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Alntroduction to synchrotrons and FELs

AWhy superconductingundulator (SCU)?

AOverview of SCU technique development and applications
AOngoing SCU R&D activities

AHTS materials opportunities and challenges

A Conclusionsand outlooks
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Free Electron Lasers

An introduction to Synchrotron Radiation: Techniques and Applications, Philip Willmott C © 2019 John Wiley & Sons Ltd.

A An adjustable deflection parameter K of
up to 1~2 is generally required.

A To shorten the period length &, the
undulator field B, should be higher to
keep K at the same level.

Reduction in &, can either shorten the
radiation wavelength or reduce the
electron beam energy.



Synchrotron Radiation facilities
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APS,1995, USA 7 GeV, 1104 m ring, 35 beamlines to ESRF,1994, France 6 GeV, 844 m ring, 44 SPRINGS, 1999, Japan: 8 GeV, 1436 mring, 48
be upgraded to DLSRduring 2023- 2024 beamlines wasupgraded to ESRFEBSNn 2020 beamlines

ALS,1993, USA 1.9 GeV,197 m storage ring, 40 beamlines, SLS,2001, Switzerland 2.4 GeV, 288
to be upgraded to DLSRduring 2025- 2026 m ring, 16 beamlines,to be upgraded
to DLSRduring 2023- 2025
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e-beam: 2.5-16.9GeV
Photon: 0.28-12.8keV
Pulse duration: 5-400fs
Repetition rate: 120Hz
Total length: 3.2km

o

[ X-ray Transport X

Far Experimental Hall

e-beam: 3.5-10GeV

Photon: 0.28-20keV
Pulse duration: 5-100fs

Repetition rate: 60Hz
Total length: 1.1km

':~.r,,'__ /B

PAL- XFEL2017, South Korea

7‘ Free-Electron Laser facilities

e-beam: 8.5-17.5GeV
Photon: 0.24-25keV
Pulse duration: 3-150fs
Repetition rate: 27kHz
Total length: 3.4km

EuXFEL2017, Germany

e-beam: 2.1-5.8GeV e-beam:
Photon: 0.25-12.4keV ~ Photon cnergy:

. Pulse duration
Pulse_d_uratlon. 1-20fs Repetition
Repetition rate: 100Hz | Total length

Total length: 740 m

ca.38m underground _\
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e-beam: 5.1-8.5GeV
Photon: 4-20keV

Pulse duration: 2-10fs

Repetition rate: 60Hz
Total length: 700m

SACLAZ2011, Japan

S

8 GeV
0.4-25 keV
: 1-100fs
: IMHz
:3.1km
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SHINE China,under construction



[ Why superconducting undulator (SCU)? A 5%
TSI = 4 23
V Higher magnetic field at short period 8y,
AN e b iranet Ao 2l
V Lower sensitivity to radiation RN s e
. . . § 2_(\ \\\ —LNbTi‘planar@;AZ K_
V Simpler magnetic field control N i el
5 L N h N —®— Halbach CPMU @B,=1.65 T
V Variable polarizations are possible 5 |
V Reduced wakefield effects with cold bore Waghellcioap/boret frer

Comparison between SCUs and PMUs at , =10 mm
V Much lower vacuum pressure



Overview

= ™
-
257,
B &
Dot

-
05
L =

BITSEI =

AAAAAAAAAAAAAAAAAAAA

AOverview of SCU technique development and applications



Ancient history
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A The built in 1976 were

superconducting, installed in a FEL oscillator proposed by

first helical undulators
Stanford University, demonstrating for the first time the

possibility of high gain at 10.6 um radiation (infrared).

L R Elias et al 1976hys. Rev. Lett.
36(13) 71720

HELICAL MAGNET
(3.2 ¢cm PERIOD)

24 MeV BUNCHED
- T ~—* ELECTRON
/MIRROR mm\o M!RROR\l\ BEAM

l I-— 5.2m ——-1 C4>

MODULATED 10.6p .
RADIATION TO
CuiGe DETECTOR MOLECTRON
AND T-250
MONOCHROMATOR
¢ CO, LASER

FELoscillator proposed by Stanford University

The first planar undulators built in 1979 were superconducting
with an inversed T-shape vacuum chamber, installed in the
ACO storage ring in France, emitting ultra-violet radiation at
beam energy 140-240 MeV.

c?ils
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N Pieces cBazinetal 1980 J
- Physique- Letters41 547-50
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Transverseview of the planar SCU
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7‘ Nb-Ti planar SCUs developed at KIT synchrotron
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Year Lab. No. of periods Period length Magnetic gap Vacuum gap Undulator field B,

2003 KIT/ACCEL 10 14 mm 5mm - 1.33T Model
2006 KIT/ACCEL 100 14 mm 8 7.4 0.38T Device
2015 KIT/Noell 11.5 20 mm 8 - 093T Model
2016 KIT/Noell 100.5 15 mm 8 7 0.73T Device
2019 KIT/Noell 74.5 20 mm 8 7 1.18T Device
2019 KIT 24 or 12 17 mm or 34 mm 6 - 13Tor23T model

Reriod +—
1.5 m-long SCU4

Casalbuoni S et al 2006Phys. Rev. SAccel Beams9 010702,
CasalbuoniS et al 2019J. Phys..: Conf. Set350 012024,

SCUwith switchable u

1.5 m-long SCUW5, 2016

GrauA et al 2016 /EEE Trans. App&upercond 26 4100804
CasalbuoniS et al 2016Phys. RevAccel Beamsl9 110702
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y, Nb-Ti planar SCUs developed at KIT synchrotron
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Magnetic gap
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Electron | Magnet ! 3
beam : - | — 05F ]
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Vacuum gap 1 1 " 1 1 1 1 1
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§ Th | shield = (m)
x> ermal shie L .
(insulation vacuum) Magnetlc field along Z- aXIS
A 3.0 : : :
ey ' 7" harmonic  J*
2120 251% ] ‘\ )
Liner 10K . _ 20! "o ]
(beam vacuum) SCUcryostat, conduction cooled with GM cryocooler ' .

R
150 A i
1.0 fr e :

0.5 R " 1
00 1 L 1

5.8 59 6.0 6.1 6.2
Energy (keV)

7th harmonic of SCL20

A Liquid helium-free.

A Good thermal decouple between the vacuum chamber and SCU with
merely 1 mm magnetic-mechanical gap difference.

A No quenches were observed during the operation of SCU15 and
SCU20 in the storage ring of KIT synchrotron.

A The collaboration between KIT and Noell GmbH leads to a successful
commercialization of SCUSs.

lonization chamber counts (10°)

CasalbuoniSet al 2016 Phys Rev Accel Beams19 110702, CasalbuoniSet al 2018 Synchrotron RadiationNews31 24- 28 11
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SCUs developed at APS, ANL

g

Year Type No. of periods Period length Magnetic gap Vacuum gap Undulator field B,

2007 Nb;Sn helical 17 14 mm 7.94 mm - 09T Model
2013 Nb-Ti planar 20.5 16 mm 9.5 mm 7.2mm 08T Device
2015 Nb-Ti planar 59.5 18 mm 9.5 mm 7.2mm 0.98T Device
2017 ReBCO planar 5 16 mm 9.5 mm - 02T Model
2018 Nb-Ti planar 70 21 mm 8 mm - 167T Model
2018 Nb-Ti helical 38.5 31.5mm 31 mm 8 mm 041T Device
2019 Nb-Ti SCAPE 15 30 mm - 6 mm 06T Model
2021 Nb;Sn planar 28.5 18 mm 9.5mm - 12T Model
2023 Nb;Sn planar 61 18 mm 9.5 mm 7.2mm 12T Device

Nb;Snplanar SCUW8 model

Joint- free HTSplanar model

Beam/'

vacuum
chamber

Magnet
cores

SCAPED design model

Magnetic length 1.1m (total 2.06m)

o
SEU18-1 ‘inoperationsince May 2018
) SCU18-2 in operation since Sep 2016

Kim S H et al 2007 Proc PACO07
Conf, Albuquerque, USA1136- 38

Kesginl et al 2021 /EEETrans Appl.
Supercond 31 4100205

KasaM et al 2020 Phys Rev ST
Accel Beams23 050701

Kesginl et al 2017 Supercond Sci
Technol 30 04LTO1

IvanyushenkovY et al 2017 Proc
IPACO17 Conf, Copenhagen,
Denmark1596- 8

Ivanyushenkov Y 2017 Phys Rev
Accel Beams20 100701
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B,(T)

Z Nb-Ti planar SCUs developed

He fill/vent turret

SC magnet

LHe vessel

LHe piping

20 K radiation shield

60 K radiation shield

Beam chamber

Beam chamber
thermal link to
cryocooler

SCU18-1
SCuUcryostat at APS,indirectly cooled by LHe pipes

12
1.01
0.84
0.6 1
0.4 1
0.2
0.0

-0.4 1
-0.6 1
.0.8 1
-1.0 §
-1.2

Z(cm)

Magnetic field along the undulator length

at APS, ANL

LHe Channel

superconducting coil ends

Helmholtz- like coil for correcting dipole field

On—Axis Flux (ph/s/100mA)

Measured odd- harmonic tuning curves

IGl! C

102

10"

n=3 n=5
x—\ycuw

40 60 80 100

IvanyushenkovY et al 2015Phys. Rev. SAccel Beamnsl8 040703,

Photon Energy (keV)

120 140

On—Axis Flux (ph/s/100mA)

=

10"

Dipole coils installed upstream

Dipole coil‘

and downstream of SCU

T T T T
SCU1: Calculated flux

40

60 80 100 120
Photon Energy (keV)

Flux comparison

IvanyushenkovY 2017 Phys. RevAccel Beams20 100701
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7‘ Nb-Ti helical SCUs developed at APS, ANL

Continuous winding

Period length: 31.5 mm »‘L‘ ;
Magnetic gap: 31 mm

Vacuum gap: 8mm

with turn

around pins at the ends

Undulator field: B, =B, =0.41T

The first helical SCU served in
the storage ring of synchrotrons

Magnetic Field (G)

Commissioned at APS, providing

il flf = - Horizontal

Vertical

a single harmonic of about 6 keV

ol off
|
N LK

X-rays

1.2 m-long helical SCU31.5 at APS, 2018

M Kasa et al 2018Proc IPAC2018 ConfVancouver, Canada TUPMF008

—-40 -20 0 20 40 60
z(cm)

Magnetic field along the undulator length
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Nb,Sn planar SCUs developed at APS, ANL
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R&D project in collaboration with FNAL and LBNL

A Goal: develop, build and install on the APS ring a Nb;Sn undulator in a modified SCUO cryostat a year before the
APS-U 06 d atri krstarts

A Technical route: 84 mm-long Nb,Sn SCU models A 0.5 m-long Nb,Sn SCU models A 1.1 m-long Nb,Sn SCU
A Undulator assembly, test and installation in the APS ring

The Advanced Photon Source Argonneé
a U.S. Department of Energy Office of Science User Facility e
Novel Superconducting Undulator Installed and Operating at the
APS

APS/User News

Culminating decades of research, scientists at three DOE
national laboratories have deployed a cutting-edge, fully
functional magnetic device known as an undulator that
uses superconducting wire made of niobium and tin.

BY MICHAEL MATZ | MAY 16, 2023

Scientists at the Advanced Photon Source (APS), a U.S.
Department of Energy (DOE) Office of Science user facility at

2012 DOE's Argonne National Laboratory, have achieved an

2011 important milestone in the development of next-generation
superconducting magnets for light source facilities. After
several years of research, they have built and installed at the
APS a functional, full-size version of a magnetic device that
would improve the performance of existing synchrotron and
free-electron laser (FEL) facilities. Equipped with this device,
these facilities could broaden their capabilities and provide an

The Nb3Snundulator is the product of a long-running collaboration between
enhanced source of X-rays to researchers. Argonne, Lawrence Berkeley National Laboratory, and Fermi National L
Accelerator Laboratory (photo by Argonne National Laboratory).

ANL news,May 2023, Commissioningof the first 1.1 m-long Nb;Snundulator at APSring

For more details, pleasdind from https://www.aps.anl.gov/APSNews/2023- 05- 16/novel- superconducting- undulator- installed- and- operating- at- the- aps/2023- 05- 16 15
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Joint Section

Electron Beam

[’ -

decoupled
end corrector

Magnet assemblywith two undulator coils. 2018
(2.5 m long, 19 mm period, 8 mm magnetic gap,3=1.83 T)

Heaters

Winding

reversal

I

Current

solder joint
(low resistance)

7'—' H '—|—' Heaters On
Resistive

Novel field correction using YBCO current loops
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7‘ Nb,Sn planar SCUs developed at LBNL

on-axis field

surface

peak field on
superconductor

critical current

80% design point |

2 4 6 8

Magnetic Field [T]
SCU load line

Target Current A®

ArbelaezD et al 2018 Synchrotron Radiat News31 9- 13,
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Nb-Ti helical SCUs developed at STFC

B

Since 2005, a series of Nb-Ti 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 2-ray sources in excess of 10 MeV.
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In 2008, Clarke et al reported the construction of a full
Nb- Ti helical undulators developed at STFC. Left: short models; Right: 4  scale SCU module for ILC and demonstrated that

m-long device including two 1.74 m long undulators both two 1.74-m Iong helical SCU11.5 prototypes
could reach a stable on-axis field B, of 0.86 T after

Table Two 1.74 m-long Nb- Ti helical coils o
training quenches (B,,~1.13 T).

Parameter Magnet 1 Magnet 2
Field at 215 A (T) 0.88 0.89
bertod oy 1 4g e In 2011, Scott et al experimentally demonstrated that
S RMS ofPe{:ipclid(mIn) 01-01138 01.01237 a full-scale 4-m long working helical SCU module was
3 L XA aximum Fie . . . . .
W Achieved (T) suitable for future TeV-scale linear positron sources.
_ O\ Maximum Current 301 306
) Achieved (A)

Continuous winding
with return- peg
design

ClarkeJA et al 2008 Proc EPARO08 Conf, Genoa, Italy 709-11,  ScottD Jet al 2011 Phys Rev Lett 107 174803 17



7‘ Nb-Ti planar SCUs developed at BINP

BITSEI =

ZHANGJIANG LABORATORY

=
-l
2
-
0
<
-0
I

Year

No. of periods

Period length

Magnetic gap

Vacuum gap

Undulator field B,

2016

15

15.6 mm

8 mm

12T

Model

2018

40

15.6 mm

8 mm

12T

Model

2021

15.6 mm

8 mm

12T

Model

Superconductingundulator coils with neutral poles

Bragin A et al 2018 /EEETrans Appl. Supercond 28 4101904

1.2

1.0

0.8+
0.6

0.4
0.2

0.0
0.2

B, Tesla

0.4
0.6

-0.8

1.0

.24

Magnetic field along a 40 period undulator. RMS

Longitudinal coordinate, mm
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7‘ Nb-Ti planar SCUs developed at SSRF
T Sehe = 2

R&D project at SSRF started from 2013 Period Length 16 mm

. . . Period Number 50
A A 5-period SCU16 model was fabricated in Magnetic Gap 95 mm
2016, obtaining B, = 093 T at 8 mm Peak Fields 0.67T
magnetlc gap SC Wire NbTi/Cu, $0.6
Current 400 A

A In 2021 a 50-period SCU16 device was Length of cryostat 1.8m
successfully developed and tested in the s
SSRF storage ring, obtaining a stable on-
axis field B, = 0.62 T at 7.5-mm vacuum gap
(10-mm magnetic gap)

A No quenches occurred at the beam current
of 200 mA

A The 50-period SCU16 device was later taken ,

. 1 \ ’
out from SSRF storage ring Shanghai Synchrotron Radiation Facility (SSRF) SCU installed in SSRF storage ring

Zhang Z et al 2014/EEE Trans. AppSupercond 24 4101503, Xu J et a2016 A/P Conference Proceeding3741 020027
XuJet al 2017/EEE Trans. AppSupercond 274100304, CASesearch news 202https://www.cas.cn/syky/202111/t20211115 4814175.shtml

19



Nb-Ti planar SCUs developed at IHEP, CAS
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R&D project at IHEP started in 2019

=
5}

1=350A Wlthout
- RMS phse error=16° shimmi g

A

o

A In 2021 a 0.5 m-long SCU15 model
was developed and tested, obtaining
B, = 1.01 T at 7 mm magnetic gap
and RMS phase error between 4°
and 10° at I,, = 100 ~ 400 A

() N I
(=] (=] o
L L L
-.l

Phas on Pole (degree)
n A G q i
o
I

a
=]
1

&
3
1

4
o

T T T T T
0 200 400 600 800 1000 1200 1400 1600
Longitudinal Position (mm)

A In 2023 a 1.5 m-long SCU15 model

.. ST WMWY L “Tilaon | After adjusting
was developed and tested, obtaining T T W _ " rushaseens 64" pole heigts |
B, > 0.5 T at 9.5-mm magnetic gap. == “ ” i it m , g
By adjusting pole heights, the RMS T | ?' W f \ uMI ||1,‘ 1 i ]
phase error was reduced from '||l l'y J Il.“ ‘W“ “' Lol Tt AR
16°@350 Ato 6.4°@300 A 4§ it %“F I H ‘

e : TP Lgtdial iisiéf,?(;ﬁff
sleElEl Mzl e 1.5 m-long SCU15 coil assembly Measured phase errors

WeiJet al 2022 J SynchrotronRad 29,997 1003, ChenZ et al 2022 N/IMA 1047167826, ChenZ et al 2022 J /nst 2022 17 T09008
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SCU R&D at SSRF i
4 m-long Nb-Ti planar SCU16 for SHINE
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SCU R&D for SHINE started in 2018 Foeres  Eeaie

A SCU prototype demonstration. To develop a 4 m-long in- TR D e

vacuum SCU16 prototype with 5 mm-pole gap and 4 mm-
beam gap, obtaining B, = 1.58 T at the designed operation
current. The cryostat and SCU coil assembly are cooled by
GHe and LHe pipes connected to the cryogenic plant.

A Magnetic field measurement. To measure the on-axis
magnetic field with the Hall probe scanning and the pulsed
wire magnetic field measurement system.

A Field correction. To minimize the phase error, two middle
periods are designed as afi p h assha f Ttheendcoils are
used to correct the first and second field integrals. Five
power supplies will be used, two for the end coils, and three
for the main coils including one for the fjphases hi f t er 0

A Series production. To fabricate 40 SCU devices for the
installation at FEL-IIl beamline for SHINE. The undulator
field needs to be adjustable between 0.68 and 1.58 T for

Cryostat support GHe pipe  Magnet support

generating 10-25 keV photons with vertical polarization. SHINEsuperconducting undulator cryostat

Tang Q et al 2020/EEE Trans. AppSupercond 30 4100104
Zhou Q and MezentsevN 2021 R&D of SCUndulators in Asia/RussiaVirtual SuperconductingUndulators for Advanced Light Sources Workshoplon. 19/04 22



SCU R&D at SSRF i
4 m-long Nb-Ti planar SCU16 for SHINE
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5 1.8
SC coil _
Aluminum frame .
BSLE '

coils 1.2

o ok <
ron yokes 0.9

5

&
LHe pipes 0.6
0.3
Active pole "

0 50 100 150 200 250 300 350 400 450
1Y)
Undulator field vs. current

Yoke

Two 4 m-long SCcoil assemblies
- Eachassemblyhas 505 horizontal racetrackcoils and 505 active poles
- 8- 10 coilsare wound with single wire, ~50 joints in one SCcoil assembly

/

SC coils are indirectly cooled by

" Liquid Helium Pipes (OFHC)

/ .
- T Lt 4 LHe copper pipes.
8 ——— The beam heat load ~10 W is
U absorbed by 100 um thick
EasEE copper tape which is connected
y Framework (Aluminium Alloy) .
! to LHe pipes

.mnml\HmmntlHmnu|1\\m..mmuH.lmmllllxmamuHmnn.
e e e e e

Guide Zzﬁm304§}$ﬁ§

Magnet Support (Stainless Steel)

To minimizethe Phaseerror, two middle periods are designedas a

Magnet support structure, eachmagnet yoke is divided into 4 sections

Zhou Q and MezentsevN 2021 R&D of SCUndulatorsin Asia/RussiaVirtual SuperconductingUndulators for AdvancedLight SourcesWorkshop Mon. 19/04 23



SCU R&D at SSRF i
4 m-long Nb-Ti planar SCU16 for SHINE
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Hall sensors Temperature sensor
Method 1: Partial difference equations

4

176 Jo 160
5 Yo Org T

Method 2: FEM 1 solving the multi-
physics coupled mechanical impact
dynamics

[01{6} [0]{6} [0]{6} {'@Y)}
¥ X N

Mass Damping  Stiffness

Retroreﬂec} > !/———" N

Guide rail

Hall probe sledge based scanning measurement Pulse wire magnetic field measurementsystem

e
Curve obtained from 2 us-pulse current
—— First derivative of the curve obtained from 2000 us-pulse current
—— 1st field integral based on given 10-period sinosoidal field
CCD g 1.0x10° -
3
2 8.0x10"
T
o
Laser £ 60x10*
\ kel
\ / “ﬂ__J
o S 3 4.0x10"
Interferometer 5
| — | s 4
—.530E-04 -.298E-04 -.662E-05 .166E-04 .397E-04 3 2.0x10"
-.414E-04 -.182E-04 .497E-05 .281E-04 .530E-04 'g
Q
The interferometer can offer the displacementin 2 ms- pulse current gives the 24 field integral information s W 1 \/A
z-direction. The Splitter and CCD can offer the (multi- physics simulation with ANSYS APDL codes to understand the 0.06 0.08 0.10 0.12 0.14 0.1 018
displacementin x or y- direction. sag, temperature gradient and dispersion effects) Zm]

Comparison of simulated F field integral with APDL codes
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SCU R&D at SSRF i
0.6 m-long bulk HTSU12 prototype
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2D axis symmetric electromagnetic model of 7 T SC solenoid

Conceptual design of a HTSU12 prototype SC solenoid load line Solenoidal field B, along the axis

The 7 T SC solenoid provides a homogeneous magnetic field within A 40 mm 600 mm.

This novel HTS undulator technology is considered as a candidate option for future beamlines at SHINE.

o o Io I

More details about the staggered-array bulk HTS undulator will be presented later é

The HTSU12 prototype consists of a 7 T SC solenoid and 100 pieces of staggered-array ReBCO bulk superconductors.
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