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Status of Cryogenic Permanent-Magnet 
Undulators at Taiwan Photon Source

C ryogenic permanent-magnet undulators (CPMUs) 
have become a point of interest in the development 

of short-period undulators. Two 2-m CPMUs have been 
developed at the Taiwan Photon Source (TPS) by using 
different magnet materials and cooling methods: a PrFeB-
based CPMU with cryocooler cooling and a NdFeB-based 
CPMU with liquid nitrogen (LN2) tank cooling. Both CPMUs 
exhibit spectral performance superior to that of 3-m in-
vacuum undulators. CPMUs have great potential to become 
standard undulators at the TPS for beamlines requiring 
high-brilliance X-rays at high photon energies.

Introduction
High-brilliance X-rays from undulators are highly 
desirable for use in third-generation storage rings. The 
brilliance of synchrotron radiation can be increased 
by using short-period, high-field undulators with 
low phase errors. A cryogenic permanent-magnet 
undulator (CPMU) is a suitable candidate for this 
purpose because of its strong magnetic field. The other 
potential advantages of CPMUs are as follows: (1) 
Outgassing from the permanent magnet component is 
suppressed at cryogenic temperatures (CTs), and cold 
magnets work as cryopumps. (2) Permanent magnets 
at CTs have high resistance to radiation damage due 
to their high coercivity. (3) Beam-induced-heat loads 
are low because image current heating on Cu-Ni 
foils covered the magnet arrays can be reduced by 
a factor of 2–3 relative to that at room temperature. 
These advantages are associated with 
crucial characteristics for advanced 
undulators, namely ultra-high-vacuum 
compatibility and high radiation and 
thermal resistance.

In April 2015, eight in-vacuum 
undulators (IU22-3m) was installed for 
phase-I beamlines at the TPS storage 
ring. IU22s are designed for a photon 
energy range of 5–20 keV. Two CPMUs 
for phase-II beamlines, CU15 and 
CUT18, can provide brilliance higher 
than that provided by IU22s at photon 
energies above 15 keV (Fig. 1). The 
parameters of the three undulators 
are presented in Table 1. 

Beam-induced heating poses a challenge in the 
development of CPMUs. Because the TPS operates at a 
beam current of 500 mA with a bunch length of ~16 ps, 
such beam parameters result in high beam heating on 
vacuum components and undulators of in-vacuum with 
small gaps. Therefore, special cryogenic system design is 
required to ensure that the CPMUs exhibit high cryogenic 
performance. Figure 2 depicts the CU15 and CUT18 
installed for the phase-II beamlines at the TPS.

Items Unit IU22 CU15 CUT18

Type IVU CPMU CPMU

Length m 3 2 2

Magnet material
NdFeB 
(NMX-38EH)+
Dy diffusion

PrFeB  
(NMX-68CU)+
Dy diffusion

NdFeB  
(NMX-U52SH)+
Tb diffusion

Remanence Br T 1.24 at 300 K 1.64 at 80 K 1.57 at 170 K

Coercivity Hcj kA/m 2743 at 300 K 6385 at 80 K 2854 at 170 K

Period length λu mm 22.000 14.945 17.962

Minimum magnet/vacuum gap mm 6.5 / 6.2 5.2 / 5.0 5.6 / 5.4

Effective magnetic field T 0.86 1.01 1.18

Deflection parameter 1.77 1.42 1.98

Number of periods 140 133 111

Magnet temperature K 300 80 170

Cooling method Water Cryo-cooler LN2 tank

Status Operation Operation Commissioning

Table 1:    Specifications of the TPS in-vacuum undulators (IU22, CU15, and CUT18). 

Fig. 1: Spectral performance of IU22-3m, CU15-2m, and CUT18-2m. 
Parameters for the calculation were as follows: EGEV = 3 GeV, βx = 5.3 
m, βy = 1.7 m, coupling constant = 0.01, emittance = 1.6 nm rad, and 
energy spread = 10−3.



098 ACTIVITY REPORT  2021

PeFeB-based CPMU (CU15)
The development of CU15, which was the first CPMU at 
the TPS and has a period length of 15 mm, began in 2016. 
Several technologies, including field measurement systems, 
field correction methods, and assembly works of vacuum/
cryogenic components have been developed at the TPS 
laboratory. CU15 was installed at the storage ring in 2019 
and has been in operation since January 2021. Figure 3 
illustrates the milestones in the development of CU15.

In the design of CU15, a cryocooler cooling method 
is employed because the initial setup for a cryocooler 
system is simple and liquid nitrogen (LN2) is not available 
at the laboratory. The cryocoolers are connected to the 
magnet arrays by flexible thermal straps and heat transfer 
feedthroughs, as indicated in the schematic in Fig. 4. (see 
next page). Such conduction cooling design can satisfy the 
regulations imposed on the TPS ultra-
high vacuum system. The heat transfer 
feedthrough separates the vacuum 
system into two sections, so the 
annual maintenance of the cold heads 
can be performed without evacuating 
the ring vacuum and affecting UHV 
components of the CPMU.

The first attempt to operate CU15 in 
the storage ring at a beam current 
of under 300 mA was successful. 
However, the cryogenic performance 
of CU15 was poor when the beam 
current was increased gradually to 
500 mA. The beam-induced heat 
load, generated by the broadband 
impedance at high beam currents, 

Fig. 2: (left) CU15 installed at the TPS storage ring for the high-resolution powder diffraction 
TPS 19A beamline; (right) CUT18 installed for the advanced microcrystal chemical 
crystallography TPS 15A beamline.

Fig. 3: Milestones of the TPS-CU15 project.

led to the available cooling power of the two cryocoolers 
being insufficient. The underlying cause of this failure was 
the electromagnetic waves becoming trapped inside the 
cavity-like structure at the end of the transition taper, which 
led to energy loss of the electron beam and undesirable 
beam heating. A new type of water-cooled transition taper 
was therefore developed to mitigate the heat loads. After 
several attempted modifications, CU15 was successfully 
tested at 500 mA with a minimum gap of 4.8 mm. Figure 
1 shows the spectral performance of CU15-2m is superior 
than IU22-3m at photon energy larger than 15 keV. To 
identify this result, the powder diffraction measurements 
was performed by Dr. Yu-Chun Chuang's group at TPS 19A 
(CU15) and 09A (IU22). The photon counts were measured 
through undulators with same MYTHEN detector and 
a NIST standard material 660c (LaB6). Measuring at the 
same beam current, the relative photon counts using the 
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CU15 can have a maximum 3 times higher 
than that using the IU22 at 20 keV. From a 
user’s experiences, the experimental time 
can efficiently be decreased to one third on 
replacing IU22 with CU15.

NdFeB-based CPMU (CUT18)
CUT18, which is the second CPMU at the 
TPS and has a period length of 18 mm, 
was developed using LN2 tank cooling and 
the newest grade of NdFeB (NMX-U52SH) 
magnets. Several key factors were considered 
in the design of CUT18: (1) The temperature 
control system of magnets is well-developed, 
so a NdFeB magnet-based CPMU can be 
controlled at a temperature of 160–170 K to 
maximize the magnetic field. 
(2) The annual operational costs 
(including maintenance costs) 
of CPMUs with LN2 tank cooling  
are one-fifth, compared to those 
of CPMUs with cryocoolers. (3) 
The magnetic performances 
from the newest grade of Tb-
diffused NdFeB magnets may be 
comparable to PrFeB magnets. 
However, the research and 
development of new grades of 
NdFeB PMs are intensive due to 
high market demand; therefore, 
the potential of NdFeB-based 
CPMUs is expected to increase 
in the future. (4) As the required 
temperature of magnet is 100 
K higher at CUT18 than that 
of CU15. A large margin of the 
temperature control on magnets 
is an advantage for CUT18.

CUT18 is designed to be a standard undulator at the TPS 
for serving in broad scientific applications; therefore, the 
deflection parameter of CUT18 is designed to be greater 
than 2 to achieve high spectral performance. Maximum 
effective field strength of 1.18 T was measured at 170 K 
with a gap of 5.6 mm. An important feature of TPS-CUT18 
is its ability to incorporate either cryo-coolers or LN2 tanks 
as a cooling system (as depicted in Fig. 5). Like in the design 
of CU15, the cooling system is located at a separated 
vacuum, and the cold heads or LN2 tanks can therefore 
be replaced without reassembling the magnet arrays or 
UHV components. This aspect of the design is particularly 
beneficial for field measurements and corrections in the 
laboratory, where no LN2 supply is available. CUT18 was 
tested with liquid nitrogen tank cooling in the experimental 
hall of the TPS. When the temperature of magnets is 
controlled at 170 K, the cooling margin is more than 200 

Fig. 4: Cross sections of magnet arrays with conduction-cooling system.

Fig. 5: Current design of cryocooler-cooled PrFeB-based CPMU and extended design of a LN2-  
tank cooled NdFeB-based CPMU.

W, which is sufficient for operating TPS-CUT18 at a beam 
current of 500 mA. CUT18 was installed at the TPS storage 
ring in December 2021and ready for commissioning.

Summary
Two CPMUs with magnetic and cryogenic performance 
above the required specifications have been successfully 
developed at the TPS. With a temperature control system, 
the temperature of magnets can be stabilized, and the 
CPMUs can provide stable, reproducible energy spectra. 
Drawing on the development of the TPS-CPMUs, CPMU 
technologies are further advanced and even commercially 
produced. (Reported by Jui-Che Huang)


