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GdBCO bulk superconducting helical undulator for x-ray free-electron lasers
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We report on the performance of a new type of helical undulator based on bulk single-grain GdBa2Cu3O7−δ

high-temperature superconductors. The 104-mm-long prototype with a period length of 16 mm and a magnetic
aperture of 4 mm achieves an on-axis field above 2.5 T at a temperature of 10 K. This undulator technology has
the potential to change the design parameters of future x-ray free-electron lasers, making them more compact
and powerful.
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X-ray free-electron lasers (FELs) are cutting-edge research
tools employed in various scientific fields; such lasers al-
low the observation of matter on spatial and temporal scales
of atomic processes. The FEL radiation is produced by a
multi-GeV high-brightness electron beam traveling through a
periodic array of magnets termed an undulator.

The central wavelength of the FEL radiation is defined by
the resonance condition,
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where λu is the period length of the undulator, γ is the Lorentz
factor of the electron beam, and Kx and Ky are the undulator
deflection parameters. Thus, Kx (Ky) is the maximum devi-
ation angle on the yz plane (xz plane) when divided by the
Lorentz factor, and it can be expressed as

Kx = eλuBx0

2πmc
, (2)

where Bx0 (By0) is the magnetic-field amplitude along the x
axis (y axis), e and m are the charge and the mass of the
electron, respectively, and c is the speed of light.

There are two primary types of undulators: planar, cor-
responding to linearly polarized light, and helical, providing
circularly polarized radiation. Because it holds for both types,
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the definition of K2 = K2
x + K2

y is used in this Letter. The
magnetic field of a helical undulator has the following ana-
lytical expression [1]:

Bx(z) = B0 sin(2πz/λu),

By(z) = B0 cos(2πz/λu),
(3)

where B0 = Bx0 = By0 and it is generally preferred since it
induces a stronger FEL coupling between the electrons and
photons, resulting in better FEL performance [2]. The FEL
process saturates earlier and with higher powers with helical
undulators. In other words, helical undulators correspond to
more compact and high-power sources. For instance, experi-
ence at the soft x-ray beamline of Swiss FEL shows a 20 to
25% improvement in both saturation power and length when
employing helical undulators. Compactness is an especially
important feature for FELs since it allows reduction of the
overall facility footprint and costs, thus, increasing the acces-
sibility of this key technology to a larger scientific community.

There are currently five hard x-ray FEL facilities in oper-
ation worldwide: Linac Coherent Light Source [3], SPring-8
Angstrom Compact FEL [4], EuXFEL [5], Pohang Accelera-
tor Laboratory [6], and SwissFEL [7]. The most compact and
affordable facility is SwissFEL, producing hard x-ray radia-
tion for 0.1 nm with the shortest undulator period (15 mm)
and the lowest electron beam energy (6 GeV) [7]. All these
x-ray FEL facilities use planar undulators. This is due to the
lack of an established helical technology with the required
magnetic properties. There is extensive worldwide research
trying to make helical undulators suitable for hard x-ray FELs.
For instance, efforts are ongoing to increase the strength of
the APPLE undulators [8], moving the magnets into vac-
uum [9,10] and/or cooling them down to liquid-nitrogen
temperature [11]. Furthermore, there is extensive research on
superconducting helical undulators [12]. A notable example
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is the work presented in Ref. [13] where a K of 1.22 was
demonstrated for a period of 11.5 mm, but with a 1% peak to
peak field variation that would require further optimization for
its implementation in an x-ray FEL. Up to now, the only super-
conducting helical undulator in operation [14] is installed in
the Advanced Photon Source (APS) at the Argonne National
Laboratory (ANL). It features a K of 1.70 with a period length
of 31.5 mm. According to Eq. (1), this device would require
an electron-beam energy of about 10 GeV to lase at 0.1 nm
at its maximum strength. For further information on super-
conducting undulators, we refer the reader to comprehensive
state-of-the-art review in Ref. [15].

Here, we present the experimental results of a new type of
helical undulator based on bulk single-grain GdBa2Cu3O7−δ

(GdBCO) high-temperature superconductors (HTS). We mea-
sured a record magnetic field above 2.5 T for a period of
16 mm, equivalent to a K value above 5. Such an undulator
could produce hard x-ray FEL radiation with higher power
and in a more compact beam line than presently employed
planar configurations. For example, lasing at 0.1 nm becomes
possible with electron-beam energies of 6 GeV as in the hard
x-ray beam line of SwissFEL but with enhanced FEL perfor-
mance. Our calculations, based on the Ming-Xie model [16]
for SwissFEL parameters, show a power increase and an un-
dulator length reduction of about 15 to 20% depending on the
radiation wavelength.

We have previously [17] discussed the possibility that a he-
lical superconducting undulator might be built implementing
HTS bulks. Its design works on the principle of the super-
conducting staggered array undulator introduced by Kii and
co-workers [18,19] where two rows of GdBCO bulks are
magnetized by means of a solenoidal field. In this helical
geometry, there are four rows of bulks: one pair generates
the vertical magnetic-field component, whereas, the second
pair generates the horizontal magnetic-field component. Thus,
for simplicity’s sake, it can be illustrated as the superposition
of two classical staggered array undulators rotated 90◦ rel-
ative to the other. Following the research strategy proposed
in Ref. [17], we first assembled a prototype of the hybrid
staggered array where additional ferromagnetic shims were
introduced both to increase the overall field and tune the local
field strength. After reporting a record field of 2.1 T in this
first planar undulator prototype [20], we assembled the same
series of GdBCO bulks (from Nippon Steel Corporation) in
a modified sample holder. Two half copper shells were pre-
cisely machined to hold the disks by means of two rows of
screws one on each side, see Fig. 1(a). The helical magnetic
configuration is obtained by stacking the disks one after the
other (without space in between) where each of them is rotated
around the beam axis 90◦ with respect to the previous one, see
Fig. 1(b). This rotation must be always either clockwise or
anticlockwise depending on the direction of circular photon
polarization desired.

To precisely control the orientations of the bulk super-
conductor elements, four grooves lying on two perpendicular
lines were machined along the length of the two half shells to
match with the two tips of the disks corresponding to each
of the four desired orientations. To minimize the geomet-
rical errors, the GdBCO bulks were ground to a thickness
of 4 ± 0.005 mm and precisely machined with electrical

FIG. 1. The short helical undulator prototype used for the mea-
surements presented herein. On the left, (a) the closed structure
where the Cu-GdBCO disks are bolted between two copper shells.
The four grooves (up/down-left/right) used for the precise alignment
of the disks are clearly distinguishable. On the right, (b) the details
of the orientation of the disks are shown for clarification with an ad-
ditional spacing in between them. In the actual testing configuration,
the disks are in close contact. Dimension units are in millimeters.

discharge machining wire erosion to obtain the final half moon
shape with an accuracy better than 5 μm. This precision is
also required to systematically achieve the prestress induced
by the copper sleeves mandatory to reduce the tensile stress
generated by the large currents, see details in Ref. [20], and
to maximize the cooling by conduction. To summarize, this
prototype consists of 26 Cu-GdBCO bulk disks, correspond-
ing to 6.5 periods each of 16-mm length, which generates an
antisymmetric magnetic-field profile. ANSYS simulations [21]
were performed following the critical state model [22], which
confirmed the expected shape of the field profile and predicted
amplitude larger than 2.5 T.

The measurement campaign was performed at the
University of Cambridge in the Royce Institute 12-T vertical
superconducting solenoid using the same equipment as
described in Ref. [20]: a heater in a closed loop with a
thermometer to control the temperature of the prototype,
cooled in a stream of cold-helium gas, and a set of five Hall
sensors driven by an external linear stage to scan the three
components of the magnetic-field profile along the undulator
axis. The prototype was field cooled at 10 T down to 10 K.
The external magnetic field was reduced with a constant rate
of 1 T/h down to zero and the on-axis magnetic-field profiles
were tentatively measured every tesla to monitor the evolution
of the undulator field. The recorded undulator magnetic-field
profiles are presented in Fig. 2 where the two components of
the field Bx and By are presented for different magnetization
levels. They are phase shifted by 90◦ and antisymmetric as
expected from the simulation results. Because the profiles
deviate from a perfect periodic signal, Bx0 and By0 are defined
as the average amplitude of the, respectively, ten central
peaks and σB as their standard deviation to account for the
field errors.

Figure 3 shows a summary of the magnetic measure-
ment results. The field strength increases linearly with the
solenoidal field up to 5 T when the slope decreases until
a clear sign of saturation starts above 8 T. The maximum
measured B0 is 2.57 T, corresponding to a K of 5.43. Nev-
ertheless, full saturation is not reached, even at the end of
the charging process, giving room for slightly higher fields
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FIG. 2. The measured magnetic-field profiles of the two transver-
sal components of the undulator field Bx and By as a function of
the variation of the external solenoidal field 10 T − �Bs and at the
magnetization temperature TM = 10 K.

in future experiments. A 2.3% peak-to-peak variation is very
satisfactory and comparable to more standard permanent mag-
net undulators. As for these latter undulators, a procedure for
further improving the phase error and the straightness of the
electron trajectory is required.

In conclusion, we have presented a record magnetic field
for a helical undulator of 2.57 T for a period length of
16 mm and a magnetic aperture of 4-mm diameter. This
helical undulator outperforms any previous device presented
in the literature up to now. By scaling our results to shorter
periods, it is expected to obtain a K above 1 even for an
8-mm period length, which would allow lasing at 0.1 nm
with only 4.0 GeV energies and with the advantage of
the helical configuration. Our results represent a fundamen-
tal step change in undulator technology with tremendous
consequences for x-ray FEL designs, making these facil-
ities significantly more compact, affordable, and efficient
than today.

FIG. 3. Summary of the magnetic measurement results on the
helical undulator. On the left axis, the magnetic-field amplitude of the
undulator (B0) as a function of the variation of the external solenoidal
field; on the right axis, the field errors evaluated as the standard
deviation of the field amplitude of the central ten peaks.

This first experimental proof of principle was carried out
reusing the components arranged for the prototype of an un-
dulator designed for the I-TOMCAT beam line [23], a new
source for microscopy tomography planned in the upgrade of
the Swiss Light Source (SLS2.0, [24]). As resource permits,
an optimized design will be calculated and new components
manufactured. This will allow shorter periods down to 8 mm
and the use of ferromagnetic shims to fine-tune the local
field amplitude. These improvements, together with sorting
algorithms [25], will reduce further the level of the phase error
but the quality required for the state-of-the-art FELs has to be
demonstrated (<10◦).
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