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An in-vacuum undulator (IVU) provides a means to reach high-brilliance x rays in medium energy
storage rings. The development of short period undulators with low phase errors creates the opportunity for
an unprecedented brilliant light source in a storage ring. Since the spectral quality from cryogenic
permanent magnet undulators (CPMUs) has surpassed that of IVUs, NdFeB or PrFeB CPMUs have been
proposed for many new advanced storage rings to reach high brilliance x-ray photon beams. In a low
emittance ring, not only the performance of the undulator but also the choice of the lattice functions are
important design considerations. Optimum betatron functions and a zero-dispersion function shall be
provided in the straight sections for IVU/CPMUs. In this paper, relevant factors and design issues for IVUs
and CPMUs are discussed together with many technological challenges in short period undulators
associated with beam induced—heat load, phase errors, and the deformation of support girders.
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I. INTRODUCTION

Undulators are the main insertion devices to generate high
brightness radiation in synchrotron radiation (SR) facilities.
There are two ways to obtain short wavelength undulator
radiation, one is to use a short-period undulator while the
other is to increase the electron beam energy to expand the
spectrum to higher energies. Compared to the second
approach, a short period undulator seems to be a more
cost-effective option, because it allows a lower beam energy
and smaller size of the facility. Moreover, a higher photon
flux is obtained because the number of periods can be made
larger for an undulator within the available space. Therefore,
short period undulators have become the preferred design
solutions in the development of insertion devices.

The shortest period length is limited by the required
aperture for the electron beam and desired magnetic field
strength. In an in-vacuum undulator (IVU), the entire
magnetic gap is available. Its development has begun with
the construction and use of the first IVU at the NSLS VUV
ring in 1983 [1]. This device was, though, removed soon
after installation for its vacuum problems. In 1986, an
undulator with a unique structure was developed [2] at
BESSY. The magnet array was encapsulated in its own
vacuum chamber separated from the ring vacuum. This
design had some advantages compared to earlier undulators,
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the vacuum gap was variable by varying the separate
chamber aperture together with the magnetic gap.
However, the thickness of the separate vacuum chamber
could not be made thinner than 2 mm which caused a loss in
effective magnetic gap of 4 mm. Such a loss, the difference
between the magnetic gap and the vacuum gap, is called the
gap loss. The first IVU was developed and constructed for
routine operation in the 6.5 GeV storage ring at KEK in 1991
[3]. Since then, hundreds of [IVUs based on the KEK concept
have been installed in various storage rings [4—10] across the
world because IVUs allow shorter period lengths and a high
field quality. They have become desirable photon sources of
hard x rays for medium energy storage rings by utilizing
higher harmonics of undulator radiation. In general, an
undulator with high tunability can provide a wide energy
spectrum with overlapping harmonics for scientific research
in a synchrotron radiation facility. To obtain higher har-
monics from an undulator with a short period length (1,,), a
strong magnetic field (B) is necessary to reach a deflection
parameter K = 0.934B(tesla)4, (cm) > 2. We call such an
undulator a “standard-undulator.” At the 8 GeV SPring-8
storage ring, 16 out of 28 IVUs, all with a period length of
32 mm and a K value of 2.4, have been operated as standard-
undulators since 1997. In lower energy storage rings,
however, other characteristics like uniform field and low-
phase errors become important to reach higher harmonics
from standard undulators. Phase errors describe the fluc-
tuation of the phase difference between the electromagnetic
wave from an undulator and a reference wave [11]. The
imperfection of the magnetic field causes such a fluctuation
of the phase difference degrading the desired constructive
interference. This specification is important for 3-GeV
facilities where the utilization of higher harmonics of
undulator radiation is essential to reach hard x rays.
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In addition, ultrahigh-vacuum (UHV) compatibility, high
thermal resistance and high radiation resistance have
become important design considerations for advanced
standard-undulator designs.

In XFEL facilities, IVUs with a short period length allow
decreasing the electron beam energy and accelerator length
for a more compact facility size (SACLA [12] and Swiss
FEL [13]). In a linac-based FEL, the beam-induced heat
load is negligible because no SR exists from an upstream
bending magnet and because of a low average beam
current; besides, it is not necessary to consider injection
issues necessary for storage rings. Therefore, one can adopt
an IVU with a narrow pole width corresponding smaller
region of the magnetic field uniformity in the transverse
direction (also known as “good-field-region”), which
means that multipole fields can be less of a concern. In
addition, the pressure for IVUs can be higher than 107 Pa,
so the vacuum components need not necessarily be UHV
compatible and have high thermal resistance against UHV
bakeout. On the other hand, radiation damage issues in
linacs become more serious [14,15] compared to storage
rings because the electron halo surrounding the particle
beam can result in radiation damage of permanent magnet
materials. Electron losses from the halo are not always
detectable. In storage rings, the electron beam has a
Gaussian-like distribution, and beam loss can be monitored
precisely by accurate beam lifetime measurements.
Considering the resistive wall instability, additional caution
is necessary because the typical bunch length in XFEL
linacs is typically a hundred times shorter compared to the
10 psec in storage rings. Such short linac bunches may
create energy variations in the electron beam through
interaction with the narrow undulator vacuum pipe [16].
In order to suppress such effects, the inner surface of the
pipe must be very smooth, which means that the inside of
the IVU gap must appear smooth to the beam as well.
Overall, the technical challenges for IVUs in XFELs are
less severe than their use in storage rings. In this paper, the
discussion is focused mainly on IVUs in a storage ring.

Superconducting undulators (SCUs) or cryogenic per-
manent magnet undulators (CPMUs) operating at a low
temperature are other potential candidates for advanced
standard undulators. The first SCU with a helical structure
was developed at the Stanford linac-based FEL in 1976
[17] and was followed by a planar SCU with a period length
of 40 mm installed in Orsay at the storage ring A.C.O.
[18] and the demonstration of the first permanent mag-
net undulator at SSRL-SLAC in 1981 [19]. At present,
SCUs provide routinely high-brilliant x rays in storage
rings like, for example, the SCUO at APS with a period
length of 16 mm and 20.5 periods generating a magnetic
field of 0.8 T at a magnetic/vacuum gap of 9.5 mm/7.2 mm
[20], and the SCU15 at ANKA with a period length of 15
mm, 100.5 periods and a magnetic field of 0.73 T at a
magnetic/vacuum gap of 8 mm/7 mm [21].

An alternative design option, the CPMU, which can be
regarded as an extension of the IVU design, was proposed
at SPring-8 in 2004 [22]. Permanent magnets (PMs) in a
CPMU are cooled down to cryogenic temperatures (CT)
below 150 K where UHV condition can be achieved due to
the low outgassing rate of the PMs and where properties
like remanence and coercivity are improved significantly.
Early developments of CPMUs have been pursued at
SPring-8 [23,24], and the desired magnetic field quality
was demonstrated in a 0.6-m NdFeB-CPMU prototype
with a 14-mm period length. The magnetic characteristics
of several magnet materials were explored at SPring-8 [22],
SOLEIL [25] and HZB [26,27] to characterize the magnetic
performance of CPMUs. At ESRF in 2008, a 2-m long
CPMU with a period length of 18 mm was built based on
NdFeB magnets [28] becoming the first full-scale CPMU
operating in a storage ring [29,30] followed by other
CPMUs operating in storage rings such as SOLEIL [31],
DLS [32], SLS [33] and ESRF [34]. A CPMU at ESRF
demonstrated that a nonbaked device can operate smoothly
in a storage ring [34]. The first full-scale PrFeB-CPMU
with a period length of 18 mm has been designed and
operated in the storage ring at SOLEIL [31]. From then on,
PrFeB-CPMUs have become the preferred choice for the
development of CPMUs because of the higher magnetic
field compared to NdFeB-CPMUs.

The CPMU design is an evolution from the IVU,
providing higher magnetic fields and a higher resistance
against radiation damage. In addition, the spectral perfor-
mance of CPMUs is superior to that of IVUs in the hard
x-ray region. Although the operational cost of a CPMU is
comparatively higher than that of an IVU, CPMUs may
eventually replace IVUs. In principle, a SCU could gen-
erate higher magnetic fields compared to a CPMU at the
same magnetic gap, but considering beam-induced heat
loads, the practically available field performance of a
CPMU is thought to have a high potential while the period
length is approaching sub-cm. On the other side, there is
some risk of demagnetization due to radiation damage in a
CPMU. In summary, an overall advantage of a small gap
CPMU or SCU has not yet been established in the
development of short period undulators.

In the present paper, we discuss technical challenges for
an IVU and CPMU to ensure a stable operation in a storage
ring. Low phase error issues and optimal lattice functions
for an undulator are discussed to maximize the undulator
performance for low emittance storage rings.

I1. IN-VACUUM UNDULATOR TECHNOLOGIES

A. Design of IVUs and CPMUs

A typical design of an IVU is illustrated on the left side
of Fig. 1. The mechanical frame with high rigidity and gap
driving system with small backlash both ensure adequate
reproducibility and high accuracy of the gap motion.

064801-2



CHALLENGES OF IN-VACUUM AND CRYOGENIC ...

PHYS. REV. ACCEL. BEAMS 20, 064801 (2017)

Out-of-vacuum girder

Driving system| Linear guides

(inc. B%.

Water cooling pipes
PMs

Magnet cover

In-vacuum girder

Bellows-link rods

Link rod mounts or
differential adjusters

Mechanical frame

In-Vacuum Undulator

FIG. 1.

The out-of-vacuum girder is connected to ball screws
and moved by a gap driving system. The bellows-link
rods transfer the motion from the girder to the magnet
arrays which are supported by an in-vacuum girder made
of aluminum or oxygen-free-high-conductivity copper
(OFHC). Linear guides are located between the link rod
mounts and the out-of-vacuum girders, which allow a
longitudinal motion of the bellows-link rods during instal-
lation. The linear guides also allow movement of the
bellows-link rods during high temperature bakeout. The
temperature of the cooling water is controlled to £0.1 C, to
remove the power derived from direct or indirect synchro-
tron radiation and image current heating and to maintain
close temperature uniformity along the magnet array.
An uneven thermal distribution can result in increased
phase errors and broadening of the spectral width of the
undulator radiation. Several NEG pumps (not shown in the
figure) with high pumping speed provide the desired UHV
condition, while some ion pumps take care of nongetter-
able gases.

The right side of Fig. 1 shows a schematic view of a
CPMU being developed for the Taiwan Photon Source
(TPS), which is based on IVU technologies with the
addition of cryocoolers. Such a cooling system can provide
a cooling capacity of several hundred watts at liquid
nitrogen temperatures (LNT). Separate vacuum chambers
for UHV in the CPMU and an insulation vacuum of the
cryocooler are required for maintenance purposes. Since
cryocoolers are fixed on the vacuum flanges, a flexible
thermal conductor between the magnet arrays and the
cryocoolers is necessary for a variable undulator gap.

Link rod mounts or
differential adjusters

Flexible thermal conductor

Cryo-coolers

Ml

Insulation vacuum

Heaters

Cryogenic Permanent Magnet Undulator for TPS

Sketch of an in-vacuum undulator and cryogenic permanent magnet undulator for TPS.

The use of copper straps with high flexibility is proposed
for the TPS-CPMU. The heaters are fixed to the in-vacuum
girders to maintain a constant temperature of the PMs
independent from operational storage ring modes or undu-
lator gap conditions. As an example, the main parameters
of the CPMU at TPS are shown in Table I together with
parameters of the IVU for comparison.

TABLE I. CPMU and IVU parameters at TPS.
Parameter 1022 (IVU) CU15 (CPMU)
Magnet NdFeB PrFeB
Period length 22 mm 15 mm
Undulator length 3m 2m
Number of periods 140 133
Pole width 46 mm 46 mm
Out-of-vacuum girder

(steel)

4.18 x 108 mm*
206 GPa

1.84 x 108 mm*
206 GPa

Second moment of area
Young’s modulus

In-vacuum girder (OFHC)

Second moment of area 2.15 % 10® mm* 2.15 x 10° mm*

Young’s modulus 130 GPa 130 GPa
Operating temperature 300 K <80 K
Total cooler capacity 400 W at 80 K
Minimum magnetic gap 5 mm 3—4 mm
Minimum vacuum gap 4.8 mm 2.8-3.8 mm
Maximum magnetic field 1.27T 1.77-132 T
Maximum K value 2.61 2.48-1.85
Maximum magnetic force 34.6 kN 57.2-31.8 kN

064801-3



JUI-CHE HUANG et al.

PHYS. REV. ACCEL. BEAMS 20, 064801 (2017)

B. Permanent magnet with ultrahigh
vacuum compatibility

The first priority in the development of an IVU is to ensure
UHV compatibility, because the PMs in an IVU are directly
exposed to the storage ring UHV environment. We consider
two design approaches of the PMs [35] by, first, selecting
a magnet material which is resistant to UHV bakeout.
Samarium-cobalt (Sm,Co;7) and neodynium-iron-boron
(NdFeB) are common PM material for existing in-vacuum
undulators. Rare-earth magnets are characterized by the
remanence (Br) and intrinsic coercivity (Hcj). The mag-
netic field intensity associated with Br and Hcj is a measure
of the resistance against demagnetization. Sm,Co;; has
a Curie temperature around 800°C and a coercivity of
1700-2000 kA/m, giving Sm,Co;; the distinguishing
property of high temperature stability and high resistance
against demagnetization. However, Sm,Co is very brittle
and easily produces dust that contaminates the UHV. NdFeB
has higher remanent field/energy values than Sm,Co;;
(1.15-1.42 T/200-440 kJ/m? for NdFeB, and 1.05-1.15
T/150-240 kJ/m? for Sm,Co,;) [36]. To choose NdFeB
PM material may force a compromise between remanence
and coercivity because high remanent grades have a mod-
erate coercivity and vice versa. For a short period undulator,
a high magnetic field is required to obtain a high K value.
NdFeB with high coercivity is therefore preferable to
Sm,Coy; for IVUs. Yet, the choice of NdFeB must satisfy
a coercivity greater than 2000 kA /m [37] to avoid not only
demagnetization at UHV bakeout but also radiation damage.
Implementation of Dy diffusion [38]/grain-boundary dif-
fusion [39] technologies in NdFeB PMs allows coercivity
enhancements by some 400 kA/m without sacrificing
remanence [38,39].

The second approach is to apply an appropriate coating,
Ni electroplating or TiN ion plating on rare earth PMs, to
reduce outgassing from the surface. The coating thickness
of TiN ion plating and Ni electroplating is around 5 gm and
30-100 pm, respectively [35]. The former is favorable for
short period IVUs because of a smaller gap reduction by the
thin coating and hard coat property.

In the early phase of the development at KEK, two
strategies were considered to achieve UHV conditions for an
IVU. One is a bake-out option (high temperature bakeout of
PMs) and the other is a nonbakeout option (cooling PMs to
CT) [40]. For an IVU, thermal treatment (aging process) of
PMs with high coercivity improves the resistance against not
only demagnetization during UHV bakeout (flux loss
<0.1%) but also against radiation damage [37,41]. In the
KEK development, thermal treatment of the PMs was found
to make the bakeout option acceptable.

The development of a CPMU is based on this non-
bakeout option to achieve UHV conditions. Permanent
magnets in a CPMU are operated at CT, therefore, all cold
surfaces of PMs together with the in-vacuum girders act as
cryopumps [22].

C. Reduction of impedance

For bunches of an electron beam passing through the gap
of an IVU, the surrounding magnet surfaces shall be
smooth with a low electric resistance in the longitudinal
direction to reduce the resistive-wall impedance and wake-
fields. Therefore, special measures to reduce the impedance
shall be adopted for an IVU. One of them is a magnet cover
(shown in Fig. 1) and the other is a flexible-taper system
(Fig. 2) attached at both ends to the in-vacuum girders.
A wakefield may be induced by the interaction between
electron beams and steps on the surface of the magnet
arrays, so the magnet cover serves as a smooth surface on
top of the magnet arrays. Without a magnet cover, single
bunch instabilities may be excited at a high bunch current
[42]. A nickel-plated copper foil is an effective choice as a
magnet cover because the copper foil, on one side, has a
high electric and adequate thermal conductivity while the
nickel layer provides satisfactory attachment to the PMs
through the magnetic attractive force. The thickness of the
nickel layer must be determined by the beam-induced heat
load. A thick nickel layer would provide a strong magnetic
force, giving high thermal contact between the PMs and the
cover at the expense of a loss of available undulator gap.
A suitable thickness for the nickel layer in a storage ring
IVU is recommended to be around 50 ym, but a thinner
nickel layer might be possible in an XFEL IVU. The
thickness of the copper sheet shall be 50 um to avoid low-
frequency dominant resistive wall instabilities [35]. As a
result, the total thickness of the magnet cover is 100 ym
and the total gap loss is only 0.2 mm.

To decrease the impedance of transition tapers at both
ends of an IVU, a flexible transition is connected between
the entrance/exit of an undulator vacuum chamber and the
IVU gap. The flexible transition must have a displacement
allowance for the variation of the gap or thermal expansion
during UHV bakeout. A water cooling channel on the
flexible taper is essential to remove the heat derived from
SR coming from the upstream bending magnet and from
image current heating. Various water cooling channel
designs for the taper have been pursued so far. A solution
with high cooling capacity was developed in a collabora-
tion between SLS and SPring-8 [43]. Figure 2(a) shows a
similar type with a cellular-radiator-like structure and
reasonable flexibility. One end is fixed on the magnet
arrays, and the other is mounted on the vacuum duct with a
sliding mechanism. Such a design can prevent unnecessary
thermal stress of the transition taper during high temper-
ature bakeout. Another type, adopted at the TPS, has a
drawbridge structure using a 6-mm thick OFHC plate
[Fig. 2(b)]. The flexibility can be obtained by BeCu foils
located on both ends or by a sliding mechanism in analogy
to the SLS type. Observations at TPS IVUs show a
temperature rise of 2.5 degrees C from image current
heating of 1 W at a beam current of 400 mA with an IVU
gap of 7 mm. A cooling capacity of some 10 W for an
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FIG. 2. Sketch of different designs for the transition taper: (a) cellular radiator type (similar to that used in SLS), (b) drawbridge type

(TPS) and (c) thin BeCu type (similar to that used in SPring-8).

allowed temperature rise of 25 degrees is sufficient for
operation at 3 GeV and 500 mA. At SPring-8, a BeCu
woven strip [44] is designed to transform the geometry
from an elliptical storage ring vacuum chamber to
an undulator magnet array [a similar type is shown in
Fig. 2(c)]. The use of thin BeCu strips, though, results in a
low cooling capacity of only a few watts.

III. CRYOGENIC PERMANENT
MAGNET UNDULATOR

IVUs, CPMUs and SCUs represent recent development
trends for short period undulators, where the latter two can
provide a higher magnetic field with a shorter undulator
period length compared to an IVU. As described before,
standard undulators serve for broad scientific applications.
The deflection parameter, K, should be larger than 2 to
generate higher harmonics with high intensity. Taking into
account thermal insulation or impedance issues, gap losses
cannot be avoided in a SCU and CPMU. The typical gap
loss in a CPMU is currently 0.2 mm, however, in a SCU,
the loss is larger than 1 mm (ANKA SCUI15) or 2.3 mm
(APS SCUO0). Figure 3 demonstrates the relation between
the vacuum gap and the period length for K =2 in
undulators of various types under the assumption that
the gap loss is 1.0 mm for SCU, and 0.2 mm for CPMU
and IVUs. The figure provides a guideline for the shortest
period length that can be achieved for a given desired
vacuum gap.

The SCU with Nb;Sn superconductor can provide the
highest magnetic flux with the shortest undulator period
length although technical challenges remain in its develop-
ment (Fig. 3). A NbTi SCU can reach higher magnetic
fields compared to a CPMU with the same vacuum gap if
the period length is more than one cm. On the other hand, a
CPMUs can be designed for a smaller gap generating a
higher magnetic field owing to its high resistance to beam
induced heat load.

The in-vacuum girder of a CPMU is generally made of
aluminum or copper to benefit from a high thermal con-
ductance. With a large cooling capacity from cryocoolers or
a liquid nitrogen (LN,) thermosiphon, the allowed heat load

can reach several hundred watts (includes beam-induced
heat load, conduction and radiation heat transfer), which is
confirmed by the existence of a commercially available
cryocooler with a cooling capacity of 600 W at 80 K
(AL600, CRYOMECH). In a SCU, the superconducting
coil is impregnated with epoxy resin, so a beam chamber is
necessary to separate the UHV beam vacuum from the
isolation vacuum for the superconducting coils.

The development at KEK of a CPMU was originally
motivated by a nonbaking strategy where the outgassing
from PMs is suppressed at CT [40] and by the fact that the
performance of rare-earths-based PMs greatly improve at
low temperatures. The remanence and coercivity of PMs
increases monotonically for lower temperatures except for
NdFeB, which reaches a maximum remanence at around
150 K. The stable operation of CPMUs in storage rings
encourages widespread application in SR facilities, as
evidenced by many new projects in progress at DLS [46],
HZB [47], TPS [48] and SOLEIL LUNEXS [49]. Table II

10
L K=2
sk
—_ [
£
[ CPMU
= 6 SCU NbTi
e I
(5 : [ ] o
g 4L SCU Nb_Sn VU of
3 r Halbach type
° [
S I
[ IVU of
2 L Hybrid type
0 E 1
5 10 15 20 25

Period Length (mm)

FIG. 3. Relation between vacuum gap and minimum period
length for K = 2. The symbol data for CPMUs and SCUs are
taken from [45], while the material for the CPMUSs and IVUs is
PrFeB (Br =1.67 T) and NdFeB (Br = 1.2 T), respectively.
The gap loss is assumed to be 1 mm for SCUs, and 0.2 mm for
CPMU and IVUs.
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TABLE II. Development of CPMUs around the world.
Br (T) Hcj (kA/m)

Period 150 K 150 K Magnetic/ Operating

length Magnet (Nd)/77 K (Nd)/77 K vacuum temperature

(mm) Status type 300 K (Pr,PrNd) 300 K (Pr, PrNd) Magnet L, (m) gap (mm) (K)

CPMUs for storage rings
ESRF No. 1 18 Operating Nd 1.16 1.31 2600 4620 NEOREM 595t 2 6.0/5.8 150
ESRF No. 2 18 Operating Nd 1.37 1.50 1275 3600 Vacodym 764 2 6.0/5.8 150
DLS/Dyanfysik  17.7  Operating Nd 1.31 1.43 1670 Vacodymn 854TP 2 4.0/ 150
SOLEIL No. 1 18 Operating Pr 1.35 1.58 1355 6090 NEOMAX 53CR 2 5.5/5.3 77
SLS 14 Operating Nd 1.33 1.50 1670 3980 NEOMAX 45SH 2 3.8/3.6 135
SPring-8 15 Not in use Nd 1.36 1.48 1273 3025 NEOMAX 49CH 14 3.8/3.6 140
SSRF 20 Operating Nd 1.32 1.53 1580 4000 N48H 1.6 6.0/5.8 120
ESRF No. 3 144 Operating ProgNd,, 1.40 1.63 1640 6000  Vacodymn 131DTP 2 5.0/4.8 77
SOLEIL No. 2 18  Construction Pr 1.35 1.58 1355 6090 NEOMAX 53CR 2 55/5.3 77
DLS 17.6  Construction ProgNdy, 1.38 1.62 1640 5340 VAC 2 5.6/5.0 77
TPS 15  Construction Pr 1.40 1.67 1680 6200 NEOMAX 68CU 2 4.0/3.8 77
HZB/BESSY I 17  Construction ProgNd,, 1.38 1.58 1640 5340 VAC 1.6 5.3/5.0 77
CPMUs for linac-based XFELs

HZB/ 15  Construction ProgNd,, 1.38 1.58 1640 5340 VAC 2 2.3/2.0 <77
Universitit
Hamburg
SOLEIL No. 3 15  Construction Pr 1.35 1.58 1355 6090 NEOMAX 53CR 3 3.0/2.8 77

shows the development of CPMUs around the world.
A CPMU becomes a favorite for short period undulator
developments because of its attractive characteristics:
(1) 20%-30% higher field compared to an IVU with the
same magnet circuit design, (2) high resistance against
radiation damage, (3) easy extension from IVU design,
(4) reduction of image current heating on a magnet cover by
factor of 2-3 compared to an IVU and (5) a manageable heat
budget up to several hundred watts, which is much higher
than that in a SCU.

A. Choice of magnet and cooling method

Magnets built from NdFeB [22], PrFeB [25] and
(PrggNdg,)FeB [50] materials are commonly used in
CPMUs. As is well known, the usage of a NdFeB PM
is limited to 140-150 K because of a magnet spin-
orientation transition phenomenon, whereas, a PrFeB
PM has no such limitation. The concept of a CPMU
was proved after measuring the characteristic of NdFeB
and PrFeB at SPring-8 [22], and both, remanence and
coercivity, are found to increase at CT. The magnetic field
of a CPMU based on Pr,Fe;,B (NMX-53CR) was mea-
sured in a prototype with a period length of 18 mm and four
periods at SOLEIL. The result shows that the field gain is
13% while PMs are cooled down from room temperature
(RT) to 80 K [25]. Another material, (PrNd)-Fe-B alloy,
was developed for low temperature applications and an
optimized composition of (PrygNd,,),Fe 4B is proposed
[50]. At 30 K, the remanence and coercivity of
(PrggNdy,),Fe 4B reach 1.69 T and 5700 kA /m, respec-
tively, which shows that the field gain is 15% when cooled
down to 80 K [27]. After the performance of a PrFeB and
(PrNd)FeB CPMU has been proven, the use of these
materials has become the preferred choice for the develop-
ment of CPMUs. Adoption of a magnet material with

higher remanence and moderate coercivity at RT hence
becomes practical at CT. In addition, differently from the
IVU case, thermal treatments of PMs are unnecessary
because a CPMU fabricated at RT is operated at CT.
However, the coercivity at RT must exceed 1000 kA/m
[51] to avoid demagnetization during magnet assembly
at RT.

Figure 4 shows the temperature dependence of the
magnetic fields for various PM materials that can be
selected for a CPMU. A Lake Shore Cryotronics Hall
probe (HGCT-3020), fixed on the magnet surface, is used
to measure the magnetic field at different temperatures. The
dimensions of all samples are 10 mm (W) x 10 mm(L) x
5 mm(H) with the same permeance close to unity. The
distance between the sensor and the magnet surface is about

0.55
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—e— VAC-131TP((PrNd)FeB)
—a— NMX-68CU (PrFeB)
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1
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FIG. 4. Temperature dependence of the magnetic field
density in various magnets [48]. The dimensions of all samples
are 10 mm(W) x 10 mm(L) x 5 mm(H) (the magnetization
direction) with the same permeance close to unity.
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0.5 mm and is shown in Fig. 4. The NdFeB magnet
(NMX-49SH) has a maximum magnetic field around 150 K
and drops sharply at lower temperatures, while all PrFeB
PM samples show a monotonic increasing of magnetic field
at low temperatures. The magnetic field of PrFeB magnets
(NMX-68CU and VAC-131TP) at LNT increases around
15% from that at 300 K. If these PMs are used in a CPMU,
the peak magnetic field may be proportional to the field
of the samples and, therefore, the measured data shown in
Fig. 4 may reflect the actual magnetic performance of
a CPMU.

Both, liquid nitrogen (LN,) cooling [28-34,46] and a
cryocooler [47,52,53], have been used for CPMUs. With
cryocoolers, a higher magnetic performance for (PrNd)FeB
and PrFeB CPMUs can be obtained because the magnets
can be cooled down below LNT. A cryocooler is thus an
effective choice for a Pr-based CPMU as well as for a
facility where a LN, transfer line is not available. A closed-
loop LN, system may be an economic option for multiple
CPMU operation in the long run compared to cryocoolers
requiring periodic maintenance. A thermosiphon cooling
system with LN, [46] can provide a high cooling capacity
and can be efficient for several CPMUs operated concur-
rently. However, the drawback of the LN, cooling method
is the lack of flexibility to decrease the PMs temperature
below LNT.

B. Deformation and temperature variation
on magnet arrays

In CPMUs operating at CT, the thermal material char-
acteristics are an important issue. Material contraction at
low temperatures causes the gap to widen by several
hundred micrometers relative to RT, arising mainly from
the thermal in-vacuum girder contraction. During construc-
tion, a moving wire method [54] can be used to determine
the vacuum gap at low temperatures. A feed-forward table
to record the difference between the gap encoder readings
and the vacuum gap shall be implemented for the operation
of CPMUs in accelerators. An alternative method is to use
an optical micrometer for vacuum gap monitoring [24]
which can be applied during CPMU operation in a storage
ring. However, there is the potential risk of radiation
damage of the electronic devices, so the preparation of a
feed forward table is recommended for routine operation.

In a CPMU with a short period length, the magnetic force
can be very high due to the enhanced magnetic field
capability. For example, for the TPS-CPMU with a period
length of 15 mm at the gap of 3 or 4 mm, the magnetic force
per unit length reaches 28.5 or 16 kN/m, respectively. As
presented in a subsequent section, a counterforce system
could be an effective solution for magnetic force compen-
sation to construct a compact mechanical frame.

The magnet temperature is the result between cooling
power and several heat loads derived from (1) the thermal
conduction via the bellows-link rods or the transition taper,

(2) the thermal radiation from the vacuum chamber surface
and (3) the beam-induced heat load. The number of
bellows-link rods must be a compromise between main-
taining a low phase error caused by the deformation of the
in-vacuum girders and low conduction heat transfer from
the bellows-link rods. As most of the heat load comes from
the bellows-link rods, a special design of hollowed link
rods filled with insulation materials can reduce the con-
duction heat transfer by a factor of 5-10. A stable temper-
ature of the PMs is important to obtain a reproducible
energy spectrum for different beam conditions, and there-
fore localized heaters attached to the in-vacuum girders can
be used to compensate for the variation of beam-induced
heat load [52] from different beam currents, undulator gaps
and bunch-filling patterns. The linear power density gen-
erated by the heaters shall be uniform along the in-vacuum
girder to avoid a local gap error, which can cause an
increase of the phase errors.

A phase error at CT may be increased from that at RT
due to temperature variations along magnet arrays, as will
be explained in more detail in Sec. IV B. From practical
experience at ESRF [29] and SOLEIL [55], the temperature
variation along an aluminum-alloy girder with LN, cooling
is about 1-2 K/m. To obtain a smaller thermal variation
along the magnet arrays (target <0.1 K/m), future CPMU
designs should be based on (1) OFHC girders with higher
thermal conductivity compared to aluminum, (2) several
heaters with precise temperature controls or (3) optimized
cooling points for cryocoolers.

C. In situ magnetic measurement system

One of the main tasks in the development of a CPMU is
to characterize the magnetic field at CT and to correct
gap errors due to temperature variations. To measure the
magnetic field of a CPMU at CT, a compact in situ Hall-
probe measurement system shall be installed within the
vacuum. In general, the Hall probes used for such field
measurements should be calibrated properly and its posi-
tioning errors should be minimized to preserve low
undulator phase errors. In addition, the probe shall be slim
to fit into a tight undulator gap of 3—4 mm. As the Hall
sensor is cooled by nearby cold magnets, a temperature-
dependent calibration of the Hall probe is necessary and all
components of the system must be UHV compatible to
avoid contamination. At SPring-8, TPS [24,56] and SLS
in situ measurement systems based on laser-positioned
components with a feedback system are used. The Hall-
probe carrier is moved along a customized rail located in
the vacuum chamber where the magnet arrays of the
undulator are arranged, and the longitudinal position of
the Hall probe is determined by a laser interferometer. The
transverse position of the Hall probe can be determined by
two sets of laser beams and position sensitive detectors
(PSD). One of the laser beams injected from one side
of the undulator irradiates one of the two irises mounted
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on the Hall-probe carrier and an image of the iris is
created on one of the PSDs located at the other side of
the undulator. In the same way, the image of the other iris
is created on the other PSD. Thus, the transverse position of
the Hall probe is determined. Since the rail is movable
in the transverse direction by motorized stages, the posi-
tional offset of the Hall probe from the proper position
can be corrected automatically. Except for the laser system,
the measurement system is enclosed in the vacuum
chamber.

For the measurement system at ESRF and SOLEIL
[31,54], a vacuum chamber with a subsidiary chamber
was designed. The subsidiary chamber is necessary for a
linear guide rail and the Hall-probe carrier while the
undulator magnet arrays are located in the main chamber.
The motorization device is located in air and drives the
Hall-probe carrier through magnetic coupling. The longi-
tudinal position of the probe is measured by a Michelson
interferometer or a laser tracker. A Hall probe moves along
the linear guide rail and the vertical position errors of the
probe caused by rail tolerances are measured with an
optical system. The magnetic field measured is then
corrected taking into account the rail tolerances.

The in situ measurement system in HZB consists of five
piezoactuators and five optical measurement devices [57].
The Hall-probe carrier is moved by stainless steel strings.
The two lasers are placed in air and laser beams pass
through pinholes on the carrier, and illuminate the PSDs in
vacuum. Thus, the transverse position and roll angle error
about the longitudinal axis can be obtained. A three-axis
Michelson interferometer with a mirror on the carrier can
determine the longitudinal position and the yaw and pitch
angles of the Hall probe. All degrees of freedom in the Hall-
probe positioning (orientation and displacement) can be
corrected by piezoactuators in combination with a feedback
system.

IV. IMPORTANT ISSUES IN AN IVU
AND CPMU

Since the technologies of IVUs are mature at present,
technological challenges in IVUs and CPMUs are focused
on the development of shorter period undulator with a small
gap. The minimum vacuum gap of an IVU in a storage ring
is limited by the beam lifetime, the dynamic aperture for
injection, the betatron functions, radiation damage of
magnet materials, the beam-induced heat load and an
operational safety margin. For a short period undulator,
a hybrid undulator is more suitable than a pure Halbach
type, since the former, with ferromagnetic materials,
provides some gain in magnetic flux intensity. Besides,
problems specific to small gap IVUs and CPMUs, like
phase errors derived from the deformation of the in-vacuum
or out-of-vacuum girders, the beam-induced heat load and
radiation-induced demagnetization are important consid-
erations for the design.

A. Phase error issue

A low phase error of an IVU is essential to reach high
undulator radiation brightness, especially at higher har-
monics. Phase errors in an IVU can result from (1) defor-
mation of in-vacuum and out-of-vacuum girders at a small
gap, (2) thermal effects on the magnet arrays and (3) poor
reproducibility of the IVU gap after reassembly. When
IVU/CPMUs operate at a small gap, a large girder
deformation along the undulator axis may lead to gap
errors due to magnetic forces. Such gap errors can result in
increased phase errors even for ideal magnet array assem-
blies. We call this kind of systematic phase error an
“intrinsic phase error.” Since the net rms phase errors of
the undulator are derived not only from errors in the magnet
arrays but also gap errors arising from deformations,
intrinsic phase errors are a serious issue for short period
and small gap undulators. The undulator magnetic field can
be determined by the empirical formula,

np () oo o

where ¢ is the magnetic gap and B, b, and b, are fitting
coefficients. In general, all of these coefficients have finite
values in hybrid undulators, while in a Halbach type,
by = —r and b, = 0. For example, the coefficients for the
TPS-CU15 (CPMU) at RT are B, = 4.061, by = —5.251
and b, = 2.079. When the undulator is cooled only the
coefficient B, increases to 4.625 at LNT, while the other
parameters stay constant. A relative field error can be
obtained from Eq. (1) as

AB g\ Ag
2% (b, 420, 2)29, 2
B (‘* %)zu @

where Ag is the gap error. As shown in Fig. 5, the relative
field error, |AB/B|, derived from the gap error increases
with smaller gap and shorter period lengths.

In Fig. 5 the slope of the lines can be considered as an f
value, defined by the ratio of the relative field error to the
relative gap error, given by

AB 4, g
=———=—b; —2b,—. 3
e T ()

The f value gives the gap-error-induced field error which
depends on the magnet design, the period length and the
magnetic gap of an undulator. Figure 6 demonstrates an
increasing f value for small gaps in a CPMU of hybrid type
while in the case of the Halbach type (b, = 0) the f value is
independent of the gap.

The intrinsic rms phase error, based on Walker’s inves-
tigation [11], is given by
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FIG. 5. Dependence of the relative field error on gap errors in

the CPMU (TPS-CU15). For comparison, the dependence in a
Halbach type is also shown.
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where L denotes the undulator length or the interval of the
bellows-link rods shown in Fig. 1, and k;, is the coefficient
depending on the shape of the deformation. Substituting
Eq. (3) into Eq. (4), the intrinsic rms phase error can be
written as
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FIG. 6. Dependence of the f value, the ratio of relative field
error to the relative gap error, on the relative magnetic gap, g/4,,
in a CPMU (TPS-CU15).

This equation shows that the intrinsic rms phase error
increases with the K value, shorter period length, larger
undulator length and a larger gap error. If the deformation,
Ag/2, of the girder along the longitudinal axis is known,
the intrinsic rms phase error can be obtained directly from
which the k;, values are obtained for various types of
deformation.

As the model undulator to investigate the intrinsic phase
error issue we use again the CPMU (TPS-CU15) for which
Table I shows all relevant parameters resulting in an f =
4.41 as shown in Fig. 6. Other parameters, second moment
of area and Young’s modulus, for the evaluation of the
deformation are also compiled in Table I. Figure 7 shows
the deformation derived from different kinds of support
configurations: A, two pinned joints at both ends; B, two
pinned joints at optimum points for minimum deviation;
C, four pinned joints at optimum points for minimum
deviation; and D, many pinned joints at regular intervals.
The configurations A, B and C correspond to the out-of-
vacuum girder (L = L, undulator length) and D to the in-
vacuum girder (L = L,q, interval between two rods). The
optimum conditions for smallest gap errors in the configu-
rations B and C are shown in the figure.

As shown in Table III and Fig. 8, the intrinsic rms phase
errors for different support configurations are obtained
from a numerical code under the assumption of a uniformly
distributed magnetic force. Configuration B is adopted all
over the world, but adoption for the CU15 results in oy to
be 1.9 degrees, which is too large to obtain a net value for
the rms phase error of less than 2.0 degrees. For the CU15,
therefore, configuration C is adopted with a very low
intrinsic rms phase error of 0.043 degree. For an in-vacuum
girder, the intrinsic phase errors can be further reduced by
increasing the number of bellows-link rods. Equation (5)
and k, values from Table III can be used to determine
the intrinsic rms phase error for the four configurations
discussed above, but for other support configurations

P=02660 , p,=0.2626

(c) (d)

FIG. 7. Various support configurations for out-of-vacuum/
in-vacuum girders: (a) two pinned joints at both ends, (b) two
pinned joints at optimum points for minimum deviation, (c) four
pinned joints at optimum points for minimum deviation, and
(d) many pinned joints at regular intervals.
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TABLE III.  Intrinsic rms phase errors, oy, for various support
configurations. As a model undulator, the TPS-CU15 (CPMU) is
assumed (Table I). The magnetic force is assumed as 57.2 kN for
the configurations A, B and C, and 7.3 kN for the configurations
D (interval of bellows-link rod, L,,q = 0.255 m).

Support configuration  |Agp.| (um) oy (degree) ky,

A 137 74 0.052
B 2.9 1.9 0.063
C 0.14 0.043 0.030
D 2.3 0.18 0.066

numerical calculation is still necessary. In a storage ring SR
facility, a tapered undulator may be used to obtain a wide
spectral width of radiation, which actually means an
intentional increase of the phase errors at the expense of
brilliance. In most cases, however, such an undesirable
taper from a defect in the undulator mechanism must be
avoided. The intrinsic rms phase error for tapered undu-
lators can also be obtained from Eq. (4) or (5) where the
value k,, is estimated numerically as 0.074.

Since the magnetic force increases exponentially with
decreasing undulator gap, a narrow magnet pole width or a
counter force system might be employed to keep the girder
deformation to a minimum or to make a compact gap-
driven system. In present storage rings, however, a narrow
magnet/pole may result in an increased transverse magnetic
field roll-off causing an increase of dynamic field integrals
[58] along the particle path especially during injection.
A high dynamic field integral can also result in a reduced
dynamic aperture. In a future storage ring, however,
injection methods may be used that eliminate or minimize
transverse betatron oscillations, thus reducing the required
good field region and the magnet poles can be made
narrower. Even though, the adoption of a counter force
system is still necessary for an IVU with a small gap to
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FIG. 8. Dependence of the intrinsic rms phase error and

magnetic field as a function of the magnetic gap in the TPS
CPMU for various support configurations.

compensate the magnetic force and obtain low intrinsic rms
phase errors. Such systems, of course, should have no effect
on the magnetic field along the undulator axis and should
be protected from SR emitted by the upstream bending
magnet. In addition, a simple structure should be adopted
inside the vacuum to avoid the risk of vacuum system
failure in a storage ring and to obtain sufficient access for
the field measurement system. Force-compensation sys-
tems of three types have been proposed for insertion
devices. (1) For a repulsive force generated by additional
PMs, two-sided magnet arrays with opposite magnetization
from the main magnet array are applied to a revolver
undulator in SPring-8 [59]. Following this concept, a cost-
effective multipole monolithic PM has been tested for a
small gap IVU [60]. (2) A spring system is applied for an
in-vacuum wiggler at SOLEIL [61]. Nonmagnetic spring
coils with two spring coefficients are installed at both sides
of the magnet arrays for force compensation. (3) A conical
spring system with exponential characteristics for an APS
vertical polarization undulator can allow a close fit to the
magnetic forces for compensation [62]. Meanwhile, for the
CPMU (TPS-CU15) based on a four-support configuration
(configuration C in Fig. 7), spring compensation modules
of a compact type will be introduced at each of the four
support points. This module was developed recently by
NEOMAX ENGINEERING Co., Ltd.

Degradation of phase errors derived from thermal effects
may occur during storage ring operation in case of a high
beam-induced heat load with insufficient cooling power.
For NdFeB magnet blocks, the temperature coefficient of
the remanence is at RT generally —0.06%/K as shown in
Fig. 4 or —0.6% for a temperature increase of 10 K. The
linear power density of SR emitted by an upstream bending
magnet varies along the longitudinal beam path. The
uneven thermal distribution can cause increased phase
errors during operation of the storage ring.

When a CPMU is cooled from RT to CT, such an uneven
temperature distribution can lead to (1) gap errors from
thermal contraction of materials (magnet keepers, in-vacuum
girders and bellows-link rods) and (2) variations of rema-
nence along the PM magnet arrays. Mixture of thermal
material contraction and changes of magnet properties can
cause field and phase errors. For example, in the CPMU
(TPS-CU15) magnet arrays, the temperature decreases mon-
otonic from the entrance to the exit of the undulator and
the CPMU works like a “tapered undulator” with increasing
phase errors determined by Eq. (4) with k;, = 0.074. The
relative field error due to thermal effects is given by

ABr

AB Afma
VAT Br '

6
2 i (6)
where the first term is derived from the thermal expansion,
and the second from the temperature dependence of the PM
remanence.
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In case of the CU15, the height of the in-vacuum OFHC
girder including the magnet keeper is about 90 mm and the
length of the stainless-steel bellows-link rod is about 100
mm. One end of the bellows-link rod is fixed on the out-of-
vacuum girder at RT, and the other end on the in-vacuum
girder at LNT. The linear thermal expansion coefficient is
expected to be about 1 x 107 /K at LNT. Assuming that
the temperature difference between the undulator entrance
and exit is 1 K, the expansion of the in-vacuum girder and
bellows-link rod at the exit can be roughly estimated to be
0.9 and 0.5 pum, respectively, and, as a result, the corre-
sponding gap difference is Agn,, = —2.8 ym. When the
CUI1S5 is operating at a magnetic gap of 3 mm with
K =248, the f value is 4.41 as shown in Fig. 6 and
the first term of Eq. (6) is estimated to be equal to
8.2 x 107*. Since the temperature coefficient for the
remanence of PrFeB is estimated to be —1 x 107#/K at
LNT (Fig. 4), the second term of Eq. (6) becomes equal to
—1 x 10~* giving a net relative field error of 7.2 x 1074,
This in turn gives an intrinsic rms phase error of 2.0 degrees
from Eq. (4), which is too large for a standard undulator
with an overall rms phase error specification of less than
2 degrees. Therefore, the temperature variation along the
undulator axis shall not exceed 1 K (0.5 K/m). The
temperature gradient along the magnet arrays must be
controlled to minimize field errors. In the CUI1S5, such a
deformation can be corrected by heaters mounted on the in-
vacuum girders in combination with differential adjusters
with submicrometer resolution [63] as shown in Fig. 1.
An alternative method is to adopt a mechanical frame
with a tapering function to compensate a residual linear
temperature gradient.

Usually, field correction and measurement of an IVU is
performed without vacuum chambers for easy access to the
magnet array. After the magnet arrays are assembled in the
vacuum chambers, the reproducibility of IVU gaps should
be carefully controlled within a few micrometers. The
required gap reproducibility is harder to reach for shorter
undulator period lengths as shown in Fig. 5, where the field
errors increase rapidly with decreasing period length.
An in situ field measurement system is therefore desirable
to verify accurately the in-vacuum undulator magnetic
performance.

B. Beam-induced heat load issue

The beam-induced heat load (due to SR and image
current heating) can impact a stable operation of an [IVU/
CPMU at small gaps and degrade the performance of the
undulator. In an early example, a stainless-steel (type 304)
magnet cover melted from the combined effect of image
current heating and SR irradiation [64], an effect we call
“avalanche meltdown” [65]. The first sign for such a
meltdown is thought to be image current heating of the
stainless-steel cover, because of its high electric resistance.
In addition, the thermal contact between the magnet surface

and the stainless-steel cover is low because of the weak
magnetic forces between them and, as a result, the thermal
expansion of the cover caused its detachment from the
magnet surfaces. The detached cover buckles and is
irradiated by SR coming from the upstream bending
magnet leading to melting. To lower the threshold level
of this meltdown, copper foils coated with nickel have been
used to not only obtain high electric conductivity but also a
strong contact between the cover and the magnet surface.
SR is responsible for an avalanche meltdown of the magnet
cover while the image current mainly decreases the thresh-
old of the power to cause an avalanche meltdown. The
threshold for the power density to cause an avalanche
meltdown is difficult to estimate, because it is affected by
the flatness of the foil and the linear power density
absorbed on a magnet cover is therefore recommended
to be less than 10 W/m. It should be noted that this value is
not a limit, but a rough indication for the maximum value
from operational experience at SPring-8. A true limit of the
power density on a magnet cover should be tested in
various storage rings.

An undulator in a storage ring can be irradiated by SR
coming from the upstream bending magnet. The vertical
distribution of the angular power density of SR is given
by [66]

d’Py B Tey’I,
do,do,  64neypp

fB(ygy>
IbE?}eV 2
= 0.018087 F5(r0,)(kW/mrad?), (7)
B

where

1 5x2

o) = e Y ey

In the above equations, e is the electron charge, Eg.y the
beam energy (GeV), y the Lorentz factor, I, the beam
current, ¢, the permittivity of vacuum, pp the bending
radius and 6, the vertical angle. Figure 9 shows an example
of the beam-induced heat load in the TPS CPMU (TPS-
CU15) under the assumption that the SR is passing along
the undulator axis. The lines (a) and (b) indicate the CPMU
at its smallest gap and at the gap during commissioning,
respectively. The SR heat load on the undulator entrance
increases with short vacuum gaps and reaches 400 W at
zero vacuum gap (gy,c = 0). In case of CPMUs operating
around LNT, such a high heat load is tolerable because
high-capacity cryocoolers are available with high thermal
conductance of the in-vacuum girder. On the other hand,
the SR heat load on the magnet cover has a maximum of
50 W at a vacuum gap of 1.5 mm. Although this power is
not as high as in the undulator entrance case, it can cause
an avalanche meltdown of the magnet cover in CPMUs.
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FIG. 9. Dependence of the beam-induced heat load on the
vacuum gap in an [VU/CPMU. The red/purple curves denote the
heat load due to SR on the undulator head/magnet covers,
respectively. Heat load derived from indirect SR is not consid-
ered. The solid/dashed green curves denote the heat load due to
image current heating under the assumption of normal/anomalous
skin effect, respectively. The lines (a) and (b) indicate the CPMU
(TPS-CUI15) at its smallest gap and the gap during commission-
ing stage, respectively. The calculation is based on TPS param-
eters, Egey = 3 GeV, I, = 500 mA, number of bunches = 600,
bunch length = 4.65 mm (15.5 psec), circumference = 518 m,
bending radius = 8.353 m and a distance of 5 m from the dipole
magnet end to the undulator entrance.

The issue of indirect SR derived from simple reflection,
fluorescence or Compton scattering can also be important
for CPMUs and SCUs although the quantitative evaluation
for such a heat load is difficult to estimate.

When the magnet temperature is around RT, the resistive
wall heating due to image currents can be estimated under
the assumption of a normal skin effect (NSE). The linear
power density of resistive wall heating is uniformly
distributed in the longitudinal direction and given by [67],

X, TB3/4)  ou, o
& 2 2 (8)

=1 g, oy

where the Gamma function I'(3/4) = 1.2254, M is the
number of bunches, o, is the rms bunch length, /; is the
bunch current, @, is the angular frequency of revolution,
is the magnetic permeability of vacuum, and p is the
resistivity of the magnet cover. When the magnet temper-
ature is very low, one shall include anomalous skin effect
(ASE) [68]. As shown in Fig. 9, the heat load including
ASE increases by about a factor of 2 at 10 K, but by only
5% at 80 K. In case of CPMUs operating around 80 K,
therefore, Eq. (8) is still effective because ASE can be
ignored.

As shown in Eq. (8), the linear power density of the
image current heating on the metallic surfaces depends on

the bunch length, the filling pattern of the beam injection,
the resistivity of the magnet cover and the undulator gap.
Single bunch mode operation is an important option for
user operations in a storage ring. In such an operation, the
power density of the image current heat load could increase
by a factor of 2 or 3 compared to that of uniform filling
[64]. In general, a long bunch length, a low bunch current
and low electrical resistance of the metallic surface is
favorable for small gap IVU/CPMUs. The electrical resis-
tivity of copper is reduced at lower temperatures, which is
favorable for a CPMU because the magnet cover is cooled
down to around LNT. In Fig. 9, the gap dependence of the
heat load due to image current heating is also shown for a
magnet cover made from OFHC (RRR100) at temperatures
of 300, 80 and 10 K. Obviously, the heat load is lower at
lower temperature. The image current heating on the
magnet cover can be decreased at 80 K to one-third and
at 10 K by one order of magnitude compared to that at RT
(Fig. 9), where the reduced ratio depends on the residual-
resistivity ratio (RRR) of the OFHC magnet cover.

Several avalanche meltdowns of magnet covers in IVUs
have been reported [69,70] and are thought to be derived
mainly from missteering of the beam orbit in the upstream
bending magnet. Therefore, the electron orbit in the
bending magnet must be aligned with the center of the
IVU with a tight orbit interlock setting to prevent mis-
steering. As an example of an orbit interlock, two beam-
position monitors (BPMs) are recommended to measure
also the direction of the SR. One BPM is located at the
entrance of the bending magnet, the other at the exit. The
interlock setting should depend on the undulator gap and
beam conditions with a tighter threshold at small gaps. On
rare occasions, such as for double collinear or canted
undulators in a straight section, SR from the upstream
undulator may irradiate the magnet cover of the down-
stream undulator causing severe damage. In this case,
BPMs for the interlock should be located at the entrance/
exit of the upstream undulator.

Flatness of the magnet cover is also important, because
SR irradiation of a local bump in the cover can cause a
significant risk for avalanche meltdown. Such a local
bump can be generated by manufacturing tolerances.
Since manufacturing tolerances for magnets or keepers
are 10 micrometers or more, they may create height
differences from adjacent magnets. Given the same toler-
ances, the bump angles increase for shorter period lengths.
As a result, the local power density on the bump of a
magnet cover may be several times larger than that of a flat
cover, thus increasing the risk for an avalanche meltdown.
The heat load in the CU15 can be estimated from Fig. 9 to
be 6.5 W/17.2 W (SR on the undulator), 10.2 W/21.2 W
(SR on the magnet cover), and 13.7 W/18.6 W (image
current heating) for a vacuum gap of 3.8 mm/2.8 mm,
respectively. The total cooling capacity of 400 W at 80 K is
sufficient, but operation at a vacuum gap of 2.8 mm is
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thought to be challenging at best because the heat load and
possible avalanche meltdown inside the gap is very high.

C. Radiation damage

The radiation-induced demagnetization of PMs is one
of the major concerns in small gap undulators causing
increased dynamic field integrals and phase errors
[71-73] while a decrease in dynamic aperture with reduced
undulator brilliance can be expected. So far, several
incidents due to demagnetization of NdFeB PMs in out-
of-vacuum undulators have been reported [71-73]. On the
other hand, none of the 29 IVUs operating with a minimum
gap of 8 mm at the SPring-8 ring show signs of spectral
degradation due to the demagnetization, which was con-
firmed by field measurement made on one IVU with PMs
(NMX-35EH) after 11-year operation [74]. In general,
NdFeB PMs are more susceptible to radiation damage
compared to SmCo PMs even with the same coercivity. For
IVUs involving high temperature bakeout around 120 °C,
therefore, special NdFeB PMs with sufficient coercivity
and an appropriate thermal treatment (aging process) are
absolutely necessary. Matter of course, such a consideration
is unnecessary for out-of-vacuum undulators. Therefore,
one may speculate that the difference in damage between
IVUs and out-of-vacuum undulators may be caused by the
countermeasures mentioned above. This speculation was
found to be true by a radiation damage experiment at the
2 GeV linac for the Pohang Light Source [37]. The
experiment shows that if a NdFeB has sufficient coercivity
(~2800 kA/m) with thermal treatment, the radiation re-
sistance can be increased to become comparable to SmCo
PMs. However, the above treatment was found to be
noneffective for IVUs installed in the linac-based XFEL
facilitiy, SACLA. Some of the PMs in the IVU generated a
reverse field [15]. It should be noted that the radiation
damage in IVUs installed in a linac-based-XFEL is more
noticeable, compared to IVUs in a storage ring, because the
electron halo contains many more particles than the outer
tails in a Gaussian distribution while the loss of electrons

|

Fp = 1431 x 101, NK2E[J 1) (K?E/4) —

Jns1)2(K*E/4))* (photons /s in0.1% b.w.),

cannot be detected easily. In the case of storage rings,
however, the loss is detected by highly precise lifetime
measurements. For IVUs in linac based XFELs, a well-
designed collimator system to protect the undulators from
being hit by electrons is required [14].

The risk of the radiation damage can be lowered by
adopting NdFeB/PrFeB magnets with high coercivity.
From this point of view, the CPMU concept has a great
advantage with respect to radiation damage issues. It has
been reported that the coercivity of NdFeB /PrFeB magnets
can be enhanced at LNT by at least a factor of 4 [22].
Therefore, the radiation damage in CPMUs is thought to be
not serious, which was confirmed for NdFeB/PrFeB
magnets in the electron irradiation experiment at low
temperatures [75]. Nevertheless, it is prudent to minimize
the risk of radiation damage. For example, the vertical beta
function in the undulator should be optimized for a long
beam lifetime because a long lifetime of the stored beam
means a low loss rate of electrons.

V. LATTICE PARAMETERS FOR HIGH
BRILLIANT UNDULATOR RADIATION

A. Betatron function in straight sections

Fundamental storage ring parameters such as low emit-
tance, low emittance coupling and low energy spread are
essential to reach high brilliance undulator radiation. The
ultimate objective in storage ring design is to obtain high
brilliance of SR [76] and therefore optimal betatron
functions with zero dispersion should be provided along
undulators [77,78]. The average brilliance for zero energy
spread is given by

J— Fn
B 4ﬂ2 Zx Zx/ Zy Zy/ '

In this equation, X, /X  is the source size/divergence
and F, is the on-axis photon flux for the nth harmonic
given by

By ©)

(10)

where 1, is the beam current, K the undulator deflection parameter, N the number of periods and & = n/(1 + K*/2).

The average brilliance can be expressed by

ry

B,

4\ E+ E + e+ GOVETE+ e, + 6

(11)

where €, /¢, is the horizontal/vertical electron beam emittance, &,(= 4/4x) is the diffraction limited emittance of radiation
for a purely Gaussian beam, {, , = 2z2p, ,/L,, A is the radiation wavelength, L, is the undulator length, and j,/p, is the
horizontal/vertical betatron function, respectively. The maximum brilliance is reached for ., = L, /2x:

Fy

BrOmax =

4r(e, +e)(e, te,)

(12)
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The optimum vertical betatron function is #, = L, /2 in
the middle of the straight section which exhibits the
minimum variation along the undulator, thus providing
the longest beam lifetime for a given undulator length
[79,80]. Such a criterion may be less critical for top-up
injection in which the beam lifetime issue is less of a
concern, but a reduced beam lifetime due to a small
undulator gap may cause some risks for radiation damage
of PMs. Figure 10 shows an example of the dependence of
the relative brilliance, B,, of Eq. (9), at a wavelength of
0.1 nm on the horizontal betatron function for different
beam emittances. As shown, the brilliance depends very
sensitively on the horizontal betatron function and reaches
a maximum for B, =L,/2z while the emittance of
electrons is low. If the emittance of the photon and electron
beam is comparable, matching of the electron-photon
phase space can be achieved when the horizontal betatron
function at the center of the straight section is #, = L, /2x.
Thus, the combination of electron and photon emittance
can be minimized to reach a maximum SR brilliance
[77,78]. As a result, . =L,/2rx and f, =L,/2 are
recommended for undulators to get high brilliance with
minimum beam loss.

B. Dispersion function at the straight section

In the lattice design of a storage ring, low emittance can
be achieved through (1) a multibend lattice, such as
MAX-IV or Sirius [81,82], (2) enhancement of radiation
damping, such as NSLS-II, MAX-IV or Sirius [8§1-83], and
(3) lowering the dispersion in bending magnets by intro-
ducing finite dispersion in straight sections (nonachromatic
lattice) [84], such as SPring8, SLS, TPS or many present
third generation storage rings. However, the emittance

1.2

L =2m
4=0.1nm (¢ = 8 pm rad)

1.0
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0.6

Relative Brilliance
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02l i e
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FIG. 10. Dependence of the relative brilliance on the horizontal
betatron function for different electron emittances.

reduction with finite dispersion in straight sections does
not always result in a higher brilliance for undulator
radiation. In the case of a low emittance source, finite
dispersion can cause a significant increase of the effective
emittance as seen by the SR users. Therefore, in a very low
emittance storage ring the dispersion function should
vanish in the straight sections to avoid brilliance degrada-
tion due to a finite dispersion.

The conceptual method to reduce the beam emittance in
a storage ring is to increase synchrotron radiation damping
while avoiding radiation excitation. If an undulator is
placed in a nondispersion-free straight section, then an
increase of emittance can occur due to the finite dispersion
in combination with the undulator magnetic field. There-
fore, an emittance reduction can be expected from a
radiation damping effect by placing undulators in a zero-
dispersion straight section. Especially, damping wigglers or
high field IVU/CPMUs and SCUs can be employed in the
zero dispersion section to enhance damping and thus
reduce the beam emittance. As a result, enhanced SR
brilliance can be expected in all undulator beam lines.

C. Energy spread effect on the undulator brilliance

Future storage rings are proposed to reach subnanometer
emittances. Furthermore, a large number of undulator
periods is thought to increase the brilliance of radiation
from an undulator, which, however, is not always a
practical approach in a low emittance ring with finite
energy spread. In contrast to the electron emittance, a
typical value of the energy spread for most synchrotron
radiation storage rings is of the order of 1072 and cannot be
reduced significantly. The practical brilliance including
effects from a finite energy spread can therefore be
approximated as

Br:fn.NBrm (13)

where f, y is the degradation factor derived from the
energy spread in an N-period undulator for the nth
harmonic [85] as shown in the following equation:

fan= [%L’N/@’):u\/u [snzv(%)r. (14)

In this equation, [6,,/®], v is the natural rms spectral
width of the undulator radiation, X, /® is the rms spectral
width including a finite energy spread, and o,/y is the
energy spread.

Figure 11 shows the dependence of undulator brilliance,
B, of Eq. (13), on the number of periods under the
assumption of zero emittance and an energy spread of
1073, The undulator is assumed to be a standard undulator
with K =2. One can see that the brilliance becomes
saturated for many periods, and the brilliance of higher
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FIG. 11. Dependence of the relative average brilliance on the
number of undulator periods for zero emittance or a finite
emittance of 100 pm rad and an energy spread of 1073. The
values for finite emittances have been obtained from SPECTRA
[86]. The parameters for the calculation were Eggy = 3 GeV,
Py =353 m, f, =17 m, a coupling constant of 0.01 and an
energy spread of 1073,

harmonic reaches a plateau even at smaller numbers of
periods. Therefore, the utilization of a long undulator at
higher harmonics may not be very effective. A maximum
length of an undulator should be adjusted to the storage ring
parameters. In Fig. 11, the undulator brilliances in a finite
emittance case of 100 pm rad are calculated with the code
SPECTRA [86]. The brilliance can be degraded by 1 order
of magnitude compared to the zero-emittance case.

VI. CONCLUSION

Development of short period IVUs/CPMUs is a recent
trend for x-ray sources. The IVU technologies are mature
and the remaining challenge in the development is therefore
concentrated on phase error issues. For a CPMU, most
technologies are extended from IVU designs, and therefore,
the performance is proven and related technologies are
developing. A CPMU has a higher thermal resistance
compared to a SCU, and a smaller gap may be allowed
with some risks of radiation damage. CPMUs can replace
IVUs in the near future to become the preferred x-ray
sources in storage rings and XFEL facilities until SCU
technologies mature. A small temperature variation in
magnet arrays is required to produce low phase errors
and technologies for temperature stabilization become the
main challenges. A low emittance of a storage ring is
essential for a highly brilliant radiation. To satisfy the
requirement of high brilliance at minimum cost, the length
of an IVU or CPMU should be optimized, together with

optimal betatron functions and zero dispersion in straight
sections.
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