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Abstract

We explore the feasibility of a compact source of quasi-
monochromatic, multi-MeV gamma-rays based on In-
verse Compton Scattering (ICS) from a high intensity
ultra-violet (UV) beam generated in a free-clectron laser
by the electron beam itself [1]. This scheme introduces a
stronger relationship between the energy of the scattered
photons and that of the electron beam, resulting in a de-
vice much more compact than a classic ICS for a given
scattered energy. The same electron beam is used to pro-
duce gamma-rays in the 10-20 MeV range and UV radia-
tion in the 10-15 eV range, in a ~4x22 m? footprint sys-
tem.

INTRODUCTION

We discuss the feasibility and the performance of an
Inverse Compaton Scattering (ICS)-based scheme where
the electron beam interacts with its own radiation emitted
in a Free Electron Laser (FEL). The energy of the out-
going radiation has a steeper dependence on the electron
energy than a classical ICS scheme, thus providing a
relatively compact layout.

Methods of X-ray production presently include ICS fa-
cilities and synchrotron radiation sources from insertion
devices in electron storage rings. Contrast imaging of
massive sculptures would profit [2] from radiation
sources more powerful than the X-ray CT industrial in-
struments operating in the 450 keV range. Specific case
studies can be identified, for example, on the basis of the
energy content of the scattered light. At low photon ener-
gy (up to few MeV), contrast imaging of massive objects
in Geo-archeology [2] would greatly benefit from such an
intense and compact source, and this was actually the
driving case of this work. At photon energies in the 1-10
MeV range, photons propagating though dense materials
prompt nuclear reactions, generating e.g. alpha particles
and neutrons, which can be easily identified and used for
isotope separation [3]. At photon energies higher than 10
MeV, the proposed scheme would approach the specifica-
tions for an elastic photon-photon scattering source for
frontier experiments in QED [4]. As a by-product of the
proposed scheme, a naturally synchronized UV beam with
large fraction of coherent photons at 100 fs duration level,
ideal for pump-probe experiments, would be provided by
the FEL. High-flux multi-MeV gamma-ray beams and
UV radiation can be simultaneously available for applica-
tions in Nuclear Physics, Security Inspections, Cultural
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Heritage and UV Science.

FEL-ICS CONCEPT

In a classical ICS process a relativistic electron trans-
fers a fraction of its energy to an incoming laser photon
which is scattered in the electron direction of flight with a
Doppler-upshifted frequency. The scattered radiation
energy

Eg = =% y?hapn ()

exhibits a quadratic energy dependence on the electron
energy as the incoming photon energy is constant. The
kinematic factor
2 (1+cosp)
S W <4 2)
modulates the scattered energy via the collision angle ¢
within the semi-aperture 8 of the emission cone, while the
term
hwpp
Mme

X =4y 3)

accounts for the recoil of the electron [5].

The FEL-ICS scheme introduces a stronger y-
dependence by making the relativistic electron beam
interact with its own UV radiation produced in an FEL
[6]. The on-axis FEL radiation wavelength is related to
the axial electron velocity f. and the undulator period 4,
as [7]:

1-B; M
Ar =2 2 (14 a) 4)

Here a, =K, = eByAy/2mm,c = 93.4 By[T] A, [m]is
the helical undulator parameter, By the undulator central
magnetic field, e the electron charge. The energy of the
FEL photons in terms of the electron energy reads:

hc y2
— = agg hc—
P FELIC S

E, = 6)

where we define apg;, = 2/(1 + a?) for on axis undulator
radiation. When the FEL photon energy (5) replaces that
from the laser in (1), the scattered photon energy can be

written as:

4
Ey = acEy® = acapp he - (1)
The term (3), of the order of 1072, has been neglected in
this kinematic scaling. Introducing the Compton wave-
length A~=hc/m.c’=2.426x103 nm, the scattering efficien-
cy, i.e. the fraction of the electron energy transferred to
the scattered photons, reads
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E The cubic energy dependence of the scattering efficien-
% cy (6) provides compactness to the system, as lower elec-

. tron energy is required to produce a given upshifted radia-

S tion. The UV and the FEL-ICS radiation energies are

o tunable via the undulator parameter K, typically ranging

« from 1 to 5 in an out-of-vacuum APPLE-II type device

© [8] or Delta undulator [9].

S A conservative figure ¢ = 25° has been assumed for in-
teraction angle resulting from the optimization of differ-
ent competing requirements, like the scattering efficiency,
via the impact parameter a., the ICS luminosity and the
loop in Fig. 1. The dependence of the incoming (5) and
scattered photon energy (1°) on the electron beam energy
is shown in Fig. 2. It can be gathered that:

i. The ~16 MeV outgoing radiation energy for the 300
MeV electron energy considered in the present study
compares with the ~3 MeV obtainable in the classical
ICS case.

ii. The scattering efficiencies Ey/E are larger than in the
ICS case by one order of magnitude or more in the pre-
sent energy range, and the comparison dramatically
improves with the electron energy.

of the w

it

ICS* radiation

[ =)
All X-Band Linsc

e- focusing
e dump

= ——)
._\\

Matching e

~-ul

~— Compressor

Figure 1: Sketch, not to scale, of the FEL-ICS scheme.
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O Figure 2: Wavelength of the incoming radiation from
o undulator with A,=20 mm (left), and scattered radiation
energy (right).

FEL-ICS LAYOUT

Facility Footprint

A single-pass conceptual layout of the FEL-ICS scheme
—< 1s shown in Fig. 1. The main characteristics of the system
2 are summarized in Table 1 and discussed in the following.
2 Trains of electron bunches are produced in an X-Band
& Linac at 1 kHz repetition rate. A return arc acting as a
E bunch length compressor [10,11] rises the bunches peak
§ current from 35 A to 500 A and guides them into an FEL
.z undulator operating in the high-gain SASE regime [7,12],
= long enough to reach saturation. The emerging UV radia-
S tion produced by the leading bunches in the train is fo-
E cused at the IP, where high-energy gamma-rays are pro-
*"-‘é duced via Compton interaction with the trailing bunches.
S THPO12
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The low value of the Thomson cross section preserves the
electron bunch quality for the FEL performance and al-
lows a simultaneous use of the UV radiation for addition-
al applications. The 180° original arc deflection [10] is
extended to 205° to comply with the 25° design interaction
angle.

The large FEL power compensates for the low Thom-
son cross-section. The electron bunches and UV radiation
are focused to similar transverse spot sizes at the IP to
optimize the scattered flux. The electron focusing, bunch
compression, and UV optics are all crucial for providing
the desired compactness and gamma-ray flux. The short
undulator length allowed by bunch compression; an arc
compressor length of about 6.5 m and the associated
matching optics leave about 2 m for the UV focusing drift
downstream the undulator.

Linac and ICS Repetition Rate

We consider a room temperature operation in the origi-
nal spirit of keeping the photon source within cost-
effective limits. Compactness requirements suggest the
adoption of high-gradient X-Band technology [13], both
for the photo-injector and the accelerating structure. Pow-
er dissipation issues associated to the acceleration of
electron beams with kHz time structures can be mitigated
by choosing operating frequencies in the 11.4-12.0 GHz
range in order to increase the RF power transfer efficien-
cy with a higher specific shunt impedance of the struc-
ture, proportional to its frequency [14]. Warm X-Band RF
technology operating at the above-mentioned repetition
rates with a 35 MV/m gradient [15], considerably lower
than the 100 MV/m reached at the CTF [16] in laboratory
operating conditions, is adopted in this design.

An X-Band photo-injector has been built and com-
missioned at the X-Band Test Area (XTA) at SLAC with
good beam quality. Complementing this injector with a 9
m long, 35 MV/m X-Band accelerating structure sets up
an “all X-Band Linac” [17] capable of delivering a 300
MeV electron beam within a ~10 m total length. The 1
kHz repetition rate of the ~1 us long RF pulse containing
100 electron bunches gives an average beam current of
about 30 pA and a 9 kW beam power to the dump. Op-
eration of the X-band linac at the high gradient of 100
MV/m can only be envisioned at a repetition rate lower
than 100 Hz, and in single pulse mode. This scenario
would therefore shrink the linac length to approximately 3
m for a final beam energy of 300 MeV. However, the
average electron beam current, as well as the average
FEL-ICS photon flux would be lowered by a factor 1000
with respect to the low-gradient, high pulse rate option,
which therefore remains our basic design.

Return Arc Compressor

The bunch final peak current of 0.5 kA is important to
obtain a high average FEL photon flux and reduce the
undulator gain length. So, electron bunch length compres-
sion is critical for the flux of UV FEL photons interacting
at the interaction point (IP). The return arc compressor in
Fig. 1 gives a 205° beam deflection via a modified dou-

Novel Concepts and Techniques



39th Free Electron Laser Conf.
ISBN: 978-3-95450-210-3

ble-bend achromatic cell magnetic structure characterized
by a 3.58 Tm integrated bending field at £=300 MeV. The
6.5 m central arc trajectory length yields a bunch length
compression factor C=15 for 300 pC bunches, while lim-
iting the growth of the transverse projected normalized
emittances — here weakly affected by the emission of
coherent synchrotron radiation (CSR) — to about 0.3 pm.

The outgoing bunch has 0.5 kA peak current, 1 xm
normalized projected emittances and ~0.2% correlated
rms energy and energy distribution. Particle tracking
indicates that CSR emission in the arc dipoles leads to
some modulation in the bunch current profile FEL param-
eter threshold, and no relevant impact on the FEL perfor-
mance is anticipated.

UV FEL

After bunch length compression the beam is injected
into the undulator. In the 1-D approximation the FEL gain
length is given in terms of the ‘FEL parameter’ ppg; [12]
by
—_ M
" anV3preL )

The radiation bandwidth and the saturation power to
electron beam power ratio scale linearly with the FEL
parameter.

In the scenario depicted in Fig. 1 a helical undulator is
proposed to maximize the output power of the UV FEL,
reduce the gain length and provide transverse focusing. A
compact design based on Permanent Magnet technology
[8,18] can provide the desired field amplitude, such as
By=0.86 T at 4,20 mm, and eventually an undulator
parameter a,~1.60. A ~5 m long undulator allows the FEL
to reach saturation at the fundamental wavelength of
103 nm (12 eV photon energy). The analytical evaluation
of the undulator length needed to reach saturation is
shown in Fig. 3 as a function of the beam peak current,
along with the final average gamma-ray photon flux. The
FEL parameter is about 5.5x1073, the gain length 0.22 m
and the FEL peak power at saturation 0.77 GW. The cor-
responding photon peak rate is 4x10%° UV ph/s.
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Figure 3: FEL-ICS performance in terms of scattered
photon flux and FEL saturation length vs. the electron
bunch peak current, for an undulator period length
=20 mm.
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Table 1: Electron beam parameters of the THz experi-
mental sessions. (*) means “at the linac end”.

Parameter Value Units
Electron Beam Energy 300 MeV
Bunch Charge 300 pC
Bunch Duration, rms 2.5 ps
Bunch Peak Current 35 A
UV Photon Energy 12.0 eV
UV Peak Flux 2x101 photons/s
UV Duration, rms 0.16 ps
UV and e- rms beam sizes at [P 60/15 um
(x/y)
Interaction Angle 25 deg
Interacting e- Bunches per
. 90
Train
Interaction Rate 90 kHz
ICS Duty Factor 7.7x107
Scattered Photon Maximum ~16 MeV
Energy
Scattered Photon Average Flux 1.1x108 photons/s
mW
Scattered  Photon  Average
0.14
Power
Scattered  Photon  Average 1.8x107 photons/s/
Intensity : mrad?
Scattered Photon Peak Flux 1.4x10' photons/s
mW
Scattered Photon Peak Power 1.8x10°
Scattered Photon Peak Intensity 2.3x10% photonsz/s/
mrad
CONCLUSIONS

By interacting with its own FEL radiation through an
Inverse Compton Scattering process, a relatively low
energy electron beam can simultaneously produce UV
photons in the 10 to 12 eV range, and high-energy gam-
ma-rays in the 6-16 MeV range. These photon beams can
be used for Cultural Heritage, Nuclear Physics and UV
science. A compact ~5 m long undulator is sufficient to
simultaneously produce an UV flux of ~2x10' ph/s and a
high-energy photon flux in excess of 2x10% ph/s, within a
system footprint of about 4x21 m?. The scheme can be
considered as an alternative to neutrons for the analysis of
soil blocks of a certain volume containing archaeological
findings like prehistoric teeth and old jewelry in the Geo-
archaeology and Cultural Asset field. Moreover, it offers
options for a wide range of multi-MeV photons applica-
tions in the Industry and Defense environments.
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