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Abstract
To recover a large fraction of energy from the accel-

erator process in an energy-recovery linac, experiments,
secondary-beam production, and beam diagnostics must be
non-destructive and/or, hence, feature a low interaction prob-
ability with the very intense electron-beam. Laser-Compton
backscattering can provide a quasi-monochromatic highly
polarized X-ray to 𝛾-ray beam without strongly affecting the
electron beam due to the small recoil and the small Compton
cross-section. Highest energies of the scattered photons are
obtained for photon-scattering angles of 180°, i. e., backscat-
tering. A project at TU Darmstadt foresees to synchronize
a highly repetitive high-power laser with the Superconduct-
ing DArmstadt electron LINear ACcelerator S-DALINAC,
capable of running in energy recovery mode to realize a laser-
Compton backscattering source with photon beam energy up
to 180 keV. The source will be first used as a diagnostic tool
for determining and monitoring key electron-parameters, in
particular energy and the energy spread at the S-DALINAC
operation. Results are foreseen to be used for optimizing the
design of laser-Compton backscattering sources at energy-
recovery linacs.

INTRODUCTION
Bright, monochromatic and tunable X-Ray to 𝛾-ray

sources of very small spot size are necessary for a wide
range of applications from diffraction and spectroscopy in
material and radiography and tomography biomedical sci-
ence [1, 2] to photo nuclear reactions [3] like nuclear res-
onance fluorescence or photo fission [4]. Photon beams
with energies in the range from 1 keV to 200 keV are mostly
generated in synchrotrons with undulators. These facilities
usually have the disadvantage that they are very large and
would require electrons in the high GeV range for higher
photon energies. For these cases, more and more Compton
backscattering sources have become increasingly interest-
ing [5]. By combining small storage rings and novel laser
systems, the size of laser-Compton backscattering (LCB)
sources can be reduced to less than 100 m2 [6]. But also
with conventional accelerators photon energies far above
1 MeV can be generated. Here the inverse Compton effect
is used, where a photon, at an angle of 180°, is scattered by
a relativistic electron, thereby gaining energy. The photons
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get Lorentz boosted in the direction of electrons, giving the
characteristic radiation cone, with an opening angle propor-
tional to 1/𝛾 and the typical maximum energy in head-on
geometry [7] of 𝐸𝛾 = 4𝛾2𝐸𝐿 with the laser photon energy
𝐸𝐿 starting from infrared up to ultraviolet and the Lorentz
factor 𝛾 = 𝐸𝑒/𝑚𝑒𝑐2, where 𝑐 is the speed of light and 𝑚𝑒 is
the rest mass of the electron. Thus, it takes electrons with an
energy of approx. 240 MeV to scatter laser photons in the
infrared region to produce photons with an energy greater
than 1 MeV. In most cases, due to the use of lasers, the en-
ergy of the incident photon is much less than the rest energy
of the electron, making the recoil of the electrons negligi-
ble. Also, the effective cross section of the scattering is very
small, which keeps the probability of multiple scattering low.
Therefore LCB is perfect suited as in beam experiment at
energy-recovery linacs (ERL) [7]. ERL-based LCB sources
are expected to feature higher brightness from high duty
factor and increased beam currents with low emittance and
energy spread. Another useful aspect of LCB is the ability
to monitor the electron beam non-destructively in its energy
and energy spread [8–10].

This contribution focuses on the proposed design, fea-
sibility, and investigation of an LCB source at the thrice-
recirculating S-DALINAC, with the possibility to operate
as ERL [11].

COMPTON BACKSCATTERING
Compton backscattering occurs when a photon with en-

ergy 𝐸𝐿 hits a relativistically moving electron with energy 𝐸𝑒
and is backscattered. Energy is transferred from the electron
to the photon. The recoil factor 𝑋 = (4𝐸𝑒𝐸𝐿)/(𝑚2

𝑒) [12]
indicates how strong the energy loss and thus the influence
on the electrons is. The energy of the scattered photons 𝐸′

𝐿
can be calculated by [13]

𝐸′
𝐿 = (1 − 𝛽 cos(𝜃𝑖))𝐸𝐿

(1 − 𝛽 cos(𝜃𝑠)) + (1 − cos(𝜃𝑟))
𝐸𝐿
𝐸𝑒

(1)

for electrons with 𝛽 = 𝑣/𝑐, 𝑣 the average speed of the elec-
trons, 𝑐 the speed of light, 𝜃𝑖 the angle between the incident
photons and electrons, 𝜃𝑠 the scattering angle of the scat-
tered photons and the electron beam axis and 𝜃𝑟 = 𝜃𝑖 − 𝜃𝑠
the reflecting angle between incident and scattered photons.
From eq. (1) it can be concluded that the desired photon
energy can be achieved by adjusting both the original elec-
tron and photon energy. However, this can also be achieved
in a small ranges by an angle-dependent positioning of the
target or detector to the beam axis of the scattered photons, a
variation of 𝜃𝑟. The highest photon energy can be achieved
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by a head-on collision 𝜃𝑖 = 180∘, see Eq. (1). Looking at
the detection angel of 𝜃𝑟 = 0∘ the Eq. (1) simplifies to

𝐸′𝑚𝑎𝑥
𝐿 = 4𝛾2𝐸𝐿

1 + 4𝛾2(𝐸𝐿/𝐸𝑒)
= 4𝛾2𝐸𝐿

1 + 𝑋 (2)

including the recoil 𝑋 [12]. By using lasers with photon
energies in the visible range, we are in the limit region X«1,
i.e. in the Thomson regime.

The energy bandwidth Δ𝐸′
𝐿/𝐸′

𝐿 of the scattered photons
depends on many parameters of the electron and laser beam.
First of all, the collimation angle 𝜃𝑚𝑎𝑥

𝑠 , described by the
acceptance angle Ψ = 𝛾𝐶𝑀𝜃𝑚𝑎𝑥

𝑠 ≪ 1 with the Lorentz
factor in the center of mass (CM) system [12],

𝛾𝐶𝑀 = 𝐸𝐿𝐴𝐵
𝑡𝑜𝑡

𝐸𝐶𝑀
≈ 𝐸𝑒 + 𝐸𝐿

√4𝐸𝑒𝐸𝐿 + 𝑚2
𝑒

(3)

assuming 𝐸𝑒 ≫ 𝐸𝐿 and 𝛾 ≫ 1. The Bandwidth also de-
pends on, the relative energy spread 𝛿𝛾/𝛾, the normalized
emittance 𝜖𝑛 and the rms spot size 𝜎𝑒 (Gaussian phase
space distribution (GPSD)) at the interaction Point (IP)
of the electron beam, the laser bandwidth Δ𝐸𝐿/𝐸𝐿, the
laser wavelength 𝜆0, the laser focal spot size 𝜔0 (GPSD)
at IP, the beam quality factor 𝑀2 and the laser parame-
ter 𝑎0 = 6.8(𝜆0𝜔0)/√(𝑈𝐿(J))/(𝜎𝑡(ps)), with 𝑈𝐿(J) being
the lase pulse energy in Joule and 𝜎𝑡(ps) being the pulse
length in pico seconds. The relative scattered photon band-
width [12] is given by

Δ𝐸′
𝐿

𝐸′
𝐿

=

√
√
√
⎷

⎡⎢
⎣

Ψ2/√12
1 + Ψ2 + �̄�2

1 + √12�̄�2
⎤⎥
⎦

2

+ [(2 + 𝑋
1 + 𝑋) Δ𝛾

𝛾 ]
2

+ [ 1
1 + 𝑋

Δ𝐸𝐿
𝐸𝐿

]
2

+ [𝑀2𝜆0
2𝜋𝜔0

]
4

+ [
𝑎2

0/3
1 + 𝑎2

0/2
]

2

(4)

with the term �̄� = (√2𝜖𝑛)/(𝜎𝑒√1 + 𝑋). The most influence
on the relative bandwidth is given by the first term, resulting
in a high dependency to the collimation angle and the elec-
tron beam parameters, i.e. energy, rms size and emittance.

The last important parameter for the design of a LCB
source is the expected photon flux. This results from the
luminosity ℒ multiplied by the Compton cross section 𝜎
[13]. For head-on collisions the number of scattered photons
per second is given by

𝒩 = ℒ𝜎 = 𝑁𝑒𝑁𝐿𝑟
2𝜋 (𝜎2

𝑒 + 𝜎2
𝐿)

𝜎 (5)

with 𝑁𝑒 and 𝑁𝐿 the number of electrons and photons respec-
tively For lim𝑋→0 𝜎 = 𝜎𝑇 (1 − 𝑋) [12] the Compton cross
section becomes the Thomson cross section 𝜎𝑇 = 66.5 fm2.

LASER-COMPTON BACKSCATTERING AT
S-DALINAC

The S-DALINAC
The S-DALINAC delivers energies of up to 130 MeV with

average currents of up to 20 µA at this energy with a repeti-

Figure 1: Schematic floor-plan of the S-DALINAC. The
LCB-Source is placed in the third recirculation beam line,
consisting of two vacuum chambers, the coupling chamber
and the interaction chamber. The generated X-ray beam are
detected by a LEPS.

tion rate of 3 GHz. It was operated as first ERL in Germany
in 2017 [11], and was successfully operated as multi-turn
ERL in 2021 [14, 15]. It is planned to install the LCB setup
in the third recirculation beam line of the accelerator, where
the electrons will reach an energy of up to 99 MeV and thus
we can expect photons of up to 180 keV, see Fig. 1.

These photons will be detected by a Low-Energy Photon
Spectrometer (LEPS). The laser system is set up further away
from the accelerator due to possible damage from radiation.
Therefore, it is necessary to guide the laser beam to the
interaction point via a approx. 40 m long beam transport.

Coupling Chamber Design
From the theoretical description of the Compton effect,

we know that the maximum possible energy, see Eq.(1),
and the maximum possible flux, see Eq. (5) and [13], are
achieved by a head-on collision of the two beams. More-
over, it simplifies the timing synchronization of the laser
pulses with the electron bunches as well as the theoretical
consideration and the back-calculation from the scattered
photon energy to the electron energy, for later diagnostics.
It is necessary to get the laser beam on the beam axis of
the electrons for a head-on collision. For this purpose, an
off-axis parabolic mirror will be used. It deflects the laser
beam by 90° and focuses it with a focal length of 2 m on
the IP to a focal spot size of 𝜔0 = 100 µm without aberra-
tion. This provides a Gaussian shaped, high-intensity focus
with long Rayleigh length 𝑧𝑅 = (𝜋𝜔2

0)/(𝑀2𝜆0) of approx
23.5 mm. The electron beam and also the scattered pho-
tons can pass the parabolic mirror through a small hole of
𝑑0 =1.7 mm. For the laser beam, this means an intensity
loss of approx. 2% with a beam size of 𝜔𝐿 = 8.5 mm at the
mirror. This can be estimated with 𝑅 = exp[−2(𝑑0/2𝜔𝐿)2].
The electron-beam transmission was tested during a beam
time with a dummy version of the mirror and a beam de-
position of 0.67% ± 0.56% was measured. The designed
coupling chamber is shown in Fig. 2. The five-axis optical
table and the linear optical stage are for pre-alignment of
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Figure 2: CAD drawing of the coupling chamber. With
the off-axis parabolic mirror, the laser beam is antiparallel
overlapped with the electron beam and focused. The mirror
has a hole so that the electron beam can pass through.The
transparent barrel is only for illustration purposes.

the parabolic mirror to the electron axis, and to extract the
mirror from the beam axis. An alignment target checks the
correct overlap of the two beams in advance. The active
adjustment and stabilisation of the laser focus position dur-
ing operation of the LCB source will be done by additional
mirrors in front of the parabolic mirror and by an exact copy
of the actual beam-line with a second identical parabolic
mirror with which the light is focused on a position sensitive
quadrant detector.

Laser System and Laser Beam Simulation
Since the first design approach of the LCB source at the

S-DALINAC should have a geometry as simple as possible
and be flexible in position, each pulse of the laser is super-
imposed only once with an electron bunch. The laser has to
be powerful enough to deliver a sufficient flux to be able to
detect the scattered photons. In addition, a high repetition
rate is preferred, since the S-DALINAC runs at a frequency
of 3 GHz. To obtain a good intrinsic bandwidth through the
laser, it is also necessary to have the lowest possible beam
quality factor 𝑀2 and a small energy bandwidth Δ𝐸𝐿/𝐸𝐿.
Furthermore, a good synchronisation of the laser system and
the accelerator as well as a stable long-term operation is
necessary. Ytterbium-based laser systems have proven suit-
able for this purpose. These have a wavelength of 1030 nm
and an average output power of >100 W at around 100 kHz
repetition rate. This results in a pulse energy in the range of
1 mJ. The 𝑀2 factor is below 1.3 and the energy bandwidth
is close to the Fourier limit for 3 ps long pulses.

The complete optical setup including beam transport of
40 m and off-axis parabolic mirror was simulated with Ze-
max OpticStudio [16], verify the correct optics and to have
possible aberrations under control. The influence of the hole
in the parabolic mirror on the laser beam was tested. As a
first version, a Galileo telescope (no intermediate focus) was
used before the beam transport in order to increase the beam
diameter from the laser and to decrease the divergence and
thus the expansion of the beam width over the long distance.
Downstream of the beam transport (40 m), in the accelerator

hall, another telescope is used to get the desired beam width
for the parabolic mirror to achieve the correct focal spot size
at the IP.

Background Measurement
To verify that the scattered photons can later be measured

by the LEPS, a background measurement was made during
the operation. The S-DALINAC was operated at 85 MeV
electron energy, i.e., the energy amounted to 65 MeV in the
third recirculation. In Fig. 3 the measured energy spectrum
is shown in orange. The different peaks can be assigned to
the calibration sources on the one hand and to radioactive
background. In future experiments, the identified elements
can be used for energy calibration. The blue line shows the
Compton edge of the simulated LCB photons for the design
source parameters. It is shown that the count rate of the
scattered photons is three times higher than the background
at this energy.

LCB simulation
Compton edge

241Am (36%)
59.54 keV 133Ba (32%)

81 keV
Pb (X-Ray)
72.8 keV

Pb (X-Ray)
75 keV

Pb (X-Ray)
85 keV

133Ba (34% / 62 %)
30.63 keV / 30.97 keV

133Ba (11% / 3.5 %)
34.99 keV / 35.8 keV

77.8 keV

Figure 3: Energy spectrum, with measured background ra-
diation during operation of S-DALINAC captured by LEPS
(orange) and the same spectrum with simulated LCB beam
hitting the detector at the same position (blue). As calibra-
tion sources 133Ba and 241Am were used.

CONCLUSION
For this proposal all necessary analytical calculations were

made and also a small simulation program was achieved.
The design of the LCB Source is finalized and a selection of
laser systems was made. The purchase of the laser system
is currently in a tender process. A background radiation
measurement in the accelerator hall was performed. It was
successfully demonstrated by comparison with simulations
of the LCB source, that the detection of the scattered photons
will be possible. With this final design it will be possible
to generate photons with energies up to about 180 keV at
a bandwidth of ≥0.6 % with a photon flux ranging from
10 Ph/s at collimation angle of 100 µrad for the lowest band-
width with up to 2.4 × 103 Ph/s in an collimation angle of
1 mrad at a bandwidth of 2.9 %. Based on these results, the
individual components are now purchased and installed. A
first test run is planned for next year.
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