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Introduction

• CBETA stands for Cornell-BNL ERL Test Accelerator

• Multi-turn SRF Energy Recovery Linac utilizing a non-scaling 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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Inverse Compton Scattering (ICS)
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• Collision of electron and photon at the 

interaction point (IP) produces radiation

• Energy of scattered radiation is given by

• Because Eγ is proportional to θ, a 

collimator can be used for energy selection 

and bandwidth control

Scattering geometry of an inverse Compton scattering 

source. The angle ϕ is the crossing angle between the laser 

pulse and electron bunch and the angle θ is the angle 

between the scattered photons and the incident electron 

beam.Schematic of an inverse Compton source with the laser – electron convolution source size and a 

downstream collimator for energy selection.



Inverse Compton Scattering
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• 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



Parameter Optimization
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• Optimization of bandwidth against collimated flux 

is performed by adjusting β at the IP and the 

collimation angle

• Collimated flux

• Bandwidth of scattered radiation

• Minimum bandwidth

Top: CBETA ICS 150 MeV collimated flux – rms bandwidth 

round beam tuning curve. Recoil is small, so identical for 
all passes.  Bottom: CBETA ICS 𝜃𝑐𝑜𝑙 − 𝛽∗ parameter 

space displaying pareto front of optimised settings.



CBETA ICS Parameters
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Top:

Laser pulse parameters at the IP, 

based on demonstrated 10 kW 

Nd:YAG optical cavity at cERL.

Bottom:

Electron beam parameters at the IP.



ICS Bypass Design: CBETA Layout
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• As is, there’s no room in the 

FFA for the interaction

• Assume linear magnets

• Not allowed to take out 

existing structures

• Using 150 MeV electrons

Schematic of the CBETA enclosure. MLC ~10 m for scale.   



ICS Bypass Design: Overview
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• Bypass line is elevated above 

existing plane by 30 cm; IP is 

further elevated by another 50 cm

• Optics are set such that the 

parameters going into the MLC for 

the fifth pass match CBETA design 

parameters

Floor plan schematic of the ICS bypass to CBETA. The existing CBETA return loop is 

shown in grey. The configurations of the path length correction system are shown in 

green. Vertical dipoles are indicated. 



ICS Bypass Design: Path Length
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• Bypass line removes the moving 

stages from S4/R4 – a new path 

length adjustment system is 

necessary

• Originally designed by H. Owen 

and P.H. Williams, this has a 

correction range of ±λRF

Schematic of the focusing chicane from the modular path length corrector design by H. Owen and 

P. Williams against the ICS bypass path length correction focusing chicane. Modified here for 

implementation into the CBETA bypass but retaining the same form.  



ICS Bypass Design: Optics
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• βx,y
peak < 150 m – comparable to CBETA design

• βx,y at the IP sufficiently adjustable (0.01 – 0.126 m)

• Vertical dispersion is closed, horizontal is large between IP and R4

Left: β-function plots for the bypass lattice. Right: Dispersion plots for the bypass lattice. The solutions for the varying path length of -𝜆𝑅𝐹 (red, 

short dash), +𝜆𝑅𝐹(red, long dash) and nominal (black, solid) are shown. IP is indicated in each plot by a red vertical line.



Spectral Output
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Right:

CBETA ICS 150 MeV spectra produced by ICARUS and 

ICCS3D for a 0.5% BW. Note spectra are for the head-on 

case and therefore the position of the Compton edge is at 

a marginally higher energy and spectral density is not 

reduced by the angular crossing.  

Bottom:

Spectral output parameters of the CBETA ICS. Note the 

peak brilliance is for a head-on collision, not the design 

crossing angle .



Source Comparison: ICS
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Comparison of the CBETA ICS design against other designed ICS sources driven by differing forms of accelerator. 

Note that CBETA is competitive with all previously operated X-ray ICS sources, but flux is lower than some other 

designs due to conservative laser parameters. Shown in red are the two operated ERL driven ICS sources. 

Operated ERL 

ICS sources.



Source Comparison: Synchrotron
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• Beyond ~300 keV, undulator radiation production is difficult due to high 

harmonics and undulator phase errors

• ICS footprint for MeV-scale γ-ray sources significantly smaller than 

synchrotron, while performing better

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.



Applications

• X-ray fluorescence (XRF) of uranium and plutonium

• Energy-dispersive x-ray diffraction (EDXRD) – a high-flux source for 
identification of minerals in mined ore sample
• High photon energy allows for inspection of thick samples

• Non-resonant inelastic x-ray scattering (NIXS) – high incident photon energy 
and large flux allows us to test materials such as transition metal oxides, which 
are a testbed for theories such as the Mott-Hubbard model

K. Deitrick – CBETA as an ICS Source of Hard X-Rays

FFA’23 – September 13, 2023
17



More Details…
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Spin-off Design

• Concept from Geoff Krafft (Jefferson Lab) for a simultaneous two-color Compton source

• Takes advantage of inherent wide-bandwidth in longitudinal direction
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Spin-off Design
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Conclusion

• ICS light sources have a variety of applications in a wide range of fields, including basic 
research, medical and industrial applications, cultural heritage, security, material 
science, and many more – x-ray usage is widespread

• CBETA ICS concept demonstrates both the suitability of an FFA ERL as an ICS-driver, 
while emphasizing that higher energy electron beams are capable of producing MeV-
scale γ-rays in a relatively small footprint

• Hopefully, this inspires the development of FFA ERLs as light sources for the future
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Questions?

Wednesday, September 13, 2023

Kirsten Deitrick

kirstend@jlab.org
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Comparison of CBETA predicted flux (left) and average brilliance (right) from the previous table with the output 

from a typical high-energy undulator – specifically, the BL10XU insertion at SPRING-8 (3rd generation source).


