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Abstract
The European XFEL is a high-repetition multi-user fa-

cility with nominal photon energy range covering almost 3
orders of magnitude: 250 eV - 25 keV. In this work we ex-
plore the possibility to extend the photon energy range of the
facility up to 100 keV via combination of superconducting
undulator technology, period doubling and harmonic lasing,
thus allowing for excellent tunability. To this purpose, we
propose a dedicated FEL line, discuss its overall concept and
provide analytical and numerical estimations of its expected
performance.

INTRODUCTION
The European XFEL first lased in 2017 [1] and can cur-

rently sustain simultaneous operation of three separate FEL
lines, SASE1, SASE2 and SASE3 [2]. One distinctive trait
of the facility is its high-energy, supercounducting linear
accelerator reaching up to 17.5 GeV and up to 27000 pulses
per second distributed in 10 macrotrains with an intra-train
repetition rate up to 4.5 MHz. In the mid-term, two novel
FEL lines will be installed in two already available empty
tunnels [3] and possibly, in the longer term, a second fan of
FEL tunnels will be excavated [4]. The high electron energy
strongly hints at the possibility of generating extremely hard
X-ray pulses well beyond the nominal 25 keV with an ad-hoc
superconducting FEL undulator line that we call Super-X.
In this paper we explore Super-X up to the 100 keV range.
We assume -from the very beginning- the use of a nominal
electron beam as is, from start-to-end simulations, at the en-
trance of the SASE1 undulator, i.e. not spoiled by collective
interactions or wakes during the transport to different undu-
lator lines. Superconducting undulators (SCU) can produce,
with respect to permanet magnet ones, for the same period
length and vacuum gap a higher peak field on axis. This
allows to increase the photon energy range as well as the
flux. Superconducting technology allows period doubling
using a single magnetic structure. Period doubling further
increases the photon energy tunability [5–8]. Although other
technical realizations of super-hard X-ray FEL lines have
been positively assessed [9], Super-X is an appealing option
for reaching lasing at ultra-high photon energies with a large
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Figure 1: Estimated performance of a SCU XFEL line. The
black dotted line shows the state-of-the-art magnetic field
achievable for a 5 mm vacuum gap. The red solid and dashed
lines refer to FEL saturation, the dashed line excluding quan-
tum fluctuations effects.

tunability range considering SASE and additional advanced
FEL schemes discussed in this contribution.

ANALYTICAL ESTIMATIONS
We envision a SCU system with a geometrical length of

150 m, which fits conservatively the empty tunnels currently
available at the European XFEL [3], and a filling factor of
about 80%. In order to study the relevant parameter space
we parametrized the 3D gain length according to [10, 11],
which provide two alternative methods to estimate the FEL
performance. We fixed, as just described, a total setup length
of 150 m, assumed a flat-top electron beam with a current of
5 kA, an energy of 17.5 GeV, a normalized slice emittance of
0.4 mm mrad, an rms energy spread of 1 MeV and average
betatron functions around 30 m. Using [10,11] we estimated
the number of photons per femtosecond duration of the elec-
tron bunch as a function of on-axis peak magnetic field and
undulator period, for different photon energies. We vali-
dated our estimations with time-dependent FEL simulations
performed with Genesis [12] and Simplex [13]. Results are
shown in Fig. 1. The black dotted line refers to the maximum
magnetic field in reach of state-of-the-art SCU assuming a
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Figure 2: Simulated 20 pC nominal electron bunch at the
entrance of SASE1.

vacuum gap of 5 mm [5], and defines the minimum achiev-
able photon energy. The crossing of the continuous red line
with the continuous black lines (which specify a certain
photon energy) shows the period length at which saturation
can be achieved for the setup considered here. When quan-
tum diffusion of energy spread is ignored, see [14], the red
dashed line must be used instead. This preliminary analysis
shows that an acceptable number of photons of about 109

per femtosecond length of the radiation pulse can be reached
for periods between 15 mm and 20 mm, at photon energies
in the 100 keV range near saturation.

SIMULATIONS
We followed up analytical estimations with more detailed

FEL simulations.
For the electron beam we used both simplified models

and start-to-end simulations. The radiation output depends
considerably on the electron beam quality. In Fig. 2 we
show an example of a start-to-end simulation for the electron
beam performed for a 20 pC bunch, where the emittance is
smallest, at the entrance of SASE1. Compared to the model
beam considered in the previous section, here the normalized
emittance is decreased from 0.4 mm mrad to 0.2 mm mrad.

We assumed an undulator period of 18 mm. The impact
of random undulator field errors was included by adding,
every half period, random deviations from the design field
with a relative rms of 0.15%, corresponding to the half of
those measured in the KIT-Noell undulator operating in the
KIT synchrotron [15] and corrected the field integrals. Such
tolerance reduction allows one to obtain radiation power
levels comparable to those of an ideal undulator (Fig. 3).
Otherwise, field errors can be efficiently dealt with by com-
pensating the added path with phase shifters. Figure 4 shows
the Wigner distribution function and its marginals (power
and spectral profiles). The total photon yield is of about
9 ⋅ 108 photons.

Here we assumed a 5 mm vacuum gap, and the presence of
resistive wakes alters the Wigner distribution significantly.
In first approximation, because of wakes, different parts

Figure 3: Top subplot: measured magnetic field errors of
the existing U20 undulator (reproduced from reference [15]
under the Creative Commons Attribution License (CCBY)
4.0 license). Bottom subplot: undulator K value calculated
period-wise assuming half the RMS value of the measured
errors, electron beam trajectory in such undulator and radia-
tion power growth.

Figure 4: Wigner distribution and its marginals for the start-
to-end electron bunch in Fig. 2. Resistive undulator wakes
and field errors are included in the simulations (see text).
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of the electron beam loose energy at different rates, e.g.
wakes are responsible for a change in the electron beam
chirp along the undulator. However, only one energy loss
rate can be compensated via linear undulator tapering. In this
way, longitudinal wakefields limit the maximum duration
of the lasing window and their effect cannot be ignored.
The combined effects of initial electron energy chirp and
resistive wakes ”tilt” the Wigner distribution, thus increasing
the spectral bandwidth.

Finally, transverse coherence was found to deteriorate
considerably, down to a degree of about 60%. This value
strongly depends on the electron beam characteristics. For
example, an increase in emittance from 0.2 mm mrad to
0.4 mm mrad would yield a further decrease of the degree
of coherence to about 20%.

SPECIAL MODES OF OPERATION
One peculiar option of SCUs is the possibility of doubling

the period, by changing the current direction in a subset of
the windings [16]. This allows for switching between e.g.
18 mm and 36 mm using the same magnetic structure. By
this, the spectral reach of the SCU is substantially increased,
see Fig. 1 and allows for tuning the setup between a few
keV and around 100 keV. Such large tunability range will
enable advanced lasing schemes and can be also beneficial
to facilities designed to operate a single undulator line for
diverse experiments. Period doubling would also enable self-
seeding operation at high energies. One may, in fact, seed at
around 15 keV using the doubled period and subsequently
tune part of the radiator at a higher harmonic.

If the European XFEL will enable CW operation [17,
18], the maximum electron beam energy will be decreased,
possibly down to 7.8 GeV. Then, the SCU line could allow
reaching photon energies between 10 keV to 20 keV with a
period of 18 mm, and between 2 keV and 10 keV with the
doubled 36 mm period.

Finally, the implementation of an SCU line would allow,
for a particular choice of undulator period around 20 mm,
to take better advantage of Harmonic Lasing (HL) [19]. Fig-
ure 5 shows the ratio of the gain lengths of HL at the 3rd
harmonic (assuming the HL undulator period 𝜆𝑢 as a free
parameter) and of a 20 mm period SCU operating at fun-
damental. 3D effects and quantum fluctuations are taken
into account. One can see that a 40 mm period undulator,
lasing with optimised 3rd harmonic cannot compete with
the 20 mm SCU operating at the fundamental, moreover the
HL method applied to the SCU, i.e. at 20 mm period, can
clearly bring an advantage.

CONCLUSIONS
We discussed the concept of Super-X, a dedicated ultra

hard X-ray SCU FEL line for the European XFEL. The use
of SCUs allows for wide photon energy tunability: in par-
ticular, exploiting the period doubling option, one could
continuously reach the range spanning from a few keV up
to around 100 keV. Moreover, in case a CW mode of op-

Figure 5: Ratio of the gain length for the HL setup to that of
a 20 mm-period SCU operating at fundamental.

eration would be enabled at the European XFEL, SCUs
could be the only way to reach into the 20 keV range. Here
we estimated the expected performance of a 150 m-long
FEL line for the European XFEL, with the help of known
parametrizations [10, 11] benchmarked with Genesis and
Simplex. Around 100 keV, a European XFEL-class, fresh
electron bunch would yield around 109 photons per femtosec-
ond with low transverse coherence. At those photon energies
the photon beam characteristics were found to strongly de-
pend on the electron beam characteristics and on the photon
energy itself. Electron beam energy chirps and resistive
undulator wakefields are expected to substantially modify
the FEL beam Wigner distribution effectively yielding an
increase in the radiation bandwidth. Random period-wise
field errors can be efficiently dealt with by correcting the
field integrals and compensating the added path with phase
shifters. Moreover, the use of harmonic lasing becomes
beneficial around a choice of 20 mm period, while period
doubling would allow self-seeding at a subharmonic of the
target photon energy (for example, self-seeding at 15 keV
with a target energy of 30 keV).

REFERENCES
[1] H. Weise and W. Decking, “Commissioning and First Lasing

of the European XFEL”, in Proc. 38th Int. Free Electron Laser
Conf. (FEL’17), Santa Fe, NM, USA, Aug. 2017, pp. 9–13;
doi:10.18429/JACoW-FEL2017-MOC03

[2] D. Noelle, “FEL Operation at the European XFEL Facility”,
presented at the 39th Int. Free Electron Laser Conf. (FEL’19),
Hamburg, Germany, Aug. 2019, paper FRA01.

[3] “Shaping the Future of the European XFEL: Options
for the SASE4/5 Tunnels”, workshop held in Decem-
ber 2019, Schenefeld, Germany, slides available at
https://indico.desy.de/indico/event/21806/.

[4] M. Altarelli et al. Ed., “The European X-Ray Free-Electron
Laser – Technical Design Report”, DESY, Hamburg, Ger-
many, Rep. DESY 2006-097, July 2007.

[5] M. Turenne, C. Boffo, and S. Casalbuoni, private communi-
cation

39th Free Electron Laser Conf. FEL2019, Hamburg, Germany JACoW Publishing
ISBN: 978-3-95450-210-3 doi:10.18429/JACoW-FEL2019-TUP061

SASE FEL
TUP061

193

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I



[6] J. Bahrdt and E. Gluskin, “Cryogenic permanent magnet and
superconducting undulators”, Nucl. Instrum. Methods Phys.
Res., Sect. A, vol. 907, pp. 149–168, Nov. 2018.

[7] S. Casalbuoni et al.,“Superconducting Undulators: From
Development towards a Commercial Product”, Synchr. Radiat.
News, vol. 31, no. 3, pp. 24–-28, May 2018.

[8] R. Dejus, M. Jaski, and S. H. Kim, “On-axis brilliance and
power of in-vacuum undulators for the Advanced Photon
Source”, ANL/APS/LS-314, Argonne, IL, USA, Nov. 2009.
doi:10.2172/969637.

[9] E. Schneidmiller et al., “Feasibility Studies of the 100 keV
Undulator Line of the European XFEL”, presented at the 39th
Int. Free Electron Laser Conf. (FEL’19), Hamburg, Germany,
Aug. 2019, paper TUP056.

[10] M. Xie, “Exact and variational solutions of 3D eigenmodes
in high gain FELs”, Nucl. Instrum. Methods Phys. Res., Sect.
A, vol. 445, pp. 59-–66, 2000.

[11] E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, “De-
sign formulas for short-wavelength FELs, Opt. Commum.,
vol. 235, no. 4–6, pp. 415-–420, May 2004.

[12] S. Reiche, “GENESIS 1.3 – A Fully 3D Time Dependent FEL
Simulation Code”, in NIM Proceedings of the 20th Interna-
tional FEL Conference (FEL98), Williamsburg, VA, USA,
1998.

[13] T. Tanaka, “SIMPLEX: simulator and postprocessor for
free-electron laser experiments”, J. Synchrotron Radiat.,

vol. 22, no. 5, pp.1319-1326, 2015. doi:10.1107/
S1600577515012850.

[14] J. Rossbach et al., “Fundamental limitations of an X-ray FEL
operation due to quantum fluctuations of undulator radiation,
Nucl. Instrum. Methods Phys. Res., Sect. A, vol. 393, no. 1–3,
pp. 152–156, 1997.

[15] S. Casalbuoni et al., “Magnetic Field Measurements of
Full-Scale Conduction-Cooled Superconducting-Undulator-
Coils”, IEEE Trans. Appl. Supercond., vol. 28, no. 3,
pp. 4100704, 2018.

[16] S. Casalbuoni et al., “Superconducting Undulator Coils
with Period Length Doubling”, in Proc. 10th Int. Particle
Accelerator Conf. (IPAC’19), Melbourne, Australia, May
2019, TUPGW017, accepted for publication on IOP. doi:
10.18429/JACoW-IPAC2019-TUPGW017

[17] J. Sekutowicz et al., “Research and development towards duty
factor upgrade of the European X-Ray Free Electron Laser
linac”, Phys. Rev. Spec. Top. Accel Beams, vol. 18, no. 5,
pp. 1–9, 2015.

[18] R. Brinkmann et al., “Prospects for CW and LP operation
of the European XFEL in hard X-ray regime, Nucl. Instrum.
Methods Phys. Res., Sect. A, vol. 768, pp. 20–25, Mar. 2014.

[19] E. A. Schneidmiller and M. V. Yurkov, “Harmonic lasing in
x-ray free electron lasers”, Phys. Rev. Spec. Top. Accel Beams,
vol. 15, no. 8, p. 080702, Aug. 2012.

39th Free Electron Laser Conf. FEL2019, Hamburg, Germany JACoW Publishing
ISBN: 978-3-95450-210-3 doi:10.18429/JACoW-FEL2019-TUP061

TUP061
194

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I

SASE FEL


