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® HTSU12: a 50-period Bulk High-Tc Superconducting Undulator
® Magnetic and Mechanical Design Considerations
Fabrication and Characterization of REBCO Bulk Units

Undulator Assembly and System Integration

[

o

® Magnetic Field Measurement Methodology

® Cryogenic Cooling and Temperature Regulation
o

Magnetic Field Characterization and Performance Optimization

® Short-Sample Demonstration Program

® MgB, Bulk Planar Configuration
® REBCO Tape-stack and REBCO Coil-based Helical Configuration
® New Geometry REBCO Bulk Planar Configuration

® Conclusion
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Magnetic Design Considerations of HTSU12
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2D periodical FEA model of the bulk HTS undulator Influence of the height of the ReBCO bulk on the
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D. B. Wei et al,IEEE Trans. Appl. Supercond., vol. 34, no. 5, pp. 4100705, 2024
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(a) Optimal design of the end of the bulk HTSU; (b) On-axis
magnetic field By(z), (c) first field integral IBy(z) and (d) second

field integral lIBy(z).
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Development of a 7 T Superconducting Solenoid
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Testing of the 7 T Superconducting Solenoid Magnet

1 7T 7T S8

Central field
2 Cooling Method Co?cc)j;ggon Cocnod ;:ggon Big
3 Yoke Thickness <40mm 40mm at&
4 Uniform region ®40*600mm ®40*600mm =L
5 Field inhomogeneity <1% 1.38% A
6 Warm bore >116mm 120mm at&
7 Power supply Bipolar Bipolar at&

— HIAE®
--- HirsH 77

— PGB
— smg@ag [ 400

(') 1(')0 2(I]0 360 460 S(I)O G(I)O 760
B8] /min
On-site test of the 7 T solenoid Current ramp, stability retention, and bipolarity verification

5/49



Mechanical Design Considerations of HTSU12 Z
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LIJ 7 T solenoid magnet
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1st stage l> Shield tube E
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2" stage Heat SinkE ; 3 Flat end .
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- | e ==
CF16 1 fi—h
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Shield
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HTS insert

Titanium support

| 1 [

|
Vacuum chamber E Shield tube

Cut-view of HTSU12 Mid-section view of HTSU12

K. Zhang et al., IEEE Trans. Appl. Supercond., vol. 35, no. 5, pp. 4100205, 2025
Z. W. Chen et al., Superconductivity, vol. 12, pp. 100134, 2024
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Mechanical Design Considerations of HTSU12 Z
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A dedicated 6-degree-of-freedom positioning platform
was developed for HTSU12 to enable precise
alignment and fine adjustment along the x, y, and z
axes, as well as their corresponding rotational degrees
of freedom, during beam-test installation at Shanghai

Soft X-ray Free-Electron Laser Facility.

6-Degree-of-
Freedom Platform
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Temperature Across the HTSI and Its Mechanical Support
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K. Zhang et al., IEEE Trans. Appl. Supercond., vol. 35, no. 5, pp. 4100205, 2025

Temperature profile under operational
conditions for the cold mass and its
support structure, including the 1.5 m-
long HTS-VTI, the top-half of TiAl6V4
support framework, and the bottom-half

of TiAlI6V4 support framework.
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Mechanical Deformation Simulation
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Longitudinal displacement, UZ of the 1.5 m-long Vertical displacement, UY of the 1.5 m-long HTS- Z-axis [m]

HTS-VTI and the TiAl6V4 support frameworks (a)
under gravity and (b) after further cooling to
operational conditions, not to scale.

VTl insert and the TiAl6V4 support frameworks (a)
under gravity and (b) after further cooling to
operational conditions, not to scale.

K. Zhang et al., IEEE Trans. Appl. Supercond., vol. 35, no. 5, pp. 4100205, 2025

Vertical displacement, UY of the top and
bottom lines of the HTS-VTI under
operational conditions. The difference
between UY at the center and UY at the
ends is ~16 um within the effective
undulator length of 0.6 meter.
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® Fabrication and Characterization of REBCO Bulk Units
o
o
o
o
o
o
®
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Fabrication and Characterization of REBCO Bulk Pieces
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Mechanical Strain Measurement S
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20
Top: 1(1) 31 501)
10 Bottom: 20  4Mm  gu
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Tensile stress after magnetization Tp 19 3 5
a MPa] [MPa] D. B. Wei et al., IEEE Trans.
0 -40 Appl. Supercond., vol. 35, no.
-20 -60 5, pp. 8400205, 2025
-40 -80
'gg -100
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Shrink-force induced compressive stresses Mechanical strain measurement system
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~120 Qualified REBCO Bulk Pieces Z
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77 K Field Mapping
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Surface Coating and Assembly of HTSI Z
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®
o
o
® Undulator Assembly and System Integration
o
®
o
®
o
®
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Undulator Assembly and System Integration
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Undulator Assembly and System Integration Z
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i

Full assembly of HTSU12 and the associated magnetic field measurement system

18/49



Outline

V 4

I SCiE =
gk :I E
ZHANGJIANG LABORATORY

®
o
o
o
® Magnetic Field Measurement Methodology
®
o
®
o
®
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Hall Probe and Sensor Calibration
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300
Calibration curves of eight
s InAs Hall sensors measured at
G 200; 10 K, showing  the
154 dependence of Hall resistance
§ (Hall voltage divided by
2 100! excitation current) on
= magnetic field strength.
O, I I I
0 1 2 3
Magnetic Field (Gs) x10*
300
a Calibration curves of an InAs
= 200 Hall sensor measured over
é magnetic fields from0to 3 T
g and temperatures from 4 to
4 20 K.
Glue layer: 0.1 mm : = 100
g o
0
3+ 0 1 2 3
= Magnetic Field (Gs) x10"

C. Liu et al., IEEE Trans. Appl. Supercond., vol. 36, no. 5, pp., 9001805, 2026 20/49



Magnetic Field Measurement System Z
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a. ' Connection chamber & : : :
- , SN a) Schematic of the multifunctional
Sliding O-ring seal Vacuum feedthrough (@) . .
o _ magnetic field measurement system
3-axis linear stages |j

developed for the 50-period bulk HTS
undulator at SXFEL.

_“

(b) Schematic of measurement bench A
—-— equipped with a 2-m-long Hall probe
tube; the associated Hall probe
mounting fixture is enlarged for clarity.

(c) Schematic showing the 3.4-mm-
diameter Hall probe moving along a
copper guide tube temporarily mounted
to ensure smooth translation of the 2-m-

long Hall probe tube, not to scale.
Insert

(d) Schematic of measurement bench B
equipped with metal bellows; the
associated  stretched-wire  mounting
fixture is enlarged for clarity.

s —— Moving direction
Guide Tube

Stretched wire
mounting fixture |

mounting fixture

C. Liu et al., IEEE Trans. Appl. Supercond., vol. 36, no. 5, pp., 9001805, 2026
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Conduction Cooling and Optimization

ISCIE =R

ZHANGJIANG  LABORATORY

D 6 rounds of system optimization and cooling experiments have been completed
HTS insert finally cooled to reached 2.75K (front), 3.46K (50cm), 3.58K (100cm), and 2.77K (rear)

Lake Shore Model
218s Monitor

Lake Shore odel
336 Controller

C. Liu et al., IEEE Trans. Appl. Supercond., vol. 36, no. 3, pp., 9000105, 2026

2507

2
S
-

Temperature (K)
73
=]

s0!

Cooling Results / K

S
- T —

Insert(Front)
Insert(50cm)
Insert(100cm)
Insert(Rear)
2nd-Stage(Front)
2nd-Stage(Rear)
1st-Stage(Front)
1st-Stage(Rear)
Copper Ring(Front)
Copper Ring(Rear)
40K Thermal Shield(Front)
4K Support(Rear)

Time (h)

100 120 140

Insert 2nd-Stage 1st-Stage 4K Thermal Anchor Copper Ring Key Improvements
50G|TI | 1 OOCITI | Rear Front Rear ant Rear ant Rear Fant Rear
Sensors Not Inst 36.24 11.71 * 165.67 36.21 * 165.18 181.59 -
* 1n.34 13.88 1.55 5.55 450 115.51 55.58 * 18.63 130.01 | 118.06 ’:&ifjs"’"" fefladiaton
1. +10 MLI layers;
8.56 8.58 9.20 8.58 4.28 4.32 90.60 50.74 175 12.66 97.89 7954 | 5 Vore conper braids
1. Indium sheets at
40K Anch.: 40K Anch.: interfaces;
8.01 7.99 8.80 7.94 724 3.54 49.95 56.63 74.88 74.68 Tl 7275 | 5 Direct thermal link from
cold head to insert
40K Anch.: 40K Anch.: Stainless—steel screws —
7.47 741 8.45 7.31 6.91 343 5037 56.92 75.78 7778 7257 | 7383 | prrE isolation sleeves
= o Structural
Thermal .
275| 346 | 358 | 277 | 302 | 279 | 3121 | 2916 | smed: | Sueot | 36.39 | 47.10 ura
37.81 2.98 upgrades
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Accurate Temperature Control
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o Completed three rounds PID control, including heated from 4.2K to 10K and cooled from 10K back to 4K.

( Experimental results demonstrate:

* During heating, temperature stability was better than +0.01K at 7K, 8K, and 10K; better than +0.03K at 6K; and better than
+0.03K at 4.2K;

* During cooling, stability was better than +0.01K at 5K, 6K, 7K, and better than +0.06K at 4K.

1 O [ 00 ] O - . ) . . 'I'ar-g;t 'l'l'l;lp.(‘r.ulurt.: T.IJ;) l\'.
110K: £0.01K —— Insert(50cm) _
2 0.005}
F — Insert(100cm) g Insert(50cm) _
2 0.000} I“;ET(ILOOC'“) Warming
‘E il N [ +0.
—_— T8K: i 0.01 K Z‘:J:"_O 005} -0.01 K ,“\,"‘Un'a'.‘.'ﬁ'."\ f ,n“,_,r.."-'-‘.".‘,'"'»'"'.,"‘n,"V‘u,'"L""\.'"'|l,f'.,."‘.,."",'h"'n'b"'u'"-‘,l"._,"'k'ﬁL|"'ur".u'q'.n""v"'u'h"nb'\'v"
% 8 [ = ‘ A |".||'\J"'L-'1'.I'"‘1n" WVETVEEEEE y
O . 17K: £0.01K I £
E 17K: £0.01K 0.010 7 = - -
< 7 Time (h)
s 0.010¢
" Target Temperature: 5.00 K
=) 16K: +0.01K R e (e Tem )
& 6 2 0.005} AV
TGK. = /\_/\/'\/\/'\/\/\/\/\/ A
15K: £0.01K L§ 0.000L| — Insert(50cm) AR
[ = Insert(100
’ | = 0.005}| +I:)Sf(:)1(1< " i
14.2K: +0.05K 14K: £0.06K 5 VY97 ol % Cooling
- e—
0 20 40 60 —0.01%55 55.5 56.0 56.5 57.0
- Time (h
Time (h) teae (B)

C. Liu et al., IEEE Trans. Appl. Supercond., vol. 36, no. 3, pp., 9000105, 2026
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® Magnetic Field Characterization and Performance Optimization
®

o
®
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Magnetization Test Trials
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Initially Measured By(z)
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FC from 7T to OT @ 7K, oB/<Bo> = 3.55% 2025.11.10
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Measured By(z) After Sorting
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FC from /T tozero @ 7K, oB/<Bo> = 2.8% 2025.11.27
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Measured By(z) After Initial Shimming Z
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FC from 7T to OT @ 7K, oB/<Bo> =1.13% 096 01 05
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Ongoing efforts, e.g. inverse analysis, levitation force evaluation of
each REBCO bulk, 77 K field mapping, are made to further improve

the field uniformity.
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® Short-Sample Demonstration Program

® MgB, Bulk Planar Configuration
o
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Highly-dense MgB, Bulks from CRISMAT
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Courtesy of Prof.
J. Noudem

In-situ Mg+2B
(density: 94%)

WC mold
Sintering conditions:
i) compaction: 500°C
+ 260 MPa / 15 min
ii) synthesis: 650 °C
+ 280 MPa / 20 min
i) sintering: 750°C
+ 300 MPa / 30 min

Mechanical

pressure
Upper punch

Powder

Sintering mould L

Lower punch

Electrical - . k
i
= energy Heatig _)"O : n
source j’ - '(‘ Puise Curtent

Mechanical
pressure

o

www.fet.keramik.de
"Joule effect " between the grains contacts

Fast sintering method 1
Simultaneously apply to the material a
high pulsed current and an uniaxial
pressure:

o faster heating rate (1000°C/min)
o shorter processing time ( < 1h)
 grain growth control

Spark Plasma sintering (SPS)

Noudem JG, Xing Y, Bernstein P, et al.. ] Am Ceram Soc. 2020; 103: 6169-6175.
Xing Y, Bernstein P, Miryala M, Noudem JG.. Nanomaterials. 2022; 12(15):2583.

-

20 MgB, bulks received from CRISMAT

.
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Machining and Short Sample Fabrication
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Experimental Setup
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MgB, short model: A,=16 mm, g =4 mm




Round 1: FCFrom 7 T to Zero @ 20 K
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Flux Freezing at 7 K, Mean Undulator Field’s Decay
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Flux Freezing at 7 K, Each Peak Field’s Decay
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Round 2: FCFrom 5 T to Zero @ 15 K Z
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Round 3: FCFrom5Tto-2T@ 15K Z
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Round 4: FCFrom 7 T to zero @ 10 K
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Flux jumps occurred at 10 K, the next test will try to start magnetization from 5T.
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® REBCO Tape-stack and REBCO Coil-based Helical Configuration
®
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REBCO Tape-stack Helical Model Z
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e A 6-periods helical SCU12 prototype based on
stacked REBCO tapes was fabricated and tested.
A,=12 mm
g=6mm
B,=~48 mT
B,="~33 mT (FCfrom 0.3 T to 0 at 77 K)

Welding sample

©000e°
000000
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6-periods prototype Vertical field measurement system Helical field along the Z-axis after FCfrom 0.3 Tto 0 at 77 K
equipped with 0.3 T solenoid and 77 K

-100 -80 -60 -40 -20 0

Z. W. Chen et al., IEEE Trans. Appl. Supercond., vol. 36, no. 3, pp. , 4100205, 2026 This short model is now in Cambridge, soon to be tested. 42/49



REBCO Coil-based Helical Model
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® New Geometry REBCO Bulk Planar Configuration
o
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New Bulk Geometry for HTSU of 8 mm Period
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Short Model Fabrication and Assembly
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e Fabrication

— Bulks cut with water-jet-laser
— Bulk and Iron poles sticked with copper suppoter(EP)

— Each silde is 3 mm think and made of a 2 mm thick hollowed Bulk, a pair of 1 mm thick CoFe coils and a copper
structure to connect them.

 Assembly (11 periods)

— An extra Imm thick slide with a pair of CoFe poles is inserted between every 2 slides with bulks.

— Th t in the shell is fulfilled with 1 thick lides.
e rest pace in the shell is fulfilled wi mm thick copper slides 46/49



Preliminary Experimental Results
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* First results of measurement at Cambridge
— Once under 20 K with solenoid field from 7 Tto O T, once under 40 Kfrom 3 TtoOT

— Both results have field peaks smaller and much more inhomogeneous than expected. It is probably
caused by the inhomogeneity of the REBCO Bulks. The rest of the hollowed bulk has a smaller and

various value of Jc than expected.
— Test paused, a detailed examination of individual bulk pieces is planned.
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® Conclusion
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CONCLUSION
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Since Nov. 2025, HTSU12 has undergone more than 20 magnetization test campaigns. Among them, more than 10
guench events occurred. The quench events were attributed to multiple factors, including rapid ramp rate, large ABs,
excessively low magnetization temperature, temperature-control delay, and other technical issues.

HTSU12 has demonstrated an on-axis B, = 1.8 T for a A, = 12 mm and g = 4.5 at 7 K. The magnetic field non-uniformity
was reduced from 3.55% to 1.3% following sorting and initial shimming. Ongoing efforts, including inverse analysis and
levitation force evaluation are be conducted to further reduce the field inhomogeneity and RMS phase error.

However, new challenges have emerged: the silver coating was observed to delaminate from the REBCO bulks following
repeated thermal cycling between 77 K and 300 K.

e

s, i W & B
Three short undulator samples were fabricated and experimentally evaluated in close collaboration with PSI and
Cambridge. The initial tests of the first MgB2 -based sample demonstrated promising performance, indicating that
magnetic field decay can be effectively suppressed after flux freezing. Additional experimental data from the remaining
two samples are expected to be collected and analyzed in the coming weeks.
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