
Bright Ångstrom and picometer free electron laser based
on the Large Hadron electron Collider energy recovery linac

Z. Nergiz *

Nigde Omer Halisdemir University, Faculty of Arts and Sciences, Physics Department,
51200 Nigde, Turkey

N. S. Mirian †

Deutsches Elektronen-Synchrotron (DESY), 22607 Hamburg, Germany,
and European Organization for Nuclear Research (CERN), 1211 Geneva 23, Switzerland

A. Aksoy
Ankara University, Institute of Accelerator Technologies, 06830, Ankara, Turkey,

and Turkish Accelerator and Radiation Laboratory, 06830, Ankara, Turkey

D. Zhou
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan

F. Zimmermann
European Organization for Nuclear Research (CERN), 1211 Geneva 23, Switzerland

H. Aksakal
Kahraman Maras Sutcu Imam University, 46040 Kahramanmaras, Turkey

(Received 12 July 2021; accepted 23 August 2021; published 7 October 2021)

TheLargeHadron electronCollider (LHeC) is a proposed future particle-physics project colliding 60GeV
electrons from a six-pass recirculating energy-recovery linac (ERL) with 7 TeV protons stored in the LHC.
TheERL technology allows formuch 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 using electron beams after one or two turns, with beam energies of, e.g.,
10, 20, 30 and 40GeV, and aim at producing x-ray pulses at wavelengths ranging from 8 to 0.5Å. In addition,
we explore a possible path to use the 40 GeV electron beam for generating photon pulses at much lower
wavelengths, down to a few picometer. We demonstrate that such ERL-based high-energy FEL would have
the potential to provide orders of magnitude higher average brilliance at Å wavelengths than any other FEL
either existing or proposed. It might also allow a pioneering step into the picometer wavelength regime.
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I. INTRODUCTION

The Large Hadron electron Collider (LHeC) [1] is a
proposed future lepton-hadron collider at CERN, which
would be realized by colliding protons circulating in one of
the existing rings of the Large Hadron Collider (LHC) with
a 60 GeV electron beam from a six-pass recirculating

racetrack-shape energy-recovery linac (ERL). The electron
beam consists of bunches of 3 × 109 particles each, spaced
by 25 ns like the proton bunches, with an average beam
current of about 20mA [2]. A recent designvariant considers
a lower electron beam energy of 50 GeV, accompanied by a
possibly higher beam current of up to 50 mA [3].
The high-current ERL of the LHeC would also provide

the opportunity for driving a free electron laser (FEL) [4].
Indeed, ERL-based FELs already operated, and operate,
successfully in the electron-energy range of 10 to 200 MeV,
e.g., at BINP [5], JAEA [6] and JLAB [7]. Their parameters
are compiled in Table I. A superconducting ERL with a
higher beam energy of 0.5–1.0 GeV was proposed to
produce 13.5 nm radiation, at 5 kW average power [8].
Another proposal with 5 GeV beam energy aimed at
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generating x rays at Å wavelengths [9]. All of these
operating or proposed facilities featured, or feature, a
significantly lower beam energy than the LHeC FEL.
Most similar to the LHeC-based FEL would be a possible
upgrade of the European XFEL also based on an ERL-type
of operation, with 100% duty factor and an average
brightness of 1.64 × 1025 photons=s=mm2=mrad2=0.1%
bandwidth at 9 GeV beam energy [10].
Though the LHeC is designed for energy frontier electron-

hadron scattering experiments at the LHC, it is conceivable
that the ERL program can be temporarily redefined, inde-
pendently of electron-hadron operation, as, for example,
during the decade in which the LHC may possibly be
reconfigured to double its hadron beam energy within the
high energy LHC (HE-LHC) proposal [11], and during
which no lepton-hadron collisions would take place.
In view of the performance expected from the LHeC-

FEL (see Sec. VII C) also the construction of a dedicated
ERL-based x-ray FEL user facility could, and perhaps
should, be considered.

II. ADAPTING THE LHeC

The ERL of LHeC is of racetrack shape. For the
proposed collider operation, a 500 MeV electron bunch
coming from the injector would be accelerated in each of
two 10 GV superconducting linacs during three revolu-
tions, after which it has obtained an energy of 60 GeV.
Three additional revolutions, now with deceleration instead
of acceleration, reconvert the energy stored in the beam
back to radio frequency (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.
Incoherent synchrotron radiation significantly increases the
normalized root-mean-square (rms) emittance during the arc
passages at 40 and 50 GeV beam energy, by about 7 μm
(Table 7.14 of [1]). However, in order to obtain coherent x
rays at low wavelengths in FEL operation the beam
emittance must be sufficiently small. Partly because of this
emittance requirement, for the FEL operation, we choose the
electron beam energy as 40 GeVor lower, depending on the
x-ray wavelength desired, rather than 60 GeV. Figure 1
illustrates the LHeC ERL-FEL configuration.

The beam energy of 40 GeV can be attained after two
passes through the two 10 GeV linacs, instead of the three
passes of the standard LHeC operation. The subsequent
deceleration would also happen during two additional
passes. An energy of 20 GeV would already be achieved
after a single pass through the two linacs, again followed by
another pass of deceleration. Beam energies of 10 and
30 GeV are also readily obtained after one or two turns,
with appropriate linac voltages and phasing.
At high beam energy, the incoherent synchrotron radi-

ation in the arcs blows up the energy spread and the
transverse emittance. At a beam energy of 40 GeV, the
accumulated relative energy spread induced by quantum
fluctuations in the third LHeC arc is 5.3 × 10−5 (2 MeV)
(Table 7.13 of [1]). By contrast, at 20 GeV the additional
energy spread due to incoherent synchrotron radiation
(ISR) is negligible. For the chosen optics, the minimum
additional contribution to the normalized emittance from
incoherent synchrotron radiation is about 0.5 μm at 40 GeV
(Table 7.14 of [1]), which is to be added to the initial
emittance. At 20 GeV, the ISR effect, also on the transverse
emittance, can be neglected. Instead, here, the transverse
normalized emittance may be limited solely by the perfor-
mance of the rf gun, and the total emittance could be as low
as, or lower than, 0.5 μm for a bunch charge of 0.5 nC (so-
called PITZ scaling) [12].

III. BUNCH COMPRESSION CONCEPT

Compared with chicane- or wiggler-based bunch com-
pression in a single-pass linac [13–15], a recirculating linac
offers additional degrees of freedom to compress the bunch
and also to tailor its longitudinal profile, respectively, e.g.,
by exploiting the linear momentum compaction in the
return arcs of the recirculating linac, and adjusting the rf
phases for each linac pass. Additional manipulations would
be possible by controlling (and canceling) the second-order
momentum compaction through arc sextupole magnets
[16]. For example, choosing the proper linac configuration,
in the downstream SLAC Linear Collider (SLC) arcs the

TABLE I. Parameters of some operating ERL-based FELs.

Facility BINP JAEA JLAB

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

FIG. 1. LHeC recirculating linac reconfigured for FEL
operation.
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rms bunch length could be compressed by more than an
order of magnitude, from above 1 mm down to about
50 μm [17].
To examine the possible LHeC ERL bunch-length

compression for FEL operation, we accelerate the beam
off-crest in some of the first three linac passages, and
exploit the momentum dependent path length for the first
three LHeC ERL arcs [1,18], which for the optics of the
Conceptual Design Report (CDR) [1], including spreaders

and combiners, amount to Rð1Þ
56 ¼ Rð2Þ

56 ¼ 0.21 m and

Rð3Þ
56 ¼ −0.31 m, where the superindex in parentheses

counts the arc, and a positive value for the fifth coordinate,
z > 0, refers to a particle ahead of the synchronous particle.
However, the additional energy spread due to incoherent

synchrotron radiation induced in the third arc Δσð3Þδ ≈
5 × 10−5, along with the rather large (absolute) design value

of jRð3Þ
56 j ¼ 0.31 m, contributes to the final bunch length a

minimumamount ofΔσz;min ≥ jRð3
56ÞjΔσð3Þδ =

ffiffiffi
3

p
≈ 9 μm,not

yet including any nonlinear contributions. Hence, this optics
does not allow squeezing the rms bunch length to values
much below 10 μm.
In view of this limit, and profiting from the flexible

momentum compaction arc optics, we have explored the
possibility of changing the optics of arc 3, so as to be similar
to those of arcs 1 and 2, or even further reducing the
(absolute) value of Rð3Þ

56 , allowing the compression to
significantly shorter bunch lengths. The possibility to com-
press to shorter bunches, however, comes at the expense of a
larger I5 radiation integral. Synchrotron radiation in arc 3
then increases the horizontal normalized emittance to total
values well above 2 μm. This emittance would be too large
for the FEL wavelengths we are targeting.
We have, therefore, proceeded with the arc-3 optics from

the LHeC CDR, which limits the possible compression to
final rms bunch lengths not much below 10 μm, but
provides for a smaller transverse emittance, below 1 μm.

In addition to the incoherent synchrotron radiation, also
the effects of wakefields and coherent synchrotron radia-
tion need to be taken into account.

IV. SHIELDED COHERENT RADIATION

The large bending radius of the LHeC, ρ ≈ 750 m,
combined with a small vacuum chamber, suppresses the
emission of synchrotron radiation at long wavelengths and,
in particular, the emission of Coherent Synchrotron
Radiation (CSR) [19,20]. Specifically, synchrotron radia-
tion is shielded at wavelengths longer than f[21–24] and
Eq. (178) of [25]g

λsh ≈ 2

ffiffiffiffiffi
d3

ρ

s
; ð1Þ

or, equivalently, for bunch lengths exceeding

σz;sh ≈

ffiffiffiffiffiffiffi
d3

ρπ2

s
; ð2Þ

where d denotes the beam pipe diameter [23]. Considering
the LHeC FEL, for ρ ≈ 750 m and d ≈ 20 mm, we find
σz;sh ≈ 30 μm.With a reduced pipe diameter of d ≈ 10 mm,
we would expect to obtain complete CSR shielding down
to σz;sh ≤ 12 μm.
A few programs are available to simulate the shielding

for a realistic closed vacuum chamber, rather than in free
space or with parallel-plate boundaries. We employ the
code CSRZ [24] to compute the CSR impedance in the
frequency domain for an LHeC arc dipole of length 4 m,
with a bending radius ρ ≈ 750 m. The shielding calculation
considers a square vacuum chamber with variable curvature
of the beam orbit. The CSR wakefield can be calculated
from the impedance by convolution with the spectrum of a
given longitudinal bunch profile [26]. Figure 2 compares
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FIG. 2. CSR wakefield for a Gaussian bunch with 50 micron bunch length (left) and impedance (right) for a 4-m long arc dipole with
ρ ¼ 744 m computed by the code CSRZ [24] for a square beam pipe with 2 cm (blue) or 1 cm full aperture (red) in the horizontal and
vertical direction, compared with the CSR wake and impedance calculated for a simple parallel plate model with a vertical gap of 2 cm
(green). In the right picture, solid lines refer to the real part, dashed lines to the imaginary part of the impedance.
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the CSR impedance of an LHeC arc dipole and the resulting
wake function for a 50 μm long bunch (blue curves) with
those expected from a parallel-plate model, for a full
aperture d of 2 cm (green curve). It also illustrates the
further dramatic reduction of the CSR impedance and
wakefield if the square chamber size is reduced to 1 cm
(red curve). The maximum wave number kmax (k ¼ ω=
c ¼ 2πf=c) corresponds to about 5=σz with a typical
50 μm rms bunch length in the third arc. Taking into account
the bunch lengths in the different arcs (see Table II) for the
first arcwe choose a cutoffwavenumber kmax of 30000 m−1,
for the second arc 60000 m−1, and for the last arc
100000 m−1. In the tracking simulations performed with
the code ELEGANT, at each dipole we include the CSR
impedance, from CSRZ, corresponding to a full vertical and
horizontal chamber aperture of 1 cm.
We neglect the possible interference between CSR

wakefields from consecutive dipole magnets, but apply
the CSR impedance independently in each dipole magnet,
which, from past experience for other accelerators, repre-
sents a good first approximation.
We note that the suppression of both incoherent SR and

CSR by the vacuum chamber has been well proven exper-
imentally. For the SLC arcs, with d ¼ 10 mm and
ρ ¼ 280 m, CSR should be shielded at σz > 20 μm, fully
consistent with the complete absence of any CSR effects in
the observed beam evolution for minimum bunch lengths
around 50 μm [17]. A later series of dedicated shielding
studies at the Accelerator Test Facility (ATF) of Brookhaven
National Laboratory further corroborated the theoretical
predictions for CSR shielding [27]. Additional experimental
evidence for the suppression of (in this case, incoherent)
synchrotron radiation by the vacuum chamber, and for the
predicted dependence on the bending radius, comes from
Relativistic Heavy Ion Collider, where fully stripped gold
ion (Auþ79) experienced a nearly total suppression of
synchrotron radiation (energy loss per turn reduced by more
than a factor of 10) at an energy of 70 GeV=nucleon, and
still a reduction by a factor larger than 2 at 100 GeV=
nucleon [28]. These experimental results are consistent with
CSRZ simulations.

V. WAKEFIELDS

The transverse and longitudinal wakefields in the LHeC
linac rf cavities are modeled using the short-range wake
functions of Eq. (2.17) of [29], which are based on
Refs. [30,31] (also see the illustration in Fig. 2.2 of
[29]). More precisely, the simulation uses the wake
potentials (Green function wakefields), and then computes
the bunch wakefield from the actual particle distribution
whenever the tracked bunch passes through a cavity. To
illustrate the magnitude of the LHeC linac wakefield, the
nominal wake potential results in a longitudinal loss factor
of 2.6 V=pC per cavity in case of a Gaussian bunch with
2 mm rms length.
Resistive-wall wakefields may set a lower limit on the

acceptable vacuum chamber dimension in the arcs. The
material of the LHeC vacuum chamber has not been
decided. It could be made from copper or aluminum,
and possibly be coated [1]. The characteristics of the
resistive wall wakefield are determined by the parameter
s0 ≡ ½d2ρres=ð2Z0Þ�1=3 [32,33], with Z0 the impedance of
free space (about 120π Ω). The wake function is approx-
imately constant over distances much shorter than s0, but it
oscillates over distances of a few s0. Assuming that the LHeC
arc vacuum chamber is made from copper, with a resistivity
of ρres ¼ 1.7 × 10−8 Ωm, for the smallest chamber aperture
considered, d ¼ 10 mm, we obtain s0 ≈ 13 μm, and the
LHeC FEL bunches extend over several times s0. In this
regime the average energy loss over a section of length L is
well approximated by [33,34]

ΔEr:w: ≈ −
Z0cLNbe2

5πd2

�
s0
σz

�
3=2

; ð3Þ

where Nb denotes the bunch population, σz the rms bunch
length, and L the length of the section in question (e.g., L ≈
3 km for one arc).Also usingd ¼ 10 mm, σz ¼ 100 μmand
Nb ¼ 3 × 109, we find for the average energy loss in the first
arc ΔEr:w: ≈ 4.9 MeV. The rms energy spread induced by
the resistive wall wakefield will be of similar magnitude as
the average energy loss. The estimated value of ΔEr:w: is
about twice as high as the average energy loss due to the rf
cavity wakefields in one linac.
Another possible concern is the transverse resistive wall

wakefield. The single-bunch resistive wall jitter amplifica-
tion when passing through one arc can be estimated, by
averaging over several betatron oscillation periods, as
[35,36]

G≡ βy
Δy0

Δy
≈ βyπ

2
Nbre
γσz

L
d3

hfRi
ffiffiffiffiffiffiffi
λσz

p
; ð4Þ

where re denotes the classical electron radius, L again the
length of the section in question (e.g., L ≈ 3 km for one
arc), γ the Lorentz factor, and λ ¼ ρres=ð120π ΩÞ. At a
beam energy of 10 GeV, assuming a copper beam pipe, and

TABLE II. Parameters characterizing the longitudinal bunch
profile for each linac passage: full-width-half-maximum
(FWHM), FWHM divided by 2.355 (equal to a standard
deviation σ for a Gaussian profile), the rms bunch length σz
obtained from a Gaussian fit, and the peak current. The numbers
in parentheses refer to the 20 GeV case.

FWHM FWHM=2.355 Fitted σz Îb
Linac [μm] [μm] [μm] [kA]

Linac 1 228 97 100 0.6
Linac 2 204 86.6 82.5 0.7

(19) (8.3) (8.5) (7.3)
Linac 3 175 75 66 0.8
Linac 4 35 15 16 4
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using hfRi ¼ 0.82, d ¼ 10 mm, σz ¼ 100 μm, Nb ¼ 3 ×
109 and βx;y ≈ 50 m, we find G ≈ 0.3, which appears
acceptable.

VI. BUNCH COMPRESSION SIMULATIONS

Realistic longitudinal tracking simulations of two full
circulations (four linac passages and three arc traversals)
are performed with the code ELEGANT [37], which can take
into account not only the linear and nonlinear optics, but,
optionally, also the longitudinal and transverse linac wake-
fields, incoherent synchrotron radiation, and in addition,
with an external “impedance” file, the effect of the shielded
coherent synchrotron radiation in the arc dipole magnets, as
computed by CSRZ. We have included all of these effects.
However, our tracking simulations did not consider the
(material-dependent) resistive wall wakefield in the arcs.
The CSR impedance file was varied according to the local
bunch length. Below we present results for the nominal
linac wakefields. We have also performed some simulations
with a factor of 5 larger linac wakefields (that is, 5 times
larger wake potentials), yielding quite similar results.
For every case, we have optimized the rf phases in each

linac to achieve highest peak current after the third (first)
arc or fourth (second) linac passage, and adjusted the linac
rf voltage to maintain the target beam energy of 10, 20, 30
or 40 GeV. As a result of this optimization process, at
40 GeV the rf voltage of linac 1 was reduced to 9.7 GVand
the one of linac 2 raised to 11.4 GV, for all passages.
Figure 3 shows the result of the optimization for 20 GeV,

obtained by tracking 100,000 particles in ELEGANT through
the first arc and two linac passages. Figure 4 presents the
result of the optimization at 40 GeV, again obtained by
tracking 100,000 particles in ELEGANT now through three
arcs and four linac passages. Tracking a larger number of
200,000 particles yielded nearly identical results. Figures 3
and 4 show the simulated beam distribution in longitudinal
phase after each of the two or four linac passages, and
superimpose the corresponding bunch current profiles, a
few parameters of which are compiled in Table II.

Table III summarizes the optimized electron beam
parameters for LHeC FEL operation. The bunch compres-
sion using three linac passages and three arcs increases the
peak bunch current by more than an order of magnitude
while preserving a reasonable transverse emittance and
energy spread suitable for FEL operation.
At 20 GeV, going through the first linac and the first arc,

the bunch can be compressed by about a factor of 12 at the
location of the undulator, from an initial rms length of
100 μm down to an rms length of about 8 μm; see Fig. 3
and Table II. For a final beam energy of 40 GeV, optimizing
the rf phases for the first three linac passages followed by
three arcs, we achieve a bunch compression by about a
factor of 9, down to an rms length of about 15 μm, as
illustrated in Fig. 4.
For comparison, at Linac Coherent Light Source II

(LCLS II) the rms bunch length can be varied between

FIG. 3. Beam distribution in longitudinal phase space after
passing through linac 1 (left) and linac 2 (right) for 20 GeV FEL
operation, obtained by tracking with ELEGANT [37], including the
linac wakefields from Ref. [29], and the shielded CSR impedance
from CSRZ [24]. The white line represents the current profile. The
final FWHM bunch length is 63 fs, or 19 μm, and the fitted rms
bunch length σz ¼ 8.5 μm.

FIG. 4. Beam distribution in longitudinal phase space after
passing through linac 1 (top left) linac 2 (top right), linac 3
(bottom left) and linac 4 (bottom right) for 40 GeV FEL
operation, obtained by tracking with ELEGANT [37], including
the linac wakefields from Ref. [29], and the shielded CSR
impedance from CSRZ [24].

TABLE III. The main LHeC-ERL electron beam parameters.
Peak current, bunch length, and transverse emittance were
obtained from the tracking simulation. The numbers in paren-
theses refer to the 20 GeV case.

Parameters Unit Value

Injection energy GeV 0.5
Final energy GeV 40 (20)
Electrons per bunch 3 × 109

Initial FWHM bunch length μm 234
Final FWHM bunch length μm 35 (19)
Initial peak beam current kA 0.6
Final peak beam current kA 4 (7.2)
Final horizontal normalized emittance μm 0.9 (0.4)
Final vertical normalized emittance μm 0.4
Bunch spacing ns 25
Final rms energy spread % 0.01

BRIGHT ÅNGSTROM AND PICOMETER FREE … PHYS. REV. ACCEL. BEAMS 24, 100701 (2021)

100701-5



0.6 and 52 μm, with a nominal value of 8.3 μm [38], and
the nominal rms bunch length of the European X-FEL is
25 μm [39].
The purpose of the present paper is to demonstrate the

capacity of the LHeC-ERL for high gain FEL operation.
Precise beam dynamics simulation requires separate, addi-
tional work, in particular detailed studies of the strong
compression of electron bunches in the presence of both
CSR and resistive wall wakefields.
Concerning the initial beam parameters, we note that for

the 20 GeV simulations, where the compression is accom-
plished in the first arc, we considered an initial rms relative
energy spread at 500 MeV of about 10−3 (∼0.5 MeV), as
was also assumed in the LHeC design report (Section 7.3.3
of [1]). This energy spread proved sufficient to suppress the
microbunching. In the case of 40 GeV simulations, we
observed that microbunching does not occur even for a 10
times lower initial relative rms energy spread at 500 MeVof
10−4 (50 keV), since the incoherent synchrotron radiation
in the second and third arc introduces a much larger rms
spread of 0.4 and 1.6 MeV, respectively.
In our simulations, we have not included the resistive

wall wakefield directly. In the SLC arcs, with their compact
aluminum vacuum chamber, not only the resistive wall but
also the wakefields of bellows and beam-position-monitors
were significant [17]. To explore the sensitivity to wake-
fields in general, we have increased the magnitude of the
linac wakefields by up to a factor of 5. Always readjusting
the linac rf phases, after bunch compression, we obtained a
similar bunch length and the same, or even slightly higher,
peak current as for the nominal linac wakefields. We expect
that the same would be true for other wakefields that induce
a correlated energy variation, of similar magnitude, along
the length of the bunch. Instead of wakefields, it is the
(random) energy spread introduced by the incoherent
synchrotron radiation in the arcs which ultimately limits
the achievable bunch length.

VII. 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 well-known
formula

λ ¼ λu
2γ2

�
1þ K2

2

�
; ð5Þ

where λu denotes the period length of a (planar) undulator,
γ the relativistic factor, proportional to the electron energy,
and K the undulator parameter [40].

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

εN ≤ γ
λ

4π
; ð6Þ

where εN ≡ γε signifies the normalized emittance.
However, it has been demonstrated that FELs can still
operate, albeit with a reduced efficiency, even if the
normalized emittance exceeds this optimum condition by
a factor of 4 to 5 [41]. 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 0.9 μm.
The concrete goal of our LHeC ERL-based FEL design

is to generate hard x-ray FEL radiation in the range between
about 0.5 and 8 Å. Following the second linac, we consider
an FEL line featuring a planar undulator with 39 mm period
length, similar to the soft x-ray undulator (SXU) line for
LCLS II [42,43]. Theminimum gap of this kind of undulator
is 7.2mm,with amagnetic field at theminimumgap of 1.5 T,
and a resulting undulator parameter K of 5.5. The planar
undulator is characterized in Table IV. The targeted wave-
length range can be covered by varying the electron beam
energy from 10 to 40 GeV, in steps of 10 GeV, and changing
the K value by opening the undulator gap.
With 40 GeV beam energy, tuning the undulator gap

would actually also give us access to wavelengths shorter
than 0.5 Å. Besides, the LHeC ERL-based FEL even offers
opportunities to generate sub-10-pm FEL radiation. For this
purpose, a second FEL line hosting a “Delta” undulator
with 18 mm period [44] can be employed. However,
obtaining and controlling the transverse coherence for
the shorter wavelengths would benefit from a smaller
transverse emittance of the 40 GeV electron beam [see
Eq. (6)]. Results of a preliminary study for a sub-10-pm
FEL line are reported in Sec. VII D.

A. FEL performance

Three-dimensional time-dependent simulations of the
FEL process have been performed with the code GENESIS

[45]. The electron beam energies considered—10, 20, 30
and 40 GeV—correspond to photon wavelengths of about
7.6, 2.0, 1.0 and 0.5 Å, respectively. For the undulator beam
line, a FODO [46] lattice, with a half cell length of 4.095 m,
was selected for its simplicity and cost effectiveness, since

TABLE IV. Parameters of the planar undulator considered.

Parameter Value

Period length [mm] 39
Number of periods 85
Minimum gap [mm] 7.2
Undulator parameter K 5.5
Photon wavelength range [Å] 0.5–7.6
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it limits the total number of additional magnets. The length
of each undulator is 3.315 m. Undulator modules are
separated by intervals of 780 mm, providing some space
for focusing, steering, diagnostics or vacuum-system com-
ponents. Figure 5 shows the simulated power growth at
different FEL wavelengths generated by electron beams of
the corresponding energies. Depending on the wavelength
the saturation occurs after a distance varying between 30

and about 120 m. Figure 6 presents the spatial profile of the
radiation pulses (first column), the spectrum of the radi-
ation (second column), and the transverse cross section of
the FEL radiation around the point of saturation, for beam
energies of 10, 20, 30 and 40 GeV (from top to bottom).

B. Undulator wakefield

Longitudinal wakefields inside the undulator could
increase the relative energy spread within the bunch, which
for efficient lasing must stay less than a few times the Pierce
parameter ρ [47,48]. The dominant wakefield inside the
undulator is due to the resistive wall. Bane and Stupakov
showed, for LCLS undulators, that taking into account the
ac conductivity, a flat aluminum chamber is preferred over
a round copper chamber, and that the anomalous skin effect
can be neglected [49]. In this case the peak of the wake
function has an amplitude of about Z0c=ða2cÞ where a
denotes the vertical half gap [49], Z0 the vacuum imped-
ance (about 377 Ω), and c the speed of light. The effect of
the wakefield scales in first order with the bunch population
Nb, and with the inverse of the beam energy Eb. For short
bunches the wakefield is independent of the bunch length,
for long bunches it scales with the inverse 3=2 power; the
transition between the two regimes occurs for bunch
lengths of a few μm to tens of μm [32], depending on
beam pipe radius and surface resistivity.

FIG. 5. Growth of photon pulse power at 7.6 Å (black line) 2 Å
(red dotted), 1 Å (magenta dot-dashed) and 0.5 Å (blue dashed)
for an LHeC electron beam of energy 10, 20, 30 and 40 GeV,
respectively, passing through the undulator FEL line with period
λu ¼ 39 mm, as simulated with the code GENESIS.

FIG. 6. Spatial profile of the radiation pulse (left), wavelength spectrum of the radiation (center), where np designates the normalized
power, and transverse cross section of the of FEL radiation pulse around the point of saturation (right) for a beam energy of 10, 20, 30
and 40 GeV (from top to bottom), as simulated with GENESIS, using the respective distribution of the accelerated beam, obtained from
ELEGANT, as input.
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Compared with the LCLS, the LHeC FEL bunch lengths
are roughly a factor 2 shorter (10 versus 20 μm), but the
bunch charge of the LHeC FEL is a factor 2 lower (0.5
versus 1 nC), the beam energy up to a factor 3 higher (40 vs
14 GeV). Combining these factors, for equal undulator
length Lu and beam pipe radius (Lu ≈ 130 m, and a ¼
2.5 mm for the LCLS [49]), the energy spread induced by
the undulator wakefield for the LHeC FEL should be less
important than for the LCLS.
In addition, the average energy loss due to wakefields,

arising along the length of undulator, could be partly
compensated by tapering the field strength of the undulator
as a function of longitudinal location.
The resistive-wall wakefield does not only affect the

beam, but it also leads to a significant heat load inside the
undulator, which will need to be considered in an engineer-
ing design for the LHeC ERL-FEL.

C. FEL brilliance

One of the important parameters for comparing different
radiation sources is the brilliance [50]. The brilliance
describes the intensity of a light source including its
spectral purity and opening angle. It can be calculated
from the spectral flux (in units of photons/s/0.1% band-
width) by using the relation

B ¼ spectral flux
4π2ΣxΣ0

xΣyΣ0
y
; ð7Þ

with the quantities

Σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2e þ σ2ph

q
ð8Þ

and

Σ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ02e þ σ02ph

q
; ð9Þ

where σe, σ0e, σph and σ0ph denote the transverse rms sizes
and angular divergences of electron and photon beams [51].
In the case of full transverse coherence ΣΣ0 ¼ λph=ð4πÞ.
The brilliance values for our four cases are listed in Table V,
along with some other FEL parameters. A comparison of
the LHeC ERL-FEL with a few existing and planned hard
x-ray sources [38,39,41,52,53] is presented in Fig. 7. These
figures demonstrate that the peak brilliance of the LHeC
ERL-FEL is as high as the one of the European XFEL,
while the average brilliance is orders of magnitude higher,
thanks to the high average beam current, enabled by energy
recovery.
The relatively high value of the horizontal emittance at

40 GeV causes a decrease in brilliance at wavelengths less
than 1 Å. We note that the estimate of the LHeC ERL-FEL
brilliance in this region is approximate, as the radiation is
no longer fully coherent.

Since the LHeC energy recovery linac provides a high-
current, high-energy and high repetition rate electron beam,
the average brilliance of the LHeC-FEL is greater, by at
least 3 orders of magnitude, than for any other FEL source
in operation or under construction in the world. It also is
about 2 orders of magnitude higher than the projected
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FIG. 7. Comparison of FEL peak and average brilliance for the
LHeC-FEL with several existing or planned hard x-ray FEL and
SR sources [54].

TABLE V. LHeC ERL-FEL radiation parameters derived from
GENESIS simulations. The unit for the corresponding peak
and average brilliance (B) is equal to photons=mm2=mrad2=
s=0.1%bw.

Electron energy (GeV) 10 20 30 40

Wavelength (A) 7.6 2.0 1 0.50
Photon energy (keV) 1.63 6.2 12.4 24.8
Saturation length (m) 30 40 100 120
Peak power (GW) 70 18 5 1.7
Pulse duration (fs) 60 60 120 120
Bandwidth (%) 0.1 0.06 0.04 0.04
Photons per pulse (# × 1010) 1600 360 150 50
Peak brilliance (B × 1032) 18 100 120 150
Average brilliance (B × 1027) 4 25 65 70
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average brightness predicted for ERL-extensions of pres-
ently existing x-ray FEL infrastructures, as, e.g., in
Ref. [10]. Handling this bright photon beam will be
challenging; it is likely that during the commissioning of
the proposed facility the average beam current can only be
raised slowly, as various technical obstacles might be
encountered and need to be addressed.

D. Picometer FEL radiation

To set foot in the domain of even shorter wavelengths,
that is the sub-10-pm region, we need to deploy an
undulator with shorter period length. For this purpose,
we consider a “Delta undulator” with 18 mm period and
5 mm minimum gap. The Delta undulator [9,44] is one of
the best undulator sources for shaping the FEL photon
polarization, and an example is currently employed at
LCLS I. This type of undulator was originally proposed by
Temnykh, who designed, built and tested a prototype Delta
undulator with 24 mm period at Cornell University [44].
After this, Bilderback et al. proposed a Delta undulator
with 18 mm period and 5 mm minimum gap for an ERL-
based coherent hard x-ray source [9].
Our motivation for using this type of undulator source at

the LHeC FEL is the prospect of producing radiation at
wavelengths shorter than 0.07 Å (7 pm) with a 30–40 GeV
electron beam. Figure 8 illustrates the K parameter and the
radiation wavelength of a 40 GeV electron beam as a
function of the gap size, for both planar and helical
operation mode of the Delta undulator, as obtained by
applying Eq. (1) of Ref. [44]. Green (blue) dashed and solid
lines show the K value (linked to the radiation wavelength)
for the helical and planar Delta undulator, respectively.
Figure 9 presents our GENESIS simulations for the Delta

undulator FEL line. The helical setup of the Delta undulator
produces helical polarization, the planar setup linear
polarization. The simulations at 6 pm wavelength were
performed for a 30 GeVelectron beam passing through the
Delta undulator, with a gap of ∼6.5 mm, considering either
helical or linear polarization, shown by the black solid and

dashed line, respectively. The figure also presents the
growth at radiation wavelengths of 4 and 2 pm, represented
by the red and blue lines, for a 40 GeV beam passing
through the helical or planar Delta undulator line.
Although both quantum fluctuations and slippage effects

are included in these simulations, GENESIS simulations for
wavelengths shorter than 10 pm may not be fully reliable.
The reason is that GENESIS calculates the initial bunching
factor from the number of macroparticles (Npart) found over
the distance of one wavelength, which, due to shot noise,
would be hbi ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
Npart

p
, and calculates the radiation

power from this bunching factor. At longer wavelengths,
the macroparticle number is usually less or equal to the
actual number of electrons in one “beamlet” (i.e., found
over the distance of one wavelength). For radiation wave-
lengths shorter than 10 pm, and with 4 kA peak current, the
actual number of electrons in one beamlet is only a few
hundred electrons. If the number of macroparticles inside a
beamlet is lower, the GENESIS simulations may not reveal
the correct sensitivity to the transverse profile. Conversely,
if this number of macroparticles is higher than the actual
number of electrons in a beamlet, the shot noise and
bunching factor will be lower than in reality.
In view of these considerations, and to validate our

simulation results, we have benchmarked them against
estimates from 1D and 3D FEL theory. The FEL gain length
in 1D isLG0 ¼ λw=ð4πρ1DÞ, with ρ1D ≈ 1.4 × 10−4 denoting
the 1D FEL parameter [55], evaluated for a wavelength of
4 pm. Therefore, the one-dimensional gain length for the
helical Delta undulator is around 6 m, and the FEL power in
saturation (Psat ¼ γmc2I=ρ1D) is approximately 22 GW.
Taking into account the 3D effect on the FEL perfor-

mance according to the methodology of Saldin et al.
fEqs. (3)–(5) of [56]g, the 3D gain length at 4 pm wave-
length increases to around LE:S:

G;3D ¼ 17 m. The gain length
in our simulation is almost 20 m (see Fig. 9). Accordingly,
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FIG. 8. Radiation wavelength (left axis, blue) and K value
(right axis, green) for a 40 GeVelectron beam passing through the
Delta undulator as a function of the undulator gap, in case of
helical (solid lines) or planar mode of operation (dashed lines).
The period length of the undulator is taken to be 18 mm.

FIG. 9. Simulated power growth for cases of helical (H) and
linear (L) polarization of sub-10-pm radiation wavelengths. The
simulations were performed for an electron beam of either
30 GeV (black lines) or 40 GeV (red and blue lines) passing
through a helical or planar Delta undulator FEL line.
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the results of our GENESIS simulations are not far from the
3D FEL theory of Ref. [56]. We can also consider another
analytical model for the 3D FEL effect, namely the one of
Xie [57]. According to Xie’s analysis, assuming an electron
beam well matched to the design optics, the 3D power gain
length, as a function of the average betatron function in the
undulator, is calculated as LM:X:

G;3D ¼ LGð1þ ΛÞ, where Λ
includes the effects of the radiation diffraction, the electron
beam transverse emittance and the uncorrelated energy
spread [57]. By using the values for our beam, the Xie
formalism predicts ∼22 m gain length, which is again quite
close to our simulation result. From these comparisons, we
conclude that the GENESIS simulation results for wave-
lengths of a few pm, presented in Fig. 9, are in good
agreement with FEL theory.
Another issue of potential concern is that, in simulations

with unprecedentedly high values of the photon energy, the
recoil effect on the emitting beam particle may become
important. At the wavelengths where this happens GENESIS

will no longer produce correct results. The importance of
the recoil is indicated by the quantum FEL parameter ρ̄,
defined as ρ̄ ¼ ργmc=ðℏkÞ, which represents the ratio
between the classical maximum induced momentum spread
and the one-photon recoil momentum [58,59]. If ρ̄ ≤ 1, the
FEL will exhibit a strong quantum recoil effect. Calculating
the quantum FEL parameter at 2 pm wavelength (consid-
ering the helical Delta undulator with K ¼ 0.65), we find
ρ̄ ≈ 5.9, which is larger than 1. The resulting quantum
recoil parameter 1=ρ̄ is 0.17. These numbers indicate that
even at a wavelength of 2 pm the LHeC FEL dynamics
remains essentially classical and is not strongly altered by
the quantum recoil momentum. We note that, although the
photon energy is high, the beam energy is much higher still,
which explains the weak quantum recoil effect despite the
short wavelength. In this case, the value of ρ̄ indicates the
number of resonant photons emitted per electron at satu-
ration [59].
In consequence, the simulations of Fig. 9 inspire con-

fidence that the LHeC FEL can produce more than 1 GW
FEL peak power at wavelengths shorter than 10 pm. This
mode of operation in the pm wavelength regime could be
another outstanding feature of the proposed new facility.
We can even consider the higher harmonics of these few pm
radiation lines. Specifically, it is well known that the higher
harmonics of the radiation in helical undulators contain
higher orders of the angular momentum l ¼ ðh − 1Þ
[60,61], where h denotes the number of the harmonic.
Certainly, this ability can open a new pathway for studies of
nuclear interactions.
In future studies of the short wavelength FEL operation

based on the LHeC-ERL we may investigate various
possibilities to further enhance the efficiency of this facility
in the few pm wavelength regime, and to advance the FEL
performance for wavelengths shorter than 50 pm, with the
particular aim of improving the transverse coherence. One

idea would be to reduce the electron bunch charge, so as to
be able to inject a beam with lower initial emittance, and, in
addition, to better control the transverse emittance growth
due to synchrotron radiation by further optimizing the
optics in the ERL arcs.

VIII. ENERGY RECOVERY

The high average brilliance is achieved thanks to the high
average beam current, which relies on energy recovery. For
the energy recovery process, the energy spread of the
electron beam after the lasing process is an important
parameter. The evolution of this parameter is shown in
Fig. 10 for an FEL wavelength of 0.5 Å. Along the
undulator, the relative energy spread increases approxi-
mately 6 times (from 0.01% to 0.06%), but it remains small
compared with the energy acceptance of the optics. The
energy spread at the saturation point (z ≈ 120–150 m) is
approximately 25 MeV. This value is low compared with
the electron beam energy, and also with the electron
injection energy of 500 MeV. It can further be reduced
by energy compression in the downstream arcs and linacs.
To study this aspect further and to demonstrate the

feasibility of energy recovery during FEL operation, we
have simulated the deceleration process from the maximum
beam energy about 40 GeV down to about 0.5 GeV, starting
with the beam distribution exiting the undulator, shown in
Fig. 10. This distribution, modeled by 8 × 105 macro-
particles representing a single bunch, was obtained from
the GENESIS FEL simulation for the 0.5 Å case. We next
used again the simulation code ELEGANT to track the
3 × 105 macroparticles through the exact optics [1,18]
for the last two decelerating turns (four arcs and four linac
passages) of the LHeC, composed of 16,000 beam line
elements. As before for the acceleration, also here both the
linac wakefields and the shielded CSR in the arcs were
taken into account. To control energy spread and bunch
length during deceleration the bunch arrival phase in the
linacs was set to −170° instead of the −180° which would
correspond to maximum deceleration. Figure 11 shows the
simulated beam size, bunch length and beam energy during
the deceleration process. In the simulation, not a single
macroparticle was lost. The final rms transverse beam size

FIG. 10. Left: the evolution of beam energy spread (σE)
along the undulator region for 0.5 Å via 40 GeV e-beam energy
through planar undulator. Right: longitudinal phase space of
e-beam after FEL radiation at 0.5 Å.
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of order 1 mm is much smaller than the linac rf cavity iris
radius of 7 cm [31]. We have verified that deceleration is
also possible, and even easier, for the 20 GeV single-turn
ERL operation.

IX. APPLICATIONS FOR AN EXTREMELY
BRILLIANT COHERENT X-RAY SOURCE

The brilliant photon beams at wavelengths below 1 Å
generated by the LHeC FEL could potentially revolutionize
scientific experiments in different fields of research such as
biology, chemistry, material science, atomic physics,
nuclear physics, and particle physics.
High-resolution high-brilliance x rays, with wavelengths

of less than 1 Å, would allow advanced imaging of
enzymes [62], viral assemblies [63], and corona viruses
[64], and, e.g., enable more efficient antiviral drug design
[64]. Shorter wavelength dramatically improves atomic
resolution data (e.g., approximately 5 times more data are
expected to be available at 0.95 Å resolution than at 1.5 Å
resolution [62]).
Hard x rays with photon energies exceeding 10 keV

(λ < 1.2 Å) also enable studies of thick 3D materials due to
their deep penetration paired with excellent spatial reso-
lution. Such x-ray radiation allows probing condensed
matter systems on the atomic length scale with minimum
unwanted absorption.
One of the possible applications of LHeC FEL would be

resonant inelastic x-ray scattering (RIXS) experiments.
RIXS offers the unique capability to record excitation
spectra from complex materials by measuring the momen-
tum and energy dependence of inelastically scattered
photons [65]. The cross section for RIXS scattering is
extremely small compared with other techniques such as
elastic x-ray scattering or x-ray emission spectroscopy.
Therefore, the RIXS experiments require a high average
brilliance [66].
Other “photon-hungry” experiments, which would be

enabled by the LHeC-ERL-based FEL include total x-ray
scattering, x-ray diffraction under high pressure, and
resonant x-ray emission spectroscopy (RXES) [67].

RXES is a powerful method for studying the electronic
structure of atoms, molecules and solid materials. The
RXES signals are much weaker than those of x-ray
absorption spectroscopy (XAS), so that, similar to RIXS,
also RXES precision experiments require a high-brilliance
x-ray source [68].
As a concrete example, studies of nanomaterials for

advanced battery technologies could greatly benefit from
the high average brilliance available at the LHeC-FEL [69].
In general, the high average brilliance of the LHeC-FEL

will facilitate the detection of ultrafast changes of structures
and of the electronic states of natural and artificial
materials [70].
In addition, the proposed picometer FEL may prove a

unique source of high-energy photons carrying orbital
angular momentum, as an alternative to the proposed
inverse Compton scattering of twisted laser photons off
a relativistic electron beam [71].
Finally, in the area of particle physics, the unique average

intensity and the wide photon-energy range of the LHeC
FEL radiation could enable intriguing hunts for new
physics [72], including searches for dark photons and
axionlike particles [73,74].

X. CONCLUSIONS

We have investigated the potential radiation properties of
a SASE FEL based on an Energy Recovery linac, such as
the LHeC. Our simulations of the FEL process, for LHeC
electron beams of 10, 20, 30 and 40 GeV passing through a
planar LCLS-II type undulator with 39 mm period, suggest
that FEL radiation in the few Ångstrom or sub-Ångstrom
wavelength regime can be produced, at significant power
and brilliance (see Table V). Indeed, the LHeC-FEL
promises an average brilliance far exceeding those of other,
existing or proposed x-ray FELs.
In addition to using a high-energy, continuous wave (cw)

electron beam with 25 ns bunch spacing, the high average
brilliance relies on the following two features. First,
coherent synchrotron radiation is expected to be almost
completely suppressed by realistic vacuum-chamber

FIG. 11. Beam energy and beta functions for the deceleration of the spent beam, after lasing at 0.5 Å, over two complete LHeC turns
starting from 40 GeV.
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shielding, thanks to the large bending radius and small
vacuum chamber of the LHeC machine. This assumption
has been validated by detailed simulations using the codes
CSRZ and ELEGANT. We note that these simulations did not
take into account any resistive-wall wakefields, the mag-
nitude of which was only estimated analytically. Second,
we have shown that the beam exiting the undulator can be
decelerated efficiently from 40 GeV down to a few
100 MeV, without any noticeable beam loss, which is
the key prerequisite for the energy recovery mode of FEL
operation.
The reported simulation results were obtained for the

SASE FEL mode and without any tapering. By using self-
seeding and a tapered undulator the performance could be
further improved and the spectrum be rendered more
monochromatic. Furthermore, in combination with a low-
loss crystal cavity, a free electron laser oscillator operating in
the Ångstrom wavelength regime could be realized [75].
We have also performed exploratory studies with a Delta

undulator of 18 mm period, which could allow access to the
extremely short wavelength range below 10 pm, using the
40 GeV electron beam of the LHeC.
In summary, an ERL-based high-energy SASE FEL

boasts various unique characteristics and offers tantalizing
opportunities. The advent of such a facility would impact
numerous areas of fundamental and applied science.
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