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The Large Hadron electron Collider (LHeC) is a proposed future particle physics project colliding
60 GeV electrons from a recirculating energy-recovery linac (ERL) with 7 TeV protons stored in the
LHC. The ERL technology allows for much higher beam current and, therefore, higher luminosity
than a traditional linac. The high-current high-energy electron beam can also be used to drive a free
electron laser (FEL). In this study we investigate the performance of an LHeC based FEL, operated
in the self-amplified spontaneous emission mode, for which we choose a final electron beam energy
of 40 GeV and aim for X-ray wavelengths of less than 1 Å. We demonstrate that such FEL would
have the potential to provide orders of magnitude higher peak power, peak brilliance and average
brilliance, than any other FEL either existing or proposed.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

One of the most important parameters of a collider is
its luminosity. To achieve a high luminosity the beam
current should be as high as possible and the transverse
sizes of the particle beams at the collision point should be
as small as possible. In the case of the proposed lepton-
hadron collider based on the LHC (LHeC), unusually,
the impact of the electron beam size on the luminosity
is rather limited, since the proton beam size is large by
electron-beam standards and cannot easily be reduced.
Therefore, the electron beam current should be made as
high as possible to achieve a high luminosity. To in-
crease the electron beam current for a linac-based collider
the energy recovery linac option is a cost-efficient choice,
which has been adopted for the LHeC baseline design [1].

The high current ERL of the LHeC would also pro-
vide the opportunity for driving a Free Electron Laser
(FEL) [2]. Indeed ERL-based FELs already operated,
and operte, successfully in the electron energy range of
10 to 200 MeV, e.g. at BINP[3], JAEA [4] and JLAB
[5], whose parameters are compiled in Table I. A su-
perconducting energy recovery linac with a higher beam
energy of 0.5–1.0 GeV was proposed to produce 13.5 nm
radiation, at 5 kW average power [6]. Most similar to
the LHeC-FEL, however, would be a possible upgrade of
the European XFEL, based on an ERL-type of opera-
tion, with 100% duty factor and an average brightness
brightness of 1.64 × 1025 photons/s/mm2/mrad2/0.1%
bandwidth at 8.5 GeV beam energy [7].

Though the LHeC is designed for energy frontier
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TABLE I: Parameters of some operating ERL-based FELs at
lower beam energy.

facility BINP[3] JAEA[4] JLAB[5]
beam energy [MeV] 20 17 120
peak current [A] 3000 35 300
average current [mA] 100 8 8
photon wavelength [µm] 40 22 1.6
average FEL power [W] 500 1 10,000
pulse duration [ps] 50 0.32 0.17

electron-hadron scattering experiments at the LHC, it is
conceivable that the ERL programme can be temporarily
redefined,independently of elepton-hadron operation, as,
for example, during the decade in which the LHC may
possibly be reconfigured to double its hadron beam en-
ergy, and during which no lepton-hadron collisions would
take place.

II. ADAPTING THE LHeC BEAM

The ERL of LHeC is of racetrack shape. A 500-MeV
electron bunch coming from the injector is accelerated
in each of the two 10-GeV SC linacs during three rev-
olutions, after which it has obtained an energy of 60
GeV. Three additional revolutions, now with decelera-
tion instead of acceleration, reconvert the energy stored
in the beam back to RF energy [1]. The beam emittance
and the energy spread of the particle beam increase with
beam energy due to quantum fluctuations.

For the LHeC proper, the electron beam emittance is
not critical, since the proton beam emittance is quite
large. On the contrary, in order to reach low wave-
lengths in FEL operation the beam emittance must be
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FIG. 1: LHeC recirculating linac reconfigured for FEL oper-
ation.

sufficiently small. Because of this requirement, we choose
the electron beam energy for FEL operation as 40 GeV,
rather than 60 GeV. At a beam energy of 40 GeV, the
accumulated relative energy spread induced by quantum
fluctuations is 5× 10−5 and the accumulated normalized
emittance due to synchrotron radiation in the LHeC arcs
is 0.5 µm [1]. If necessary or useful, the latter number
could be reduced by various optics modifications, e.g., by
shortening the length of the arc cells. The beam energy
of 40 GeV can be attained after two passes through the
two 10 GeV linacs, instead of the 3 passes of the standard
LHeC operation. The subsequent deceleration would also
happen during 2 additional passes. Figure 1 illustrates
the LHeC-FEL configuration.

Table II presents the electron beam parameters which
we have chosen for our LHeC-FEL study. We assume
that the bunch can be compressed to an rms length of
7 µm at the location of the undulator. For comparison,
at LCLS-II the rms bunch length can be varied between
0.6 and 52 µm, with a nominal value of 8.3 µm [8]. The
nominal rms bunch length of the European X-FEl is 25
micron [9].

Compared with a single-pass linac, a recirculating linac
offers additional degrees of freedom to compress the
bunch and also to taylor its longitudinal profile, respec-
tively, by exploiting the linear momentum compaction in
the return arcs and by controlling the second-order mo-
mentum compaction through arc sextupole magnets.

III. FEL CONSIDERATIONS

In a free-electron laser, the active medium is a beam
of relativistic electrons. The FEL interaction amplifies
the undulator radiation in the forward direction, leading
to an exponential growth of the radiation power along
the length of the undulator. A self-amplified spontaneous
emission (SASE) FEL does not require any optical cavity,
nor any coherent seed, and it can operate in the X-ray
regime. The wavelength of the radiation is given by the

TABLE II: The main LHeC-ERL electron beam parameters.

Parameters Unit Value
energy GeV 40.0
relativistic gamma 78277.9
electrons per bunch 3×109

rms bunch length µm 7
peak beam current kA 8.2
average beam current mA ∼20
normalized emittance µm 0.5
bunch spacing ns 25
rms energy spread % 0.1
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FIG. 2: FEL wavelength (contours) as a function of electron
beam energy (vertical axis) and undulator parameter (hori-
zontal axis).

well-known formula

λ =
λu
2γ2

(
1 +

K2

2

)
(1)

where λu denotes the period length of a planar undula-
tor, γ the relativistic factor, proportional to the electron
energy, and K the undulator parameter [10]. The rela-
tion between the radiation wavelength, the electron beam
energy and the undulator strength is illustrated in Fig. 2.

The optimum matching of the electron beam to the
light beam is achieved under the condition

εN ≤ γ
λ

4π
(2)

where εN ≡ γε signifies the normalized emittance. How-
ever, it has been demonstrated that FELs can still op-
erate, albeit with a reduced efficiency, even if the nor-
malized emittance exceeds this optimum condition by a
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factor of four to five [11]. Consequently, we expect that
FEL light of wavelength around 0.5 Å can be produced
by 40 GeV electrons with a normalized rms emittance of
0.5 µm.

IV. UNDULATOR

Harder X-rays with photon energies exceeding 10 keV
(λ < 1.2 Å) are desirable for the study of thick 3D materi-
als due to their deep penetration and excellent spatial res-
olution. Such X-ray radiation allows probing condensed
matter systems on the atomic length scale at minimum
unwanted absorption, preserved scattering cross sections
and large momentum available [8].

The concrete goal of our LHeC-FEL design is to gen-
erate hard X-ray FEL radiation in the range between
0.45 Å and 2.2 Å. We examine the FEL performance of
the LHeC-based FEL for an undulator with a period of
55 mm undulator similar to the soft X-ray undulator of
LCLS-II.

The relation between the peak magnetic field and un-
dulator parameter is

K = 0.934B[T] λu[cm] (3)

where K designates the undulator strength parameter,
B the peak magnetic field for a planar undulator and λu
the undulator period. Specifically, to obtain an undulator
strength between 4.24 and 9.9, the magnetic field should
be between 0.825 and 1.92 T.

Our undulator design, named U55, is of hybrid pla-
nar type, made from NdFeB (remanent magnetization
Br=1.25 T) as magnetic material and pure iron as pole
material. The magnet model of the U55 is shown in
Fig. 3. The undulator period is 55 mm. The dimensions
of the magnet material and pole material are chosen as
75 × 18.5 × 65 mm3 and 50 × 9 × 50 mm3, respectively.
The period of 55 mm corresponds to 2 × (18.5 + 9) mm.

The vertical magnetic field (z coordinate) along the
y axis (where y indicates the beam direction) has been
computed using the computer code Radia [12]. The peak
magnetic field is 1.92 T for 7.2 mm gap, 1.26 T for 12.4
mm and 0.825 T for 17.7 mm gap. The result for a gap
of 12.4 mm is presented in Fig. 4.

The undulator parameters are shown in Table III. The
targeted wavelengths can be produced by tuning the K
values through changing the gap of the undulator.

TABLE III: Main parameters of the LHeC-FEL undulator.

parameter value
period length (cm) 5.5
number of period 61
total length (m) 120
minimum gap (mm) 7.2
“undulator parameter” K 4.2–9.9
wavelength range (Å) 0.45–2.24

FIG. 3: Magnet arrays of undulator. The permanent magnet
elements are shown in blue and the iron poles in red. All the
units are in mm. Only the first few periods are shown for
clarity.
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FIG. 4: Vertical magnetic field along the axis of the U55
undulator for a gap of 12.4 mm; only a few periods are shown
for clarity.

V. SIMULATED FEL PERFORMANCE

FEL simulations are performed using the GENESIS
code [13] for K values of 4.24, 6.5 and 9.9, corresponding
to the wavelengths 0.45 Å, 1 Å and 2.24 Å, respectively.
A FODO lattice was selected for its simplicity of design
and cost-effectiveness through limiting the total number
of magnets and associated instrumentation. The length
of each undulator is 3.35 m. Undulator modules are sep-
arated by intervals of 66 cm, providing some space for
focusing, steering, diagnostics or vacuum-system compo-
nents. Figure 5 shows the simulation results for the case
K=4.24. The saturation occurs after a distance of 110 m
and the peak power is approximately 120 GW. The re-
sults of the simulations for K=6.5 and K=9.9 are shown
in Figs. 6 and 7, respectively. For 1 Å laser wavelength
the saturation occurs after 85 m, with a peak power of
300 GW, while the saturation occurs already at 70 m
with a peak power of 600 GW in case of 2.24 Å FEL
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wavelength.
One of the important parameters for comparing differ-

ent radiation sources is the brilliance [14]. It describes
the intensity of a light source including its spectral purity
and opening angle. The brilliance can be calculated from
the spectral flux (in units of photons/s/0.1% bandwidth)
by

B =
spectral flux

4π2ΣxΣ′xΣyΣ′y
, (4)

with the quantities

Σ =
√
σ2
e + σ2

ph (5)

and

Σ′ =
√
σ′2e + σ′2ph . (6)

Where σe, σ
′
e, σph and σ′ph are the transverse sizes and

angular divergences of electron and photon beams [15].
In the case of full transverse coherence ΣΣ′ = λph/(4π).
The brilliance values for the three cases are compiled
in Table III, along with some other FEL parameters.
A comparison of the LHeC-FEL with a few existing or
planned hard X-ray FEL sources is presented in Figs. 8
and 9 [8, 9, 11, 16]. The figure demonstrates that the
brilliance of the LHeC-FEL is extremely high. The ex-
ceedingly brilliant beam with ultra short (80 fs) pulses
at wavelengths below 1 Å could potentially revolutionize
scientific experiments in different fields such as physics,
biology, chemistry and material science.

Since the LHeC recovery linac provides a high-current
high-energy cw electron beam, the average brilliance of
the LHeC-FEL is greater by nearly 4 orders of magni-
tude than for any other FEL source in operation or un-
der construction. It also is three orders of magnitude
higher than the projected average brightness predicted
for ERL-extensions of presently existing X-ray FEL in-
frastructures [7].

The high average brilliance of the LHeC-FEL will
facilitate the detection of ultrafast changes of struc-
tures and the electronic states of natural and artificial
materials [17]. To give but one example, studies of
nano-materials for advanced battery technologies would
greatly profit from the high average brilliance available
at the LHeC-FEL [18].

Due to the energy recovery process the energy loss and
energy spread of the electron beam after the lasing pro-
cess are important parameters. The evolution of these
parameters for a wavelength of 0.45 Å is shown in Fig. 10.
The energy loss at the saturation point is approximately
3.9 MeV. This value is low compared with the electron
beam energy, and also with the electron injection energy
of 500 MeV, and its effect can easily be accommodated
by phasing in the downstream linac. The energy spread
increases approximately four times (from 0.1% to 0.4%).
The energy spread is small compared with the energy

acceptance of the optics, and could also be partially cor-
rected in the downstream arcs and linacs.

TABLE IV: LHeC-FEL radiation parameters derived from
simulations. The peak-power values were obtained by aver-
aging the simulated power over the length of the pulse (±σz).
The unit for the corrresponding peak and average brilliance
(B) is equal to photons/mm2/mrad2/s/0.1%bw.

parameters Unit K=4.24 6.5 9.9
electron energy GeV 40 40 40
wavelength nm 0.045 0.1 0.225
photon energy keV 27.7 12.41 5.54
saturation length m 110 85 70
peak power GW 40 65 120
pulse duration fs 60 60 60
bandwidth % 0.04 0.05 0.09
photons per pulse # 5.2×1011 2.5×1012 7.8×1012

peak brilliance B 4.5×1034 2.6×1034 1.2×1034

average brilliance B 1.0×1029 6.0×1028 2.8×1028

VI. CONCLUSIONS

We have investigated the potential radiation proper-
ties of a SASE FEL based on the LHeC Energy Re-
covery Linac. As an example, and for the purpose of
this study, we considered an LCLS-II type undulator
with 55 mm period. Our simulations of the FEL pro-
cess, for a 40 GeV LHeC electron beam passing through
such an undulator, suggest that FEL radiation in the
Ångstrom or sub-Ångstrom wavelength regime can be
produced, at an exceedingly high peak power and bril-
liance. Indeed, the LHeC-FEL promises both peak and
average brilliance far exceeding those of other, exist-
ing or proposed X-ray FELs. For example, at a wave-
length of 0.45 Å, saturation occurs around 110 m, with a
peak power of 120 GW, and peak brilliance of 4.5×1034

photons/mm2/mrad2/s/0.1%bw. The beam is cw with a
25 ns bunch spacing, translating into a remarkable aver-
age brilliance (see Fig. 9 and Table IV).

The reported simulation results were obtained for the
SASE mode of operation and without any tapering. By
using self seeding and a tapered undulator the perfor-
mance could be further improved and the spectrum be
rendered more monochromatic.
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FIG. 5: Genesis simulation results for 0.45 Å laser wavelength (K = 4.24). Left: Evolution of the pulse power along the
undulator. Middle: Spatial (temporal) profile of the radiation pulse. Right: Wavelength spectrum of the radiation.

FIG. 6: Genesis simulation results for 1 Å laser wavelength (K = 6.5). Left: Evolution of the pulse power along the undulator.
Middle: Spatial (temporal) profile of the radiation pulse. Right: Wavelength spectrum of the radiation.

FIG. 7: Genesis simulation results for 2.24 Å laser wavelength (K = 9.9). Left: Evolution of the pulse power along the
undulator. Middle: Spatial (temporal) profile of the radiation pulse. Right: Wavelength spectrum of the radiation.
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with several existing or planned hard X-ray FEL sources.
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