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• Cryo Apple X

−Full polarisation control, linear-⍺ and elliptical

−Cryogenics: LN2 (77K)

−Controls: gap and shift drive system

−Synergies with SOLEIL & HZB (LEAPS-INNOV)

Is cryo-APPLE-X really the undulator we want for Porthos
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• SCAPE

−Polarisation control: LV, LH and elliptical

−Cryogenics: LHe (4.2K)

−Controls: power supply

−Synergies with Argonne & EuXFEL



• Cryo Apple X… nobody is working on this very specific configuration at the moment

• On going efforts on a very similar version - Apple II/III

−Asymmetry between LH & LV: LH > C > LV

What is the state-of-the art worldwide for this technology?
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SCAPE 0.5m long prototype magnet was built and 

tested in LHe at Argonne: 

−Period length 30mm

− Magnetic gap 10mm

− On-axis field 0.7T

What is the state-of-the art worldwide for this technology?
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SCAPE PROTOTYPE

22

▪ SCAPE 0.5-m long prototype magnet is built:

• period length –30 mm

• magnetic gap –10 mm 

▪ The prototype has been tested in a LHe bath 

cryostat equipped with a movable Hall probe

▪ Max quench current is 680 A ▪  operating current 

is around 540 A ▪  field on axis is 0.7 T

SCAPE mechanical structureSCAPE core winding

Measured field profiles Excitation curves

SCAPE PROTOTYPE

22

▪ SCAPE 0.5-m long prototype magnet is built:

• period length –30 mm

• magnetic gap –10 mm 

▪ The prototype has been tested in a LHe bath 

cryostat equipped with a movable Hall probe

▪ Max quench current is 680 A ▪  operating current 

is around 540 A ▪  field on axis is 0.7 T

SCAPE mechanical structureSCAPE core winding

Measured field profiles Excitation curves

SCAPE PROTOTYPE

22

▪ SCAPE 0.5-m long prototype magnet is built:

• period length –30 mm

• magnetic gap –10 mm 

▪ The prototype has been tested in a LHe bath 

cryostat equipped with a movable Hall probe

▪ Max quench current is 680 A ▪  operating current 

is around 540 A ▪  field on axis is 0.7 T

SCAPE mechanical structureSCAPE core winding

Measured field profiles Excitation curves

SCAPE PROTOTYPE

22

▪ SCAPE 0.5-m long prototype magnet is built:

• period length –30 mm

• magnetic gap –10 mm 

▪ The prototype has been tested in a LHe bath 

cryostat equipped with a movable Hall probe

▪ Max quench current is 680 A ▪  operating current 

is around 540 A ▪  field on axis is 0.7 T

SCAPE mechanical structureSCAPE core winding

Measured field profiles Excitation curves



Cryostat with LHe using thermosyphon effect
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HSCU CRYOSTAT

14

• One thermal shield

• Four RDK415D cryocoolers

• Two temperature stages

• Reduced diameter of the 

vacuum vessel

• Vertical turrets

• Standard flanges for the end 

covers

• Simplified design of He 

filling port

J. Fuerst et al., “A second-generation superconducting 

undulator cryostat for the APS,” Proceedings of CEC-

ICMC 2017, Madison, 2017.

HSCU cryostat (left) 

and SCU0/SCU1 

cryostat (right)

Argonne



Cryostat with LHe using thermosyphon effect
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Conduction cooling cryostat
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Cryogenic design
Conduction cooled design using 

1.8W + two 1.5W GM cryocoolers 

Thermal shield in Al with 30 layers 

MLI

Support of the magnet on the cold 

bore 

Thermal straps in high RRR 

copper

12 07.07.2021 C. Boffo | HTSU – 12 T SC Solenoid System

Shield 
50k

Magnet 
4.2k

Radiation 3.6 0.07

Conduction 7.2 0.12

Current Leads 25 0.25

Instrumentation 1 0.03

Total 36.8 0.47

Fermilab/PSI



Sc Helical undulator 
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HELICAL SCU FOR APS

12

▪ SCU technology offers the possibility of building 

circular polarizing helical undulators

▪ A helical SCU (HSCU) was installed on APS ring 

in December 2017. In operation since January 

2018

▪ X-ray photon correlation spectroscopy program at 

the APS benefits from the increased brilliance 

provided by an HSCU

Calculated photon spectrum of helical SCU.

Magnetic model of HSCU. HSCU prototype coil winding.

Parameter HSCU

Cryostat length (m) 1.85

Magnetic length (m) 1.2

Undulator period (mm) 31.5

Magnetic bore diameter (mm) 31.0

Beam vacuum chamber vertical aperture (mm) 8

Beam vacuum chamber horizontal aperture (mm) 26

Undulator peak field Bx=By (T) 0.4

Undulator parameter Kx=Ky 1.2

Argonne
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vacuum bore (9.8-mm magnetic bore), was constructed in 1973; 

without quenching, it reached a maximum current density of 700 

A/mm
2

 with an estimated on-axis field B0 of 1.3 T but failed in 

later laser experiment due to the electrical short between NbTi 

wires and the helical aluminum mandrel. The second NbTi helical 

SCU32.3 was designed with 10.2-mm vacuum bore (12.5-mm 

magnetic bore) and based on a new Delrin mandrel for insulation; 

it was constructed successfully and employed to demonstrate the 

feasibility of high gain FEL at wavelength 10.6 μm [10]. In 2005, 

Alexeev et al proposed the design of soft iron poles based NbTi 

helical SCU28 model and experimentally demonstrated that an 

on-axis field B0 of 1.06 T was achievable at 11-mm magnetic bore 

[11]. In 2017, Kasa et al reported the design and construction of a 

1.2-m long NbTi helical SCU31.5 which based on a continuous 

winding of a single NbTi wire on a helical mandrel with turn 

around pins at both ends, as shown in Figure 1 [12]; this SCU 

device reached an on-axis field B0 of >0.41 T after training 

quenches at 31-mm magnetic bore; in 2018, it was housed in a 

compact cryostat with 8-mm vacuum bore and commissioned in 

the Advanced Photon Source (APS) storage ring, providing a 

single harmonic of about 6 keV x-rays  [13]. 

The helical SCU is also of great interest for the application in the 

electron-positron collider. In 1991, Kezerashvili et al reported the 

fabrication of an 8-period NbTi helical SCU24 for measuring the 

polarization of the electron-positron colliding beams in the 

VEPP-2M storage ring; this short device reached an on-axis field 

B0 of 0.47 T at 18-mm vacuum bore (20-mm magnetic bore) but 

failed due to the signal to noise ratio in the spatial distribution of 

backscattered gamma-rays [14]. In 2002, Mikhailichenko et al 

winded a mini-helical SCU prototype with merely one layer NbTi 

winding and reported that an on-axis field B0 of 0.34 T could be 

reached at 2.42-mm period and 0.9-mm vacuum bore [15]. Since 

2005, a series of NbTi helical SCU models had been constructed 

and tested for the demonstration of being used in the International 

Linear Collider (ILC) for producing polarized positrons with 

circularly polarized γ-ray sources in excess of 10 MeV. As 

reported by Ivanyushenkov et al in [16][17]18], five short NbTi 

helical SCU models wound with NbTi ribbons were made to study 

the key parameters required for obtaining high on-axis field B0 

 
Figure 1. 1.2-m long NbTi helical undulator with 31.5-mm period and 29-mm magnetic bore developed for APS strorage ring. Images in this figure 

are reprinted from [12], with necessary permissions from the American Physical Society. 
 

 

 

Figure 2. Four of the short NbTi helical prototypes and a 4-m long cryomodule containing two 1.74 m long undulators developed for ILC positron 

source. Images in this figure are reprinted from [20], with necessary permissions from the American Physical Society. 
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Figure 1. 1.2-m long NbTi helical undulator with 31.5-mm period and 29-mm magnetic bore developed for APS strorage ring. Images in this figure 

are reprinted from [12], with necessary permissions from the American Physical Society. 
 

 

 

Figure 2. Four of the short NbTi helical prototypes and a 4-m long cryomodule containing two 1.74 m long undulators developed for ILC positron 

source. Images in this figure are reprinted from [20], with necessary permissions from the American Physical Society. 
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under stable operation, i.e., No. of wires in one ribbon, No. of 

layers, winding bore, period length, mandrel material and 

impregnation technique. In 2008, Clarke et al reported the 

construction of a full scale SCU module for ILC and demonstrated 

that both two 1.74-m long helical SCU11.5 prototypes could reach 

a stable on-axis field B0 of 0.86 T at 5.23-mm vacuum bore 

(6.23-mm magnetic bore) after training quenches (Bm~1.13 T) 

[19]. In 2011, Scott et al experimentally demonstrated that a 

full-scale 4-m long working helical SCU module shown in Figure 

2 was suitable for future TeV-scale linear positron sources [20]. 

2.1.2 Nb3Sn helical 

A short Nb3Sn helical SCU14 model with return-peg design, as 

shown in Figure 3, was first constructed by Kim et al in 2007 for 

the ILC positron source project; it based on the wind-and-react 

technology and reached an on-axis field B0 of 0.9 T at 7.94-mm 

magnetic bore after training quenches [21]. With similar 

configuration, Majoros et al fabricated another two short models: 

one reached a low B0 of 0.314 T due to unexpected flux jumps and 

the other reached an enhanced B0 of 0.8 T by using small-filament 

Nb3Sn wires [22][23]. 

2.1.3 MgB2 helical 

With similar configuration shown in Figure 3, Majoros fabricated 

the first MgB2 helical SCU14 model in 2008 and demonstrated it 

could reach an on-axis field B0 of 0.25 T [24]. No further R&D 

works on MgB2 helical SCUs were later followed possibly 

because of the low Jc in MgB2 wires at high magnetic fields. 

2.1.4 Bulk HTS helical 

In 2018, a double staggered-array bulk HTS undulator shown in 

Figure 4 was proposed by Calvi from Paul Scherrer Institute (PSI) 

for obtaining a helical on-axis field [25]. According to numerical 

studies, the double staggered-array bulk superconductors after 

field cooled (FC) magnetization from 10 T could generate an 

on-axis helical field B0 of 1.6 T at 10-mm period and 4-mm 

magnetic bore. This new helical undulator concept is of great 

interest to future compact FELs, but short prototype studies are 

required to demonstrate its feasibility. 

2.2 Planar SCU 

2.2.1 VR NbTi planar 

[Europe] The concept of vertical racetrack (VR) NbTi coils based 

SCU was first proposed by Bazin et al in 1979; the first device, 

consisting of vertically arranged NbTi racetrack coils and an 

inverse T-shape vacuum chamber, reached an on-axis field B0 of 

0.4 T at 40-mm period and 12-mm vacuum gap (22-mm magnetic 

gap); this planar SCU40 device was later tested at ACO storage 

ring, showing reliable operation and emitting ultra-violet light at 

the beam energy of 140 and 240 MeV [26][27]. In 1997, Hezel et 

al proposed the concept of a novel in-vacuum planar SCU 

consisting of vertically arranged NbTi solenoid coils; an 

100-period device with 3.8-mm period (B0 = 0.56 T @ 1-mm 

magnetic gap) was later tested with an 855 MeV electron beam at 

the Mainz Microtron MAMI, showing reliable operation at beam 

current of up to 50 μA continuous-wave (CW) [28][29][30].  

Since 2000s, Karlsruhe Institute of Technology (KIT) has been 

working on the development of VR NbTi planar SCUs for ANKA 

storage ring. In 2002, a 10-period SCU14 model was first reported 

by Rossmanith et al, obtaining an on-axis field B0 of 1.33 T at 

5-mm magnetic gap [31][32]. In 2006, an 100-period in-vacuum 

SCU14 device was developed under the collaboration between 

KIT and ACCEL Instruments GmbH and obtained an on-axis B0 

of 0.38 T in the middle and decayed field amplitude at both ends at 

 

Figure 3. Nb3Sn helical undulator prototype with return-peg design. 

Images in this figure are reprinted from [21], ©2007, IEEE (permission 

fees to be paid). 

 
Figure 4. Double staggered-array bulk HTS helical undulator. Images in 

this figure are reprinted from [25], with necessary permissions from the 

authors. 
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2.1 Helical SCU 

2.1.1 NbTi helical 

The helical SCU design with doubled mean squared field and gain 

was first proposed by Elias and Madey in a high gain infrared-FEL 

experiment at Standford University in 1972 [9]. The first 5.2-m 

long NbTi helical SCU device, with 32.3-mm period and 8-mm 

Table 1. Summary of state-of-the-art developed SCU models, prototypes and devices. Model: full SCU coil assembly (upper-half coils are not 

included). Prototype: full SCU coil assembly + vacuum chamber + cryostat. Device: full SCU coil assembly + vacuum chamber + cryostat + beam 

commissioned 
SCU 

type 
Conductor Year Laboratory 

No. of 

periods 

Period length 

(mm) 

Magnetic 

bore/gap (mm) 

vacuum 

bore/gap (mm) 

Peak on-axis 

field (T) 
Type 

Helical 

NbTi wire 

1973 Stanford U. [9] 160 32.3 9.8 8 V(H)=1.30  Device 

1974 Stanford U. [9] 160 32.3 12.5 10.2 - Device 

1992 BINP [14] 8 24 20 18 V(H)=0.47 Device 

2002 Cornell U. [15] 64 2.4 1.5 0.9 V(H)=0.34 Prototype 

2005 
Kurchatov Inst. 

[11] 
6 28 11 - V(H)=1.06 model 

2005-07 STFC [18] 20 14 6 - V(H)=0.9 model 

2005-07 STFC [18] 25 12 6 - V(H)=0.53 model 

2005-07 STFC [18] 25 12 6 - V(H)=0.96 model 

2005-07 STFC [18] 42 11.5 6.35 - V(H)=0.82 model 

2008 STFC [18] 150 11.5 6.35 5.23 V(H)=1.13 prototype 

2018 ANL [18] 38.5 31.5 31 8 V(H)=0.41 Device 

Nb3Sn 

wire 

2007 ANL [18] 17 14 7.94 - V(H)=0.9 model 

2012 
Ohio State U. 

[23] 
17 14 8 - V(H)=0.8 model 

MgB2 wire 2009 
Ohio State U. 

[24] 
17 14 8 - V(H)=0.25 model 

Planar 

NbTi wire 

1980 PARIS XI [27] 23 40 22 12 V=0.45 Device 

1990 BNL [50] 3 8.8 4.4 - V=0.5 model 

1996 BNL [51] 23 8.8 4.4 3.8 V=0.51 prototype 

1998 KIT [29] 100 3.8 1 1 V=0.56 Device 

2003 
KIT/ACCEL 

[32] 
10 14 5 - V=1.33 model 

2006 
KIT/ACCEL 

[33] 
100 14 8 7.4 V=0.38 Device 

2008 NSRRC [60] 20 15 5.6 - V=1.45 model 

2011 NSRRC [61] 65 15 5.6 - V=1.36 model 

2013 ANL [53] 20.5 16 9.5 7.2 V=0.8 Device 

2015 KIT/Noell [39] 11.5 20 8 - V=1.2 model 

2015 ANL [55] 59.5 18 9.5 7.2 V=0.98 Device 

2016 SINAP [62] 5 16 8 - V=0.93 model 

2016 KIT/Noell [35] 100.5 15 8 7 V=0.73 Device 

2016 BINP [86] 15 15.6 8 - V=1.2 model 

2018 BINP [87] 40 15.6 8 - V=1.2 model 

2018 ANL [57] 70 21 8 - V=1.67 model 

2019 KIT/Noell [41] 74.5 20 8 7 V=1.18 Device 

2019 KIT [42] 24 or 12 17 or 34 6 - V=1.3 or 2.3 model 

2019 STFC [47] 19 15.5 7.4 5.4 V= > 0.8 Device 

2021 BINP [88] 119 15.6 8 - V=1.2 model 

2021 SINAP [64] 50 16 10 7.5 V=0.62 Device 

2021 IHEP [65] 30 15 7 - V=1.01 model 

Nb3Sn 

wire 

2018 LBNL [47] 73 19 8 - V=1.83 model 

2021 ANL [76] 28.5 18 9.5 - V=1.2 model 

ReBCO 

tape 

2012 KIT/Noell [78] -- -- -- -- -- model 

2014 LANL [79] 3 14 3.2 - V=0.77 model 

2017 ANL [82] 5 16 9.5 - V= > 0.2 model 

ReBCO 

bulk 

2013 Kyoto U. [104] 5 10 4 - V=0.85 model 

2019 PSI [109] 5 10 6 - V=0.85 model 

2021 PSI [3] 10 10 4 - V=1.54 model 

Variable NbTi wire 

2010 NSRRC [120] 4.5 24 6.8 - V(H)=0.61 model 

2019 ANL [126] 15 30 - 6 V(H)=0.6 model 

2020 BINP [121] 14 22 8 - V=1.0, H=0.7 model 
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In the table here on the 

right a summary of the last 

40 years effort in 

superconducting IDs 

worldwide,

You can find it on indico 

within the review paper 

we recently prepared 

under the request of the 

SUST journal



• K as a function of the polarisation

• Phase error (warm-cold)

• Polarisation quality (no surprise expected)

• ….

Which crucial properties do we need to verify 
with the prototype?
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• Costs:

−Full scale prototype >2m, 3MCHF

−Short prototype <0.5m, 1MCHF

• Feasibility:

−Cryo Apple X: there is no design available, starting from Athos…!?!

−Cryo Appple II/III: collaboration with HZB and/or SOLEIL (Rial/Valleau)

−SCAPE: collaboration contract with Argonne or EuXFEL (Kesgin/Casalbuoni)

−Sc Helical: collaboration with Daresbury/Rutherford Lab (Shepherd)

• Location/Cryogenics: new cryo laboratory at PSI (Magnet& ID group)

Cost/feasibility of a prototype (location, 
cryogenics etc.)
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• SCAPE can be upscaled to Full polarisation control

R&D in the R&D
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