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Page 3 Abstract

Abstract

The present report is a comprehensive overview of undulator technologies, which
are either already exploited at fully operating free-electron laser facilities or going
to be available within the forthcoming 5 years. Main emphasis is given to devices
based on permanent magnets and on superconducting technologies, scrutinised
in terms of status and perspectives, but also novel concepts with a different readi-
ness level are addressed. A technology comparison based on expected perform-
ance and a cost estimate of the undulator system are drawn.
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1 Introduction: XLS-CompactLight requirements on FEL
and undulator parameters

In a free-electron laser (FEL), the kinetic energy of a relativistic electron bunch is transformed
into an intense beam of electromagnetic radiation by wiggling the electron bunch transversely
in the spatially periodic and temporally static magnetic field of an undulator. The undulator
magpnetic field is specified by two quantities: the undulator period 4, and the deflection strength

parameter K, defined as

K— eBA, )

- 27mm,e

where B is peak value of the on-axis magnetic field and e, m, and c the electron charge, the
electron mass and the light speed, respectively. For electrons of beam energy E = ymecz, with
Y being the associated Lorentz factor, the FEL resonant wavelength A is given by:

;yz (1 +a§> )

where a, = K /+/2 for planar undulators, and a, = K for helical undulators. The parameters a,
and A, cannot be chosen independently — each undulator technology has its own functional
dependence — therefore Eq.(2) shows that in order to reach a specific FEL wavelength the
electron beam energy and undulator technology must be specified together.

FELs are becoming the main source of tunable, intense and coherent photons of either ultra-
short time resolution or ultra-fine energy resolution, especially in the X-ray regime. The num-
ber of both scientific applications [1] and beam time requests is rapidly growing, motivating the
design of new FEL facilities. An important factor in funding new facilities is the adopted accel-
erator technology which is presently in rapid development. Acceleration schemes with higher
gradients are under detailed test, targeting an increasingly compact accelerator infrastructure.
The overall facility size can also be reduced by adopting new undulator technologies in which
high on-axis fields can be obtained with short undulator periods—this reduces the total length
of the undulator and from Eq.(2) it can be seen that it allows the required FEL wavelength to
be obtained with a lower electron beam energy so that the accelerator length is reduced. By
adopting both these techniques, of high gradient acceleration and short period undulators, a
compact facility with competitive performance can be delivered. This is the primary objective
of the XLS-CompactLight project.

Table 1 summarises the specification of the FEL radiation characteristics [2], as discussed
at the XLS FEL Users Meeting 2 In addition, the undulator system should allow the following
requests from users to be fulfilled:

A=

1. All FEL wavelengths within the range 0.75 A and 5 nm accessible with at least one of
the FEL beamlines;

2. Tuning across wavelengths to be performed by undulator scanning rather than electron
beam energy scanning to maximize the facility efficiency, operating with only a few dis-
crete beam energies;

3. The most compact configuration enabling two-pulse and two-wavelength experiments;

2https://indico.cern.ch/event/750792/
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4. Variable, selectable polarization at the sample under study at all wavelengths, either via
variably polarising undulators or optical elements in the photon beamline.

The main sections of this report review the current and near future — say on a timescale
of about 5 years from now — undulator technologies that could be adopted in a compact FEL
source that meets the specification given in Table 1. Each undulator technology will be studied
assessing the strengths, weaknesses, and opportunities to advance.

In the final sections a quantitative comparison is made of the different technologies, using
a parameterisation of the estimated field as a function of undulator period and gap. This
comparison shows how the choice of undulator technology defines the required electron beam
energy, and is used to define a baseline energy for the facility that is lower than the energy of
any current hard X-ray FEL yet still allows a number of realistic options for the undulator.

Finally, a tentative cost breakdown of the whole undulator system is drawn, including fabric-
ation and installation costs, to be compared with the other instrumental systems of the project.

Table 1: Main parameters of the CompactLight FEL.

Parameter Unit Soft-x-ray FEL Hard-x-ray FEL
Photon energy keV 0.25-2.0 2.0-16.0
Wavelength nm 5.0-0.6 0.6 -0.08
Repetition rate Hz 1000 100

Pulse duration fs 0.1-50 1-50
Polarisation Variable, selectable Variable, selectable
Two-pulse delay fs +100 +100
Two-colour separation % 20 10

Synchronisation fs <10 <10
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2 Permanent magnet undulators

2.1 Introduction

The use of permanent magnets for undulator construction dates back to the very first undulator
described by Motz in 1953 [3]. The most straightforward realizations of undulators based on
permanent magnets are the so-called pure permanent magnet [4] and hybrid [5] schemes, first
introduced by Halbach in the early 1980s and shown in Fig. 1. In both cases the device con-
sists of two magnetic arrays which generate a periodic magnetic field in the gap (g) between
them; the system typically incorporates a mechanism to modify the separation between the
two arrays, allowing to tune the intensity of the magnetic field. Whilst in the pure scheme the
arrays are exclusively made of permanent magnet blocks, in the hybrid one the magnet blocks
are combined with pieces of high permeability material in order to concentrate the magnetic
flux and obtaining slightly higher peak field values. The magnetic field generated by these
structures produces an undulating distortion of the electron beam’s trajectory which is con-
tained within the device’s midplane; this is the reason why they are sometimes referred as
planar undulators. The electromagnetic radiation generated by planar undulators is linearly
polarized along the same plane that the electron beam is oscillating.

Tl =l e 1= ] = ] = ] Jﬁ
gap| .
Tl ==l d =] 1| = = = = '<:
> >
magnet 7Lu magnet Xu iron
blocks blocks poles

Figure 1: Pure permanent magnet (left) and hybrid designs (right) for planar undulators. The
relevant parameters, undulator period A, and gap opening g, are indicated.

Later on more sophisticated magnetic structures were designed which opened the possibil-
ity to control the plane of oscillation of the electron beam (and hence to change the direction
of polarization of the emitted light) and to induce a helical trajectory on the electron beam,
allowing to generate circularly polarized light. These designs are generically referred as el-
liptical undulators. By in large, the most successful of these schemes has been the APPLE-II
(for Advanced Planar Polarized Light Emitter) undulator [6], shown in Fig. 2. This device be-
longs to a family of designs, first proposed in [7], which is equivalent to a pure permanent
magnet Halbach undulator where each array is divided into two halves that can be shifted
longitudinally. The different variants of APPLE-type designs differ in the section and direction
of magnetization of the magnet blocks, as illustrated in Fig. 3. In the case of the APPLE-II
design, the device benefits from its relative mechanical simplicity and its ability to generate all
of the desired polarization states. In addition, it does not introduce lateral restrictions inside
the gap, making it well suited for the flat vacuum chambers of 3" generation Synchrotron Light
Sources. As a drawback, and due to its lack of symmetry between the horizontal and vertical
directions, in order to modify the photon energy for a given polarization state with an APPLE-II
undulator it is necessary to adjust simultaneously the vertical (gap) and longitudinal (phase)
positioning of the magnet arrays.
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Figure 2: Sketch of an APPLE-II undulator with arrays 1 and 3 longitudinally movable, in ver-
tical (/eft) and horizontal (right) field modes.

The degree of control on the polarization of the emitted radiation with an APPLE-type design
depends on how many of the 4 arrays can be longitudinally shifted. In the original basic design
only two of the arrays standing opposite to each other could be moved in the same direction
(the so-called parallel mode), allowing to switch from horizontal/vertical linear polarization to
circular polarization. Later on it was introduced the possibility of displacing the two movable ar-
rays in opposite directions (antiparallel mode), allowing to modify the angle of linearly polarized
light. The implementation of this mode requires a reinforcement of the support structure of the
undulator due to the strong longitudinal forces that come into play. In order to cover all possible
angles for the plane of polarization it is necessary to move all four arrays independently along
the beam axis.

Once the possibility of moving the four arrays longitudinally is introduced, a gap driving
mechanism to tune the amplitude of the generated magnetic field is not mandatory anymore.
Such fixed-gap device was developed at the SLS [8]. Shortly afterwards a new but closely
related design, called Delta due to the specific shape of its magnets, was developed at Cornell
[9]. In 2016 the APPLE-X concept was developed at PSI [10], consisting of a Delta undulator
where the four arrays can be independently displaced both longitudinally and radially. A similar
development is ongoing at SLAC under the label Delta-Il. The additional degrees of freedom of
these devices allow to decouple the strength of the magnetic field from its transverse gradient
[11]. The use of designs better suited to the characteristics of single-pass machines (APPLE-
[ll, DELTA and APPLE-X) allows to increase the magnetic field with respect to APPLE-Il by a
factor v/2 in planar mode and a factor 2 in circular mode.

As previously discussed in Eq.(1), the undulator performance is characterized by the period
A, and the deflection parameter K. Although the magnetic field B appearing in Eq. (1) is usually
approached by the peak field of the undulator, B, the magnitude that directly correlates to
the trajectory length, and hence to the resonance wavelength A, is the so called effective field,
B, s, calculated from the harmonics of the magnetic field B; through the expression:

B;\?
o 1
Byr=\| X (7) : (3)
i=1,35...
In general assuming B, =~ B, is a good approximation and the two parameters are used
without distinction, but for hybrid undulators the difference between them increases as the ratio
g/ A, becomes smaller.

For optimization purposes, it is practical to parametrize the magnetic field amplitude B (either
B eqk OF B, s ) generated by a certain type of undulator as a function of the g/ A, ratio, by means
of the expression first introduced by Halbach [5]

B(g,A,) = aexp [b (%) Yo (Ai) 2] (4)
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Figure 3: Different designs for elliptical undulators. Gray arrows indicate the degrees of free-
dom of the magnetic arrays within the transversal plane: APPLE-I [7], APPLE-II [6]
and APPLE-III [12] allow to modify the vertical gap between upper and lower arrays;
DELTA undulators [9, 13] are fixed-gap devices; APPLE-X [10] allow an independent
adjustment of the radial position of each array. Diagram reproduced from [11].

where the parameters a, b and ¢ are determined by means of a fit of data typically obtained
from magnetic simulations.

There is a strong incentive to reduce the period length of undulators for a given value of
K: it allows getting a brighter source of higher energy photons. If one reduces the linear di-
mensions of a coil-based undulator (either normal conducting or superconducting) the current
density has to be increased accordingly in order to keep the field level constant. In contrast,
permanent magnets do not suffer from this limitation, and deliver a constant peak field when
scaling down its linear dimensions. On the other hand, for a given set of geometric paramet-
ers, the magnetic field delivered by a permanent magnet undulator is limited by the intrinsic
magnetic properties of the material (remanence and cohercivity). In other words, permanent
magnet-based undulators are limited in the (A4, K) parameter space by the properties of avail-
able materials. If we compare the current density j required to generate the same peak field
than a planar Halbach-type pure permanent undulator of period A, made of a material with
remanence B,, we obtain [14]:

. 9B,
j= .

u()ﬂ‘u
Assuming a remanence of B, = 1.2Tesla, for a period length of A, ~ 15mm the required
current densities are close to 600 A/mm?>.

The main parameters defining the magnetic performance of permanent magnet materials
are the remanent field, B,, and the intrinsic coercivity, H,;, which is a measure of the magnet’s
resistance to demagnetization. The definition of these parameters is shown in Fig. 4. Another
common figure of merit is the maximum energy product, (BH ),,,., defined as the maximum
product of the magnetic induction and the field strength along the second quadrant of the

()
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hysteresis curve. This magnitude represents twice the maximum energy that can be stored
in the magnetic field created in the space around a magnet of optimum shape. All these are
extrinsic properties, being dependent on the processing method used to produce the magnet,
and are closely linked to the size, crystallographic quality and alignment of the constituent
grains. Intrinsic properties, as saturation magnetization, Curie temperature (7-) and anisotropy
field, are dictated by the crystal structure and composition of the material.

Induction B
Polarisation J = p M
A

remanence B,

maximum energy
product (BH),,,,

inductive \
coercivity H,p “
intrinsic X ,',' (
coercivity H ; I R
J / J Applied Field H

Figure 4: Typical hysteresis loop of a permanent magnetic material in terms of its magnetic
induction, B(H ), and polarization, J(H) = pyM. The parameters defining the mag-
netic performance of the material are indicated: remanent induction, B, inductive
coercivity, H, g, intrinsic coercivity, H,; and maximum energy product, (BH ),

Materials for manufacturing permanent magnet blocks must provide at the same time a
large remanent field and a large coercive force. There are few compounds that satisfy both
conditions, the typical choice being rare-earth based compounds: samarium cobalt (SmCos
and Sm,Co;,) and neodymium-iron-boron (NdFeB) [14]. The development of these materials
started on the second half of the 1960s and they exhibit extraordinarily high magnetic charac-
teristics compared to other permanent magnetic materials (ferrites, Alnico-type alloys...). Both
of them are intermetallic alloys of a rare-earth (lanthanide) element with a 3d metal (Fe or Co),
which rely on small grain particles with high magneto-crystalline anisotropy to produce a ma-
terial with both a high magnetisation and a high coercivity. The energy product is not expected
to increase much further in the future [15]. As an example, at room temperature the theoretical
limit for Nd,Fe 4B is 509 kd/m, and 469 kJ/m’ has been achieved. The magnetic properties
of SmCo and NdFeB magnets are summarized in Table 2.

Samarium cobalt shows a higher coercivity and a smaller variation of magnetization with
temperature. Another advantage of SmCo magnets compared with NdFeB ones is that they
have a smaller transverse susceptibility, which reduces the field integral fluctuations during
phasing of elliptical undulators [16]. For its part, the main attractive of NdFeB is its higher
remanent field. On top of this, NdFeB is mechanically more robust and less expensive than
SmCo. NdFeB is available in a variety of grades whose main difference is the content of dys-
prosium (Dy). Dysprosium is added to increase the coercivity of the material at the cost of
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Table 2: Magnetic properties of rare-earth magnets used in undulators’ manufacturing [14].
X|/x . stand for the parallel/perpendicular components of the magnetic susceptibility,
and T corresponds to Curie temperature.

Material  H,, [KA/m] B, [Tesla] dB,/dT [%/°Cl x/x. Ic[Cl

SmCos 1500-2400 0.9-1.01 —0.05 0.01/0.04 700-750
Sm,Co;; 800-2000 1.04-1.12 —0.035 0.01/0.04 800-850
NdFeB 1000-3000 1.0-1.4 —0.10 0.06/0.15 310-340

remanence, due to the inverse magnetic coupling between Fe and Dy. As a consequence, co-
ercivity and remanence for NdFeB compounds are roughly inversely proportional. The Grain
Boundary Diffusion Process (GBD) allows to incorporate dysprosium or terbium mainly in the
interfaces around the grains, leading to an increase of the coercivity by 250 kA/m without sac-
rificing remanence [17]. This method is however limited by the thickness that can be properly
diffused, of the order of a few millimeters.

Generally speaking, samarium cobalt compounds are more resistant against the loss of
remanence under exposure to high energy radiation [18—20]. However, one way of taking profit
of the higher remanence of NdFeB grades and to further stabilize them against demagnetizing
effects (either thermal or radiation-induced) is to cool them down to cryogenic temperatures
[21, 22]. In addition to the gain in coercivity, the temperature decrease also brings an increase
of the remanent field of the material. In the case of NdFeB, however, below 135K the material
undergoes a spin reorientation transition that reduces its magnetization [23]. In order to avoid
this effect PrFeB and (Pr,Nd)FeB grades have been analyzed [24] and developed [25]. The
substitution of Nd by Pr shifts the transition well below liquid nitrogen temperature. For PrFeB
grades cooling from 300K down to 77K increases the remanence by ~ 15%, whereas the
coercivity is increased by a factor ~ 2.5. Therefore, the coercivity at room temperature must
provide only enough stability for a safe magnet assembly; the radiation hardness is gained at
low temperatures.

In Table 3 we list the characteristics of some of the magnet grades currently in use for de-
manding applications. As shown by the data for PrFeB taken from [26], where measurements
down to 40 K were acquired, lowering the temperature below 77 K does not provide much gain
in terms of magnetic performance. However, there are indeed incentives to work at temperat-
ures below that of liquid nitrogen using cryocoolers [15]. On the one hand, the system benefits
from the increase in thermal conductivity of the girder, which helps to avoid undesirable tem-
perature gradients. On the other hand, if one wants to use sophisticated pole designs using
dysprosium or holmium, temperatures below 40 K are mandatory.

Regarding the high permeability material used to concentrate the magnetic flux in hybrid
designs, the typical choice are cobalt-iron alloys (vanadium permendur), which display a higher
saturation magnetization (2.35 Tesla) than pure iron or low carbon steel.
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Table 3: Characteristics of some of the Re,Fe 4B grades used in recent small period and/or
cryogenic undulators.

Name Ref Compound Temperature H_; [KA/m] B, [Tesla]
NMX-S40UX NdFeB (Diffused Dy) 300 >2300 1.22
NMX-S45SH [27] NdFeB 300 1671 1.30

150 4000 1.50

Vacodym 131 DTP [28] (Pr,Nd)FeB 300 1640 1.41
77 >3185 1.62

NMX-53CR PrFeB 300 1680 1.35
77 3980 1.57

NMX-68CU [27] PrFeB 300 1680 1.40
77 6200 1.67

NMX-47CR [26] PrFeB 300 2390 1.21
77 7620 1.396

40 8130 1.402

NMX-50CR [26] PrFeB 300 1870 1.39
77 6875 1.50

40 7440 1.51

2.2 Out-of-vacuum
2.2.1 Status (strengths and weaknesses)

In the context of X-ray FEL facilities, out-of-vacuum PM undulators have been extensively used,
as shown in Table 4. This table reveals that the out-of-vacuum solution is the adopted one
when devices with A, > 25 mm are required, corresponding to hard X-ray sources for high en-
ergy accelerators (European XFEL with 17.5 GeV or LCLS with 13.6 Gev) or soft X-ray sources
for lower energy accelerators (Athos line at SwissFEL with 2.1-3.6 GeV or FERMI@Elettra
with 1.5 GeV). On top of this, essentially all the PM-based variable polarization undulators in
operation in Synchrotron Light and FEL facilities are based in out-of-vacuum schemes (one
exception would be the original Delta undulator developed at Cornell ERL [9]).

Out-of-vacuum undulators are the workhorses of most of currently operating FELs due to
the following series of strengths:

e The high degree of maturity of the associated technology, with many active groups de-
veloping and improving the existing solutions.

e Low cost, low energy consumption and simple associated infrastructure.

e The simplicity of having the magnetic structure outside the vacuum environment, both
from a mechanical and ultra-high vacuum compatibility point of view.

e In relation with the previous point, these devices usually provide a good accessibility for
carrying out magnetic measurements (it is not the case for some particular designs as
DELTA).

e Automated assembly and field tuning procedures exist.



Page 14 PM Undulators

Table 4: Out-of-vacuum PM devices in X-ray FEL facilities.

Facility type mingap period max K length # Ref
[mm] [mm] [m]

LCLS

main line planar hybrid 6.8 (fixed) 30.0 3.5 34 33 [29]

afterburner Delta 6.6 32.0 3.37 3.2 1 [30]

LCLS I

HXR planar hybrid 7.2 (hor.) 26.0 >2.44 3.4 32 [31]

SXR planar hybrid 7.2 (ver) 39.0 >5.43 34 21 [31]

SXR afterburner Delta ll 440 >5.14 3.3 3 [32]

FLASH II planar hybrid 9.0 31.4 2.87 2.5 12 [33]

European XFEL

SASE 1/2 planar hybrid 10.0 40.0 3.9 5 35 [34]

SASE 3 planar hybrid 10.0 68.0 9.0 5 21 [34]

SASE 3 afterbur. APPLE-X 10.0 90.0 7.8 2 4 [35]

FERMI@Elettra

FEL-1 APPLE-II 10 55.2 - 2.4 6 [36]

FEL-2 APPLE-II 10 34.8 - 2.4 9 [37]

SwissFEL

Athos APPLE-X 6.5 38.0 3.8 2 16 [10]

PAL-XFEL

HXU planar hybrid 8.3 26.0 1.973 5 20 [38]

SXU planar hybrid 9.0 35.0 3.321 5 7 [38]

e Different schemes providing full control on the polarization of the emitted light are avail-
able.

However, this technology also displays some weaknesses:

e The minimum gap between the magnetic arrays is limited by the dimensions of the va-
cuum chamber. Given that the generated magnetic field decreases exponentially with
the ratio g/A, (see Eq. 4), this restriction sets a limit to the minimum value of A, which is
practical to use in an out-of-vacuum device. This limitation is apparent in Table 4, where
no devices with periods smaller than 25 mm are found.

e |t exists the danger of demagnetizing the magnets at small gaps, as proven by the ex-
perience at European XFEL [39].

e The use of narrow vacuum chambers reduce the physical aperture available to the elec-
tron beam, making the operation of the accelerator more difficult, specially during the
commissioning phase.

2.2.2 Opportunities and challenges

On top of being the standard choice for FELs nowadays, there is still room to improve for out-
of-vacuum undulators, especially from the point of view of reducing production costs. Some
steps that may be explored in this direction include:
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e Research on new assembly techniques for pure permanent magnets, in addition to con-
ventional soldering or gluing.

e Development of automated procedures for serial production and tuning.

e Incorporate as much as possible the use of cast and extruded materials, which can
provide significant savings when manufacturing a series of identical devices as it is typ-
ically the case for a FEL undulator line.

e Explore alternative driving systems, as for instance hydraulic ones.

e Adoption of compact cost-saving architectures. This goal requires reducing the forces
that the support structure has to withstand, and there are several complementary ways
of accomplishing it:

(i) Shifting from C-type support frames to O-type ones.

(i) In the case of planar devices, moving from traditional vertical-field structures to
gravity neutral horizontal-field ones.

(iii) Matching the size of the good field region of the device to the real requirements of
a single-pass machine.

(iv) Compensate as much as possible the attractive force between the two magnetic
arrays by using springs, repulsive magnets, etc.

Apart from cost saving strategies, the performance of out-of-vacuum devices can benefit
from the following advances:

e Adoption of aggressive designs (APPLE-X, Delta Il) for elliptical undulators that will
provide a better control of the magnetic field transverse gradient.

e The use of round and small diameter vacuum chambers, with wall thicknesses as small
as 0.2 mm, will bring the dimensions of the air gap for out-of-vacuum devices close to
the values attainable with in-vacuum ones.

The summary of SWOT analysis for out-of-vacuum PM devices is shown in Table 5.

2.2.3 Advances in science and technology to meet XLS requirements

In the case of the soft X-ray beamline at SwissFEL (Athos), in order to provide full polarization
control to users and to maximize the magnetic field an APPLE-X device has been developed
[10]. A drawing of the device is shown in Fig. 5. The resulting UE38 undulators made use of
triangular shape magnet blocks similar to the ones used in Delta undulator, providing some
saving in magnetic material and allowing an easier adaptation to PSI flexor-type keepers. The
design is intended to be used with a round vacuum pipe made of copper with an inner diameter
of 5mm and a wall thickness of 0.2 mm (see Fig. 6). The lateral gap for carrying out magnetic
measurements is as small as 3mm. The magnetic structure is fully symmetric at minimum
gap, which minimizes the forces on the keeper. As for the magnetic material, SmCo will be
used in order to minimize non-linearities. In addition, the use of non-uniformly magnetized
blocks to boost the magnetic field near the tip of the magnets is currently under investigation.
APPLE-X is also going to be used as an afterburner for SASE3 at European XFEL [35]. The
device is being designed in close collaboration with PSI and will adopt the mechanical support
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Table 5: Summary of SWOT analysis for out-of-vacuum PM devices.

Out-of-vacuum PM devices
STRENGTHS WEAKNESSES

e Technology highly mature

e Many active and knowledgeable groups

e Low cost

e Low energy consumption

e Simple associated infrastructure e Possible magnets’ demagnetization

e Simpler mechanical and ultra-high vacuum e Minimum gap limited by the dimensions of the
solutions vacuum chamber

e Good accessibility for magnetic measure- e As the magnetic field decreases exponentially
ments with g/A,,, limitation on smaller periods

e Existence of automated assembly and field o Difficult commissioning due to narrow vacuum
tuning procedures chambers

e Availability of different schemes providing full
control on the polarization of the emitted
light

OPPORTUNITIES THREATS

e New assembly techniques for PPM

e Application of improved permanent magnets

e Development of automated procedures for
serial production

e Application of cast/extruded material for cost
optimization on serial production

e Adoption of compact cost-saving architec-

tures e Magnetic field performances not satisfying
e Further development of aggressive design CompactLight requirements

(APPLE-X, Delta Il...) for elliptical undu- e Spare PM blocks needed in case of long term

lators magnets’ demagnetization

e Optimum exploitation of round and small dia-
meter vacuum chambers

e Exploration of alternative driving system

e Development of a technology consistent with
the increasing public sensitivity to environ-
mental issues

system of SwissFEL, with the magnetic parameters adapted to European XFEL requirements.
For XFEL APPLE-X it is planned to use the same NdFeB grade with B, = 1.25 Tesla that has
been employed for the other XFEL undulators.

At MAX IV laboratory APPLE-X undulators are being considered as a source for the future
Soft X-ray FEL [40]. The design, aiming for a period A, = 40 mm, a total length of 3m and a
minimum aperture of 8 mm, is based on that of the SwissFEL, but with a much more compact
mechanical frame. The mechanical frame, with a cylindrical shape as shown in Fig. 7, will
have an external diameter of 0.5m, with an estimated reduction on the cost of the overall
device close to 30%.

SLAC developed a 3.2 m-long version of a Delta undulator with a period length of 32 mm
to add polarization control to LCLS [13, 30]. The design has a physical aperture of 6.6 mm
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Figure 5: Left: Schematic view of U38 APPLE-X undulator being developed for Athos beamline
at SwissFEL. Right: Detail of one of the magnet keepers, comprising 4 periods. Both
magnets and keeper are fabricated by wire erosion.

Galvanic Cu chamber

Figure 6: Drawing of the small aperture chamber that will be used with U38 APPLE X undulat-
ors at SwissFEL Athos beamline. The pipe, with a total length of 2m and an external
diameter of 5mm, is manufactured by means of a galvanic process, yielding a wall
thickness of a mere 0.2 mm. The vacuum chamber is supported through the same
3 mm lateral gap used for inserting the Hall probe during for magnetic measurements.
Reproduced from [10].

in order to install a round vacuum chamber with internal/external diameters 5.08/6.4 mm and
a wall thickness of 0.66 mm. Due to access problems, each one of the 4 magnetic arrays
was characterized and corrected individually, and the arrays were combined afterwards. Once
assembled, a final measurement with a combination of two 3D Hall probes was carried out.
The device, shown in Fig. 8, has been installed in the last (33"’) segment of the LCLS undulator
line as a SASE afterburner. For the upgrade to LCLS Il a new type Delta Il undulator is currently
under development [32]. With respect to original Delta design, the Delta Il incorporates radial
adjustment of the magnet arrays, making it conceptually very similar to the APPLE-X design.
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Figure 7: Schematic view of APPLE X undulator being developed at MAX IV. Reproduced from
[40].

Figure 8: General drawing (left) and front picture of the finished device (right) corresponding
to the Delta undulator installed at the end of the LCLS undulator line. Reproduced
from [30] and [13].

An interesting new concept has been developed at APS [41] and it is planned to be used
for the hard X-ray line of LCLS Il [42]. It consists of a horizontal gap/vertical polarization
(HGVPU) undulator, with dynamic force compensation using non-linear conical springs. This
design allows to obtain much more compact support structures and gap driving mechanisms
as compared with conventional vertical gap/horizontal polarization undulators, as it is shown in
Fig. 9. In the case of LCLS Il this compactness will allow to re-use much of the hardware and
control software developed for LCLS [31]. Besides these advantages, from a general point of
view vertically polarizing undulators will also allow to simplify the construction and operation of
monochromators and experimental set-ups, due to the fact that they open the door to the use
of gravity neutral designs.

A prototype of a NdFeB short-period planar undulator (4, = 14 mm), with a quatrefoil Delta-
like geometry, has also been developed a few years ago by ENEA and Kyma. The undulator
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Figure 9: Horizontal gap/vertical polarization undulator (HGVPU) to be used at hard X-ray line
of LCLS Il. Reproduced from [31].

focuses the beam both in horizontal and vertical directions and provides a high field homo-
geneity. It has been tested on the SPARC-FEL (INFN-LNF and ENEA Frascati) and used as
afterburner to emit radiation at 300 nm (electron beam energy of 100 MeV) [43]. It has an aper-
ture of 5 mm, just enough to contain a round vacuum chamber with a 4 mm internal diameter.
The maximum measured value for the deflection parameter is K = 1.14. This undulator has
been considered within the context of the EUPRAXIA@SPARC_ LAB project [44], a design
study for a soft X-ray FEL in the water window, where the possibility of using such a scheme
for the undulator, but with A, = 15 mm (with expected K < 1.2), is currently under investigation.
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2.3 In-vacuum

In the quest to reduce the period length without decreasing the K value of the undulators,
the in-vacuum concept was developed. It consists in placing the magnets blocks inside the
vacuum chamber in order to reach the minimum feasible gap, limited only by electron beam
aperture and impedance considerations.

Leaving aside some preliminary experiences at BESSY [45], in-vacuum undulators (IVUs)
as we understand them today were originally conceived at KEK in 1991 [46]. In the following
years these devices were extensively developed at Spring-8 [47] and are currently used in
most Synchrotron radiation facilities. Besides this, two hard X-ray FEL facilities (SACLA and
Aramis line at SwissFEL) are based in in-vacuum undulators. In the particular case of FEL fa-
cilities, one additional advantage of variable-gap IVUs when compared to out-vacuum devices
is that no narrow gap chambers are required, making it easier the initial commissioning and
alignment.

In the typical structure of an IVU, shown in Fig. 10, the magnet arrays are supported by two
backing beams: an in-vacuum and an out-vacuum one. The in-vacuum beam is usually made
of aluminum and supports the magnet arrays. The out-vacuum is connected with girders to
provide the gap movement. The two beams are connected by bellows shafts (also referred
as link rods) that shrink and expand following the gap movement. Between the bellows shaft
and out-vacuum beam are installed linear guides that allow a longitudinal movement of the
bellows shaft in order to compensate the thermal expansion of the in-vacuum girder at the
time of bakeout. In order to minimize the impedance of the device, two types of components
are installed: a metal sheet that covers the magnet surface, and a RF transition that smoothly
connects the end of the magnetic structure to the adjacent vacuum chambers, following the
gap movement of the magnet arrays. In general it is made of Cu and is equipped with cooling
channels to remove the heat deposited by the electron beam during operation.

out-vacuum backing beam

linear guide

bellows shaft
cooling channel

in-vacuum
backing beam

permanent magnets RF transition

metal foil for impedence reduction
Figure 10: Diagram of a typical IVU structure. Reproduced from [47].

The magnetic gap of IVUs corresponds to the physical aperture for the electron beams
except an additional 0.2 mm gap loss due to the metal sheets (generally Ni-Cu foils) covering
the magnet surface. In comparison, for Superconducting Undulators (SCUs) the typical gap
allowance is of at least 1.8 mm (2 x 0.6 mm wall thickness plus 2 x 0.3 mm insulation gap).
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For UHV compatibility permanent magnets are customarily coated with TiN and are baked
at a temperature of ~ 125°C. In order to prevent demagnetization during bakeout, magnet
blocks are pre-baked at a temperature slightly larger than the one used during the bakeout
(e.g. 140°C). Due to these reasons, magnet grades with coercivities larger than 2000 kA/m are
used [48].

One of the challenges of IVUs is the measurement of the magnetic field with a Hall probe
system in order to determine the field quality and optimize the optical phase error of the as-
sembled device. The standard method consists in characterizing and tuning the magnetic ar-
rays with a traditional granite bench-based Hall probe system before assembling the vacuum
chamber. Afterwards the magnetic arrays are disassembled from the bellow shafts, transferred
inside the vacuum chamber, and re-attached again. Therefore the method relies on the ac-
curacy and reproducibility of the assembly procedure. For most situations this method gives
satisfactory results, although it does not allow to identify errors during the final assembly pro-
cess, or to easily recheck the magnetic field of the device at a later stage in order to detect any
radiation damage or ageing effects.

In order to overcome that difficulty and enabling the measurement of the magnetic field of
IVU devices without removing the vacuum chamber, several systems have been developed.
The pioneer one and by far the most successful concept has been the so-called SAFALI (for
Self-Aligned Field Analyzed with Laser Instrumentation) system, conceived at SPring-8 [49]. In
its original implementation, sketched in Fig. 11, it consists of a lightweight guiding system that
is introduced inside the vacuum chamber and is externally supported through three flanges in
the vacuum vessel. The transverse position of the measuring probe as it is displaced longitud-
inally is measured by means of a combination of laser beams, irises attached to the probe and
position sensitive sensors (PSD), and a feedback system acting on the external supports of
the guide ensures that the Hall probe is always in position. The SAFALI system has been used
for the measurement of the IVU18 devices for SACLA FEL [50]. At PSI an equivalent system
was built for the measurement of IVU15 devices for SwissFEL hard X-ray beamline [51].

Top View - _
I g
iris
PSD undulator magnet = Hall probe
f ] :
—_—— e
Side View  _ _
laser scale corner cube
} | ‘ laser diode
D [ i ] D
I ) ( ) 1

Tr | A stepper
2-axis stage% rail carmage a motor

Figure 11: Schematic diagram of SAFALI system developed at SPring-8 for the in-situ meas-
urement of IVUs. Reproduced from [49].

A different concept for an IVU measurement bench has been developed at ALBA [52]. The
system, shown in Fig. 12, is based on a rigid granite bench driving a C-shape structure with
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a flexible tape stretched between its ends. A light Hall probe is mounted in the middle of the
tape, allowing it to be introduced inside a closed structure as an IVU.

Carbon fiber tape

Granite bench

Hall sensor

Figure 12: Drawing of magnetic measurement bench developed at ALBA for the characteriza-
tion of closed magnetic structures [52].

2.3.1 Status (strengths and weaknesses)

A list of the in-vacuum undulators in operation in X-ray FEL facilities is shown in Table 6.
The large experience gained with 1VUs in Synchrotron Light Sources has allowed a smooth
implementation of these systems in FELs.

Table 6: In-vacuum PM devices in X-ray FEL facilities.

Facility type mingap period max K length # Ref
[mm]  [mm] [m]

SACLA planar hybrid 3.5 18 2.2 5.0 18 [53]

SwissFEL

Aramis planar hybrid 3.2 15 1.8 40 13 [54]

SXFEL

SASE line planar hybrid 4.0 16 1.6 40 10 [55]

The strengths of this technology when compared to out-of-vacuum one include:

e Despite their higher complexity, IVUs can be considered a mature and standard techno-
logy.

e In fact, the experience at SACLA and SwissFEL has proven that the production of large
batches of IVUs can be largely industrialized.

e As it has already been commented, the removal of narrow gap chambers and the large
aperture that can be provided by variable-gap IVUs makes easier the initial commission-
ing phase of a FEL facility.

As for the weaknesses:

e The requirement of baking the magnetic structure and the closeness to the electron
beam increases the risk of demagnetizing the magnet blocks. Due to this reason, grades
with a high coercivity and a moderate remanent field have been traditionally used. In
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more recent years the situation has improved with the introduction of grain boundary
diffusion treated magnets. However, and despite these precautions, the threat of block
demagnetization in room temperature IVUs remains, as proven by the experience at
SACLA, where local magnetization losses of up to 20% have been reported after 4 years
of operation [56].

e The in-vacuum principle has not yet been applied to a full-scale device with variable
polarization.

2.3.2 Opportunities and challenges

In-vacuum undulators constitute a safe option to develop a relatively compact FEL hard X-ray
source, but they are not the more aggressive solution based on permanent magnets. As in the
case of out-of-vacuum devices, the main opportunities for improvement come from the side of
cost savings:

e Either by reducing the dimensions and complexity of the support structure by means of
force-compensating schemes.

e Or by automating the assembly and tuning of the devices in order to reduce the manu-
facturing time and cost.

One significant step forward will be the development of IVU versions of controllable polariz-
ation devices, which is currently undergoing.
The summary of SWOT analysis for in-vacuum PM devices is shown in Table 7.

Table 7: Summary of SWOT analysis for in-vacuum PM devices.

In-vacuum PM devices
STRENGTHS WEAKNESSES

e Possible magnets’ demagnetization

e More complex mechanical and ultra-high va-
cuum solutions

e Schemes providing full control on the polariz-

e Technology mature
e Well-known mechanical and ultra-high va-
cuum solutions

e Enhanced field strength

e Less limitation on smaller periods

e Easier initial commissioning due the absence
of the inner vacuum chambers

ation of the emitted light under development
Accessibility for magnetic measurements
more difficult
Required the baking of the magnetic structure

OPPORTUNITIES

e Application of improved permanent magnets

e Smaller periods devices

e Further development of variable polarization
IVUs

e Further development of magnetic measure-
ment benches for closed gap undulators

THREATS

Spare PM blocks needed in case of long term
magnets’ demagnetization

Full-scale device with variable polarization not
available in the short term
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2.3.3 Advances in science and technology to meet XLS requirements

For SwissXFEL hard X-ray line Aramis planar IVUs with 15 mm period have been used (see
Fig. 13). For this device the number of columns was reduced from 64 to 20, with a longitudinal
shift between top and bottom columns [54], reducing the risk of vacuum leaks and minimizing
the heat transference for a potential application of the design to a cryoundulator. The extruded
aluminum keepers for the magnet blocks implement a flexible joint that, in combination with
a 2°-angle wedge driven by a screw, allows to adjust vertically the pole height with micron
precision [57]. Besides, the magnet and pole, with a chamfered profile, have been adapted
to the characteristics of a single-pass machine, providing a significant reduction in magnetic
load compared to IVU for Synchrotron Light Sources. All IVUs for Aramis were characterized
using two magnetic measurement benches based on SAFALI system [51]. The first bench
was designed to operate before mounting the vacuum chamber, in combination with a tuning
robot unit (Yuri 2.0) for automated optimization of the magnetic array. The second bench was
designed to measure the magnetic field after assembling all the vacuum components and to
perform the final correction of the device by acting on the support columns. Currently PSl is
developing a new version of the measurement bench that operates inside the vacuum chamber
which incorporates the tuning robot unit (Yuri 3.0) [58]. This new bench will allow to perform
the optimization of IVUs in a single campaign once the device is fully assembled, reducing the
time required to tune the devices within specification.

power & controls frame (cast mineral)

columns —— ] . - \ outer beam
gap measuring -
system wedge drive
system V=
. A Magnet __ 48
i-beam with Pole {1
block-keeper,
magnelts and — cam shaft mover i'igﬁf
poles (5DOF)

vacuum chamber

Figure 13: Left: Schematic view of U15 IVU for Aramis beamline at SwissFEL. Right: Detail
of one of the magnet keepers, showing the flexor/wedge system used to adjust the
vertical position of the poles.

One interesting development at SPring-8 has been the proposal to cancel out gap-dependent
magnetic attractive forces in IVUs by means of periodically-magnetized monolithic magnets
placed at each side of the main magnetic structure [59], a shown in Fig. 14. These monolithic
magnets, also referred as MMM (Multipole Monolithic Magnets), generate a repulsive force
that counteracts almost exactly the attractive one between the central arrays. The objective
is to relax the rigidity requirements on the support frames and to reduce the large number of
components required to distribute the mechanical load from the inner to the outer beams. The
working principle has been successfully proved on a prototype, were the magnetically force
has been reduced by more than a factor 30 over the whole analyzed gap range (from 20 down
to 2mm) [60]. Based on the results of that test, two different designs of IVU incorporating the

Wedge Y- Screws



Page 25 PM Undulators

force cancellation principle have been developed, both of them providing a drastic size reduc-
tion and mechanical simplification of the device as compared to a standard VU, as illustrated
in Fig. 14.

4 40040460

0000000

Figure 14: Left:  Conceptual drawing of multipole monolithic magnet (MMM) force-
compensated magnetic array. Right: Cross section drawings of the standard IVU in
SPring-8 (black) and MMM compensated prototypes (blue and red). Reproduced
from [60].

So far, no variable polarization IVU has been built due to engineering challenges. HZB
started in 2017 an RD project for the development of a full scale planar IVU APPLE-II un-
dulator (IVUE) [61]. The device will have a total length of 2.5m, a period length of 32mm,
and a minimum gap of 7mm. The design has been carried out trying to take into account
the demands and constraints of a future upgrade to a cryogenic option. The mechanical is-
sues that have been addressed include the longitudinal bearings for the phase displacements,
the implementation of the shielding foil and the flexible taper. The design also incorporates a
force compensation scheme based in additional arrays of magnets in order to reduce the three
dimensional forces that develop in APPLE-type undulators [62].
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2.4 Cryogenic permanent magnet

Cryogenic permanent magnet undulators (CPMUs) were first proposed by Hara and collabor-
ators in 2004 [22]. The design of in-vacuum undulators, with the magnet arrays maintained
under vacuum with a good thermal insulation, can be easily adapted in order to cool the mag-
nets down to cryogenic temperatures by means of either refrigerant channels or cryocoolers.
The operation of the magnet blocks at cryogenic temperatures provides a three-fold benefit:

1. It removes the necessity of baking the magnets at high temperatures.

2. It enhances the coercive force of the magnets, making them more resistant to demag-
netizing effects.

3. Itincreases the remanence of the magnets, with the subsequent increase of the undu-
lator’s peak field (up to 20 — 30% higher compared to a room temperature IVU of equal
design).

Compared with room temperature counterparts, CPMUs provide a field enhancement of ~
30% for pure permanent magnet types and ~ 50% for hybrid types [22]. Compared to an
IVU of equivalent spectral range (i.e. same K value), the flux is enhanced thanks to the
field increase and to the additional number of periods for a given total length [63]. CPMUs
are becoming the undulators of choice at medium-energy Synchrotron Light Sources. The
smooth commissioning and successful operation over many years reflects the reliability of
these devices. In fact, a demagnetization of CPMU magnets has not been reported yet in any
facility.

In contrast with SCUs, where heat load budgets are of a few watts, CPMUs allow a very
high heat load of several hundred watts. Besides, they provide a stable operation without
any quench, and allow the application of standard techniques for magnetic field correction
and shimming developed for room-temperature PM undulators. As an example, the second
and third full-scale CPMUs constructed at SOLEIL did not require any extra shimming once
finished [64].

As for the magnet cooling, there are two basic schemes available, as shown in Fig. 15. The
most straightforward is using refrigerant channels with liquid nitrogen. This solution provides
a cooling capacity of more than a kW, and it was the solution used at the first directly cooled
CPMU to be operated at 77K, built at SOLEIL [65]. In the case of having to install several
CPMUs, a thermosiphon system has been proposed at Diamond [66]. This system has the
advantage of absorbing large amounts of heat with very small temperature gradients, and it is
a particularly convenient solution when several devices are present. The other cooling concept
is based on coldheads, each one of them providing a cooling capacity at 77 K of ~ 180-200 W
[67]. This principle is being used at SPring-8 [68] and TPS [69]. This technology also allows
reaching temperatures below 77 K, which is a requisite in some proposed advanced designs,
as those making use of dysprosium poles [67].

The first CPMUs made use of NdFeB magnets, and hence were operated at a working
temperature of 130 K. Full scale devices were developed at ESRF [70, 71], SLS in collaboration
with SPring-8 [72, 73] and Diamond [74]. However, PrFeB magnets were readily adopted,
opening the door to cryoundulators cooled and operated at 77K. The first full scale realization
of such a device was carried out at SOLEIL in 2011 [65, 75].

As it has been said, most of the IVU technology can be used in a CPMU, but several key
components need to be adapted, in particular the cooling system, the magnet girder system,
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Figure 15: Diagram of a typical CPMU structure with two different cooling schemes: Left: re-
frigerant channels with liquid nitrogen. Right: cryocooler coldheads. Reproduced
from [22].

and the gap measurement system. In addition, the magnetic field characterization of cryogenic
undulators is challenging, given that magnetic measurements have to be conducted inside the
vacuum chamber and at cryogenic temperature in order to optimize the undulator in the final
operation conditions.

The SAFALI system developed at SPring-8 to carry out measurements inside vacuum cham-
bers was readily adapted to the characterization of CPMUs at low temperatures [49]. The first
adaptation, relying on the precision of a granite bench coupled to the Hall probes through a
free standing pipe, allowed the measurement of a 0.6 m-long CPMU prototype [76]. Shortly
afterwards an upgrade allowing to measure full-scale devices (typically 2.0-2.5m) was de-
veloped and used to measure the CPMU14 for SLS [72]. In this upgraded version, which is
shown in Fig. 16, the Hall probe carriage is displaced along the rail using a tensioned loop
wire driven by a UHV-compatible stepper motor. In parallel, ESRF developed its own system
based on a special vacuum chamber with an in-vacuum rail to guide the displacement of the
Hall-probe carriage, which is moved via a magnetic coupling from an adjacent in-air granite
bench system [70]. In this system two laser interferometers are used to determine the longit-
udinal position and the yaw angle of the Hall probe. More recently a new version of the bench
has been worked out at the ESRF [77], with the advantage that it can be operated inside the
final vacuum chamber of the device. The mechanics of the driving system are incorporated
inside the vacuum system, and the transverse position and roll angle of the Hall probe are
determined by means of a laser setup using PSDs.

At SOLEIL a first measurement system [64] was developed sharing some of the character-
istics of the ESRF original one (Hall probe carriage actuated through an external stepper motor
via a magnetic coupling), but with some differences (the in-vacuum rail was independent from
the vacuum chamber, and was fixed from the outside with seven fixed rods). The deformations
of the guiding system were measured using an optical system and corrected using shims.
All three CPMU18 devices manufactured at SOLEIL were characterized using this bench, but
an upgrade incorporating a SAFALI-style active feedback system based on piezo actuators is
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Figure 16: Schematic diagram of some of the available measurement systems for the in-situ
measurement of full-scale CPMUs. Left: SAFALI system developed at SPring-8
(reproduced from [72]) Right: system developed at ESRF (reproduced from [77]).

undergoing, and will be used to characterize the CPMU15 device which is being built in the
framework of a SOLEIL/MAX-IV collaboration [78].

Finally, HZB is developing a sophisticated SAFALI-type bench with active correction of all 6
degress of freedom (position and orientation) of the Hall sensor [67, 79].

2.4.1 Status (strengths and weaknesses)

In Table 8 we summarize the characteristics of some CPMUs devices currently under opera-
tion, most of them in Synchrotron Light Sources.

Table 8: Non-exhaustive list of full-scale cryogenic PM devices in operation or being manufac-

tured.
Facility material mingap period B, K, length  Temperature Year Ref.
[mm] [mm] [Tesla] [m] K]
ESRF NdFeB 6.0 18.0 0.88 1.48 2.0 150-175 2008 [70]
SLS NdFeB 3.0 14.0 1.186  1.551 1.7 135 2009 [72]
Diamond NdFeB 5.0 17.7 1.04 1.72 2.0 155 2010 [80]
SOLEIL PrFeB 55 18.0 1.152 1.94 2.0 77 2011 [24]
SOLEIL PrFeB 55 18.0 1152 1.94 2.0 77 2015 [78]
SOLEIL PrFeB 55 18.0 1.152 1.94 2.0 77 2017 [78]
ESRF (Pr,Nd)FeB 5.0 14.4 1.0 1.35 2.0 80 2016  [81]
SSRF NdFeB 6.0 20.0 1.03 1.92 1.6 140 2016 [82]
SSRF PrFeB 6.0 18.0 0.91 1.53 2.6 80 2017 [82]
BESSY-II  (Pr,Nd)FeB 55 17.0 1.17 1.85 1.6 80 2018 [83]
SOLEIL PrFeB 3.0 15.0 1.735 2.34 3.0 77 —  [78]
TPS PrFeB 3.0 15.0 1.77 2.48 2.0 77 —  [69]
Diamond  (Pr,Nd)FeB 5.0 17.6 1.20 1.97 2.0 77 —  [84]

The strengths of this technology include the following features:

e This technology allows to push the period of undulators down to the limit of the possibil-
ities of PM materials.

e CPMUs expand the advantages of conventional IVUs (enhanced field strength and im-
proved radiation resistance) at the extra cost of implementing a cryogenic system. This
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system, however, is much simpler and relaxed than the one required by SCUs.

e Due to the large cooling capacity of the magnet structure, the problem of electron beam
and synchrotron radiation induced heating is much alleviated when compared to con-
ventional IVUs. As a result these devices have a more stable operation than SCUs.

e Despite the fact that CPMUs have not been yet used in a FEL facility, the experience
gained at Synchrotron Light Sources allows to foresee a straightforward transfer of this
technology to a future FEL.

e In fact, it is to be expected that CPMUs will become the workhorses for Storage Ring-
based and FEL light sources for the next 5—10 years, until they are eventually super-
seded by the development of superconducting technology.

As for the weaknesses:

e The main weakness of CPMU technology is that it is limited by the properties of PM
materials, which are not expected to improve in the future. In contrast, the materials
properties in the case of SCUs keep on improving steadily.

e In a way similar to IVUs, no cryogenic versions of variable polarization undulators have
been developed yet. However, the R&D efforts directed to build an APPLE-II in-vacuum
undulator are including the demands and constraints of a future cryogenic option wherever
possible.

2.4.2 Opportunities and challenges

Unlike in the case of IVUs, no experience is yet available for the series production of a batch of
10-20 identical CPMUs for a FEL. However, many of the lessons learned with IVUs for SACLA
and SwissFEL (Aramis) will help to undertake such an effort. In fact, most of the tools required
to characterize and tune IVUs have been developed taking CPMUs already in mind, and they
are readily available. On top of this, a series of several CPMUs as the one required for a FEL
will benefit from cooling schemes based on a thermosiphon as the one developed at Diamond,
with the associated reduction of costs.

It is worth noting that the limits posed by the properties of available PM materials on CPMU
technology have not been reached yet. In this sense there is still room for improvement,
specially shrinking the period length of the devices down to the limit of what is mechanically
feasible: full-scale operating devices have periods larger than 14 mm, whilst short prototypes
with periods as small as 7-9 mm have already been developed. Another direction for improve-
ment involves adopting more sophisticated pole geometries (wedged poles, compound poles
with side magnets, etc) or pole materials with higher saturation magnetization (dysprosium or
holmium). This latter option, however, will require a significant R&D program before becoming
feasible on a full-scale device.

The summary of SWOT analysis for cryogenic PM devices is shown in Table 9.

2.4.3 Advances in science and technology to meet XLS requirements

For single pass light sources the transverse good field region is solely defined by the electron
beam size and alignment tolerances, allowing the use of transversally narrow and shaped
poles to further enhance the magnetic field. As an example, in their prototype for a 9 mm
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Table 9: Summary of SWOT analysis for cryogenic PM devices.

Cryogenic PM devices
STRENGTHS WEAKNESSES
e Lowest period achievable * Technology not mature
. Enhancz d field strenath e Few active and knowledgeable groups
. g. e Minimum industrial involvement
e Improved radiation resistance o More expensive
No baking of the magnetic structure needed

: Higher cfercive forcg of the magnets e Challenging magnetic field characterization

9 . . .g e Complex mechanical, ultra-high vacuum and
e More resistant to demagnetization effects aryo solutions
* Higher magnets rem?nencel e No schemes providing full control on the po-
e Increased undulators’ peak field larization of the emitted light

OPPORTUNITIES THREATS

e Application of improved permanent magnets
e Smaller period devices
o Longer durability of magnetic structures e Serial productions are far to being feasible
e Higher performance achievable e Full-scale device with variable polarization not
e Further developments of magnetic measure- available yet

ment benches for closed gap undulators
e More stable operation due to large cooling ca-

pacity
e Possible application for future FEL

period and 2.5 mm fixed-gap CPMU the team at Helmholtz-Zentrum Berlin proposed to use a
compound pole [85] (see Fig. 17). The compound pole provides an enhancement of the peak
field by a 15% with respect to a conventional design. The achieved effective field at 20 K was
1.28 Tesla, for a g/A,, ratio of 0.28.

Figure 17: Single compound pole (/eft) and single girder with magnets and poles (right) corres-
ponding to the short period (A, = 9 mm) fixed gap (g = 2.5 mm) undulator prototype
developed at HZB. Reproduced from [85].

Another way of pushing the peak field to its limit is replacing the pole tips by textured Dy
or Ho, that in principle would allow to increase the field by a ~ 20% for g/A, = 0.1 [15]. This
requires cooling the system below liquid nitrogen temperature and no experience is available
yet.

Operating devices have period lengths comprised in the range 14-20 mm, but efforts to
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reduce further are being carried out at HZB [86]. Within this R&D effort a couple of 2.5 mm
fixed gap prototypes with a period of 9 mm have been constructed. The first prototype used
conventional rectangular CoFe poles, whereas the second prototype, as it has been mentioned
at the beginning of this section, used compound poles which combined a trapezoidal CoFe
piece with side magnets, all elements being soldered together [85]. Both prototypes made use
of a new concept without magnet keepers; instead, permanent magnets are directly mounted
inside the slots defined by two comb-like gauges located at both sides of the girder, and the
poles are introduced into the spaces between the magnets. The girder was made of Cu for a
better thermal conductivity. Some of these principles have been applied to the construction of
a full scale device with a period length of 17 mm and a gap of 5 mm [83].

The company RadiaBeam Technologies launched some years ago an R&D program aimed
to build short-period CPMU [87]. One of the goals of the project was developing textured
dysprosium (TxDy) as a material suitable for manufacturing undulator poles. Eventually the
development of textured dysprosium was discontinued, and the first prototype, with a period
of A, = 7/,mm and a fixed gap ¢ = 2mm, made us of conventional vanadium permendur
poles combined with (Pr,Nd)FeB magnets. The magnetic field generated by the prototype has
only been characterized at room temperature, with the peak field turning out to be B, =
1.11 Tesla, corresponding to a deflection parameter K = 0.72.

Figure 18: Images of the fixed-gap short-period cryogenic undulator prototype developed by
RadiaBeam Technologies. Reproduced from [87].
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2.5 Field scaling for PM undulators

In Table 10 we provide a list of the parameters a, b, c in the scaling expression Eq. (4) determ-
ined for different types of PM undulators. In each case we indicate if the fit was carried out
for the peak (B,,.4) or the effective (B, ;) magnetic field. Those entries in Table 10 with the
reference [D5_1] have been obtained as a result of a dedicated study in the framework of the
present project, by means of magnetostatic simulations carried out using RADIA [88, 89].

Table 10: Scaling law parameters for the magnetic field (either peak or effective value) as a
function of the gap over period ratio for different types of PM undulators.

Type Material Field a b c Range (x = g/4,) Ref
planar PM ver. field SmCo (B, =1.1T) B eak 1.87 —3.01 —0.14 03<x<3 [D5_1]
planar PM ver. field NdFeB (B, =1.25T) Bleaw 213 —3.01 —0.14 03<x<3 [D5_1]
planar PM ver. field NdFeB (B, = 1.427T) Bpear 242 -3.01 —0.14 03<x<3 [D5_1]

CPMU planar PM ver. field PrNdFeB (B, = 1.7T) Blea  2.89 —3.01 —0.14 03<x<3 [D5_1]
Hybrid SmCo (B, =1.1T) Bpear 350 —4.75 0.89 03<x<3 [D5_1]
Hybrid NdFeB (B, =1.25T) Bea  3.60 —4.45 0.67 03<x<3 [D5_1]
Hybrid NdFeB (B, =1.427T) Buea  3.70 —4.18 0.49 03<x<3 [D5_1]

CPMU Hybrid PrNdFeB (B, = 1.7T) By  3.88 —3.87 0.26 03<x<3 [D5_1]
APPLE-II ver. field NdFeB (B, = 1.427) Bieaw  1.76 —2.62 —0.55 03<x<3 [D5_1]
APPLE-II circular NdFeB (B, = 1.427T) Bpeak 1.36 —2.98 —0.28 03<x<3 [D5_1]
APPLE-X ver. field NdFeB (B, = 1.427T) Bleaw 325 —4.11 0.35 03<x<3 [D5_1]
APPLE-X circular NdFeB (B, = 1.427T) Bpear 241 —4.27 0.40 03<x<3 [D5_1]
planar PM ver. field NdFeB Bleax 2076 —3.24 0 0.l<x<1 [90]
planar PM hor. field NdFeB Bk 2.400 —5.69 1.46 0.1<x<1 [90]
planar PM circular NdFeB peak  1.614 —4.67 0.62 0.1 <x<1 [90]
APPLE-II ver. field NdFeB Bpear 176 —2.77 —0.37 n/a [91]
APPLE-II hor. field NdFeB Bleaw 222 -5.19 0.88 n/a [91]
APPLE-II circular NdFeB Blea  1.54 —4.46 0.43 n/a [91]
Delta ver./hor. field NdFeB (B, =1.26T) Bpear 1.96 —0.82 —3.31 02<x<0.32 [9]
Delta circular field NdFeB (B, =1.26T) Blea  1.45 —1.28 —2.24 02<x<0.32 [9]
Hybrid SmCo Bpear 333 —5.47 1.8 0.07 <x<0.7 [5]
Hybrid NdFeB/permendur B,k 3.694  —5.068 1.520 0.1<x<1 [90]
Hybrid NdFeB (B, =1.1T) Bpear 344 —5.08 1.54 0.07<x<0.7 [92]
Hybrid NdFeB (B, =1.3T) B eak 4.3 —6.45 1.00 0.04<x<0.2 [92]
Hybrid SmCo (B, = 1.12T) Bosr 2.94 —4.62 1.37 0.1 <x<0.6 [93]
Hybrid NdFeB (B, = 1.227T) B,y 3276  —451 1.20 0.1 <x<0.6 [93]
CPMU hybrid NdFeB (B, = 1.5T @150K) Bpeqr 3121 =3204  —0.193 02<x<0.6 [27]
CPMU hybrid PrFeB (B, = 1.67T @77K) Bpeqr 3198 —3.062  —0.332 02<x<0.6 [27]
]

CPMU hybrid (Nd,Pr)FeB (B, = 1.62T @77K)  B,;; 3177 —3.111 0495  0.14<x<0.8 [67
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3 Superconducting undulators

3.1 Basic conceptual design

The history of superconducting undulators (SCUs) and their application to free-electron lasers
(FELSs) goes back to the first experimental demonstration of FEL amplification in the 1970’s [94,
95]. Elias, Madey and co-workers used a helical SCU consisting of a double helix winding
around the beam tube. The first planar SCUs for storage rings and potential use in FELs
were developed and applied shortly after that [96—99]. The development of SCUs, however,
did not keep up with the tremendous progress of permenant magnet undulator technology,
except for the niche of high-field multipole wigglers [100, 101]. In their frequently cited review
article “Design considerations for a 1 A SASE undulator” of the year 2000, Elleaume, Chavanne
and Faatz came to the conclusion: “It clearly appears that while superconducting technology
appears very attractive for producing high field at low magnetic gap, due to the inexistence of
any prototype of such high-field superconducting undulator, it is not yet a real option for the
undulator designer.” [90].

This situation has changed. SCU development programmes started in the 1990’s at several
laboratories around the world, leading to the successful demonstration and routine operation
of planar SCUs in storage ring light sources [102—-105], and to a re-consideration of their
application particularly to hard-X-ray FELs [106]. In spite of the progress made on permanent
magnet undulators, SCUs still offer higher magnetic flux density amplitudes and/or shorter
period lengths. The development of low-emittance, medium energy storage rings and the
tendency towards compact short-wavelength FELs create an increasing demand for narrow-
gap, short-period undulators, which SCUs can serve very well. On the other hand, SCU
technology today can take benefit from many years of superconducting accelerator magnet
technology and cryogenics development. The trade-off between magnetic performance on the
one hand and technological challenges on the other is not any more to the disadvantage of
SCUs.

The basic design of an SCU magnet consists of an array of superconducting coils, typically
wound on a soft iron former or around soft iron poles, or of a (high-temperature) superconduct-
ing bulk structure including soft iron poles. As for permanent magnet devices, several different
field configurations are possible, including planar and helical periodic fields, configurations for
electrically variable polarization or periodic fields with a transverse gradient. Depending on
those on the one hand, and on the choice of conductor on the other hand, different wind-
ing schemes and winding procedures, splicing techniques, possibly after-winding processing
steps, cooling and powering configurations apply, as will be described in more detail in the
following subsections of this report.

All SCU species have in common that their magnet assembly forms a cold mass for which
typical operation temperatures of 2—4.5 K need to be maintained with the high-energy particle
beam and potentially a high-power photon beam passing through the (narrow) undulator gap.
For almost all types of SCU magnet assemblies, indirect cooling schemes are favoured. An
exception are coil assemblies directly wound on the beam vacuum tube (or a tube concentric
with it), which more conveniently are immersed in a liquid Helium bath. Prominent examples
for such structures are double-helix helical SCUs.

Indirect cooling schemes either employ liquid Helium flow through the coil former or a heat
exchanger thermally connected to it, driven e.g. by the thermosiphon effect [108], or contact
cooling by cryocoolers. Both schemes have been shown to work reliably in storage ring light
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Figure 19: Exemplary sectional view of a cryostat for superconducting insertion devices using
a thermosiphon-based conduction cooling scheme. The example shows the CLIC
damping wiggler prototype manufactured by the Budker Institute of Nuclear Phys-
ics and installed in the Karlsruhe Research Accelerator (KARA). A similar cryostat
design is used for the APS superconducting undulators. 1: wiggler magnet, 2: cryo-
coolers, 3: current leads, 4: internal liquid Helium reservoir, 5: radiation shields, 6:
vacuum vessel. Graphics reproduced from [107]

Figure 20: Conceptual view of a minimally segmented line of SCU cryostats as proposed for
the LCLS-II. Graphics reproduced from [106]

sources [104, 109-112]. Schemes using liquid Helium as a cooling medium can be designed
as closed cycle, zero boil-off systems with Helium recondensers [107, 113], either with a liquid
Helium reservoir incorporated in the SCU cryostat (exemplarily shown in Fig. 19), or — an
option more applicable for FELs — with a set of SCU cryostats forming a line supplied by a
central cryoplant [114].
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For storage ring applications, the cryostat’s insulation vacuum (typically in the order of
10~° mbar in warm, 10~ mbar in cold conditions) and the beam vacuum (< 10*9mbar) are
separated. In order to sustain the beam-induced heat load, the beam vacuum chamber is
thermally isolated from the coils and may be kept at a somewhat higher temperature level
(order of 10—20 K) where higher cooling power is available [107, 115]. The wall thickness of
the beam vacuum chamber and the mechanical separation of the superconducting coils from
the beam chamber result in a difference between the magnetic gap and the beam-stay clear,
which for the most advanced designs is in the order of 1 to 2.3 mm [116, 117].

As pointed out by J. Clarke [118], for a single-pass application like an FEL, it might be
a feasible option to omit the beam vacuum chamber, i.e. to operate SCUs as in-vacuum
devices. That would enable much lower differences between beam-stay-clear and magnetic
gap height (0.2 mm) and thereby significantly higher field amplitudes for a given period length
and beam-stay-clear. We shall consider this option in more detail below.

Rather independent from the particular choice of superconducting magnet technology, a
complete SCU-FEL beam line will typically consist of a line of cryo modules as shown in
Fig. 20, each containing one or two SCU modules, at least two focusing magnets (possibly
but not necessarily also superconducting) as part of the magnetic lattice, steerers, phase
matchers and beam diagnostic elements, all operated at cryogenic temperatures in order to
avoid space-consuming cold-warm transitions as far as possible.
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Figure 21: Winding geometries for superconducting insertion devices. Graphics partly repro-
duced from [119]

3.2 Low temperature

Superconducting planar undulators Superconducting planar undulators typically consist
of two opposing periodic arrays of superconducting coils as depicted in Figure 21 (top) and
(middle). In most cases, the coils are wound on a soft magnetic former which leads to an in-
crease of the on-axis magnetic flux density as compared to a purely coil-generated undulator
field. Each period consists of two poles and two superconducting coils carrying a current of
equal magnitude but opposite direction. The most common design is the vertical-racetrack
(VR) arrangement shown in Fig. 21 (middle). The horizontal-racetrack (HR) design shown
in Fig. 21 (top) is typically applied for superconducting wigglers with period lengths down to
20mm. Since the bending radius of the superconducting wire is a limiting factor, it seems
rather clear that ultimately short period lengths of planar SCUs can only be achieved in a ver-
tical coil arrangement. It is worth noting, however, that superconducting wigglers with ever
shorter period lengths have been developed and implemented over the years and a design
for a HR-SCU with 15.6 mm period length has been designed and experimentally tested [120],
which is not necessarily the limit in terms of short period lengths. Since the HR option can have
advantages over the VR option in terms of mass production, mechanical alignment, mainten-
ance and repair, it should, although uncommon, not be excluded.

In general the gap of low-temperature superconducting undulators is fixed and the undulator
is tuned by varying the current in the superconducting coils. In that respect the mechanical
design of superconducting undulators is much more simple than that of variable-gap perman-
ent magnet devices.

The applicable current is limited by the critical current density on the load line, i.e. intersec-
tion of the maximum magnetic flux density felt by the conductor as a function of applied current
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Table 11: SCUs in storage rings and FELs.

Name mag. gap stayclear period B K length year Ref.

(mm) (mm)  (mm) (T) (m)
ANL APS
SCU0 9.5 7.2 16.0 0.7 1.1 0.3 2015 [27,102]
SCU18-1 9.5 7.2 180 1.0 1.6 1.1 2016 [27,123]
SCU18-2 9.5 7.2 180 1.0 1.6 1.1 2016 [27,123]
Helical SCU 31 29 315 04 1.2 1.2 2018 [27, 124, 125]
SLAC LCLS
FEL SCU® 8.0 5.7 21 1.7 33 1.5 2018 [123][125]
Daresbury & Rutherford Appleton Laboratory
Helical ILC test 6.4 5.9 115 09 09 2x1.74 2011 [122]
KIT KARA
SCU14 8.0 7.0 140 04 0.6 1.4 2010 [126]
SCU15 8.0 7.0 15,0 0.7 1.0 1.5 2016 [105]
SCU20 8.0 7.0 2000 1.2 22 1.6 2018 [104]
Stanford University/first FEL
Helical 10.2 32 0.2 0.7 5.2 1976 [94, 127]
BNL ATF/FEL
Planar 4.4 88 05 3.9 0.6 1992 [127, 128]

with the critical surface of the phase transition to the normal conducting state. The load line
depends on the actual coil geometry. The critical surface in terms of engineering current dens-
ity depends on the properties of the superconducting strand, the packing density of the coils
and the operating temperature. In the parametric studies discussed below, typical properties
of presently commercially available strands are assumed.

Superconducting helical undulators Superconducting helical undulators (SCHU) are in
many ways more straightforward to manufacture than superconducting planar devices. They
are not a new idea, in fact the original FEL employed an SCHU [95] and they have been used
in particle physics experiments [121] and developed to drive high intensity positron sources
for future linear colliders [122]. The most common design, since it is efficient and relatively
easy to wind, is the bifilar helix [92], which is depicted in Fig. 21 (bottom). This essentially
consists of two interlocking helical windings with currents flowing in opposite directions. To
increase the field, the space separating the windings can be filled with a helical iron former.
The fields generated by such a magnet are very strong since the beam axis is fully surrounded
by superconducting windings and iron poles. Recently an SCHU has also been built and
installed into a third generation light source [117].

3.2.1 Status (strengths and weaknesses)

Superconducting planar undulators Thanks to the SCU development programmes in sev-
eral labs, particularly driven by the Argonne and Lawrence Berkeley National Labs (ANL/LBNL)
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Figure 22: Magnetic strength B, ((a)) and undulator parameter K ((b)) depending on the mag-
netic gap g and the undulator period length A,. Nb-Ti at 80% of its maximum field
strength

in the US, the cooperation of the Karlsruhe Institute of Technology (KIT) and Bilfinger Noell
GmbH in Germany and the Daresbury and Rutherford Appleton Laboratories within the UK
Science & Technology Facilities Council (STFC), Nb-Ti-based superconducting planar undu-
lators have become a mature technology. Several devices have been installed and tested in
storage ring light sources, and several are being successfully and reliably operated at the Ad-
vanced Photon Source (APS) at the ANL and at the KIT synchrotron light source. Moreover,
Nb-Ti-based superconducting planar undulators are being offered as a customized commer-
cial product by Bilfinger Noell [116, 129, 130]. Table 11 summarizes the full-scale Nb-Ti-based
devices successfully tested and/or currently in operation in storage ring light sources.

Nb;Sn-based SCU technology, while promising a significantly higher performance in terms
of magnetic flux density amplitude for given gap width and period length, is much less ad-
vanced due to the much more severe technical challenges [131], which we shall address below.
However, examples of successful manufacturing, processing and cold testing of Nb;Sn-SCU
short models [132, 133] and full-scale coils [134] exist, suggesting that Nb;Sn-based SCUs
will probably become feasible in the future.

Not only has the SCU technology (including the associated cryo-technology) been strongly
advanced over the last two decades, but also the required laboratory infrastructures for testing,
characterizing and conditioning the SCU coils [135, 136].

The main reason for considering SCUs as for FEL driver for XLS is clearly the achievable
magnetic performance in terms of e.g. the ratio of flux density amplitude to period length for a
given gap width. In these terms, already the least advanced SCU technology (Nb-Ti) outper-
forms permanent magnet technologies over a wide range of period lengths. Figure 22 shows
a contour map of FEM calculated magnetic flux density amplitudes (a) and corresponding un-
dulator parameters (b) at 80% of the critical current density on the load line as a function of
gap width and undulator period length, showing that K values above one are well feasible at
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Figure 23: Magnetic strength B, ((a)) and undulator parameter K ((b)) depending on the mag-
netic gap g and the undulator period length 4,,. Nb3Sn at 80% of its maximum field
strength

period lengths down to 9 mm for a magnetic gap of 4 mm. Note that this model calculation was
made under rather conservative assumptions.

Further strengths of Nb-Ti-based planar undulators are their already described technical ma-
turity and their proven operational stability under the comparably harsh operation conditions in
a highly reliable storage ring light source. As far as the cryogenic part of this technical maturity
and operational performance is concerned (which is in fact a major part of the SCU technology
in general), this statement also applies to Nb;Sn and even high temperature superconductor-
based SCUs.

Nb;Sn-based SCUs could offer an even higher magnetic performance. A similar contour plot
as shown for Nb-Ti in Fig. 22 is shown for NbsSn in Fig. 23. The gain in performance shown
by this calculation is not as high as one might have expected. The reason for that lies in the
assumptions made on achievable quench currents, which are based on data of Nb;Sn strands
commercially available today. Since the development of Nb;Sn strands is mainly driven by the
development of high-field accelerator magnets [137-139], these strands are not well suited
for the application in SCUs particularly when pushing for short periods. The comparably low
flux density at the conductor in short-period SCUs leads to low pinning forces and in turn to
unstable operation conditions for the Nbs;Sn strand. This effect currently puts a limit to the
performance of short-period Nb;Sn SCUs, which might be overcome or at least shifted by
future developments in the part of the conductor.

A strength common to all low-temperature superconducting undulator technolgies and im-
portant to note particularly in the context of XLS is the radiation hardness of superconducting
magnets (as stated e.g. in [106, 140]). In fact, the superconducting properties of low tem-
perature superconductors are hardly affected at all by irradiation with electrons and photons
[141]. The limiting factor for the lifetime of SCUs in an FEL environment is therefore the
radiation-induced degradation of the insulating material, which is also mechanically stabilizing
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the superconducting coils. Polyimid-based insulation materials commmonly used in acceler-
ator magnets are typically able to withstand doses 1-30 MGy.

What may be regarded as a weakness common to all types of superconducting undulators, is
the indispensable cooling to cryogenic temperatures, which is reflected in technical complexity
of the device itself as well as of the appropriate test and characterization facilities, investment
and running cost and effort required for implementing, optimizing and maintaining a beam
line of several tens to hundreds of metres of SCUs. Along with that, field measurement and
particularly field correction schemes, as far as available, are technically complex and much
less elaborated than the established shimming techniques for permanent magnet undulators
[142, 143].

Today’s state of the art planar SCUs designed for storage rings are, as mentioned in the
introduction to this section, out-of-vacuum devices. Thus, they share with the out-of-vacuum
PMUs the weakness that their magnetic gap is significantly larger than the beam-stay-clear,
which puts a limit to the achievable magnetic flux density amplitude particularly at short period
lengths. In-vacuum SCUs would considerably push this limit.

Employing Nb5;Sn technology for SCUs comes with additional challenges, one of which we
already addressed, the fact of available strands not being optimized for the application in un-
dulators. The further challenges mainly arise from the material properties of NbsSn, which is a
brittle intermetallic compound with strain-sensitive superconducting properties. Unlike Nb-Ti,
NbsSn can only be reacted after winding, which requires a thermal treatment which is very
challenging to apply to SCU coil compounds and makes it very difficult to maintain mechan-
ical tolerances required for a good field quality. Due to the sensitivity of the material to strain,
among other reasons, a Nb;Sn undulator coil is much more likely irreversibly damaged than a
Nb-Ti coil in case of a quench.

Superconducting helical undulators The challenge with using an SCHU for CompactLight
will be the combination of very short period and narrow beam aperture whilst maintaining suit-
able field strength and quality for the FEL. The bifilar helix is not intrinsically a rigid device
since in some ways it resembles a spring. The engineering challenge then is likely to be
mechanically achieving and maintaining the periodicity and straightness along its length. The
SCHU already demonstrated with parameters nearest to those required by CompacitLight is
that developed for positron production [122], using Nb-Ti wire, which had a period of 11.5 mm,
an aperture for the electron beam of 5.35 mm, a length of 1.74 m per unit (two units in one
cryostat), and a design field of 0.86 T on axis. Two units were built and tested successfully,
each achieving ~ 1.15T on axis, far more than the design value. The same group later invest-
igated the application of Nb;Sn superconductor to this type of undulator in the framework of
the EUCARD project. They identified extra challenges related to the superconductor not being
optimised for low field (< 4 T) operation which led to instabilities, to the insulation between
the iron former and the wire having to cope with the high temperature reaction process of the
superconductor, and also with the brittleness of the activated wire itself. Two short prototype
SCHUs were built with similar parameters to those of the Nb-Ti version but both gave disap-
pointing performance and were not followed up. It is clear that were CompactLight to pursue
the use of Nb3;Sn in this type of device there would be an extra layer of challenges to overcome
beyond those already present with the established NbTi technology.
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3.2.2 Opportunities and challenges

From the data on magnetic performance discussed in the previous section it can be concluded
that already the most conservative superconductor technology (Nb-Ti) enables a rather ag-
gressive design of a modern X-ray FEL facility in terms of compactness. With the exception
of the early history of FELs, Nb-Ti superconducting undulators have not been employed in
FEL facilities so far. However, they have become a state-of-the-art technology for storage ring
light sources and are being further developed and validated for their application to free elec-
tron lasers in an active R&D programme for the upgrade of the Linac Coherent Light Source
(LCLS-II) [106, 117].

This programme has lead to promising results also with regard to the intrinsic SCU field
quality and SCU field correction techniques [143] and has significantly advanced the Nb3Sn
superconducting undulator technology.

Obviously, if fully utilisable, Nb3;Sn technology has great promise for high-performance short-
period undulators and in turn for compact FELs. Recent achievements on short models [134,
144] suggest that the fabrication of stable, high-quality Nb;Sn SCU magnets, though demand-
ing, is in fact feasible, and that by advances of the Nb3Sn strand technology also the issue of
instabilities at high current densities and low fields could be resolved. It is well possible that
an increasing demand for Nb;Sn strands optimized for “low field” applications like SCUs will
stimulate an according R&D and bring this technology into reach for a future CompactLight
facility.

The cryogenics realized for SCUs so far are adapted to their use as single devices in stor-
age rings. Conceptual cryostat designs for many superconducting insertion devices in a row
have been proposed for damping rings [145] as well as for FELs [114]. As suggested in [114],
it is relatively straightforward to employ multiple independent SCUs, especially helical, in par-
allel within a single cryostat, enabling an extremely close packing of undulator lines virtually
unachievable with permanent magnet undulators.

3.2.3 Advances in science and technology to meet XLS requirements

With the background of the advances in low-temperature SCU technology for storage rings
over the last decade, it seems relatively straightforward to develop a baseline conceptual
design for a superconducting undulator beam line serving the XLS requirements in terms of
FEL performance and compactness, based on the established out-of-vacuum Nb-Ti techno-
logy.

There is a high potential for further improvements and developments. We already addressed
in-vacuum SCUs and NbsSn SCUs which are actively being investigated and will likely become
available in the near future.

Above that, there is a potential for advancing the magnetic design of SCUs with respect to
optimal FEL performance and enhancements such as tapering schemes, two-colour, broad
band radiation and variable polarization schemes.

3.3 Field scaling for low temperature superconducting undulators

Table 12 summarizes the scaling parameters for Nb-Ti and Nb;Sn planar and helical undulat-
ors applied to the scaling expression

Bl ) = (e + ety ~ el +sA)exp (x (co <05 ) ). @
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Based on the scaling laws described in [146] and put into practical formulae by [27], we up-
dated the equation by a factor of 1.17 for Nb-Ti to match simulations and measurements done
at the Rutherford Appleton Laboratories for planar Nb-Ti undulators. The equation for Nb;Sn
which fits to our simulations is also taken from the aforementioned papers. To get scaling laws
for helical superconducing undulators we fitted the parameters in Eq. 6 to Opera 3d [147] sim-
ulations done in the period range of 3—15 mm for the magnetic gap heights of 3 mm, 6 mm and
9mm.

Table 12: Scaling law parameters for the magnetic field as a function of the gap over period
ratio for different types of SC undulators. The planar fits are based on [27, 146, 148],
but for Nb-Ti multiplied with a factor ¢; = 1.17, because of new fit-data. For helical
undulators completely fitted to simulated data.

Nb-Ti Nb,Sn
Planar Helical Planar Helical
cy 1.17 1.70+0.15 1.3 1.254+0.12
C) 0.28052 0.055+0.013 0.28052 0.0440.05
c3 0.05798 0.063+£0.005 0.05798 0.056+0.018
cy/107* 9 25+3 9 —~10+20
¢s/10°° 5 51+12 5 —30+80

cs 1 0.833340.0015 1 0.940 40.006
A/g 0.5 0.5 0.5 0.5
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3.4 Coils from high temperature superconducting tapes

This section focuses on high-temperature superconductors (HTS) in the form of tapes and
their application to superconducting undulator magnets. The investigated conductor material
is from the group of Rare-earth Barium Copper Oxides (REBCO), such as Yttrium Barium Cop-
per Oxide (YBCO) or Gadolinium Barium Copper Oxide. REBCO based conductors become
superconductive above the boiling temperature of liquid nitrogen. For instance the critical tem-
perature of YBCO was found at 93 K, corresponding to —180.15 °C [149].

Besides REBCO there is another type of HTS conductor available on today’s market which
exists in the shape of a round wire: Bismuth Strontium Calcium Copper Oxide (BSCCO). How-
ever BSCCO has two notable disadvantages: First, since BSCCO wires are heavily depending
on the use of silver for forming a filament matrix, the lower limit of the cost will always be driven
by silver. Second, an extensive and complicated manufacturing process is needed (worse than
for Nb3Sn) undergoing high temperatures and pressures [150]. Contrary, REBCO is promising
a more inexpensive and more economical way of production in the future. REBCO material is
deposited as a thin layer (1 to 5 um) on a carrier substrate, like stainless steel or Hastelloy and
usually surrounded by layers of copper, optionally silver, and thin buffer layers. A schematic
sketch of the different layers can be seen in Figure 24. The tape shape gives the coated con-
ductor easy and hard bending directions, which must be taken into account during the process
of coil design.

Undulator magnet structures wound from HTS tape can follow the same geometrical designs
as low-temperature superconductor (LTS) devices, presented in a previous section (see Fig-
ure 21). In this work we investigated horizontal and vertical racetrack geometries as well as
helical designs.

Copper Stabilizer (50 um)

puffer Layers (0.2 pm)

Figure 24: Schematic sketch cross-section of coated REBCO conductor tape structure [151].

3.4.1 Status (strengths and weaknesses)

At present the main application for HTS conductors are electric power applications such as
power cables. In the field of magnet technology, high-temperature superconductors are still
undergoing the process of research and development.
Due to their upper critical field of (168 +26) T [152] HTS conductors have been successfully
used for solenoidal insert coils in LTS coil generated background fields over the past years,
generating fields beyond 30 T [153].

Recently, steps have been made in designing, building and testing dipole magnets from HTS
tape conductor within the European funded FP7-EUCARD2 collaboration [151],[154]. Built as
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insert, the Feather-M2.1-2 magnet reached 3.1 T stand-alone at 5.7 K and was tested between
5K and 85 K. Basically the same field is expected to be reached in the background field of the
Fresca-2 magnet, which is approximately 13 T [155],[156].

In addition first undulator coil concepts have been proposed for planar windings [157] as well
as for modified REBCO tape by means of lithography [158], laser-scribing [159] or tape cutting
[160]. First short models using vertical racetrack geometry have been built from HTS tape con-
ductors and successfully tested with one reaching current densities of more than 2.1 kA/mm2
in the coil cross-section [161], showing the conductor’s potential and the proof of concept. Sim-
ulations and measured data agreed in terms of magnetic field values for these experiments.
Currently there are different options of insulation under investigation when using HTS tapes
for coil winding: Partially insulated coils show better field settling times and less eddy currents
[161],[162]. In contrast, non-insulated or even fully soldered coils may be self-protective in
case of a quench due to better current sharing [163],[164].

Besides planar geometries, helical designs are a possible option as well. Here, at present,
the limiting factor is the minimum bending radius of coated REBCO conductor tapes which
is not smaller than 5 mm [165], making smaller gaps than 10 mm impossible without some
breakage in the REBCO layer. Taking this and the resulting lower magnetic fields into account,
helical designs from REBCO tape are currently inferior to vertical and horizontal racetrack geo-
metries.

All superconducting magnets, whether based on LTS or HTS conductors, require cryo-

genic cooling technology. Cryogenic technology is readily available, as for example shown
by CERN'’s Large Hadron Collider (LHC) magnet system which is operated at 1.9K. An-
other example is the superconducting undulator SCU15 at the Karlsruhe Research Acceler-
ator (KARA), which is ran as synchrotron research facility. SCU15 is operated at 4.2 K having
a period length of 15 mm and a total length of 1.5m [112].
Whereas for CERN'’s high-field magnet system no other technological solution exists, super-
conducting undulator technology competes with permanent magnet undulator (PMU) tech-
nology which does not necessarily require cooling. Therefore, the cost and complexity of a
cryogenic system is an important factor for the decision whether or not to procure and install
superconducting undulator magnets in an FEL. HTS has the advantage compared to LTS that
it can be operated at higher temperatures allowing to use a more cost-efficient and simplified
cryogenic system. This becomes as well useful in terms of compensating heat loads, e.g.
caused by joint connections of superconductors.

Some of the mentioned experiments [160],[161] investigated methods of reducing resistive
joints, connecting the superconductive undulator coils, which have typical values of 40 nQ- cm?
[166] at 4.2 K. This implies a significant heat load to the cryogenic system when aiming for
high magnetic fields driven by operating currents in the order of 1 kA. Especially in the FEL
scenario where undulator section lengths with multiples of 10 m are needed having a period
length in the order of tens of millimeters, reducing the number of joints is essential to minimize
the total heat load of the undulator. Typically few W/m can be sustained by the cryogenic
cooling system at 4.2 K. The joint resistance scales reciprocal with the joint area: The bigger
the area, the smaller the resistance. Considering an undulator with a period length of 15 mm,
a heat load of approximately 1.8 W /m is expected.
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However having no joints in the superconductive undulator, implying to wind the coils from one
piece of conductor, comes with a limitation: Designs without joints are losing their modular
structure. Here the advantage is an easy way to replace defect conductors or regions, that
may have been damaged due to e.g. quenches. Hence, the number of joints has to be well
balanced because their influence on the heat load must be reasonably small.

A significant difference between LTS cables and HTS tape conductors is the angular de-
pendence of HTS tapes regarding applied magnetic fields. The critical current of an HTS tape
in a magnetic field strongly depends on the angle of the field lines relative to the REBCO plane
within the tape. Typically larger currents are reached when magnetic field lines are aligned in
parallel to the tape plane, thus perpendicular to the plane’s normal vector. The critical current
drops rapidly for other configurations coming to a minimum for the perpendicular arrangement.
This behavior becomes more distinct when higher magnetic fields are applied. Here the dis-
crepancy in critical current, between parallel and perpendicular magnetic field directions, may
drop by more than 50 % [151]. So the critical current density is a function depending on the
temperature T, the applied magnetic field B and the angle of the magnetic field 3: J.(T,B, ).
This has to be taken into account when designing an HTS magnet.

For this study the critical current was assumed to be a function of temperature, applied

magnetic field and field angle, as discussed above. The planer undulator models feature iron
poles, whereas the helical model was designed iron free. No geometric optimization regarding
the field angular dependency was performed. Planar simulations were performed in Opera 2D,
whereas the helical geometry was studied in Opera 3D [147].
The angular dependency can be seen when comparing magnetic field values B, and undulator
parameter K for horizontal racetrack (HR) to vertical racetrack (VR) geometries (Figures 25 and
26). When comparing HR to VR concerning the magnetic field component B, (Figures 25(a)
and 26(a)), higher values can be found for the horizontal geometries. Because the magnetic
field lines follow the iron pole, they are more parallel aligned to the tape planes in the HR geo-
metry. As already discussed this implies a higher J., thus higher magnetic peak fields.

For a compact FEL, undulator periods A, of 15 mm or smaller are of general interest. Studies

have already shown that critical current values up to 8000 A are technically achievable [167],
supporting the conductor’s potential and the here presented field values.
Table 13 compares the LTS Nb-Ti to HTS REBCO tape in terms of magnetic peak fields for
such small periods. The helical geometry performs similar or inferior to Nb-Ti, although it is
presented with a 10 mm gap since the bending radius of coated REBCO conductor does not
tolerate smaller gaps, at present. A significant improvement of the magnetic peak field B, by
up to factor 2 compared to Nb-Ti can be seen for the HR geometry. VR may increase the peak
field by up to factor 1.5. Compared to the optimized Nb-Ti case, we can therefore state that
HTS is able to outperform Nb-Ti for the B/A, ratio.

3.4.2 Opportunities and challenges

Compared to low-temperature superconductor technologies, HTS is still evolving in all terms
of characteristics. Techniques like flux pinning [168],[169] as well as reducing the thickness of
stabilizer and substrate [170] further increases today’s possible critical current density values.
The presented values in Figures 25 and 26 changed significantly over the last three years.
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Figure 25: Magnetic field B, (a) and undulator parameter K (b) depending on the magnetic
gap g and the undulator period length 4,. REBCO tape vertically wound at 80% of

its maximum field strength at 4.2 K.
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Figure 26: Magnetic field B, (a) and undulator parameter K (b) depending on the magnetic
gap g and the undulator period length 4,,. REBCO tape horizontally wound at 80%

of its maximum field strength at 4.2 K.
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Table 13: Optimum magnetic peak field values for 6 mm gap and operation at 80 % of J., re-
spectively. “Helical data is given for a 10 mm gap. An average peak field increase of
up to 77 % may be possible by using coated REBCO conductor. HR and VR data is
based on 2D simulations whereas Nb-Ti and the helical design were investigated in

3D.
period length  HTS(VR) HTS(HR) HTS(hel’) Nb-Ti  Ratio HTS(VR+HR)
A,/ mm B/T B/T B/T B/T / 2xNb-Ti

13 1.7 2.3 1.0 1.2 1.67

14 2.0 2.7 1.2 1.4 1.67

15 2.3 3.0 15 15 1.77

Table 14: Optimum magnetic peak field values for 6 mm gap and operation at 80 % of J, re-
spectively. From the year 2016 to 2019 the performance with regard to theoretical
undulator performance, a peak field increase between 64 % and 80 % was found for
VR and HR geometry, respectively.

2016 2019 2019/2016
period length HTS (VR) HTS (HR) HTS (VR) HTS (HR) HTS (VR) HTS (HR)
A,/ mm B/T B/T B/T B/T ratio ratio
13 1.1 1.3 1.7 2.3 1.55 1.77
14 1.3 1.5 2.0 2.7 1.54 1.80
15 1.4 1.7 2.3 3.0 1.64 1.76

This rapid development can be seen in Table 14, where 2D simulations with different REBCO
conductor parameters from the year 2016 are compared to today’s, in 2019. A performance
increase by up to factor 1.8 and 1.6 for HR and VR geometry can be seen, respectively.

Another opportunity is given by the broad range of operation temperatures, up to almost 90 K
which may lead to machines cooled to 10K, 20K or even by liquid nitrogen implying a signi-
ficant reduction of cooling costs. Operating a magnet in temperatures higher than 4.2 K not
only affects the costs but also entails more control over compensating heat loads, as already
mentioned.

Certainly one must take the geometric properties of the tape shaped conductors into ac-
count, especially the easy and hard bending directions, which will lead to alternative winding
schemes. For periods A, of 15mm or less, tape widths of 5mm or smaller are essential. At
present the most common produced tape width is 12mm. As an economic consequence,
smaller tapes are cut from wider ones. Even though not finally demonstrated, mechanical cut-
ting processes (mainly used by all manufactures at present) might lead to degradation owing
to micro-cracks and oxygenation at edges of the superconducting REBCO layer. This may be
improved by using laser cutting and is currently under investigation.

An essential issue for superconducting magnets is quench detection and protection. The
normal zone propagation velocity is roughly three orders of magnitude smaller in HTS (~1 mm/s)
compared to LTS (~1m/s) [171]. In comparison to the well known procedures when working
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with LTS, working solutions must be found. Since quench detection is essential to trigger any
protection mechanism, a wide range of concepts have been investigated varying from optical
techniques [172] to acoustic [173] and acoustic thermometry approaches [174].

This is supplemented by many studies on quench protection. Here a possible solution might
be non-insulated undulator coils. As already mentioned, they show a self-protecting reaction
in a quench scenario [163]. Furthermore techniques using protection heaters [175] or coup-
ling loss induced quenching (CLIQ) [176] were investigated for coils from HTS conductors.
Although there is no general solution for quench detection and protection systems yet, in sum-
mary HTS magnets have shown to be stable and there are many promising concepts under
investigation.

3.4.3 Advances in science and technology to meet XLS requirements

Summing up, HTS coated REBCO tape conductors are able to provide magnetic fields of
around 2 T for small periods like 4, = 15mm already today. For both SCU technologies, HTS
and LTS, the magnetic field is proportional to the operating current. Therefore, an FEL perform-
ance optimization and regulation is possible by controlling the magnetic field amplitude. HTS
outperforms LTS, therefore PMU technology as well, in terms of magnetic peak field values.
Though one should notice that not all the presented field values may be feasible with today’s
commercial available REBCO tape technology, yet. Additionally, and as already mentioned in
the beginning, by using the superconducting material REBCO there is no need for any special
treatment like the high-temperature superconductor BSCCO or the low-temperature supercon-
ductor Nb;Sn, which makes the handling more simple and straight forward.

As shown, development of coated REBCO conductors for HTS coils has made progress in

the last years. Critical current densities have been increased and conductors perform more
uniform over greater length and can withstand higher magnetic fields. This positive trend is
expected to be continued.
Nevertheless, for making HTS undulators with period lengths of 15 mm and smaller available
for the use in FELs, a technical solution in terms of quench detection and protection has to
be established. Mechanical properties like the bending radius should be further improved as
well as reducing and improving the joint resistance for coated REBCO conductors. Further the
production of high quality HTS tapes with widths smaller than 12 mm must be enhanced, for
instance, by producing thinner widths independently or using laser cutting techniques. Finally,
the manufacturing costs of HTS tape conductor in general has to be optimized as well as avail-
able conductor lengths and performance of commercial available coated REBCO conductor
tapes.

3.5 Field scaling for undulators wound from high temperature
superconducting tape
Tables 15 and 16 summarize the scaling parameters for coated REBCO conductor tape in

2016 and 2019, respectively. The parameters of the investigated planar (HR and VR) and
helical geometries applied to the scaling expression
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B( 2 [mm], g[mm]) = ¢; - (¢ + ¢34, — c4A +esA7) exp (—ﬂ (ﬁi _C6>> : (7)

This scaling is based on the scaling laws described in [146] and put into practical formulas
by [27]. Equation 7 was fitted to the data obtained by Opera 2D (HR and VR) or Opera 3D
(helical) simulations done in the undulator period range of 3—15 mm for magnetic gap heights
of 3mm, 6 mm and 9 mm [147].

Table 15: Scaling law parameters for the magnetic field of coils from high temperature super-
conducing tapes as a function of the gap over period ratio for different types of HTSC
undulators. Here presented values are based on properties from coated REBCO
conductor in 2016.

REBCO 2016

Horizontal Vertical Helical
c 1.3240.08 1.284+0.04 1.294+0.02
c) 0.12+0.06 0.51+0.07 0.071+0.008
c3 0.07+£0.02 0.017+0.003 0.058+0.003
c4/10_4 945 04+14 18.3+0.8
c5/10_6 11+16 2845 38.2+1.7
Co 0.55+0.16 0.49+0.03 0.565+0.019
c7 1 1 0.8520+0.0003

Table 16: Scaling law parameters for the magnetic field of coils from high temperature super-
conducing tapes as a function of the gap over period ratio for different types of HTSC
undulators. Here presented values are based on properties from coated REBCO
conductor in 2019.

REBCO 2019
Horizontal Vertical Helical

¢ 1.47+£0.04 1.73+£0.06 1.46 £0.02
I 0.274+0.07 0.07£0.02 0.063 +0.007
e 0.102+0.019 0.0115 - 0.0005 0.054 +0.003
ey /1074 16+6 10.8+0.3 19.0+0.4
¢s/107° 3+10 39.98+0.14 39.9240.11
ce 0.63+0.06 1.154+0.05 0.7380.018

c7 1.187+0.010

0.9859 +0.0020

0.8449 +0.0003
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3.6 High temperature superconducting bulk structures

The option of using bulks HTS is intimate related to the geometry of the staggered array
undulator proposed in the early 90 [177]. In its original version it consists of a superconducting
solenoid surrounding two rows, an upper and a lower row, of iron poles staggered half the
desired undulator period to shape the homogeneous on axis field into an undulator field. This
geometry has inspired Kinjo and co-workers [178] and led to the implementation of ReBCO
bulks [179] in place of iron to enhance its performance. The first test at the Kyoto university
demonstrated 0.85T undulation field for the compact geometry of 10mm period and 4mm
magnetic gap magnetised with a 2 T solenoidal field [179].

superconducting solenoid (Nb;Sn)
00000000000000000000000000000000

1
x HTS bulks copper 2 -

10 5 4 4

Figure 27: The simplified 2D view of a staggered array undulator with matched end fields. The
black rectangles represent the HTS bulks and the remaining structural material is
copper to improve the temperature homogeneity. In this example additional thin
disks of copper are positioned in between the superconducting ones, their thick-
ness can be varied from pole to pole to compensate the inhomogeneity and thus
improving the field quality.

3.6.1 Status (strengths and weaknesses)

The scaling of the first experimental results by mean of numerical simulations indicates the po-
tential of fields above 2 T for the previous mentioned compact geometry (10mm period, 4mm
gap). The absence of a complex winding, as it is the case already for permanent magnet un-
dulator, simplifies the protection and allows a simple scaling to shorter periods. At the same
time the absence of the direct control of the trapped current creates challenges on the oper-
ation and suggests to develop online measuring system to directly control the undulator field.
A superconducting solenoid of about 10 T is required to magnetise the bulks at the desired
performance. This device is today available for NMR magnets (Nb3Sn) and can be procured
in industry. A dedicated solenoidal design is highly recommended to match the challenges
of this new application. The best performing ReBCO material today is GdB,,Cu;0;_g where
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trapped field as high as 17.6T has been demonstrated by Durrell and co-workers [180]. Never-
theless the material available today still shows measurable field decay after the magnetisation,
referred as flux creeping. Techniques to reduce this effect are investigated and they are re-
ferred as flux freezing technique. PSI is starting the experimental activities this July 2019 at
the University of Cambridge and it will measure the first 10 period device to investigate all
these effects. Two samples are planned for the first experimental section, one made of bulk
material and the second of stack tapes of GABCO (see Figure 28) to make a first assessment
of the most promising technological approach. Today the bulks have the highest engineering
current density (Je) while they are brittle and requires additional mechanical support and pre-
stress to withstand high mechanical load. Their poor homogeneity in Jc is also a concern for
this application which requires ideally identical pole strength to achieve phase error as low as
few degrees. The tapes on the contrary does not have yet the performance required (factor
of two with respect to bulks) but they are well mechanical stabilised and the inhomogeneity,
also present in this technology, can be mitigated randomly (or with a pre-sorting criterion) be-
cause hundreds of them are requited to build up a pole in the stack configuration. A detail
computational description can be conveniently done today using the so-called H formulation
of the Maxwell equations and commercial softwares are available. For this project both COM-
SOL (see Figure 29 for an example) and ANSYS have been used to give an estimation of the
undulator parameters and to optimise its geometry.

sample holder ——

Single tape stacks,
separetly clamped together

Figure 28: The staggered array undulator sample number 2 to be tested in Cambridge this
year. The upper steel support (symmetric to the lower grey one) is removed to
show the inner core of the undulator, in this sample made of stack of GABCO tapes.
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3.6.2 Opportunities and challenges

This technology allows today the best performance among the family of superconducting un-
dulator presented in this review and it opens new opportunities for compact X-ray facilities,
both FEL as well as storage rings. The undulator field can be tune changing the solenoidal
field, this avoid complex gap drive but at the same time requires an accelerator optics and
alignment techniques which can cope with high solenoidal field, in first estimation as high as
4T. This new ingredient has to be considered starting from the early design of the acceler-
ator lattice and additional optical elements has to be allocated to smoothly operate this device
without compromising the performance. A comprehensive beam dynamic study is still missing
and shall be triggered after the feasibility of this technology is demonstrated.

Trapped Trapped
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Figure 29: the details of an undulator period (10mm), on the left the currents, in the middle the
field and on the right the magnetic vector plot where the negative and positive poles
of the undulator are visible.

3.6.3 Advances in science and technology to meet XLS requirements

The staggered array undulator design with HTS bulks, either actual bulks or bulks made with
tape stacks, does not present particular technical problems to be manufactured and a full
beamline could be assembled out of those modules in the next few years. It is too early to give
a cost estimation but it should be in the same ballpark of the permanent magnets undulators
but with higher operation costs due to the cryogenics installation. Nevertheless there are still
many open questions which have been previously introduced and one potential showstopper:
the lack of reproducibility of the magnetisation process. An online monitoring system of the
magnetic field helps only if the magnetic profile and consequently the phased error does not
change after repeating the magnetisation process. The possible degradation of individual pole
performance due to local defects triggered by the large magnetic forces or a high sensitivity
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to temperature homogeneity during the magnetisation process could make this approach not
adequate for the high quality required by an FEL undulator. The answers to those question will
be address during the short sample campaign at the Cambridge University and a preliminary
assessment is expected for the end of this year (2019).

3.7 Field scaling for undulators based on high temperature
superconducting bulk structures

For GdBCO structures, the analytical scaling expression describing the magnetic field beha-
viour as a function of the undulator g/A,, ratio is the following:

2
8 8 8
B| = | =8B —a| = |+b( = .
(1) =mme (1) (1)
This parameterisation is the result of the fit to simulation studies assuming A, = 10mm and

covering an undulator gap range of g € [3,10] mm. The parameters for the considered undu-
lator structures are summarised on Table 17.

Table 17: Scaling law parameters for the magnetic field as a function of the g/A, ratio for
different types of GdABCO undulators.

parameter | bulks tapes

By [T] 7.757 | 5.266
3.165 | 3.237
—0.0012 | 0.0961
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4 Exotic undulators

4.1 Introduction

Undulators are one of the most important components in the CompactLight X-ray FEL. Elec-
trons with relativistic energies passed through undulator results in the generation of radiation.
The undulator, which is the backbone of such a light source, is conventionally a series of per-
manent magnets with a strong magnetic field, constant in time but alternating in space. These
undulators, however, provide limited control over the properties of the generated radiation.
Moreover, it is very challenging to scale the magnetic undulators down to smaller undulating
periods which would result in the generation of shorter wavelength radiation by spending less
energy in the acceleration of the electrons, making the machine more compact. Such scal-
ing will also require strict limits on the maximum electron beam aperture, field strength, and
consequently the radiation brightness. To overcome these shortcomings of the magnetic un-
dulator technology, a few new ideas such as microwave undulators and laser-wave undulators
have been proposed and studied in recent years.

4.2 Microwave undulators
4.2.1 Cavity-type undulators

In FEL radiation, the fundamental radiation wavelength is directly proportional to the undulator
period while it is inversely proportional to the square of the electron beam energy. Thus, to
get short wavelength radiation, like hard-X-rays, one prefers to have shorter undulator periods
instead of spending energy in the acceleration of the beam whose cost increases prohibitively
with increasing electron beam energy. Permanent magnets are challenging to obtain the much
sought after feature of shorter undulator period, which enables economically lower energy sys-
tems, while maintaining adequate aperture for the electron beam and without compromising
on the field strength. Also, with the undulators based on permanent magnets, dynamic control
is slow and limited. Fast dynamic control of the radiation can offer exciting scientic opportunit-
ies. For example, in the study of magnetic materials and chiral molecules, increased sensitivity
to small magnetic effects which underlie modern magnetic materials has been obtained only
through pump-probe experiments [181]. Similar sensitivity is required for cases where pump-
probe techniques cannot be used.

These limitations could be overcome baanvy the use of high-power guided microwaves to
produce a periodical transverse wiggling field. Microwave undulators (MU) [182, 183] that also
have a periodic magnetic field can be potential undulators and have the following advantages
compared with conventional permanent magnet undulators (PMUs). (1) Fast dynamic control
of the polarization. (2) Easy control of the field strength, which can be adjusted through the
input microwave power, while in a PMU mechanical methods are required to adjust the magnet
gap, or the magnet period has to be mechanically adjusted which can be complicated. (3) It
is challenging for a PMU to achieve short periods as the magnetic field strength would be
significantly reduced. In contrast in a MU, the equivalent period is mainly determined by the
wavelength of the electromagnetic wave, therefore a short period can be achieved if the MU
operates at a higher frequency. (4) The MU is essentially a metallic cavity and hence it is robust
against damage by ionising radiation near the electron beam dump regions, as compared with
the PMUs that are made of rare earth materials, which may be more susceptible to damage in
harsh ionising radiation environments.
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However, since the concept of the microwave undulator was proposed in 1982 [182], pro-
gress has taken longer than expected, mainly due to the limited availability of high power
microwave sources. In 1983, the first MU experiment was carried out and an equivalent mag-
netic field B, of 0.045 T with an undulator parameter K of 0.24 was achieved when driven by
a 300 kW, 2.856 GHz microwave source. A ridged rectangular cavity was used and a quality
factor Q of 7100 was measured. To achieve a similar performance to a state-of-the-art PMU,
for example, 1.29T for a 15 mm period PMU used in the Swiss-FEL at the Paul Scherrer Insti-
tute, the required driving power would need to be more than 20 MW at 10.5 GHz (assuming the
same Q factor of 7100 can be achieved for a similar structure scaled for operation at 10.5 GHz).
However, the electric field at the wall of the ridged rectangular cavity would be too high and
susceptible to microwave breakdown. A significant improvement on the MU was made with
the use of a low loss HE;; mode in a corrugated waveguide. A cavity made of a corrugated
waveguide operating at X-band was measured and it was able to achieve a Q-factor as high
as 91000. When it was driven by a 50 MW SLAC klystron at 11.424 GHz [184], such an MU
was able to achieve an equivalent B, of 0.65 T with a period of 13.9 mm.

The principle of the MU can be found in [185]. The relativistic electrons in an MU cavity
will interact with both the electric field E, = Ejsin (271z/4,) sin (®t) and magnetic field B, =
Bjcos (2mz/A ) cos (wt). Compared with a PMU, the Lorentz force in a MU can be rewritten
in the form:

F, = %(Ziw +1)cos (27&(% + %g)) + %(Ziw - I)COS(Z”Z(% - %g)) ©)

where e is the charge of electron, A, is the free space wavelength, and 7Lg is the wavelength
of electromagnetic wave in the undulator cavity. E, and B, are the peak electric and magnetic
field strength in the microwave undulator cavity, respectively. Z,, is the wave impedance in
the cavity and ¢ is the wave impedance in free space. The second term leads to a long
wavelength and is undesirable in the undulator of a short wavelength FEL. The second term
can be ignored if the wave impedance is close to the free space impedance, which means the
operating frequency is far away from the cut-off frequency of the waveguide. In this case, the
equivalent magnetic field B, and wavelength A, of the microwave undulator are given by

E
B, =3 (5 +1)
1 1Y (10)
_:__|_
M T Ay A

If the microwave source starts to fill the cavity at time zero, the stored energy at time ¢ in the
cavity can be expressed as [186]

I+B ¢ 2
W) = Ryy—P(1—¢” 7 %)
(1+8)

where P, is the input power, 7, = Qy/®, B = Qy/0,. Oy and Q, represent the intrinsic
and external quality factor of the cavity. In the steady state, where ¢ > 1), the stored energy
reaches its maximum value of Py, if the coupling aperture is specifically designed to achieve
B = 1. The input power in this case will be equal to the Ohmic loss in the cavity. In the cases
of an under coupled (8 < 1) and over coupled (8 > 1) regime, the stored energy in the steady
state is smaller. The filling time of the cavity 7, can be calculated if a charging factor 17, defined
as the ratio of the charged energy and its maximum value, is known.

(11)
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1y =200/ (0(1 +B) (4T (12)

From Eq. 11 and 12, to achieve maximum storage at a given input power, a higher Q factor
of the cavity is preferred. However, the filling time increases at the same time. In applications
of MUs, high power microwave sources with output powers of MWs, or more, are needed
to achieve a high equivalent magnetic field. Such high power microwave sources normally
operate in pulsed mode to reduce the power supply requirements and associated thermal
stress. The filling time of the MU cavity should match the pulse length of the microwave
source. The coupler can be slightly over-coupled to reduce the filling time while maintaining
a high Q factor. If the input microwave frequency is 36 GHz, with a 2 s pulse length, the O
factor of the cavity should be under 150,000 if 8 =1 and n = 0.9.

The electric field strength inside the cavity along the electron beam path can be calculated
by careful selection of the operating mode of the cavity. Knowing the input power and the Q
factor, the parameters of the MU can be determined.

A high Q, low loss cavity is of great importance when it is used as an MU. In a circular
waveguide, the mode with the lowest loss is the TE;; mode. However, the field strength at the
waveguide center for this mode is small and hence is not a good option for an MU as the elec-
trons are to propagate down the center of the structure. The corrugated waveguide, as shown
in Fig. 30, can be used in other applications such as a feed horn for a transmission line sys-
tem due to its advantages of low cross polarization field, low loss and wide bandwidth. Its low
attenuation feature is attractive for transmission of high power microwaves. The fundamental
mode HE;; was found to have lower loss compared with the TE;; mode in the circular wave-
guide. It has been used to transport MW-level millimeter wave radiation generated by gyrotron
oscillators for fusion experiments such as ITER. In recent years, the corrugated waveguide
has been proposed to be used as an MU [187-189].

The corrugated waveguide contains circular waveguide steps and smooth sections. The
properties of a corrugated waveguide with arbitrary radial corrugation depth can be accurately
solved using a mode-matching method [190, 191]. For the periodically corrugated waveguide
used for transmitting the microwave power, analytical equations can be derived based on the
fact that the waveguide radius is larger than the wavelength. The propagation characteristics
of the periodically corrugated waveguide were studied using the simplified surface-impedance
approach or the rigid equations taking into account the spatial harmonics in the corrugation
gaps.

The surface-impedance approach assumes only the lowest TM standing wave exists in the
slot and ignores its spatial harmonics. It gives a good approximation when the period per
wavelength, defined by A/p, is a reasonably large value and the corrugation slot length,
defined by w = p—bin Fig. 30, is a small value. At low frequency, for example in the application
of the microwave undulator, these assumptions would be normally satisfied. If only the lowest
TM standing wave were present in the corrugation slot, its surface admittance at r = r; can be
written as

! /

_ Jm(xl)Ym(xO) _Jm(xO)Ym<xl)
= = .]YO 7 7 7

: T (1) Yo (56) = Ty (50) Yy (1)

where m indicates the azimuthal mode number, x| = kr;, x, = kr,. J,, and Y,, are the first and
second kind of Bessel functions of order m respectively. Y,, is the free-space wave admittance.

(13)
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Figure 30: Schematic drawing of the corrugated waveguide.

The surface admittance becomes 0 when

']m(xl)Ym(xO)_Jm(xO)Ym(xl) =0 (14)
This is known as the balanced hybrid condition. If the operating frequency (f) and the wave-
guide radius (either ry or r;) are given, the corrugation depth d = ry — r; can be determined

from the equation. At m =1 and x; > 1, the surface admittance can be further simplified as
H, /E, = j¥Y,cot(kd). The corrugation depth d would be equal to A,/4 to ensure H,, = 0.

Under the balanced hybrid condition and x; > 1, the dispersion curve between k and k, is
determined by

/

‘]m(Krl) kz
= Tm2 15
"y ke "k (15)

where K? = k> —kzz, the -’ in ‘F’ denotes the HE modes, and the ‘+’ denotes the EH modes.
At large radius which leads to k, ~ k and m = 1, Eq. 15 can be further simplified as Jy(Kr;) =0
for HE,,, modes, and J,(Kr;) = 0 for EH,,, modes.

To describe the field distribution inside the corrugated waveguide, different eigenmode sets
using TE/TM and HE/EH combinations had been derived [192]. The field inside the corrugated
waveguide with the linearly polarized mode sets can be simplified as

E.=a,J,(Kr)cos(m¢)
{ Ey = —jau ez (Kr) cos () (16)
Ey= $(—j)amEJm]Fl(Kr) sin (m¢)

Usually, a higher order HE or EH mode is not linearly polarized. The suitable operating
modes in the corrugated waveguide for the microwave undulator application are the HE;; and
HE,, modes because they are low loss and linearly polarized and have the peak electric field
at the waveguide center. The electric field patterns of the HE,; and HE;, modes are shown in
Fig. 31. The HE;, mode has larger field density at the waveguide center. It can have a bigger
electric field compared with the HE;; mode at the same input power.

The attenuation coefficient defined by the ratio between the lost power and the transported
power per meter for the HE,,, modes, under the balanced hybrid condition, can be written as
[193]
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Figure 31: Contour plot of the electric field patterns of (a) the HE;; and (b) the HE;, modes.

(1455 45 (17)

1 R k.1
OCZE(Z—S) £4 [E
0 X1

where Z, = 1/Y,, is the free space wave impedance. R; = /T f 0 is the resistivity of the
corrugated metal waveguide, and o is the conductivity of the metal. In this paper, oxygen-free
high conductivity copper was chosen and ¢ = 5.8 X 107 S/m was used in the simulation. Eq.

17 implies that the attenuation coefficient is proportional to r1_3 and f_2 in the case of x; > 1.
The corrugated waveguide can be shorted at both ends to form a cavity. The resonance
frequency of the corrugated waveguide can be estimated as

C . C
Ay 27

where c is the speed of light, N is an integer, lg the wavelength of the resonance mode in
the cavity. Because the corrugated waveguide is normally overmoded, A, ~ A, when N = 2.
As mentioned earlier, the surface-impedance approach gives good approximation when A, /p
is a reasonably large value. Therefore when designing the corrugated waveguide, the period
p can be chosen to be smaller than 4, /2. It is of course the case that "the smaller the period
the better", however, as the operating frequency increases, the wavelength becomes smaller
resulting in a small corrugation period and a thin corrugation slot w ~ 0 which significantly
increases the machining difficulty. The final choice of the geometry should also therefore
consider the machining tolerance.

Since x/l = kry =2mr; /Ay > 1 has to be satisfied. The corrugated waveguide radius r; is
a large value. As the attenuation coefficient is proportional to rl_3, it is preferable to have a
large r, at a given operating frequency. From eq. 16, the waveguide radius affects the field
strength if the input power is a fixed value. In a microwave undulator, a high field at the electron
beam path, in this case the waveguide center, is desired. Therefore r; should be as small as
possible under the constraint of kr; > 1. On the other hand, it is preferred for the electron

Nz 2
;L—g) (18)

f= K™+
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beam that travels through the microwave undulator to see a uniform field in the radial direction.
The minimum waveguide radius can be solved from the field pattern of the operating mode if
an electron beam aperture R, and a threshold, for example 90% of the maximum field at the
beam edge, are defined. For HE, modes, it follows that J; (KR;,) = 0.9. Taking the first two
solutions of Jy(Kr;) = 0, K is approximately equal to 2.4/r; or 5.5/r, for the HE; or the HE,
mode, respectively. Therefore the parameters below were chosen

I 3.8R;,, forthe HE || mode
'™ 8.6R,, forthe HE,, mode

resulting in a reasonable value of r;. Meanwhile the value of r; should satisfy x; =27r; /A >
1. If x; =5 is used, then r; > 0.8 and the results become

- max(3.8R;, 0.84), forthe HE | mode
= max(8.6R,, 0.84), forthe HE |, mode

A corrugated waveguide cavity, operating at 36 GHz, was designed as a potential microwave
undulator for the CompactLight [194]. The initial geometry parameters were calculated from
the equations described in the previous sections. Both of the HE;; and HE,, modes are con-
sidered. A summary of the geometry parameters as well as the undulator deflection parameter
K, =0.09336B,A, [T - mm] are listed in Table 18.

Operating mode HE HE,,
Operating frequency (GHz) 36 36

Ay (mm) 8.33 8.33

ry (mm) 4R,=8.0 9R,=18.0
d = 2/4 (mm) 2.1 2.1

A (mm) 9.06 9.12

p = A,/3 (mm) 3.00 3.02

w (mm) 0.5 0.5
b=p—w (mm) 2.50 2.52

w (mm) 0.5 0.5

Q factor 94344 187073
Input power (MW) 50 50

B, (T) 1.27 1.23

A, (mm) 4.34 4.35

K 0.52 0.50

u

Table 18: Parameters of the MU composed of a corrugated waveguide.

4.2.2 Flying undulators

An ideal undulator should have a shorter period to generate shorter wavelength radiation from
the FEL. Further improvements on the MU including higher field and longer cavity section are
dependent on access to microwave sources capable of both high power (tens of megawatts)
and long duration (a few microseconds) at a higher frequency (Ka-band).

However, generation of short pulse duration (nanosecond range), GW level microwave radi-
ation is feasible and such a source can even be compact because of the low average power
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when operating in pulsed mode. For example, at X band, a peak output power of 3 GW can be
achieved with a relativistic backward wave oscillator [195]. At Ka-band, the GW-level output
power can be achieved by a Cherenkov maser, or a superradiant Cherenkov source [196, 197].

A "flying" MU, which uses a waveguide structure that supports a traveling wave instead of
a standing electromagnetic wave, was proposed by Kuzikov et al [198]. The "flying" undulator
is a high-power short rf pulse co-propagating together with a relativistic electron bunch in a
helically corrugated waveguide. The electrons wiggle in the rf field of the first spatial harmonic
with the phase velocity directed in the opposite direction in respect to the bunch velocity, so
that particles can irradiate high-frequency Compton photons. A high group velocity (close to
the speed of light) ensures long cooperative motion of the particles and the copropagating rf
pulse. It can potentially make use of the high-power, short-pulse microwave sources to drive
the MUs.

In a PMU that only has the magnetic field, the motion of the electron is given by

dp,/dt = eB, cos(2mz/A,) (19)

Comparing with Eq. 9 and 19, the force in an MU contains two terms. The first term denotes
the force from a backward traveling (counter propagating) wave and the second term is the
force of a forward traveling (co-propagating) wave. It indicates the electrons are modulated by
the standing wave in the cavity composed of the forward and backward waves.

The transverse motion of the electron bunch in the backward traveling wave was analytic-
ally studied in reference [198], under the assumption of a paraxial wave condition. The ratio
between the transverse and axial velocities was found to be on the order of K /¥, which is also
a small value.

The co-propagating wave will also modulate the electron bunch to generate low-frequency
motion. From Eq. 9, its impact can be minimized if the impedance of the MU is close to the
impedance of free space. Recent study on the electron motion showed the effect of the co-
propagating wave could not be ignored and it could cause spectrum degradation at larger K
values.

It is possible that the electron beam interacts with the backward traveling wave in a wave-
guide instead of a cavity structure, as shown in Fig. 32(a). In this counter-propagation mode,
the effective interaction time is 7 = L/(v, +v,), where L is the waveguide length, and v,,v,
are the velocity and group velocity of the elect,ron beam and the microwaves, respectively.

However the effective ineraction length is only L = v, 7. In a FEL, the relativistic electron has

v, = c, therefore Ll will be less than L/2. On the other hand, as shown in Fig. 32(b), if the EM
wave co-propagates with the electron bunch, and generates a proportion of backward traveling
wave, or reflected wave, at the same time, the effective interaction time can be much longer
and becomes 7 = L/(v, — v,). The effective interaction length in this case is

L= VoL/(ve—v,) (20)

To achieve the same interaction length, the waveguide length in the counter-propagation
mode will need to be 3 times longer compared with the co-propagation mode when v, = 0.5v,.
The ratio will be even greater as the value of v, increases.

Following the appropriate choice of the suitable modes, a waveguide-type microwave undu-
lator by using a helically corrugated waveguide (HCW) operating at 30.3 GHz was designed
[199]. When driven by a high power microwave source with an output power of 1 GW and pulse
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Figure 32: Contour plot of the electric field patterns of (a) the HE;; and (b) the HE;, modes.

duration of 15 ns, the equivalent magnetic field strength B,,;,, was about 0.3 T, and the undulator
period A, was 4.95 mm which results in an undulator parameter K value of 0.14.
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4.3 Laser-wave undulators

The development of high power laser technology and the availability of high brightness electron
beams allows FEL operation with undulator fields provided by electromagnetic waves produced
by the laser [200—202].

The following arguments are based on the possibility [203—205] to have a stimulated coher-
ent emission by means of nonlinear Thomson electrons scattering off a high power CO, or
Ti:Sa laser. In this process, relativistic electrons colliding head-on with laser photons having
energy ho; < mecz are scattered emitting photons undergone through a double Doppler shift
of the initial laser fundamental wavelength A; :

_1-P
M=y gh

where f is the normalized velocity of the electron beam. The electromagnetic laser pulse acts
as an undulator, replacing the alternate static fields used in a conventional FEL facility: a net
transverse momentum is imparted to the electron beam by a magnetic field, in either case.
Within this picture, the strength parameter associated with a laser wave undulator of intensity
I; is given by the dimensionless laser field a, associated to the electric field amplitude Ej:

(21)

eE, _
ap = mec:Lc’ K =ay~0.85x 107> Ay [m]\/ I [W /m’] (22)

At low power intensity, a; < 1, an electron acquires a small amplitude transverse oscillation at
the laser wavelength A; . As the intensity increases to a few tenths, this oscillation wavelength
starts deviating from A;. As the normalized amplitude increases as a, ~ 1, the Lorentz force
associated with the laser magnetic field becomes significant, and the electron acquires an
oscillation along the direction of laser propagation, in addition to the transverse oscillation.
If the laser pulse is long enough, collective effects are dominant in the radiation emitted by
electrons in the Thomson scattering. and the system behaves like a conventional FEL, with an
equivalent resonant wavelength A, defined as:

dpm 2 (1% (29)
4y 2

Table 19: Estimates of the FEL performance in a laser wave undulator.

CO, | Ti:Sa
laser wavelength (um) 10 0.8
laser peak power (TW) 0.1 1
laser spot radius (um) 40 5
ay parameter 0.3 0.5
resonant wavelength (nm) | 0.54 | 0.048
Pierce p (1074 1.46 | 1.25
gain length L, (cm) 0.41 | 0.52

saturation power P,,, (MW) | 9 7
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An FEL facility exploiting such a concept achieves a twofold improvement:

e electron beams with energy of the order of a few hundreds MeV can be used to cover
the hard X-ray region;

e construction, operation and maintenance of long undulator sections are avoided result-
ing in a size effective facility.

On the other hand, this concept requires extremely high quality electron beams, in order to
support a significant SASE growth of the FEL peak power. An estimate of the FEL performance
is given considering the equivalent Pierce p parameter of the associated planar undulator line:

-3
p= w\/ j {%} (g lmao fy(a0))? 24)
where )
_ B _a 1
folag) =Jp(&) —=J1(§), & 221 d

described in terms of the Bessel J ; () functions.
The FEL performance is therefore described in terms of the gain length L, and the saturation

power P, as in the following definitions:
of A of
L= ( ,—) “_ p. :qn( ,—>\/§ P 25

where y and @ are correction functions accounting for energy spread deteriorating effects and
Py is the power associated to the electron beam.

Table 19 shows the FEL performance assuming an electron beam with energy 50 MeV, peak
current 1 kA, energy spread oz /E = 10_4, normalized emittance 0.2 mm x mrad, together
with the specified CO, and Ti:Sa lasers characteristics. These results have to be considered
as preliminary as a full 3D simulation is needed in order to assess any interplay between
transverse and longitudinal dynamics in this FEL mechanism.

A more recent and specific proposal [206] aims at exploiting the same dynamics in an FEL
device consisting of a low energy linear accelerator and a ring cavity to confine and recirculate
the laser wave, for multiple interactions with the electron beam. Figure 33 shows the optical
scheme of this proposal.

The cavity length is adjusted on the distance separating two successive electron bunches.
The FEL interaction occurs in the first section confined within two parabolic mirrors. The laser
radiation is recirculated by means of two plane mirrors, two parabolic mirrors, two pairs of short
focal length positive lenses aligned with respect to a central focusing lens, in order to get two
waists of the laser beam along the same straight line.

While the electron beam interacts at the first laser waist section, with the micro-bunching
mechanism taking place, the region of the second waist provides radiation, and the FEL co-
herent emission and growth occurs. After the first waist, the bunched electron beam passes
through a magnetic chicane and the laser pulse is synchronized to interact at the second waist.
Assuming an electron beam of 20 MeV energy, 3 kA current peak, provided by a high repetition
rate electron injector of order 100 Hz, and integrated with a CO, laser device of peak power
130 GW, this scheme is able to provide a FEL peak power of about 1 MW.
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Figure 33: Optical scheme of the undulator system consisting of laser device, ring cavity and
electron beam. Figure adapted from reference [206].

In conclusion, the development of the technologies — for high peak power lasers, high bright-
ness electron beams and high repetition rate electron injectors — relevant to implement a very
compact X-rays FEL facility based on laser wave undulator devices is approaching the ne-
cessary readiness level. However, this undulator scheme is not mature enough to be fully
compared to the other technologies and is addressed here for completeness sake.
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5 Comparison of technologies

5.1 Introduction

In this section the undulator technologies described in the preceding sections are compared.
In section 5.2 the constraints arising from the photon science requirements are considered. In
section 5.3 a quantitative comparison is made between the performance of the various tech-
nologies, which shows how the choice of undulator technology defines the required electron
beam energy. Cost considerations are taken into account in section 5.4.

5.2 Constraints from the photon science requirements
5.2.1 Overview of user requirements and their impact on the undulator choice

This section considers constraints on the undulator choice arising from the FEL radiation char-
acteristics specified for XLS-CompactLight [2], as summarised in Table 1:

e Perhaps the most obvious connection between the user requirements and undulator
technology is photon energy (wavelength), which depends on undulator parameters and
electron beam energy as given in Eq. 2. This dependence is assessed in detail in sec-
tion 5.3.

e A further requirement (not listed in Table 1) is that tuning across photon energies will
primarily be achieved by undulator scanning rather then electron energy scanning, in
order to maximize efficient operation of the facility [2]. Given that both soft x-ray and
hard x-ray regimes require a factor of 8 photon energy scaling to be covered with only
‘a few discrete electron beam energies’, the undulator should provide a factor of ~2
wavelength tuning. All undulator technologies are expected to provide this.

e Another important relationship between the user requirements and undulator technology
is the requirement for variable, selectable, polarization. This has significant implications
for the undulator choice, and is considered in detail in Section 5.2.2.

e The requirement for two-colour operation does not have obvious consequences for the
choice of undulator technology. Two-colour operation can be achieved either by passing
two electron bunches along a single undulator line, or by using separate undulators. In
the latter case, the required wavelength tuning of 10-20% is within the factor of 2 already
specified above.

e The requirement for pulse duration down to 100 as could constrain the undulator choice
in certain cases. To deliver pulse duration down to 100 as at the longest wavelength of
the soft x-ray range requires FEL pulses of only a few cycles. This would most likely
require novel FEL techniques involving very short undulator modules, consisting of only
one or a few periods, or undulators with a strongly chirped undulator period. However,
this is beyond the scope of this document. For most of the pulse duration range the
undulator choice has little impact.

e Other parameters in Table 1 are expected to have little impact upon the undulator choice.
Repetition rate up to 1 kHz should be achievable for all technologies, while the require-
ment for <10 fs synchronization is also unlikely to affect the undulator choice, though
perhaps it should be considered in more detail for some of the more exotic technologies.
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5.2.2 Variable polarisation and design choices

Overview of the main approaches for variable polarisation. The main approaches for
generating FEL light with variable polarization are as follows:

1. The first option is to use an undulator technology providing variable polarization for
the full undulator line. This method delivers excellent performance and is conceptu-
ally straightforward but it is not foreseen to be achievable for some technologies (SCU,
cryogenic). This option would therefore exclude some of the undulator types with most
potential to be compact and reduce the facility’s electron beam energy (see Section 5.3).

2. Another approach is to entirely use undulators with a fixed polarization state. Variable
polarization can be achieved using the crossed-undulator technique, in which the final
undulator module is set to an orthogonal polarization state to the rest of the undulator.
The polarization can be varied using an electron delay chicane to set the relative phase
between radiation emitted in the main line and the final module. The benefit of this
approach is that any undulator technology can be used - thereby allowing both the most
compact undulator and the lowest electron beam energy for the facility, however the
degree of polarization is relatively low.

3. Alternatively a combination of the two methods above can be used. In this case an
undulator with fixed polarization is used for the main part of the line, and a variable
polarization undulator is used for the final section (the afterburner). This has the ad-
vantage of allowing any undulator technology for the main line - so the most compact
can be chosen. However the afterburner then sets the shortest wavelength achievable
- either limiting the wavelength reach for variable polarization or requiring the maximum
electron beam energy of the facility to be dictated by the afterburner, thereby lessening
the advantage gained.

Study of feasibility of an after-burner for polarisation control Following what was dis-
cussed above in terms of generating variable polarisation, options 1 and 3 (setting a helical
undulator as the main undulator) are compared in simulations to determine whether the latter
option will allow a more compact FEL section, and, if so, how the performance compares. In
the case studied, the helical undulator was assumed to be an SCU, and the variably polarising
undulator was assumed to be a delta undulator set to planar mode.

The electron beam properties are given in Table 20 and the undulators resonant at 16keV
have parameters shown in Table 21. The normal FEL saturation length and saturation power
for the SCU and Delta undulators (in standalone mode) are given in Table 22—the saturation
length for the delta is L,,, = 29.13m with saturation pulse energy 41.19 uJ.

Simulations of the SCU + delta planar afterburner configuration were done in Genesis1.3
[207]. Given that the normal saturation length for the SCU is 15.91m and the saturation length
for the delta undulator is 29.13m, the SCU + afterburner solution is more compact as long as
the length of the afterburner is less than 13m.

The ratios of pulse energies obtained at the end of the afterburner and the pulse energy at
saturation for the delta planar undulator, for different layouts of SCU and delta planar after-
burners, are shown in Figure 34. It is shown that the maximum pulse energy obtained at the
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Table 20: Electron beam parameters.

Electron beam parameter Value

Beam Energy 5.5 GeV
Peak Current 5kA
Normalised &, , 0.2 mm-mrad

RMS slice energy spread 0.01%
Maximum Photon Energy 16 keV
Average f function 9 meters

Table 21: Undulator parameters.

Undulator type ay, Ay (mm)  Length of undulator section (m)

SCU 0.907 9.85 2.27
Delta planar afterburner 0.546 13.83 2.28

end of the afterburner (green dotted line in Figure 34) ranges from 17% up to 68.4% of the
saturation pulse energy of the delta planar undulator. Table 23 shows the length reduction for
the SCU + afterburner solution is up to 10.9 meters. It can be seen then that a compromise
between compactness and FEL performance must be made. A shorter undulator line gives
linearly polarized radiation but at the cost of reduced pulse energy.

It should be noted that the SCU + afterburner option assumes the radiation from the SCU
is blocked before the afterburner. In consequence, the degree of polarisation is 100%. The
way to achieve this in practice involves aligning the afterburner at a small angle to the SCU
(beam diverted scheme) or installing an inverse taper on the SCU to suppress the background
power coming from the main undulator but allowing the electron beam to bunch. [208]. The
experimental results obtained by the inverse taper scheme demonstrated polarisation control
successfully between a planar undulator and a helical afterburner [209].

Table 22: FEL figures of merits for both SCU and delta planar undulator, from steady state
(SS) and time dependent (TD) simulations in Genesis1.3.

Undulator type Lsaturation (m) Psaturation (GW) Epulse saturation (,uJ)
SS TD SS D SS TD
SCU 21.85 1561 1537 9.53 N/A  52.11

Delta planar undulator 36.24 29.13 352 7.53 N/A  41.19
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Table 23: Reduction in length of the SCU + afterburner option compared to the delta planar
undulator option.

Afterburner Iength (meters) Lundulator line — Lsaturation Delta planar undulator (meters)

2.28 10.9
4.56 8.7
6.84 6.4
9.13 4.1
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Figure 34: Ratio of the pulse energy for the SCU + afterburner option to the saturation pulse
energy from the delta undulator, as a function of the lengths of the SCU and af-
terburner. Green dotted line represents the maximum ratio for each afterburner
length.

5.3 Considerations on undulator technologies based on quantitative
figures of merit

In this section a quantitative comparison is made the different undulator technologies, using the
parameterisations of the estimated field, as a function of undulator period and gap, reported in
the relevant earlier sections. Two approaches are combined . First, the semi-analytical model
of Ming Xie [210] is used. The model extends the one-dimensional FEL theory, which applies
in the limit of a 1D monoenergetic beam, to the case where degradation of performance due to
finite emittance and energy spread is included. This model reliably predicts the FEL saturation
power P,,, and saturation length L,, via the FEL p-parameter using corrections based on
a parameterisation of a set of 3D numerical simulations. The results from the Xie analysis
are combined with the analytical theory of Saldin [211] which allows the FEL longitudinal and

transverse coherence to be calculated. Hence the FEL spectral brilliance can be determined.
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This is a key parameter of interest to users because it tells them how many photons per second
within a given bandwidth they can focus onto a sample of given transverse dimensions - i.e. it
tells them how useful the light is.

One figure of merit chosen for the quantitative comparison is the ratio between the FEL
peak brilliance and the saturation length as this is a convenient measure of performance vs
compactness. The second figure of merit chosen is the FEL peak brilliance itself (i.e. not
normalised to the saturation length) because there is a specific user requirement for a min-
imum brilliance. The analysis of both figures of merit is conducted as a function of electron
beam energy to illustrate the advantage obtained by using the undulator technologies with the
strongest fields and to determine the required electron beam energy that would be required so
that the peak brilliance exceeds the user requirement. This allows us to set an upper limit on
the electron beam energy for CompactLight that allows us to satisfy the following criteria:

e The electron beam energy is lower than any other X-ray FEL facility

e The photon energy reach is higher than that of SwissFEL which has a beam energy
higher than CompactLight

e There are a number of viable options for undulator technology which can be assessed
further in the next stages of the project.

The figure of merit calculations are shown in Fig 35 where the top plot is for beam energy
4.5 GeV, the middle plot is for 5.5 GeV and the bottom plot is for 6.5 GeV. The electron beam
parameters used in the calculations are peak current I = 5kA, normalised emittance €, =
0.2 mm-mrad, relative RMS energy spread o, /Y, = 10~* and average B-function B =9m. In
each plot the horizontal axis is the undulator period 4, and the vertical axis is the undulator
K., Each line shows the dependence of K,,,, vs 4, for a different undulator technology, as
represented in the legend. For some technologies a full parameterisation over the space is
not available—these technologies (for example the Microwave undulators) are represented by
single points on the plot. The coloured region represents the [K,,,,A,] parameter space in
which the undulator resonant wavelength lies between A, = 0.155 nm (top edge) and A, =
0.0775 nm (bottom edge). The colour represents the value of the figure of merit B/L,,.

The interpretation of these plots is as follows. The intersection of each undulator curve with
the A, = 0.155nm line defines the period required for that undulator, at that beam energy, to
be resonant at A, = 0.155nm. To tune to A, = 0.0775nm the undulator K strength is then
reduced. For beam energy 4.5 GeV (top plot) it can be seen that for a number of techno-
logies, for example APPLE-II, the merit function drops to zero at A, = 0.0775nm, indicating
that these technologies are unviable at 4.5GeV—they provide insufficient field to cover the re-
quired tuning range. In fact, only those technologies for which the [K,,,,, 4, curve intersects
the 4, = 0.155 nm line at A, < 12mm provide any output at A, = 0.0775nm.

By increasing the beam energy to 5.5GeV (middle plot) all of the technologies are able
to tune across the required range, but the merit function is low for those technologies with
weaker field, indicating that a threshold could be defined in principle. Finally, at 6.5GeV, the
trend continues of improving performance.

In general then, it is seen that

e the undulator technologies that provide the strongest K as a function of period, or the
‘strongest’ undulators, have the highest merit function,
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e at low beam energies only the strongest undulator can give any photon output across
the whole tuning range

e as the beam energy is increased more technologies become viable and the merit func-
tion increases for all technologies.

Therefore the beam energy must be chosen appropriately—it must be as low as possible
to enable a compact facility but high enough to provide the required FEL output. Also the
decision is made that at this stage of the project, the beam energy choice must allow a number
of undulator technologies to remain viable choices for further assessment of their potential
performance, in combination with assessment of their relative costs and risks.

To further assess the required beam energy the peak brilliance is calculated for the different
technologies, at three different beam energies. The user epecification is that peak brilliance
should satisfy B > 1 x 1033ph/s/mm2/mrad2/0.1 % bw at all photon energies. It is noted that the
calculations here are for an ideal case and that in reality there are effects that may degrade
the performance—for example the bunch may have an energy chirp, or there may be band-
width broadening or power reduction due to undulator wakefields. Therefore, a factor of two
contingency is added to the required peak brilliance, i.e. we require the choice of undulator
tecnology and beam energy to provide B > 2 x 1033ph/s/mm2/mrad2/0.1% bw at all photon
energies. The calculations are shown in Fig 36, where the yellow region corresponds to the
peak brilliance exceeding the threshold including contingency. Clearly at E =4.5 GeV, none
of the technologies provide sufficient brilliance, whereas at E > 5.5GeV, all of the undulator
technologies are satisfactory.

Based on the previous discussions, we propose a nominal CompactLight beam energy of
5.5 GeV. As has been shown, this is the minimum beam energy at which all undulator techno-
logies considered will provide sufficient FEL brilliance, but this energy is also lower than that
of SwissFEL at PSI which has a lower photon energy reach. In addition we reiterate that as
clearly shown in Fig 35 and ensuing discussion, the merit function is always stronger for those
undulator technologies which provide the highest field which will be a critical factor in determ-
ining the final choice of undulator technology, together with the analyses of the risks and costs
of each technology presented elsewhere.



Page 72

Comparison of technologies

Peak Brilliance

4 6 8 10 12 14 16 18 20

Au [mm]

Peak Brilliance

4 6 8 10 12 14 16 18 20
Ay [mm]
3 Peak Brilliance

2.5

12 14 20
Ay [mm]

16 18

Figure 36: Peak brilliance for electron beam energies 4.5GeV (top), 5.5GeV (middle) and

6.5GeV (bottom)

%x10%
3

d=2 (

mm~? mra

0.5

%x10%
3

= o o
ot o
B [photons s~! mm~? mrad~? (0.1% BW)~]

—

o
13

B [photons s™*

———SCU (NbzSn Helical), g=4.0mm
-~ --SCU (NbySn Planar), g=4.0mm
——SCU (Nb-Ti Helical), g=4.0mm
SCIVU (Nb-Ti Planar), g=3.2mm
SCU (Nb-Ti Planar), g=4.0mm
——REBCO tape (2019) (HR), g=4.0mm
- - --REBCO tape (2019) (VR), g=4.0mm

. Microwave case 1

@ Microwave case 2

@ Microwave case 3

% GaBCO Bulks, g=4.0mm

% GaBCO Tapes, g=4.0mm
PPM SmCo [Br=1.1 T], g=3.2mm
PPM NdFeB [Br=1.25 T], g=3.2mm
-~ - -PPM NdFeB [Br=1.42 T], g=3.2mm
——PPM PrNdFeB [Br=1.7 T| CPMU, g=3.2mm
»»»»»»»» HPM SmCo [Br=1.1 T], g=3.2mm

1

.42 TJ, g=3.2mm

———HPM PrNdFeB [Br=1.7 T] CPMU, g=3.2mm

- —--APPLE II NdFeB [Br=1.42 T] Planar Hor., g=3.2mm
——— APPLE II NdFeB [Br=1.42 T] Circular, g=3.2mm

- —--APPLE X NdFeB [Br=1.42 T] Planar Hor., g=3.2mm
—— APPLE X NdFeB [Br=1.42 T] Circular, g=3.2mm
Delta Circular, g=3.2mm

~———SCU (Nb3Sn Helical), g=4.0mm
----- SCU (Nb;Sn Planar), g=4.0mm
——SCU (Nb-Ti Helical), g=4.0mm
--SCIVU (Nb-Ti Planar), g=3.2mm
SCU (Nb-Ti Planar), g=4.0mm
——REBCO tape (2019) (HR), g=4.0mm
-----REBCO tape (2019) (VR), g=4.0mm
’ Microwave case 1
@ Microwave case 2
@ Microwave case 3
% GaBCO Bulks, g=4.0mm
& GaBCO Tapes, g=4.0mm
e PPM SmCo [Br=1.1 T], g=3.2mm
PPM NdFeB [Br=1.25 TJ], g=3.2mm
----PPM NdFeB [Br=1.42 TJ], g=3.2mm
———PPM PrNdFeB [Br=1.7 T] CPMU, g=3.2mm
we: HPM SmCo [Br=1.1 T], g=3.2mm
HPM NdFeB [Br=1.25 T], g=3.2mm
- HPM NdFeB [Br=1.42 T], g=3.2mm
———HPM PrNdFeB [Br=1.7 T] CPMU, g=3.2mm
- --- APPLE II NdFeB [Br=1.42 T] Planar Hor., g=3.2mm
———APPLE II NdFeB [Br=1.42 T] Circular, g=3.2mm
-----APPLE X NdFeB [Br=1.42 T] Planar Hor., g=3.2mm
—— APPLE X NdFeB [Br=1.42 T] Circular, g=3.2mm
Delta Circular, g=3.2mm

%1033
3

= v e
5 ot
[photons s™! mm~? mrad~? (0.1% BW)~1]

—

e
123
B

———SCU (Nb3Sn Helical), g=4.0mm
-~~~ SCU (Nb3Sn Planar), g=4.0mm
———SCU (Nb-Ti Helical), g=4.0mm
- SCIVU (Nb-Ti Planar), g=3.2mm
- SCU (Nb-Ti Planar), g=4.0mm
——REBCO tape (2019) (HR), g=4.0mm
----REBCO tape (2019) (VR), g=4.0mm
. Microwave case 1
@ Microwave case 2
@ Microwave case 3
* GaBCO Bulks, g=4.0mm
% GaBCO Tapes, g=4.0mm
ww PPM SmCo [Br=1.1 T}, g=3.2mm
———————— PPM NdFeB [Br=1.25 T}, g=3.2mm
~ - PPM NdFeB [Br=1.42 TJ], g=3.2mm
———PPM PrNdFeB [Br=1.7 T] CPMU, g=3.2mm
o HPM SmCo [Br=1.1 T}, g=3.2mm
-~ HPM NdFeB [Br=1.25 T], g=3.2mm
- -~ - HPM NdFeB [Br=1.42 T}, g=3.2mm
———HPM PrNdFeB [Br=1.7 T] CPMU, g=3.2mm
- -~ - APPLE II NdFeB [Br=1.42 T] Planar Hor., g=3.2mm
——— APPLE II NdFeB [Br=1.42 T] Circular, g=3.2mm
----APPLE X NdFeB [Br=1.42 T] Planar Hor., g=3.2mm
—— APPLE X NdFeB [Br=1.42 T] Circular, g=3.2mm
Delta Circular, g=3.2mm




Page 73 Comparison of technologies

5.4 Preliminary undulator cost matrix
5.4.1 Introduction

The price for the undulator(s) is not so easy to define because the total costs cover much more
than the price for the hardware. The price for the undulators itself depend on the technology,
planar out of vacuum, in-vacuum or even cryogenic, APPLE type undulators or superconduct-
ing but also on the number of undulators of same type to be built in series and if the undulators
are built by the institutes or by industry. In all scenarios industry is involved, but in different
realization stages.

Undulator projects for synchrotrons have been realized mostly with single, individual undu-
lators, because of different needs for the specific beamlines, technological improvements and
also because of the long work-up phase due to financial and human resources limitations.
ESRF could already work different because of the large number of undulators. Now with the
FELs one undulator line consists of 15 to 30 identical undulators, to be realized at the same
time, within a time frame of 1 - 2 years. This has opened the view to scaling laws for small
series production which have of course a significant impact on the costs. In addition, only
the scale of the projects made certain developments possible like the automatiziation of the
magnetic field tuning for the SwissFEL undulators at PSI. Nevertheless, the first costly part is
the design respectively specification phase. Software tools like RADIA and SRW from ESRF,
SPECTRA from SPring-8 are available for undulator design and heavily used by the community
including companies working with all kinds of permanant magnet based undulators as well as
electromagnetic undulators. This does not hold for superconducting undulator projects where
costly commercial software is required (COMSOL, ANSYS), especially when industry licences
have to be paid which is also the case for some research institutes. A handful companies in
Europe and Japan can provide the entire chain from design based on the specifications, the
production and magnetic optimization. But also the personnel and infrastucture is required at
the facilities for quality control on site, maintenance and eventually repair of the systems. This
is especially true for the FELs where an orchestra of the n undulators plus n-1 phase matchers
needs to work together harmonically.

Investments are also required in the magnetic measurement laboratories. For FEL projects
reasonable space is required to handle several undulators of up to 5m length in parallel and
generally a good climatization with £0.1° is required because the significant temperature coef-
ficients of —0.1%/K for NdFeB magnets and —0.03-—0.05%/K for SmCo magnets. Because
of the weight either a crane is required or in case of floor transportation either with air-cushions
or by wheel-based solutions the floor space required is much larger than the footprint of the
undulators itself.

The measurement infrastructure has changed in recent years. The granit bench based Hall
probe systems have been replaced by more flexible laser based systems which have been
originally developed for the in-situ magnetic measurements of cryogenic in-vacuum undulators.
This systems are scaleable in length and reduce the investment by more than a factor of 2 to
about 200 k€ per bench. For FELs it is best to orient the measurement benches in the same
direction as the undulator line to avoid conflicts with the transverse component of the earth’s
magnetic field, which should be taken into account already in the design phase of the building
infrastructure.
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5.4.2 Cost optimisation strategies

For the production of undulators for FEL lines the design of the undulators should take into ac-
count the scaling laws for small series production. For the frame of the support structure cast
materials are more efficient compared to welding structures because the price for the casting
moulds can be distributed over several units.

Closed structures might result in more compact designs compared to C-structures with in-
creased stability againts load changes. A general strategy might be to try to make designs as
compact as possible while considering the needs for magnetic optimization.

The keepers which carry the magnets are better not to be costly single keeper but block
keepers which can be even made from extrusions and host several periods. High machining
precision is today easily up to 30 — —50cm. This allows also the individual magnets to be
mounted by the magnet supplier so that in the lab only the keeper units need to be handled.

For planar undulators out of vacuum solutions should be compared to in-vacuum or crogenic
in-vacuum undulator technology. The latest magnet technology allows pretty strong permanent
magnets even at room temperature. A remanence of B, = 1.37 T with Tb diffused magnets and
acoercivity of He; > 2400kA/m is a significant improvement compared to the magnetic mater-
ial which was available for the SwissFEL U15 production with a remanence of B, =1.37T. The
stronger magnets can be combined with very thin vacuum chambers made either of seamless
drawn Cu tubes or Cu tubes made by a galvanic process both with wall thickness of about
0.2mm. This needs to be compared with the 0.1 mm foil needed to cover the magnets in
in-vacuum undulators. So the diffence in gap between magnetic gap and vacuum stay-clear
aperture is only 0.2mm plus the required alignment tolerances. Such thin vacuum chambers
are feasible at low rep rate FELs because of the very low heat load so that no cooling of the
vacuum pipe is required. In-vacuum undulator technology is of course more flexible, i.e. it is
easier to vary the minimum gap according to the impact of the wake fields or beam loss rates,
but the price to pay is high. For the SwissFEL Athos undulator line with APPLE X undulators
a round vacuum chamber with 0.2 mm wall thickness is used with a 5mm inner diameter. For
planar undulators an aspect ratio of 2:1 for the horizontal to vertical dimension of the chamber
is possible.

In case of in-vacuum with less stringent vacuum requirements by the FELs a reduced design
results in some space and costs savings because of reduced components. So a bakeout is
not required so that the rail system to allow the lengthening of the heated inner I-beam with
respect to the outer I-beam can be avoided and no special care has to be taken with magnets
and Al keepers. Second, because of the low repetition rate the flexible taper which is abso-
lutely mandatory for storage ring devices is not needed for FELs because the bunch to bunch
interaction via electrical fields generated at steps in the vacuum chamber can be neglected at
100 Hz.

A reduced number of columns mounted in a staggered array helps to reduce the number of
components, the work and the risk of vacuum failures. For the SwissFEL U15 the number of
columns could be reduced from 64 in conventional design to 20. In this staggered design is in
first order there is no gap variation beetween the supporting columns, because the top I-beam
follows a sine variation and the bottom I-beam a cosine variation. The exponential gap vari-
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ation is replaced by a virtual change of position in the gap which follows a cosh function and
is therefore less harmful. For cryogenic undulators an additional benefit of this configuration is
less heat transfer through the columns.

Costs can also be reduced by an appropriate choice of the motor control system. A very
high sophisticated controller is not needed. As the undulators are operated with very low fre-
quencies the standard PLC based motion control systems are adequate and are successfully
used in several laboratories. An alternative to a classical (servo-) motor, spindel, optionally
gear box or wedge system is a hydraulic system with high precision valves recently brought
on the market by Bosch-Rexroth, which combines the strenght of a hydraulic system with a
precision which was so far only available with motor based systems and high speed. This is
very interesting for fast helicity switching in APPLE undulators.

A time consuming and therefore costly procedure is the field optimization for trajectory and
phase. For this at PSI a robot based automated magnet tuning has been realized. The block
keeper provides a flexor system which allows a wedge based height adjustment of the indi-
vidual magnet. The flexor works also a spring which is preloaded by 60um when the magnet
is assmebled. At the optimzation the magnet can be adjusted by +30um with sub um resolu-
tion. A screw robot shares the linear stage with the Hall-probe sensor. So within about 1 hour
all magnets can be adjusted very precisely. In practice a few iterations are required, but the
full optimization was done in one or two days. For the U19 production the field optimization
happened without a vacuum chamber. After installation into the chamber a second measure-
ment system was needed to correct the errors resulting from the reassembling and to do the
field maps used for operation. The field error could be perfectly reproduced by adjusting the
columns only. To avoid this two step process with two measurement systems, without vacuum
chamber and inside the chamber but without vacuum, the robot system has been downsized.
This allows i.e. an eventually reshimming of an U15 because of radiation damage without dis-
assembling the magnet structure. This considerably speeds-up the optimization time and the
investment in the measurement infrastructure for benches and floor space. In future this will
be further developed to be vacuum compatible to scope for cryogenic undulators.

For soft x-ray beamlines the undulators need to provide variable polarization. There can
be all undulators of APPLE type with polarization control or alternatively only the last few un-
dulator modules having the majority with cheaper planar undulators. With the trick of inverse
tapering the linear horizontal polarized light out of the planar undulators can be switched off
while the bunching of the electrons remains, so that a few so called afterburner undulators with
variable polarization are sufficient but of course with less flexibility.

Of course, these are only few flash lights on effective cost saving strategies and the list can
and has to be prolongated.

5.4.3 Cost Matrix for different types of undulators and fabrication

Beside the rf-system the undulators are a major part of the costs in an FEL project. As already
discussed earlier, the cost are determined by various aspects where the costs will depend
on. But data from recent realized projects can give a good orientation and start for an cost
estimate. The costs discussed below are based on WTO conform procurements for single
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Table 24: Cost matrix for undulators for FELs and single devices. Turn key no means Design
and optimzation by the institute, yes means undulators delivered ready to use ac-
cording specifications.

type period L Ny Pprice Npoquies Lior  Price turn key
[mm]  [m] k€ [m] k€

hard x-ray:
planar out-vac 40 125 400 33 165 13.2 no
planar in-vac 15 4 265 800 13 52 104 no

(&)

planar in-vac 15 3 200 1300 1 yes
soft x-ray:

planar out-vac 65 5 75 400 33 165 13 no
APPLE 38 2 50 550 16 32 88 no
APPLE 70 2 28 600 1 yes
planar out-vac 80 2 25 500 1 yes

units at storage rings (in-vacuum) and series productions for out-of-vacuum and in-vacuum
room temperature planar undulators and out-of vacuum APPLE undulators. A first in-vacuum
APPLE undulator is under construction at HZB for BESSY |l. Superconducting undulators have
been only realized in a collaboration of KIT/Noell (2 individual devices) and at ANL for the APS
(3 devices). But all these had prototype status. Series production for FELs might be at the
midterm horizon for high rep rate machines like LCLS Il and EUXFEL.

The prices are given per undulator module, which however depend on the technology and
also on the period length. The price for the magnets cover normally between 10 —20% of the
total costs, so this is not the driving factor. But longer periods means also more undulator
modules to reach saturation. SwissFEL, U15, 13 modules of 4m length with 265 periods each,
EUXFEL, U40, 33 modules of 5m with 125 periods. The number of periods to reach saturation
at hard x-ray are similar about 3500 for SwissFEL to 4000 at EUXFEL. For soft x-ray these
number are lower: SwissFEL UE38, 16 modules of 2m each with 50 periods compared to U65
with again 33 modules and 75 periods. EUXFEL uses planar U65 undulators and only 4 UE9Q0
afterburner to provide the variable polarization. The series price tag for planar out of vacuum
undulators is at about 400 k€ per module. Half of the price is needed for the magnet array, the
other for the support structure including drive system. Vacuum chamber and phase matchers
are not included. The series price tag for in-vacuum undulators is 800 k€ per module. The
specific price for APPLE undulators is higher, also in series production it is about 550 k€. In
these numbers, design and magnetic optimization is done by the laboratories. Industry pro-
duces the components and assembles i.e. the support structure and magnets into keeper etc..
Another price can be given for a single in-vacuum undulator built turn-key ready by industry
after specifications by a laboratory. The price for such a devices is at about 1.3 M€ for a 3m
long device.

In table 24 these numbers are summarized for a better overview. The numbers are given in
price per unit, the number of periods in each undulator and price to reach saturation for out
of vacuum, in-vacuum and APPLE and add the prices for single device built by industry. It is
interesting to see that the costs for different approaches are in the end similar. The EUXFEL
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has a total length of 165 m, SwissFEL only 52m but the overall costs are with 13.2 and 20.4
k€ very similar. Second interesting approach is that soft x-ray undulator beamlines could be
cheaper if concepts like Optical Klystron configurations with enlarged phase advance in the
intersections between the undulator modules are taken into account.
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6 Concluding remarks

A comprehensive and detailed survey of undulator technologies is presented, addressing the
readiness level, the limits and the opportunities associated to each technology, and also provid-
ing some perspectives, especially for the most recent and innovative concepts.

Furthermore, a systematic technology comparison in terms of undulator period and strength
is performed, driven by potential XLS-CompactLight users’ requests on the peak brilliance and
on the target resonant wavelength, and constrained by the current studies on electron beam
energy and quality.

In principle, a full and integrated design of the XLS-CompactLight undulator will also take
account of the electron beam distribution under study within the present project, also including
wakefield effects as well as other sources deteriorating the electron beam quality inside the
undulator line. In this view, a more and more realistic and accurate description of the FEL
dynamics associated to the specific undulator system will be considered.

As an additional guideline, this report also presents a preliminary estimate of the undulator
system cost. These results will be complemented by also drawing an appropriate risk model
associated to the undulator technologies selected for the final design.
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