceleration of a bunch with the same
SRF linac; the energy recovered by the deceleration is used to accelerate subsequent
bunches
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CBETA: Four-Turn Configuration
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Design Concepts: Splitter Lines

« SX section has four lines (S1, S2, S3, S4) of increasing energy; similar set up in RX
section

« Each line in SX and RX sections provides control of
- Path length, using sliding joints
- Twiss parameters / dispersion / dispersion prime / orbit
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S1, 1-turn configuration
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Design Concepts: Splitter Lines

« SX section has four lines (S1, S2, S3, S4) of increasing energy; similar set up in RX
section

Each line in SX and RX sections provides control of
- Path length, using sliding joints
- Twiss parameters / dispersion / dispersion prime / orbit

F&l

W " il : & i
i‘ \ iz : ‘. r»,‘/‘ Ca ' ' b | ."' Py V“\{' /
W 4 2 %!

Front half of SX, |
4-turn configuration |

Accelerator Physics Lessons from CBETA, the First Multi-turn SRF ERL _ . e 2
Kirsten Deitrick kirstend@jlab.org NAPAC 2022 8 DOI:10.48550/arXiv.1706.04245 Jefferson Lab



Design Concepts: FFA Return Loop

* Non-scaling, linear gradient FFA made of permanent Halbach magnets

« Common transport for 4 energies and 7 beams simultaneously

« Arc type of FFA cell in FA/FB sections, straight type of FFA cell in ZX section
« TA/TB sections serve as transitions

‘‘‘‘‘‘
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Commissioning Results: One-Turn Energy Recovery Efficiency

* Rough approximation:
Total RF load = RF load due to cavity field + RF load due to beam

Beam current changes is caused by changing
RF load due to beam 20

$ Measured ER Operation .
| ¢ Measured Non-ER Operation .’
- - -Projected Non-ER Operation P
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99.4% one-turn power balance
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Commissioning Results: Four-Turn Energy Recovery

Multi-turn energy

recovery achieved on

December 24, 2019!

Beam on the first
viewscreen in the
beam stop line
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Commissioning Results: Four-Turn Energy Recovery

 Beam arrival time in units of RF phase 5 % .
before (red) and after (blue) of MLC with O ®
respect to first pass; target values (circles) o @ * 3 3
are given by the design S 0r @
@ O Before MLC (target)
_ o e O After MLC (target)
* In the design, each MLC cavity is energy a § Before MLC
balanced (each cavity gives outas much 2 | . $ After MLC
power as it takes in) g O - 3
(C
M -10} Y )
« (Good agreement between measurement O ¥
and design demonstrates energy balance . . .
in each MLC cavity — energy recovery! 2 4 6
Pass number
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Commissioning Results: Four-Turn Energy Recovery

« Horizontal (left) and vertical (right) orbits through the FFA for all seven passes

 Vertical orbits offset for clarity
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Commissioning Results: Multi-Pass Orbit Correction

* The same example of the vertical uncorrected (left) and corrected (right) orbits for three

passes through the FFA
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Commissioning Results: Multi-Pass Orbit Correction

* The same example of the vertical uncorrected (left) and corrected (right) orbits for three

passes through the FFA

 Vertical orbits offset for clarity
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Green Accelerators: Why?

 As projects call for higher energy and higher current, the power requirements for a linac
become infeasible

« Storage rings are capable of higher beam currents, but require many, many
electromagnets

« ERLs are a good solution and often have a smaller footprint

 Accelerators need to become more energy efficient for both sustainability and cost
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Green Accelerators: How?

« Energy Recovery Linacs
- Typically, smaller than a storage ring and more power efficient than a linac
- Single-turn or multi-turn
- ERLs can have higher beam power than installed SRF power

 Permanent Magnet FFA arcs
- Permanent magnets — no power supplies necessary
- Very compact way to transport multiple beams of different energies

- Can be used for multi-turn ERLS, recirculating linacs, radiation gantries, etc...

* Very generic design:
- Multi-turn ERL accelerates through FFA transport
- Highest energy diverted into bypass line for relevant application
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Green Accelerators: Cartoon Diagram
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Applications

Free Electron Laser

Hadron Cooler

EUV Lithography

Nuclear and HEP Colliders

X-ray and Gamma-ray Inverse Compton Scattering Sources

Medical Isotope Production

Transmutation of Nuclear Waste

And Many More

DOls: 10.18429/JACoW-IPAC2021-THPABOO7

10.18429/JACoW-IPAC2022-TUOZSP3 )
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CBETAICS

 Inverse Compton scattering is the collision of relativistic electrons and photons at the
interaction point (IP) which produces radiation — i.e., x-rays or gamma rays

- Relativistic electrons generally accelerated by linacs or ERLs

Before scattering E After scattering B
laser R _-~LJ]aser

& MR X 2 - € =
E ¢ E e 0077 ot Dol e i E/
9/
E,
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CBETAICS

« Undulators typically have
greater flux and brilliance for a
given x-ray energy

* But:
- Cost more
- Bigger footprint
- Limited availability
- Higher energy spread x-rays

.......

Picture from DOI: 10.18429/JACoW-IPAC2022-TUIZGD1
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CBETAICS
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Left: Flux per 0.1% BW of the CBETA ICS (red) against the harmonic curves and data (blue) of the Spring-8 high energy undulator. Right: Flux per 0.1% BW of
the CBETA ICS (red) against a collection of the major high energy storage ring undulators across the globe.

« Beyond ~300 keV, undulator radiation production is difficult due to high harmonics and
undulator phase errors

* |CS footprint for MeV-scale y-ray sources significantly smaller than synchrotron, while
performing better

Accelerator Physics Lessons from CBETA, the First Multi-turn SRF ERL

Kirsten Deitrick kirstend@jlab.org NAPAC 2022 23 DOI: 10.1103/PhysRevAccelBeams.24.050701 Jefferson Lab



CBETAICS

e As is, there’s no room in the FFA Iy 7 — GG o A
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Schematic of the CBETA enclosure. MLC ~10 m for scale.
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CBETAICS
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FFA@CEBAF

e Continuous Electron Beam
Accelerator Facility (CEBAF) at
Jefferson Lab

» Recirculating linac

« Two SRF linacs (north and south)
and electromagnetic arcs between
them

* Energy upgrade completed in 2017
from 6 GeV to 12 GeV by installing
more SRF cavities
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FFA@CEBAF

* While last energy upgrade was
achieved by adding additional
cavities, there is no more room for
cavities in existing footprint

* S0, instead look to increasing
number of recirculation passes

» Just one problem...
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FFA@CEBAF

* While last energy upgrade was
achieved by adding additional
cavities, there is no more room for
cavities in existing footprint

* S0, instead look to increasing
number of recirculation passes

* Just one problem — there’s very
limited room in the arcs for
additional passes
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FFA@CEBAF

* While last energy upgrade was
achieved by adding additional
cavities, there is no more room for
cavities in existing footprint

* S0, instead look to increasing
number of recirculation passes

* Just one problem — there’s very
limited room in the arcs for
additional passes

« But FFAs transport multiple
energies in one beam pipe
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FFA@CEBAF

» Current concept is to remove
highest energy arc and replace
with FFA transport and time of
flight correction (splitter
section)

« Expected energy upgrade to
20 GeV or greater
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Conclusions

« CBETA s the first accelerator to successfully operate as a multi-turn SRF ERL

« The combined technologies of energy recovery and permanent magnet FFA transport
demonstrate high energy efficiency critical for future accelerators of high performance
and high beam power

 Applications of these future accelerators range from basic research, industrial and
medical uses, cultural heritage applications, and more

 The CBETA ICS and FFA@CEBAF collaborations demonstrate how these technologies
can be applied moving forward to new designs
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CBETA: One-Turn Configuration
,_Injector (6 MeV)

Main Linac (MLC)
+ 36 MeV Beam Stop (6 MeV)
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Design Concepts: FFA Return Loop

* Non-scaling, linear gradient FFA made of permanent Halbach magnets

« Common transport for 4 energies and 7 beams simultaneously

« Arc type of FFA cell in FA/FB sections, straight type of FFA cell in ZX section
« TA/TB sections serve as transitions
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