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A number of benefits result from reducing the period length of an undulator without sacrificing magnetic
field strength, such as an increased photon flux and higher energy synchrotron radiation. Replacing permanent
magnets with bulk high-temperature superconductors (HTSs) has proved to be an effective path towards this
goal. We present a concept for a bulk HTS undulator that is magnetized via pulsed field magnetization, which
is a much more compact and economical form of magnetizing HTS bulks compared to the field-cooling or
zero-field cooling methods that are typically employed. The results from an experiment tailored to demonstrate
the feasibility of this concept are also presented. With these results, we estimate that an undulator field of 2.3 T
could be generated using this design with a magnetic gap of 4 mm and a 16 mm period length, operating at 40 K.
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A broad range of scientific disciplines make use of syn-
chrotron radiation, generated by a relativistic electron beam
passing through an undulator, to probe matter. Typically,
the undulating field is produced using rare-earth permanent
magnets [1]. Considerable research efforts have focused on
reducing the period length of undulators, as this allows higher
energy radiation to be generated without having to increase
the electron beam energy [2–4]. Furthermore, a short-period
undulator allows a higher photon flux to be generated since
more undulation periods can fit into the space available [5].

In order to reduce the undulator period length, the size of
the permanent magnet pieces must also be reduced, which
leads to a reduction in the magnetic field strength. One ap-
proach to compensate for this reduction has been to exploit
the higher coercivity and remanent fields of rare-earth perma-
nent magnets at lower temperatures by cooling them down to
around liquid nitrogen temperatures [6,7]. Low-temperature
superconductors (LTSs), such as NbTi or Nb3Sn, are an alter-
native since they allow the generation of very strong magnetic
fields. However, the heat load on the superconductor (op-
erating around liquid helium temperatures) due to its close
proximity to the electron beam poses a difficult engineering
problem [8].

The (RE)Ba2Cu3O7−δ (REBCO) family of high-
temperature superconductors (HTSs), where RE is a rare-earth
element, has a superconducting transition temperature
over 90 K. Therefore, HTSs can operate at much higher
temperatures compared to LTSs, where the cooling capacity
of cryocoolers is also higher, thus providing a solution to the
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heat load problem. Bulk high-temperature superconductors
(HTSs) are also capable of trapping very large magnetic
fields; a 17.6 T field has been trapped between a stack of two
GdBCO bulks at 26 K, each 25 mm in diameter [9]. This has
motivated numerous undulator designs incorporating bulk
HTSs [8,10–13].

The bulk HTS staggered array design has proved to be
a promising route to a high magnetic field and short-period
undulator [14,15]. As with all the proposed designs for bulk
HTS undulators, this array of bulks needs to be magnetized via
field cooling (FC). This typically requires a superconducting
solenoid able to fit the bulk undulator array within its bore. An
increase in undulator length therefore will often be accom-
panied by a commensurate increase in the superconducting
solenoid length, incurring additional cost.

Here, we present a concept for a bulk HTS undulator that
is magnetized via pulsed field magnetization (PFM), which is
a much more compact and economical form of magnetizing
HTS bulks compared to FC [16]. This is because the pulsed
field is generated not using a superconductor, but a normal
conductor, such as copper. While PFM often does not lead
to trapped fields as high as FC, Zhou et al. have reported
magnetizing a 36 mm diameter GdBCO disk bulk at 30 K
to 4.8 T reliably, which was within 90% of the peak applied
field, by exploiting flux jumps [17]. The proposed design also
makes use of the full peak field of the bulks, and the height of
the bulks can be increased without altering the period length;
therefore, this system can potentially reach the same fields as
the existing staggered array systems.

Figure 1 illustrates the proposed design for a pulse mag-
netized bulk HTS undulator. The setup includes two arrays
of HTS bulks separated by a few millimetres, the distance
required for the electron beam aperture. One side will be
offset from the other side horizontally by half of the width
of the bulks. This arrangement of the bulks is identical to
that proposed by Tanaka et al. for a field-cooled bulk array
undulator [13]. Additionally, fully independent temperature
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FIG. 1. Schematic illustration of the proposed pulse magnetized
bulk HTS undulator. Two arrays of bulks are placed opposite each
other with an offset equal to their width (w), with independent
temperature control for each array. A pair of vortex-type copper coils
that can translate from one end to the other is used to generate the
pulsed magnetic field.

control must be possible for each array; this can be achieved,
as illustrated, by using two separate cryocoolers and temper-
ature control loops for each side. A suitable cryostat (not
illustrated) must encase the arrays. The vortex-type copper
coils used to generate the pulsed magnetic field will be placed
outside the vacuum chamber on either side, in close proxim-
ity to the bulks. To improve their efficiency in generating a
magnetic field, their electrical resistance should be minimized
by cooling them in liquid nitrogen. The magnetic pulse can
be generated via the discharge of a bank of capacitors through
the coils. The details of such a system can be found in [18].

A cylindrical bulk superconductor carrying current at
uniform density everywhere (i.e., in the critical state) will
generate a magnetic field on its surface with a central peak
and a (approximately) constant gradient, as shown in Fig. 2.

The proposed PFM protocol aims to magnetize every bulk
on a single side in the same direction, and the other side will
be magnetized in the opposite direction. The sum of the fields
from the two arrays will generate an oscillating magnetic field
in the electron beam aperture (as shown in Fig. 3).

FIG. 2. The current inside and the magnetic field on the surface
of a single disk-shaped bulk superconductor in the critical state at a
temperature of T0. Jϕ is the current density in the azimuthal direction
in the cylindrical coordinate system where the central cylindrical axis
of the disk is identical to the z axis. Jc(T ) is the critical current
density at temperature T .

FIG. 3. Magnetization of the bulk array following the proposed
PFM protocol. Bulks on one side will be magnetized uniformly in
the same direction, with the other side magnetized in the opposite
direction. This creates an oscillating magnetic field within the gap
between the array.

Zero-field cooling (ZFC) is a technique for magnetizing su-
perconductors where the magnetizing field is applied after the
material has been cooled below its critical temperature (TC).
PFM is a close analog of ZFC, with the main difference being
that ZFC is an isothermal process, while PFM, which leads to
rapid magnetic flux penetration in a sample with relatively low
thermal diffusivity, is not [19,20]. For clarity, the sequence of
pulses required to achieve the bulk magnetization shown in
Fig. 3 will be outlined with the assumption that PFM behavior
follows ZFC behavior identically. We address the differences
that result separately.

Figure 4 shows the suggested PFM protocol. Initially,
while the top remains above TC , the bottom is cooled to the
operating temperature, T0 < TC . Then, a magnetizing pulse
in the positive z direction (indicated in Fig. 3) is applied
sequentially to every bulk in the bottom array using the bottom
coil. Since the top is above TC , it will not be magnetized by
the stray field from the bottom coil. Then, the bottom array
is cooled to a temperature TL that is well below T0. Once this
cooling process is complete, the top array should be cooled
down to T0. Now, the top coil can be used to magnetize the top
array by applying pulses along its length with the field in the
negative z direction. Now, the top array is fully magnetized
in the direction opposite to the bottom array. However, the
second round of pulses will induce a small reverse current
in the bottom array. The degree to which this reverse current
penetrates the surface will be determined by the strength of the
stray field from the top coil. But, because the bottom array is
well below T0, this penetration is minimized. At TL, the critical
current density (JC) will be increased; therefore, the reverse
current that is induced by the stray field will also be of a higher
density. Hence, after stage 2 (labeled in Fig. 4) is complete and

FIG. 4. Proposed PFM protocol to magnetize the bulk undulator
array. The circled numbers indicate different stages of the process.
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FIG. 5. The change in the current distribution, and hence the
magnetic field profile, of a cylindrical bulk superconductor after it
is warmed from TL to T0, where a high reverse current JC (T = TL )
is present before warming (left). The reverse current reduces in
magnitude until it settles at JC (T = T0) after warming (right).

the temperature of the bottom array is increased from TL to T0,
the bottom array will be unable to maintain the reverse current
at JC (T = TL ). This will lead to the reverse current decaying
until it settles at the lower value of JC (T = T0). This process,
along with the accompanying trapped field profile change, is
illustrated in Fig. 5.

In order to fully remove the reduced yet still present reverse
current on the bottom side, another pulse can be applied to
every bulk in the bottom array. The field strength of this
pulse need not be as high as the pulse which was used to
fully magnetize the bottom array during stage 1 because the
applied field only needs to penetrate the outer edge of each
bulk. Therefore, the stray field from this pulse will have a
negligible effect on the magnetization of the top array which
has now been cooled to TL. Of course, if it is found that the
round of weaker pulses to the bottom array still significantly
demagnetizes the top, another cycle, of opposite side cooling
followed by applying an increasingly weaker pulse, can be
repeated until the demagnetization is negligible.

Due to the effectively adiabatic nature of PFM, flux jumps
are a common occurrence. A flux jump is a runaway process
of magnetic flux migration into the body of a superconductor
initiated by a positive feedback loop of temperature increase
following flux penetration [21,22]. While this is a highly
undesirable phenomenon which magnet engineers carefully
avoid when working with conventional wound superconduct-
ing magnets, a number of reports exploiting flux jumps to
more efficiently magnetize bulk HTSs have been published
[20,23,24].

With ZFC, for applied fields which are large enough to
penetrate to the center of the bulk, Bean’s critical state model
[25,26] predicts that the trapped field at the center of a disk-
shaped bulk will be linearly proportional to the applied field,
provided that it did not exceed the maximum peak field of
the bulk. In order to trap the highest possible field within
a bulk disk with ZFC, at least twice the maximum possible
peak field of the disk needs to be applied. During PFM,
however, flux can also penetrate suddenly into the bulk, a
process referred to as a flux jump, once a certain threshold

FIG. 6. Experimental setup used to pulse magnetize a GdBCO
disk-shaped bulk. A single GdBCO disk, 38 mm in diameter and
12 mm high, is assembled on a coldhead inside a vacuum chamber.
A copper solenoid, cooled with LN2, placed around the vacuum
chamber generated the pulsed field for magnetization. Three Hall
sensors (labeled 1–3) placed on the surface of the bulk were used
to monitor the trapped field.

pulsed field amplitude is surpassed [23]. Thus, the applied
pulse does not necessarily need to be double the maximum
possible trapped field in order to trap the highest possible
field via PFM. Therefore, if flux jumps are exploited, we
can expect the reverse currents induced in the opposite array
during the pulsing of one side to be smaller than what would
be predicted with the outlined ZFC framework, making the
task of their removal easier. Furthermore, this threshold value
has been predicted, and experimentally confirmed, to increase
with reducing temperature [20]. Therefore, there is no danger
of demagnetizing the cooler, already magnetized side from a
flux jump.

To validate our assumptions relating to reverse currents
induced by negative polarity pulses applied to pre-magnetized
HTS bulks, we conducted a simple PFM experiment with a
disk-shaped bulk superconductor. As shown in Fig. 6, the
GdBCO disk-shaped bulk, 38 mm in diameter and 12 mm
high, was assembled on a coldhead cooled by a GM cry-
ocooler. A temperature sensor and a heater were used to
control the sample temperature. A copper solenoid, which
was cooled with liquid nitrogen (LN2) during operation, was
placed around the vacuum chamber encasing the sample. This
was connected to a bank of capacitors whose discharge, con-
trolled by an IGBT acting as a relay, would produce the pulsed
field. Three Hall sensors were placed 1 mm above the surface
at r = 0, r = 7, and r = 14 mm, where r is the distance from
the central cylindrical axis of the disk.

Initially, we studied the response of the disk to single
pulses of varying amplitude. The sample was heated above
TC and cooled back down to 70 K for each step. This was
used to determine the optimum pulse amplitude which needed
to be applied to achieve the highest trapped field. Then, the
sample was magnetized with a pulse of this amplitude, cooled
to 25 K, and a pulse with the same magnitude but opposite
polarity was applied. This simulated the effect of the demag-
netization from the stray magnetic field. It should be noted
that the stray reverse-direction magnetic field experienced by
the opposite array of the proposed undulator is never likely to
be equal in magnitude to the initial magnetizing pulse, since
the opposite array is always further from the coil. However,
this experiment served to test the principle for the worst-case
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FIG. 7. Single pulse behavior of GdBCO disk bulk at 70 K for
varying pulse amplitudes. A peak pulsed field of 3.5 T yields the
highest trapped field. Further increases in the applied field lead to a
reduction in the trapped field.

scenario. Following the inverted pulse, the sample was heated
back up to 70 K and a much weaker positive polarity pulse
was applied to remove the reversed edge currents.

The 70 K single pulse profiles at varying pulse amplitudes
in Fig. 7 show that a 1.4 T applied field (which refers to
the peak amplitude of the pulsed field at the center of the
solenoid) is sufficient for the applied field to penetrate to
the depth of sensor #2. The maximum trapped field (1.0 T
in the center) is achieved with a 3.5 T pulse. Further increases
in pulse amplitude lead to a drop in trapped field (a result of
the increased heating of the sample at higher applied fields).

The results from each PFM protocol stage are shown in
Fig 8. Following the application of a 3.5 T pulse and cooling
down to TL (25 K), the application of an inverted pulse leads
to a reduction in the trapped field at the edge of the sample, as
predicted from the ZFC framework utilizing the Bean model.
Then, again, as predicted, at the end of stage 3, the increase
in temperature from TL to T0 leads to the field at the edges
increasing slightly (as the current at the edges decay to the
maximum permissible at T0). Finally, at stage 4, the applica-
tion of a pulse with just over half the amplitude of that which
was used during stage 1 fully recovers the lost magnetization
from the sample edge. These results demonstrate, therefore,
that the demagnetizing effects of the stray field on the opposite
array of bulks can be undone.

Using data from [27] for PFM of a disk bulk at 40 K,
we estimate that, for our proposed undulator, designed with a
4 mm magnetic gap and a 16 mm period length, an undulator
field of 2.3 T could be reached. We have used the formula

FIG. 8. Trapped field in the bulk during each stage of the mag-
netization protocol. Stage 1: a 3.5 T field initially magnetizes the
disk at 70 K. Stage 2: the disk is cooled to 25 K and pulsed in the
reverse direction to simulate the stray field demagnetization. Stage 3:
the disk is warmed back up to 70 K. Stage 4: the disk is pulsed with
a much weaker pulse to recover the lost magnetization.

for the field above a disk-shaped bulk to compute the effect
of increasing the magnetic gap to 4 mm [28]. This field is
a factor of 2 higher than what is typically achieved with
permanent magnet systems [29]. Repeating the magnetization
of the sample in Fig. 6 three times, it was found that the
central trapped field changed by up to 1.0% (when the sample
temperature was controlled to within 0.05 K between repeats).
Therefore, this is an area in which further research is required
for improvement.

While there remain several such design aspects in need
of optimization, our experiment tailored to verify the feasi-
bility of the proposed pulse magnetized bulk array undulator
demonstrates that such a system can indeed be realized. In
such a design, a number of benefits over existing bulk HTS
undulators are expected, with the cost reduction of the magne-
tizing fixture being one of the most significant. Furthermore,
the undulator field can potentially be tuned and tailored as
required by applying multiple pulses to the same section of the
array to incrementally increase the trapped field. This could
reduce the stringent demands on sample similarity to generate
a periodic and sinusoidal-like magnetic field profile along the
undulator axis.

The supporting data for this work is openly available on the
institutional repository of the University of Cambridge [30].
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