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Abstract

Inverse Compton scattering (ICS) holds the potential for
future high flux, narrow bandwidth x-ray sources driven by
high quality, high repetition rate electron beams. CBETA,
the Cornell-BNL Energy recovery linac (ERL) Test Accel-
erator, is the world’s first superconducting radiofrequency
multi-turn ERL, with a maximum energy of 150 MeV, capa-
ble of ICS production of x-rays above 400 keV. We present
an update on the bypass design and anticipated parameters of
a compact ICS source at CBETA. X-ray parameters from the
CBETA ICS are compared to those of leading synchrotron
radiation facilities, demonstrating that, above a few hun-
dred keV, photon beams produced by ICS outperform those
produced by undulators in term of flux and brilliance.

INVERSE COMPTON SCATTERING

Inverse Compton scattering is the process of scat-
tering a photon from a relativistic electron; the en-
ergy of the scattered photons from this interaction, tak-
ing electron recoil into account, is given by E,
Elgser(1—Bcos@’)/ (1 = Bcos @ + (1 —cos 0")Ejyeer/E,)
where E, = ym,c? is the incident total electron energy, y
is the Lorentz factor, m, is the mass of the electron, c is
the speed of light, Ej,., is the incident photon energy,  is
the average speed of the electrons as a fraction of the speed
of light, 6 is the angle between the incident electrons and
the outgoing scattered photons, and ¢’ is the angle between
the incident electrons and incident photons. 6’ = ¢" — 0 is
the angle between the incident and scattered photons and
¢ = o — ¢’ is the crossing angle [1,2].

The highest energy photons are backscattered (6 = 0)
in a head-on collision (¢’ = s); this maximum energy is
referred to as the Compton edge and is given by EZ**
4y2Eor/ (1 + X) where X = 4y Ej,q../m,c? is the electron
recoil parameter [3]. For the Thomson regime, collisions
occur where the electron recoil is negligible (X « 1).

For a collision between a bunch of N, electrons and a
laser pulse of N, photons, the total number of scattered
photons N, for crossing angle ¢ is given by

NeNlaser cos (¢/2)
CZﬂay\/a% cos? (¢/2) + o2 sin® (¢/2)

=0
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where o . is the Compton scattering cross-section and 7 =
0 Zeciron.i T Tfuser.i 1S the convoluted spot size of the electron
and laser beam in each direction (i = x,y, z) at the interac-
tion point (IP) [4]. In the Thomson regime, 0. = o7(1 - X),
where o ris the Thomson cross section of 6.65x 10722 m2 [3].
Assuming the incident laser can be approximated as a plane
wave, the number of scattered photons within a 0.1% band-
width at the Compton edge is N ¢, = 1.5 x 10’3N],. Con-
sequently, the rate of photons (flux) into this bandwidth is
given by F g, = 1.5 x 10‘3]\/'},, where ¥ = fN, is the
total uncollimated flux and f is the repetition rate. In the
nondiffraction-limited case for a round beam, where the laser
spot at the IP is significantly larger than the electron spot

size, the average brilliance is B,,, = z 4ﬂ2°€"27°, where ¢ is
N
the normalized transverse emittance of the electron beam at

the IP [1,6].

The bandwidth of the scattered radiation has contributions
from the energy spread of the incident electron and laser
beams, emittance of the electron beam, and collimation.
Typically, the collimation and emittance terms are dominant,
so the scattered radiation rms bandwidth AE), / EY has the
relationship from [3]

AE 2 2y€en

2
, I
E, >\J(El+x+\p2/2) +((1+X)ﬁ*) @

where ¥ = y 0 is called the acceptance angle, 6 is the
collimation angle, and g* is the g-function at the IP. This
results in a set of combinations of g* and 6., that will sat-
isfy a particular bandwidth. Each of these solutions will
yield a different collimated flux; obviously the desire is to
maximize this value. The collimated flux % y can be calcu-
lated for small collimation angles (y 0., < 1) with F y o

(1+3w2/3) w2/ {[1+ (14 X/2) W3] (1+92)} [75;
for a more detailed explanation of the process of optimizing
B* and 0, please refer to [8].

ICS AT CBETA

CBETA, the Cornell-BNL (Brookhaven National Lab)
ERL Test Accelerator, is an SRF multi-turn ERL using Non-
Scaling Fixed Field Alternating-gradient (NS-FFA) arcs,
depicted by the gray beamline elements in Fig. 1 [9—11]. The
FFA arc consists of permanent Halbach magnets and has an
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Figure 1: Layout of the ICS bypass in CBETA; grayed beam-
line elements are already installed in the existing accelerator.

energy acceptance from 42 to 150 MeV. The electron beam
is injected at 6 MeV, before accelerating up to 150 MeV in
4 passes; the intermediate energies of 42, 78, and 114 MeV
occur after the first, second, and third pass, respectively. In
the SX and RX sections, each beam energy passes through a
different splitter; this allows for individual control of select
beam properties.

The baseline electron beam parameters are shown in Ta-
ble 1; these maximize the uncollimated flux and associated
average brilliance. Using the procedure described in the
previous section to select parameters for a specific band-
width, we have also developed electron beam spot sizes and
collimation angles optimized for a 0.5% bandwidth, shown
in Table 2; all other electron beam properties remain un-
changed from Table 1. The interaction laser is based on
existing and state-of-the-art systems — the relevant parame-
ters are given in Table 3. Using these values, the anticipated
x-ray parameters can be calculated and are shown in Table 4.

For the top electron energy of 150 MeV and spot size for
a 0.5% bandwidth, the anticipated spectra, shown in Fig. 2
was calculated for a head-on collision using the 1ccs3p [12]
and ICARUS codes. 1ccs3D calculates the interaction between
a 3D laser pulse and an electron beam described by either
typical parameters or an arbitrary distribution; in this case,
electrons were tracked through the bypass lattice to the IP
using TA0 [13, 14] and the resulting distribution was used by
1CCs3D. ICARUS, the inverse Compton scattering semianalytic
recoil-correct ultrarelativistic spectrum code, uses a mod-
ified and corrected! version of the 2D formalism of [15],
assuming a head-on collision of a laser pulse and electron
bunch with Gaussian distributions. Both codes agree well
with each other and the analytical results from the formula,
once the reduction of flux (roughly a factor of 5) due to the
non-zero crossing angle is taken into account.

To use CBETA as an ICS source, a bypass line is required
to replace the existing fourth pass due to stringent space

! Note that there is an error in Equation 53 of Sun’s paper, where the
prefactor gives that N /dE o L? for a source-to-collimator distance
L. Clearly, this should be dN /dE  1/L?; the other parts of the given
equation are correct.
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Figure 2: Predicted spectral output (flux) for a head-on colli-
sion with the E, = 150 MeV electrons optimized for a 0.5%
bandwidth; this spectrum was generated using the 1ccs3p
and 1cAruUs codes for a single bunch-pulse interaction.

Table 1: Baseline Electron Beam Parameters at the CBETA
ICS IP; These Values Apply to the Four Electron Energies
of 42,78, 114, and 150 MeV

Parameter Quantity Unit
Repetition rate, f 162.5 MHz
Bunch charge, eN, 32 pC
Transverse normalized

rms emittance, € 0.3 mm-mrad
rms bunch length, At 1.0 (3.33) mm (ps)
Relative energy spread 5.0 x 10~%
B at the IP, g* 1 cm

Table 2: The Optimized Values of the Electron Beam Spot
Sizes and Collimation Angles Where We Have Maximized
the Flux into a 0.5% Scattered Photon Bandwidth

Electron Kinetic Energy (MeV)

Parameter 42 78 114 150 Unit
B* 3.56 6.58 9.60 12.62 cm
Electron

spotsize 11.34 1134 1134 11.34 um
Collimation

angle 1.533 0.830 0.569 0.433 mrad

Table 3: Laser Pulse Parameters at the IP

Parameter Quantity Unit
Wavelength, 2., 1064 nm
Photon energy, Ej .., 1.17 eV

Pulse energy 62 W

Number of photons, Ny, 3.3 x 1014
Repetition rate, f 162.5 MHz
Spot size at the IP, 0, 25 um
Crossing angle, ¢ 5 deg
Pulse length 10 ps
Relative energy spread 6.57x1074
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Table 4: Anticipated X-ray Parameters, Both Baseline (Top) and Optimized for a 0.5% Bandwidth (Bottom), for the Four

Electron Beam Energies of CBETA

Electron Kinetic Energy (MeV)

Parameter 42 78 114 150 Unit
X-ray peak energy 322 109.7 233.1 402.5 keV
Source Size 5.84 4.35 3.62 3.17 pum
Uncollimated flux ~ 3.16x10'0  3.20x10'0  3.21x10'0  3.22x101° ph/s
Spectral density 9.82x10°  2.92x10°  1.38x10°  8.00x10* ph/s eV
Average brilliance  9.23x1010  3.19x10'"  6.81x10'!  1.18x10'?>  ph/s mm? mrad? 0.1% bw
Peak brilliance 2.80x101>  1.00x10'¢  2.18x10'® 3.80x10'®  ph/s mm? mrad? 0.1% bw
0.5% bandwidth
Source Size 10.25 10.34 10.32 10.35 um
Collimated flux 2.09x108  2.09x10%8  2.09x10%  2.09x108 ph/s 0.5% bw
restrictions in the existing FFA arc. The layout of the bypass 107}
line, designed using BMAD and TAQ, is shown by the colored = 800 keV phatons
beam line elements in Fig. 1. A system of vertical doglegs, i% TS ESRF
inserted into the energy-specific splitter lines, elevates the § 10137spm:o 783 Es:f’pgzm i
bypass above the existing machine; the FFA arc must remain 0" AL
in place to transport the lower energy passes before and 5 00l rnc s SPRING 8
after the bypass. Another set of vertical doglegs is present . o o olo N N
around the IP for extraction of the generated x-rays out of the o L L oMy seM]
10 50 100 500 1000 5000 10*

CBETA machine enclosure; the quadrupoles around the IP
provide for the flexible tuning of x-ray bandwidth. The IP is
followed by a 4-dipole moving chicane to provide path length
adjustment, based on [16]. For a more detailed description
of the bypass lattice and its optics, please refer to [8].

COMPARISON TO SYNCHROTRON
RADIATION FACILITIES

It is widely acknowledged that the flux and brilliance
offered by ICS sources are not competitive at the photon en-
ergies typically produced by synchrotron radiation (SR) fa-
cilities [1]; many of the ICS sources recently designed are in-
tended to serve as compromises between typical laboratory-
scale x-ray sources and large SR facilities in terms of size,
cost, access, availability, and x-ray quality [6] and often do
not produce x-rays with an energy higher than 200 keV, if
that. At x-ray energies above 300 keV, anticipated x-rays
produced by ICS sources have a greater flux and average
brilliance than those produced at third-generation SR facili-
ties [8]; Fig. 3 compares on-sample measured fluxes from
various SR facilities and anticipated fluxes from the CBETA
ICS and scaling the CBETA electron beam parameters to
300 MeV (1600 keV photons) and 600 MeV (6360 keV pho-
tons). As discussed in [8], multiple 100 keV sources enable
vital applications such as thick sample imaging and spec-
troscopy throughout the periodic chart; at the very highest
energies in Fig. 3, ICS sources are in a class by themselves
for nuclear material assays through resonance fluorescence.

CONCLUSION

In this paper, we provided a compelling case for the use
and feasibility of ERL-driven ICS sources and examined

MC2: Photon Sources and Electron Accelerators
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Photon Energy [keV |

Figure 3: On-sample measured fluxes from APS, ESRF-
EBS, PETRA-III, and SPRING-8 for which information
has been published [17-20], compared with the predicted
CBETA outputs at the 4 discrete photon energies from 32
to 402 keV, and the predicted flux obtained by scaling the
CBETA electron energy to 300 MeV (1600 keV photons)
and 600 MeV (6360 keV photons).

in detail the performance of an existing multi-turn ERL,
CBETA, adapted into such a source, while describing the
designed bypass transport line necessary for such an adapta-
tion. We establish that such a source is capable of producing
quasimonochromatic photons from the 100s of keV up to
the MeV-scale, which is not yet fully served by existing
sources. We compared anticipated photon performance of
ERL-driven ICS sources to existing large storage-ring-based
facilities and demonstrated that in size and performance, the
ICS sources proved competitive for photon energies greater
than 300 keV.
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