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A conduction-cooled cryogenic permanent magnet undulator, CU15, with a period length of 15 mm
and 133 periods has been successfully developed. This undulator has been operated at the Taiwan Photon
Source (TPS) storage ring at a beam current of 500 mA for more than 3 years. In CU15, two cryocoolers
are used to cool the PrFeB magnets to 80 K. The effective magnetic field measures 1.33 Tesla for a
magnet gap of 4.2 mm, maintaining an rms phase error below 2.6°. The bunch length of the electron beam
in TPS is as short as 16 psec, leading to a serious issue with high beam-induced heating in CU15.
This report addresses the above issues and provides detailed adaptations of CU15 to operate at a beam
current of 500 mA.
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I. INTRODUCTION

In advanced synchrotron light sources, using short-
period undulators with high magnetic fields and low phase
errors can significantly enhance the spectral performance
of synchrotron radiation sources. Short-period undulators
can generate photons of shorter wavelengths at lower
beam energies, maximizing the photon energy tuning
range and enhancing user convenience. Cryogenic per-
manent magnet undulators (CPMUs) are specifically
developed to fabricate undulators with short periods
and small gaps, offering several advantages: (i) CPMUs
integrate with the well-established in-vacuum undulators
(IVUs) technologies, simplifying the initiation of short-
period undulator development, (ii) At cryogenic temper-
atures (CT), the remanence and coercivity of magnets
increase significantly, resulting in a 30% higher magnetic
field compared to an IVU with the same magnet circuit
design. The increased magnetic field allows for a reduction
in the undulator period while maintaining a reasonable
undulator K value. (iii) The substantial increase in coer-
civity enhances the magnet’s resistance against radiation-
induced demagnetization, enabling the use of a smaller
magnet gap. (iv) CPMUs can achieve ultrahigh vacuum
(UHV) conditions without any bake-out due to the

suppression of outgassing from permanent magnets (PMs)
at CT. Additionally, all cold surfaces of the PMs, along
with the in-vacuum girders, function as cryopumps. As a
result, nonbaked CPMUs can operate in a storage ring
without any problem.
The small-gap CPMU in a storage ring presents

several challenges, including beam lifetime, dynamic aper-
ture for injection, radiation-induced demagnetization, beam-
induced heating, and operational safety margins. Although
manyCPMUsoperate in storage rings [1–5], there are limited
reports addressing these challenging issues. In the critical
topic of beam-induced heating, studies of superconducting
undulators with cold vacuum chambers [5–8] have revealed
that the measured beam-induced heating is higher than
expected from synchrotron radiation (SR) from upstream
bending magnets and resistive wall heating (image current
heating). These researches suggest that the mechanism
behind beam-induced heating is not yet fully understood.
The storage ring of the TPS is currently operating at a beam
current of 500 mA with a short bunch length (∼16 ps),
leading to significant challenges related to the high beam-
induced heating deposited on each component in CPMUs.
This paper presents an overview of the CPMU (CU15)

installed at the Taiwan Photon Source (TPS) and addresses
the challenges related to beam-induced heating that
occurred during its operation. The technical sections begin
from Secs. II to IV. Section II highlights the uniquely key
features and design concepts of CU15, while Sec. III
demonstrates its magnetic and cryogenic performance. In
Sec. IV, the beam-induced heating mechanism is inves-
tigated when CU15 operates at a beam current of 500 mA
in the TPS storage ring. Finally, the vibration issue derived
from the cryocoolers is presented.
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II. SPECIFICATION OF TPS-CPMU, CU15

The TPS-CPMU, CU15, is designed to have a minimum
magnet gap, Gmag of 4.2 mm to achieve a maximum
magnetic field of 1.33 Tesla. The permanent magnet array
is covered with a double layer of copper (0.05 mm) and
nickel (0.05 mm) metal sheet to prevent the generation of
wake fields from the magnets, resulting in a minimum
vacuum gap, Gvac of 4.0 mm. The technical specifications
of CU15 are detailed in Table I, and a photograph of CU15
installed at the TPS storage ring is provided in Fig. 1. At
CT, there are three operating modes: mode A is the standard
operational mode with a 5.2 mm magnet gap and 500 mA
beam current; mode B is reserved for operation with a
4.2 mmmagnet gap and 400 mA beam current; and mode C
was used with a 20 mm magnet gap during the commis-
sioning phase.

A. Various components for CU15

The CU15 integrates several advanced techniques,
allowing it to operate at high beam currents while main-
taining high magnetic performance. Most CPMUs devel-
oped to date use liquid nitrogen circulating directly into a
through hole within the in-vacuum girder [1–4]. In such a
design, the welded parts of the liquid nitrogen channels are
located within the ultrahigh vacuum, which is connected to
the accelerator vacuum. However, this approach is prohib-
ited by TPS vacuum regulations because it poses a
significant risk to the accelerator vacuum. To address this
issue, the cooling system of the CU15 employs conduction
cooling with two cryocoolers. Figure 2 illustrates the
magnet arrays, the vacuum system (consisting of two ion
pumps with a pumping speed of 128 L/sec and five
nonevaporable getter (NEG) pumps with a pumping speed
of 500 L/sec), and two sets of low-vibration Gifford-
McMahon cryocoolers (Leybold 250MD).

TABLE I. Main parameters in various operating modes of CU15.

Cryogenic temperature

Items Unit Room temperature Mode A Mode B Mode Cc

Beam current, Ibeam mA � � � 500 400 500
Magnet temperature, Tmag K 300 80 80 80
Magnet material Pr2Fe14B (NMX-68CU)
Remanence, Br T 1.41 1.64
Coercivity, Hcj kA=m 1740 6385
Period length, λu mm 15.00 14.95
Number of periods, Nu 133
Minimum magnet gap, ðGmagÞmin

a mm 4.2 5.2 4.2 20
Maximum effective magnetic field, ðBeffÞmax T 1.17 1.02 1.33 0.04
Maximum deflection parameter, Kmax

b 1.64 1.42 1.85 0.06
Maximum attractive force, Fmax kN 25.8 19.4 33.5 0.03

aMinimum vacuum gap (beam stay clear), ðGvacÞmin, is 0.2 mm smaller than ðGmagÞmin.bK ¼ 0.934BeffðTÞ λuðcmÞ.
cCommissioning.

FIG. 1. TPS-CPMU, CU15 installed in the TPS storage ring.
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FIG. 2. Sketch of CU15; an A-A arrow view is shown in Fig. 3.
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Figure 3 shows a detailed view of the cooling system.
The cold head, a component of the cryocooler, is located
in a separate vacuum chamber and is connected to the
magnet array via flexible thermal straps and heat transfer
feedthrough. These feedthroughs are not only responsible
for conduction cooling but also divide the vacuum into
UHV and separated vacuum sections. As a result, this
design ensures that the vacuum system in the storage ring
does not need to be evacuated during cryocooler main-
tenance. The conduction cooling design offers versatility
in cooling methods, accommodating either cryocooler or
liquid nitrogen (LN2) tank cooling, depending on the
specific application [9].
The following discussions present several key features

of CU15:

1. Permanent magnet array

Magnets made from NdFeB and PrFeB materials are
commonly used in CPMUs. PrFeB magnets are the
preferred choice because of their ability to maintain a
monotonic increase in both remanent field and coercive
force at low temperatures. The use of NdFeB magnet is
limited to 140 ∼ 150 K due to spin reorientation. To ensure
a high remanent field at CT, and moderate coercive force at
room temperature, a new grade of PrFeB permanent magnet
material (NMX-68CU) has been developed, with a rema-
nent field of 1.67 Tesla at 80 K and a coercive force of
1680 kA=m at 300 K [10]. This material can provide a high
magnetic field at cryogenic temperature while avoiding
demagnetization during assembly at room temperature.

2. In-vacuum girder

The magnet arrays, which consist of permanent magnets
mounted on in-vacuum girders, are illustrated in Fig. 2.
Compared to aluminum in-vacuum girders, oxygen-free

high conductivity (OFHC) copper girders demonstrate
significantly superior thermal conductivity, exceeding 2.5
times that of aluminum at 80 K, and their rigidity is nearly
double that of aluminum girders. Moreover, the thermal
shrinkage of OFHC copper girders is about 80% that of
aluminum girders. Consequently, OFHC copper is a more
preferable material choice for in-vacuum girders, ensuring
low phase error characteristics.

3. Hollow type bellows-link rods

The upper and lower in-vacuum girders at 80 K are
connected to the out-of-vacuum girders at 300 K using
bellows-link rods. These rods are designed to have thin
walls and hollow inner sections to minimize the conduction
of heat transfer. The air circulation inside the hollow section
of the link rods may cause condensation and additional
convection heat transfer. To avoid this, laminated fiberglass
separated by aluminum foil is inserted into the hollow
section. The optimal number of bellows-link rods must be
carefully determined to balance the tradeoff between low
heat transfer and low phase errors, which arise from the
deformation of the in-vacuum girders. In the CU15, a total
of 32 link rods have been employed along the upper and
lower in-vacuum girders.

4. Heat transfer feedthrough, heat transfer bar,
and thermal straps

The conduction cooling mechanism is utilized in CU15,
as illustrated in Fig. 3. The conduction cooling system
comprises heat transfer feedthroughs, heat transfer bars,
and several thermal straps. A total of 40 thermal straps are
linked between the in-vacuum girders and the heat transfer
bars to achieve good heat transfer characteristics and ensure
temperature uniformity across the magnet arrays. These
thermal straps primarily consist of flexible OFHC copper
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FIG. 3. A-A arrow view in Fig. 2. RTD denotes resistance temperature detector.
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ropes that can allow any gap variations and thermal
expansion or contraction that may occur between the in-
vacuum girders and the heat transfer bars. The heat transfer
feedthrough, consisting of (i) an OFHC copper cylinder
brazed to a flange and supported by multiple glass-epoxy
rods and (ii) formed bellows attached to the feedthrough are
utilized not only to isolate the ultrahigh vacuum of the
storage ring from the lower vacuum of the cold head but
also to minimize conduction heat transfer from the vacuum
chamber at room temperature to the heat transfer feed-
through at CT. The heat transfer bars are assembled
alongside the magnet arrays, functioning not only as
components of the conduction cooling system but also
as thermal shields for the magnets during high-temperature
activation of the NEG pumps.

5. Transition tapers

The transition tapers are positioned at both ends of
CU15. They need to have a certain displacement allowance
to accomodate the gap variations and the longitudinal
thermal expansion/contraction of the magnet arrays. For
CPMUs, in addition to these requirements, a low thermal
conductivity is necessary for the transition taper to intercept
the heat flow from the vacuum chamber to the magnet
arrays. Figure 4(a) illustrates a prototype of the transition
taper. A 0.2 mm thick Be-Cu sheet is affixed to one end of
the magnet arrays while the other end can slide on the
copper platform using coil springs. During the commis-
sioning stage as shown in mode C in Table I, it was
observed that the magnet temperature could not be

maintained at the specified temperature of 80 K when
the beam current exceeded 300 mA. This problem may be
attributed to the cavities formed in the transition taper at
wide gaps. Besides, the high deformability of long and thin
beryllium copper (BeCu) sheets, designed to simplify the
manufacturing process, can create similar cavitylike struc-
tures at smaller gaps. When the electron beam passes
through cavitylike taper section, it loses some of its energy
due to the geometric impedance. Part of the energy loss
appears as microwaves either trapped in the taper section or
propagate along the orbit and generate heat in the tapers or
the magnet arrays. Furthermore, external microwaves are
also propagating and trapped within the cavitylike struc-
ture, causing an increase in the temperature of the transition
tapers. In other words, all the heat generated at the tapers
becomes a load on the cryocoolers.
To solve the above problem, an improved transition taper

with a water-cooled section in the middle has been adopted
as shown in Fig. 4(b). This improved type aims to mitigate
microwaves resulting from beam energy loss in the straight
tapered structure, consequently minimizing heat generation
from trapped microwaves. The taper angle, denoted as θ, is
intentionally designed to remain small at varying magnetic
gap values to prevent the formation of any cavity structure.
The variation of θ ranges from −0.7° (for Gmag ¼ 25 mm)
to 4.0° (for Gmag ¼ 5 mm). Water cooling can efficiently
absorb the majority of the heat generated in the taper
section, thereby reducing the load on the cryocoolers. A
double-layer sheet of 0.15 mm thick stainless steel sheet
plated with 0.01 mm thick copper is used at the connection
to the magnet array to obtain not only low image current
heating but also high thermal insulation characteristics for
the magnet array. It is noteworthy that the implementation
of this improved type has facilitated the stable operation of
CU15, even at a beam current of 500 mA, as will be
explained later.

6. Temperature control system

A temperature control system is installed for both the
upper and lower in-vacuum girders, to which the magnets
are attached. Each girder is equipped with 2 sets of heaters
and 14 temperature sensors, including 2 reference sensors.
These sensors and heaters are divided into two temper-
ature control loops, enabling independent control of the
front and rear sections of the girder. Its primary purpose is
to maintain a constant temperature for the magnets,
regardless of operational storage ring modes or undulator
gap conditions. Therefore, CU15 can generate reproduc-
ible energy spectra, due to the constant temperature of
magnets. Since the spread of the synchrotron radiation
emitted by an upstream bending magnet varies along the
longitudinal beam path. The uneven thermal distribution
can cause increased phase errors during the operation of
the storage ring. To address this issue, the system allows
for the adjustment of individual heaters to eliminate the
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FIG. 4. Two types of transition tapers used in CU15, (a) proto-
type and (b) improved type with water cooling channel. The
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temperature gradient generated in the magnet arrays. This
adjustment minimizes field errors arising from thermal
effects such as (i) gap errors caused by temperature-
dependent material deformations and (ii) variations in
remanent fields along the PMmagnet arrays. Additionally,
this temperature control system can be utilized as a
method for measuring beam-induced heating, as discussed
later in this paper.

III. CRYOGENIC AND MAGNETIC
PERFORMANCE

A. Cryogenic performance

1. Performance of cooling source

The cooling capacity of cryocoolers, associated with
the temperature of the cold head, can be estimated using
the cooling map provided by the vendor. However, this
method cannot be used with the current system because it
is difficult to access the cold-head temperature directly.
Therefore, a separate test system where an additional
heater was set up to measure the cooler’s capacity as a
function of the temperature, Tfeed, of the feedthrough.
The sensor for measuring Tfeed, is attached to the end of
the feedthrough as shown in Fig. 3. Consequently, the
dependence of the cooling capacity of a single cryocooler
on the feedthrough temperature, Tfeed, is obtained as
shown in Fig. 5.

2. System heat load and cooling margin

When CU15 operates with the magnet temperature
controlled at a certain temperature, Tmag, in the absence
of the electron beam condition, the following equation
holds at the state of equilibrium:

PcoolerðTfeedÞ¼PcondðTmagÞþPradðTmag;GmagÞþPheater;0;

ð1Þ

where Pcooler represents the cooling capacity of the two
cryocoolers; Pcond denotes the thermal conduction input
power; Prad indicates the thermal radiation power, and
Pheater;0 stands for the output power of the heaters at beam
current equals zero.
When the beam current is zero, the power of the heater,

Pheater;0, can be defined as a measure of cooling margin,
Pmargin. The term “cooling margin” is defined to determine
the amount of available power that can compensate for the
dissipated power from the electron beam. Another defi-
nition is the system heat load, Psystem, defined as the sum
of thermal conduction power and thermal radiation power.
Namely,

PsystemðTmag; GmagÞ ¼ PcondðTmagÞ þ PradðTmag; GmagÞ:
ð2Þ

Accordingly, Eq. (1) can be rewritten as follows:

PcoolerðTfeedÞ¼PsystemðTmag;GmagÞþPmarginðTmag;GmagÞ:
ð3Þ

The cooling margin can be measured at various temper-
atures of magnet at each magnet gap as illustrated in Fig. 6.
At 80 K, the cooling margin is approximately 90 W.
Therefore, the cooling efficiency, calculated as the available
cooling on magnets divided by the cooling capacity from
the cryocooler, from the conduction cooling system in the
CU15 is about 40%. A smaller gap and higher magnet
temperature lead to a larger cooling margin. The reason for
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this is that a smaller gap reduces the effective irradiation
area for thermal radiation from the upper and lower in-
vacuum girders. Consequently, a smaller Psystem results in a
larger cooling margin.
As shown in Fig. 7, the system heat load, which

varies with magnet temperature, can also be determined
using Eq. (3). The terms “cooling capacity of the
cryocooler” and “cooling margin” in Eq. (3) can be
referenced in Figs. 5 and 6, respectively. During the
initial design stage, the system heat load was evaluated
using “SOLIDWORKS,” and the results are presented in
Table II. The calculated value of Psystem at Tmag ¼ 80 K is
156 W, which aligns well with the measured value as
shown in Fig. 7.

3. Lowest temperature and temperature stability

The vacuum pressure and magnet temperature over
time, throughout the cooling process, are shown in Fig. 8.
The magnet temperature reaches 80 K after 30 h, even-
tually stabilizing at a minimum temperature of 55 K.
Simultaneously, the final vacuum pressure in the unbaked
vacuum chamber reaches 10−8 Pa.
Figure 9 shows the temperature variations along the

magnet arrays, demonstrating the efficacy of the temper-
ature control system in maintaining consistent magnet

temperatures. The temperature fluctuations along the
magnet arrays remain within the narrow range of
�0.4 K, and the temperature gradient along the magnet
arrays approaches zero, thereby minimizing phase errors.

TABLE II. Calculated system heat load, Psystem, at Tmag ¼ 80 K and Gmag ¼ 20 mm.

Sources Power (W)

Thermal conduction Bellows-link rods (32 pcs) 72
Transition tapers (4 pcs) 12

Thermal radiation from the vacuum chambera 72
Psystem (total) 156

aThe emissivity of the in-vacuum girder made of OFHC is assumed to be 0.09.
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When operating under stable conditions, where magnet
temperatures and the magnet gap remain constant, temper-
ature fluctuations remain stable at �0.1 K over several
weeks. This stability enables precise control of the gap
value within �0.5 μm.

B. Magnetic performance

The CPMU project at TPS encompasses not only an
undulator but also an in situ measurement system of the in-
vacuum type [11] and temperature-dependent hall probe
calibration [12] to precisely measure magnetic perfor-
mances and give several field corrections when the
CPMU is in CT mode. After cooling the magnets, the
actual magnet gaps are wider than the gap value derived
from the encoder value that measures the distance between
the upper and lower out-of-vacuum girders. Therefore, the
magnet gap is directly measured using two optical microm-
eters positioned at each end of the magnet array. Figure 10
shows the relationship between magnet temperature and the
effective magnetic field. The effective magnetic field is
important for spectral analysis, the effective magnetic field
can be defined as Beff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP∞
n B2

n=n2
p

[13], where Bn is
the magnetic field harmonic components from a discrete
Fourier transform. As the temperature decreases from 140
to 55 K, the effective magnetic field exhibits a linear
increase both at the magnetic gap of 4.2 and 5.2 mm.
Specifically, at a temperature of Tmag ¼ 80 K, the effective
magnetic field is 1.33 and 1.02 Tesla at Gmag of 4.2 and
5.2 mm, respectively. Due to the magnetic properties, there
is a 16% increase in the remanence field from 300 to 80 K.
Therefore, the observed approximately 14% increase in the
magnetic field compared to that at room temperature
aligns with expectations. An advanced undulator requires
low rms phase error characteristics. Phase errors can be
effectively minimized through well-established field

correction methods at room temperature. However, when
a CPMU operates at CT, phase errors can increase due to
the higher K value, even in the absence of additional field
errors. This increase occurs because phase error scales with
K2=ð1þ K2=2Þ [10]. Additionally, phase errors can sub-
stantially rise due to additional field errors originating from
two sources: (i) static errors, which are independent of gaps
and result from uneven material contractions within the
bellows-link rods and in-vacuum girders, and (ii) dynamic
errors, which are gap dependent and result from increased
magnetic forces at CT. The former static field error can be
corrected using differential adjusters. On the other hand,
the latter dynamic error can be corrected by the force
compensation spring modules [14]. These modules provide
additional supporting points to minimize the deformation
of out-of-vacuum girders and consequently reduce intrinsic
phase errors. Moreover, a set of springs with different
coefficients can create a multilinear approximation of the
counterforce that compensates for the magnetic force,
which varies exponentially with the gap value. These
spring modules can be set up in-air to facilitate spring
tuning, while CU15 operates in both RT and CT. Figure 11
illustrates the phase errors of CU15 are slightly increased at
80 K, and the rms phase errors are less than 2.6° for
all gaps.

IV. BEAM-INDUCED HEATING

The high beam-induced heating may lead to the temper-
ature gradient across the magnet arrays, potentially causing
gap tapers or errors that could degrade the undulator’s
magnetic performance. To achieve a practical CPMU with
low phase error, it is crucial to ensure sufficient cooling
capacity to dissipate the beam-induced heat load and
implement precise temperature control to remove the
temperature gradient of magnets.
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A. Calculated beam-induced heating

The beam-induced heating in CU15 can be derived
from several known sources: (i) synchrotron radiation
emitted from upstream bending magnets, (ii) resistive wall
heating in the magnet arrays, (iii) internal microwave
power associated with beam power loss attributed to the
geometric impedance of the transition tapers and magnet
arrays in CU15, (iv) external microwave power associated
with beam power loss attributed to the geometric imped-
ance of various components distributed throughout the
storage ring, excluding CU15, and (v) indirect SR derived
from simple reflection, fluorescence, or Compton scatter-
ing. Quantitatively evaluating the heat load of indirect SR
is difficult. Therefore, indirect SR is not discussed in
this paper.
The dissipated power from the electron beam, Pbeam,

given to the magnet arrays in a CPMU can be described by

Pbeam ≈ PSR þ Prw þ Pmw: ð4Þ

The first term, PSR; in Eq. (4) is derived from the
synchrotron radiation that is emitted from an upstream
bending magnet. The power derived from the SR can be
evaluated by the vertical distribution of the angular power
density, as explained in Ref. [15]. The second term, Prw,
represents the power of resistive wall heating, uniformly
distributed in the longitudinal direction, and can be
calculated using an analytical formula provided in
Ref. [16]. The third term, Pmw, represents microwave
power, results from part of the beam energy loss, absorbed
by the magnet arrays. The beam power loss in CU15,
Ploss;CU15, includes the magnet arrays and taper sections, so
it can be estimated in

Ploss;CU15 ¼ ΔE=Tb; ð5Þ

where,

ΔE ¼ klossðIbeam=NbfrevÞ2; ð6Þ

and Tb is the bunch interval. Ibeam denotes the beam
current, Nb denotes the number of bunches, and frev is
revolution frequency. The longitudinal loss factor, kloss, can
be evaluated using a 3D electromagnetic code (GdfidL [17]).
Assuming that all beam power loss generated in CU15
becomes microwave power and absorbed by the magnet
arrays, Pmw is equal to Ploss;CU15. In this case, the calculated
beam-induced heat load of CU15 from various sources is
shown in Fig. 12. The parameters used in the calculation are
shown in Table III. These beam parameters correspond to
the TPS routine operations.

B. Measured beam-induced heat load

The cooling margin can remain constant through the
precise temperature control on magnets, so the dissipated

power by the electron beam can be tracked by monitoring
the change in heater power as demonstrated in

Pbeam ¼ Pmargin − Pheater; ð7Þ

In the subsequent discussion, the estimation of power from
the electron beam is using this method with a repeatability
of approximately �1.5 W.

1. Effect of the beam current on beam-induced heating

The initial measurement of beam-induced heat load was
conducted at a wide gap of 20 mm, where expected a low
heat-load result from SR emitted by an upstream bending
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FIG. 12. Dependence of various beam-induced heat loads on
the magnet gap in CU15 under the assumption that Pmw is equal
to Ploss;CU15. The calculation is based on the TPS parameters in
Table III. The distance from the end of the upstream dipole
magnet to the undulator entrance is 6 m. The results do not
account for microwave power propagating from outside CU15.
The calculation is based on Tmag ¼ 80 K and the bunch length of
the electron beam is 16 ps.

TABLE III. Beam parameters at TPS for routine operation.

Beam parameter Value

Beam energy (GeV) EGeV 3.01
Beam current (mA) Ibeam 500
Emittance (nm·rad) εx 1.6
Energy spread σγ=γ 1.0 × 10−3
Number of bunches Nb 600 þ 1 (single bunch)
rf harmonic number Hrf 864
rf frequency (MHz) frf 500
Bunch current (mA) 0.83þ 3.5 (single bunch)
Bunch interval (ns) Tb 2
Revolution frequency (MHz) frev 0.57
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magnet and resistive wall heating. Figure 13 shows the
measured beam-induced heat load varies with the beam
current using different transition tapers. The measurement
was conducted under a fixed condition, with Gmag ¼
20 mm and Tmag ¼ 80 K, ensuring a constant cooling
margin. The beam power loss in the prototype transition
tapers shown in Fig. 4(a) is roughly twice as high as in the
improved transition tapers shown in Fig. 4(b), which means
that the microwave power to heat the magnet arrays is
doubled. As a result, the cooling capacity becomes insuf-
ficient when the beam current exceeds 300 mA. However,
after removing the cavitylike structure from the prototype
transition tapers, the beam-induced heat load on the CU15
is significantly reduced to below 100 W at 500 mA. The
measured data for beam-induced heat load showed a strong
correlation with a quadratic dependence, indicating that the
heating source is attributed to broadband impedance. If SR
were the dominant heating source, one would expect a
linear relationship between beam-induced heat load and
beam current. A further point to note is that lowering the rf
voltage can effectively reduce the heat load attributed to
broadband impedance. This topic will be discussed in the
following section.

2. Effect of bunch length on the beam-induced heating

The beam-induced heating is expected to be associated
primarily with broadband impedance based on previous
discussions. Therefore, the investigation of heat load in
different rms bunch lengths has been conducted to identify
this aspect. The rms bunch length was measured using a
streak camera (Hamamatsu C10910) in various rf voltages
and beam currents. Table IV shows that the bunch length
increases with an increase in beam current or a decrease in

rf voltage. The measurement of the bunch length has an
error margin of 10%.
In Fig. 14, the measured values of Pbeam=I2beam are

plotted against different bunch lengths. The results indicate
that the beam-induced heat load decreases as the bunch
length increases. The microwave power caused by geo-
metric impedance and the power of resistive wall heating
have different correlations between the bunch length and
power, so the former can be expressed as Pmw ∝ σt

−1 while
the latter is given by Prw ∝ σt

−1.5 [8]. When the magnet gap
is set at 20 mm, the curve shows a better fit between
Pbeam=I2beam and σt

−1.1, suggesting that geometric imped-
ance is dominant in the beam-induced heating. Conversely,
when the gap is reduced to 5.2 mm, the curve is a better fit
between Pbeam=I2beam and σt−1.3, indicating that the resistive
wall effect becomes more dominant at smaller gaps.

3. Temperature distribution of magnet arrays

The temperature distribution across the magnet arrays is
examined at a beam current of 500 mA. The temperature
deviation from the reference point (set at 80 K) is shown in
Fig. 15. The temperature distribution profile is symmetrical
and parabolic at the center of the magnet array, with
temperature rises of the magnet array observed near both
ends, which suggests that the contribution of SR irradiation
is very small. Therefore, the temperature increase near both
ends seems to be primarily due to microwaves propagating
into the magnet gap from both ends of the magnet array.
The temperature increases near both ends become more
pronounced when the magnet gap is narrower and the
bunch lengths are shorter. The phenomenon above can be
explained by the microwaves passing through the magnet
gap and being absorbed by the magnet array. A wider
magnet gap may allow for a longer distance of microwave
propagation, whereas a narrow gap may result in a shorter
propagation distance. Consequently, when the magnet gap
is narrow, temperatures near the ends of the magnet arrays
are thought to be higher compared to the center.
At a magnet gap of 5.2 mm, a maximum temperature

variation of �1.1 K was observed for a bunch length of
16 ps. Consequently, the increased temperature of magnets
may lead to relative magnetic field errors and additional
phase errors. The magnetic field of an undulator, as well as

TABLE IV. Bunch length measured at various rf voltages and
beam currents.

rf voltage
(MV)

σt@Ibeam ¼ 500 mA
(ps)

σt@Ibeam ¼ 400 mA
(ps)

3.6 14 13
3.2 16 15
3.0 17 15.5
2.8 18 16.5
2.6 19 18
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FIG. 13. Beam-induced heat load varies with beam current with
Gmag ¼ 20 mm and Tmag ¼ 80 K. The solid lines represent
quadratic curve fitting.

PERFORMANCE INVESTIGATION OF … PHYS. REV. ACCEL. BEAMS 27, 023501 (2024)

023501-9



the relative magnetic field errors due to the thermal effects,
are approximated as follows:

B ¼ B0 exp

�
b1

�
Gmag

λu

�
þ b2

�
Gmag

λu

�
2
�
; ð8Þ

ΔB
B

¼ f
ðΔGmagÞmax

λu
þ
�
ΔB
B

�
Br

; ð9Þ

where b1 ¼ −5.251 and b2 ¼ 2.079 are fitting coefficients
of magnetic field, f ¼ b1 þ 2b2ðGmag=λuÞ. The first term
in Eq. (9) is derived from the thermal expansion, and the
second term is from the temperature dependence of the
permanent magnet’s remanence.
The change of magnet gap per unit temperature at

Tmag ¼ 80 K has been measured as −2.5 μm=K. Based
on this measurement, the first term of Eq. (9) is estimated to
be 1.4 × 10−3 when the magnet gap is 5.2 mm and the f
value is −3.86. Figure 10 shows that the temperature
coefficient of the magnetic field effect is −0.06%=K at
80 K. As a result, the second term of Eq. (9) is−1.3 × 10−3,
leading to a net relative field error of 9.6 × 10−5. At a gap
of 5.2 mm with K ¼ 1.42, this field error leads to a
maximum rms phase error of less than 0.2°. So, the
additional phase errors resulting from beam-induced heat-
ing shall not significantly affect the spectral performance.

4. Effect of undulator gap on the beam-induced heating

The beam-induced heat load at different magnet gaps
was measured at a beam current of 500 mA, as shown in
Fig. 16. It can be seen that the beam-induced heat load
increases as the gap is decreased. The maximum beam-
induced heating power recorded was 112 W at a 4.8 mm
gap with a bunch length of 16 ps. However, if the gap
decreases below 4.8 mm, beam-induced heat load can
exceed the cooling margin, leading to an uncontrolled
temperature gradient in the magnet arrays. On the other
hand, by increasing the bunch length from 16 to 18 ps, there
was an approximate reduction of 20Wacross all gaps. So, a
longer bunch length plays a crucial role in maintaining low
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beam-induced heating in a CPMU. From the perspective of
beam-induced heating, the current design of CU15, using
conduction cooling with two cryocoolers, is thought to be
feasible to operate at a gap of 4 mm or less in most of the
fourth-generation storage rings, provided the bunch length
is sufficiently long.

5. Comparison between calculated and measured beam-
induced heat load

The beam-induced heat load measured at 500 mAwith a
magnet gap of 20 mm is about one order of magnitude
higher than the calculated value (compare Figs. 12 and 16).
The discrepancies between the measured and calculated

heat loads persist at approximately constant values of 80
and 65 W for bunch lengths of 16 and 18 ps, respectively.
These discrepancies are independent of gaps but vary with
bunch length. These results suggest that the main factor
contributing to this inconsistency may be the external
microwave power derived from beam power loss due to
the geometric impedance of various components outside
CU15. Examples include the BPM, bellows, and other
vacuum components located upstream or downstream of
CU15. It is possible to calculate the beam energy loss
attributable to each component of the storage ring.
However, some of the energy loss is either trapped near
the components or becomes microwaves propagating along
the orbit and entering the CU15. Consequently, quantitative
estimation of the entry of microwaves and their interactions
within CU15 poses a challenging task.
Nevertheless, it is important to emphasize that the beam-

induced heat load resulting from geometric impedance
increases quadratically with the beam current. Therefore,
when a CPMU operates at high beam currents, it becomes
imperative to carefully design the transition taper in order
to minimize beam power loss (microwave production) due
to the geometric impedance.

C. Vibration issue from cryocoolers

The use of cryocoolers raises concerns about vibrations,
that may affect the stable operation of the storage ring.
Consequently, it is important to employ cryocoolers with
low-vibration type. Since the field integral in the undulator
is almost zero, the vibration from the cold heads is not
expected to cause significant field integral errors that would
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affect closed orbit distortion in the storage ring. However, if
the vibrations are transmitted to the adjacent beam position
monitors (BPMs), it may lead to faulty beam position
feedback control. So, the vertical and horizontal positions
measured from the two BPMs between the activation and
deactivation of the cold heads are checked. These two
BPMs are installed after bellows to isolate the vibration.
Based on the results presented in Fig. 17, it is evident that
the signals from the BPMs are not significantly influenced
by vibrations from the cold heads. In practical terms, this
level of vibration has a negligible impact on the beam
control in the TPS storage ring.

V. CONCLUSION

The cryogenic permanent magnet undulator, CU15, with
a period length of 15 mm and a period number of 133 has
successfully operated in the TPS storage ring at NSRRC
with a beam current of 500 mA for more than 3 years. In
CU15, which uses PrFeB magnets, the temperature of
magnets is kept at 80 K with a conduction cooling system
based on cryocoolers. The effective magnetic field of
1.33 Tesla is obtained with a magnet gap of 4.2 mm and
1.02 Tesla with a magnet gap of 5.2 mm. This undulator has
integrated several new technologies to ensure long-term
stability in vacuum, cryogenic, and magnetic performance.
The precise control of magnet temperatures guarantees
consistent and reproducible photon energy spectra.
The development of CU15 placed significant emphasis

on low phase error characteristics. To achieve this objec-
tive, various measures were employed, such as incorpo-
rating OFHC copper in-vacuum girders, optimizing the
number of bellows-link rods, implementing a precise
temperature control system, and integrating force-compen-
sating spring modules into the mechanical frame. Through
several iterations of field corrections, the rms phase error
was successfully reduced to less than 2.6° at all gaps.
The beam-induced heating mechanism is attributed to

broadband impedance, making it sensitive to changes in
both beam current and bunch length. The primary heat load
on magnet arrays is generated by the microwave power
caused by beam energy loss due to geometric impedance.
At a small gap, the resistive wall heating increases and
becomes a significant factor in the beam-induced heating
mechanism. At a beam current of 500 mA, the measured
beam-induced heating power at CU15 is approximately
90 W at a gap of 20 mm with a bunch length of 16 ps. The
measured heat load is much higher than the calculated
beam power loss derived from the CU15 components
(transition tapers and magnet arrays). The discrepancies
seem to be linked to the external microwave power, which
is determined by the beam power loss from the geometrical
impedance of various components outside CU15.
In general, the conduction-cooled CPMU with cryo-

coolers is feasible for operation at a small gap in most

fourth-generation storage rings, provided the bunch length
is properly controlled.
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