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Introduction

3-pole wiggler (shifter) —main objective is an increasing of
radiation rigidity. The central pole is used as a radiation source.
The point of radiation is shifted of relatively initial orbit. All
three bending magnets are superconducting.

Shifter with the fixed radiation point — The same objective as
previous one. The central pole is used as a radiation source. The
external normally conducting magnets are used to keep beam
orbit on a straight section axis at change of the main field.

Superconducting multipole wiggler — main objective -
generation of powerful synchrotron radiation with high
photon flux density in the rigid X-ray range. (K>>1)

Superconducting undulator — a basic purpose — generation
of spatially coherent undulator radiation of high. (K < 3)
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[ToBOpPOTHbIE MarHuTbl N CynepbeHabl

CneKkTpanbHble XapakTepucTukm CU onpeaenaoTcs 3HaYeHnem B.E 2
MarHMTHOro nosna B u sHepruen anekTpoHos E Ec~D -

CynepbeHa — cneuunanbHbi NOBOPOTHbLIN MAarHUT C BbICOKUM
MarHUTHbIM MONEM A/1A MONYYEHUA KECTKOro CneKTpa. Asnserca
OCHOBHbIM 3/1EMEHTOM MarHUTHOWM CTPYKTYpbl

” Photon flux from superbend magnet B=6T and bend B=0.8T. I=0.1A)
110" —r=—ma — . ] o

CneKTpbl U3ny4yeHua ana
3/1eKTPOHOB 3HEPTUM
15,3n6MkBuKs
NMOBOPOTHbIX MarHUTOB C
nonem 0.8T
(MYHKTUPHbIE NMHUMK) U
n3 cynepbeHaa c nonem
6T (cnaowHble NAMHUK)
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[ToBOpPOTHbIE MarHUTbl U CynepbeHapl

[OnvHa opbuTbl, Ha KOTOPOWN GopPMUPYETCA U3/TyYEHME, 3aBUCUT OT Nona B is Allmm)~3.4/B(T)

S:e,u,;rn:z; :d)d)eKTMBHblﬁ pa3smep 3NeKTPOHa onpegenAaTca nonem B n Ax(mkm)~2/(B(T)E(GeV))

Mpu ropnsoHTanbHOM amutTaHce ~100 pks u 6eTa-pyHKUMM B mecTe marHmTa ~ 1m pasmep
MCTOYHMKA ~ 10 MKM — NPaKTUYECKN TOYEYHbIN UCTOUYHMUK.

. ‘ { . p : ' 5/11/2000 11:06 3§’3,1;1'}50509:5;}g'
9.3 T cynepbeHp, T E : - Emmm
ana BESSY, : .
M3rOTOBNIEHHbIN B

NAD

5.5T cynepbeHa, N3rotoBneHHbI B bepkan
ana ALS
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10 T cBepxnpoBogALLMIA WKNPTEP HA MATHUTHbIX NU3MEPEHUAX

CBepxnpoBoasuime Wwmndrepol
10 Tesla WLS for Spring-8, Japan
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Magnetic field, Tesla

Orbit displacement, mm

CBepxnpoBoasuwme wndtepobl

Longitudinal magnetic field distribution along staight section

for different field levels: 2.3, 4, 6, 7 Tesla
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Fig. 2-4 Photo of 7 Tesla WLS inserted into BESSY-2 straight section.
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CBerI'IpOBO,EI,FILLI,I/Ie MHOTOMNOJTKOCHblIE BUTT/1EP bl

OCHOBHasA LeNb — YBENNYNTb NAOTHOCTb NOTOKA GPOTOHOB CMHXPOTPOHHOIO U3/1IyYEHUA B XKECTKOM
PEHTFeHOBCKOM AMana3oHe KPaTHO YMCAY NOHOCOB.

MOHO pa3aenunTb Ha TPU KAaTeropmm B COOTBETCTBMM C HAaCTOTOM 3aABOK:

-Mone 7-7.5T, nepuog, 130-200 mm

-none 3.5 - 4.27, nepnopg 48-60 mm

-none 2-2.2 T, nepnog 30-33 mm

=7 4 =
. Photon flux from superconducting wiggler (L=1.8m, B=T, I=0.14)
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CBepxnpoBoAsLLME MHOTONOAOCHbIE BUITAEPbI

1x10™
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... Photon fhux from SC wigglers L=1.8 m, B=TT, B=4T, B=2T ( E=1.5 GeVI=0.14) “ Photon flux from SC wigglers L=1.8 m, B=7T, B=4T, B=2T ( E=3 GeVI=0.14)

“ Photon fhux from SC wigglers L=1.8 m, B=7T, B=4T, B=2T ( E=6 GeVI=0.1A)
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Photon flux, phot/sec/mrad/0. 1% BW

CBerI'I posoaALNE MHOTOMOJZTKOCHbIE BUTT/1EP b

NMNonHaa mowHoOCTb n3nydyeHna E=3 3B, |=0.4A

150. kBartr 64.4 KBaTT

18.4 KBaTT

. Photon flux from wiggler: E=3 GeV, B=7 Tesla, [=0.4 A

; Photon flux from wiggler: E=3 GeV, B=4.5 Tesla, I=0.4 A N Photon flux from wiggler: E=3 GeV, B=2.2 Tesla, I=0.4 A

Ix10~ — ————— 1x10° Ix10°
2 2
MOE: % IXIOZ: % MO::
2 2
3 3
i | & .50 & i
1x10™] é 1x10™" é 1x10™
10, I 10 ol0
IXIO-IS -25-10 -75 -5 =25 0 25 5 15 10 15 1 Mo-f 3 2 2 3 5 I“U-I.S -12 -09 -06 -03 0 03 12
Fan angle, mrad Fan angle, mrad
== photons 10 keV == photons 10 keV ~ photons 10 keV
w== photons 20 keV «== photons 20 keV == photons 20 keV
= photons 30 keV = photons 30 keV «= photons 30 keV
«== photons 40 keV == photons 40 keV === photons 40 keV
= photons 50 keV = photons 50 keV == photons 50 keV
== photons 70 keV = photons 70 keV == photons 70 keV
=== photons 100 keV == photons 100 keV «== photons 100 keV

CnekTpanbHO-yrnoBoe pacnpeaeneHme NoToka GOTOHOB 4/1A Pa3HbIX KATErOPU BUIT/IEPOB,
YCTAQHOBNEHHbIX Ha NCTOYHUK CU E=3 3B, I=0.4 A
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International collaboration on SR generators

Germany:

22-pole 7Ttsla, A=125 mm

72-pole 3Ttsla, A=51
44-pole 2.5 Tesla, A=48 mm ,m superconducting

= " i ] superconducting wiggler for
7 Tesla shifters for 17 poles 7 Tesla, A=148 mm superconducting wiggler  wiggler for ANKA-CLIC DELTA (Dortmund)
BESSY-2 light source superconducting wiggler for for ANKA light source (Karlsruhe) 2019
(Berlin). 2000,2001 BESSY-2 light source (Berlin) (Karlsruhe) 2014 Indirect cooling system.
2002

2016

: . y 24/09/2009 #~
B — o

15-pole 7.5 Tesla, A=198 mm

AR D

7 Tesla superconducting shifter for LSU 49-pole 3.5 Tesla, A=60 mm
supercqnductmg wiggler for LSU CAMD light source (Baton Rouge) 1997 superconducting wiggler for
CAMD light source (Baton Rouge) ELETTRA light source (Trieste) 2002
2013

10
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England Canada

49-pole 3.5 Tesla, A=60 mm
superconducting wiggler for

Diamond Light source. 2006 49-pole 4.2 Tesla, A=48 mm 27-pole 4.2 Tesla, \=48 mm 63-pole 2.2 Tesla, A=32 mm
superconducting wiggler for superconducting wiggler for ~ superconducting wiggler for
Diamond Light source. 2009 Canadian Light source. 2007  Canadian Light source. 2005

Republic Korea

Japan

10 Tesla WLS for Spring-8 Slow Positron Source

49-pole 4.2 Tesla, A=52mm

‘ % superconducting wiggler 119-pole 2.1 Tesla, A=30 ] ,
35-pole 4.2 Tesla,A=60mm for AS light source. 2012 mm superconducting : ! e, 1
superconducting wiggler wiggler for ALBA light 10 Tesla superconducting 7 5 Tesla superconductin
for LNLS light source source. 2010 shifter for SPring:8.2000 i e o e

1996.
21-22 aHBapa 2019, HKC no CKN® 11



Cryogenic system Cryogenic system of SC insertion devices progress (Budker INP)
1979 2002

Fig. 1. A general view of the snake for the storage ring VEPP-
3; 1-liquid helium supply p.pezmm mdss
dewar, 4 — liquid nitrogen, 5 — liquid heliu i, e superc:
ducting magnets, 7 — vacuum container, 8 — storage ring v:

system. Liquid
helium used as
cooling agent

2007

For initial cooling of the
magnet thermal tubes
on the basis of nitrogen
and helium are
developed, fabricated
and tested.

Liquid helium consumption < 0.03 I/hr

12
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Undulator radiation

Nowadays a variety of undulators as type and use the material for their
manufacture is quite large.

The use of materials:

Electromagnetic undulator using conventional electromagnets (EMU)

Undulators with permanent magnets outside the vacuum chamber (OVPMU)
Undulators with permanent magnets in a vacuum storage ring (in-vacuum IVPMU)
Cryogenic undulators with permanent magnets (CPMU)

Superconducting undulators (SCU)

The type of undulators:

Planar

Spiral

8-type (figure 8) undulators
Wedge-shaped (tapered) undulators



Undulator radiation

Nowadays the most common are undulators permanent magnet using ceramic
compounds SmCo, NdFeB, PrFeB.

K =0.934-B(T) - A0(cm)

. pa 1+K2 E [keV]= 9.5nE [GeVz]
" 2ny’ /Io[mm](1+]§j

2
AO — period of the undulator. The smaller the period,
the more the energy of the photons at the first
harmonic.
K - deflection parameter. The more K is, the more
harmonics it emits an undulator.
The magnetic field at the axis is exponentially
dependent on g/ A0, where g is the pole gap:

2 :
-7% The smaller the gap, the larger Electromagnetic undulator (EMU)

A
B~Be ™ thefield.

21-22 auBapa 2019, HKC no CKUP 14



Undulator radiation

The Progress of materials for undulators permanent magnets

Magnets with high residual magnetization :

SmCo —Br<1.05T i o lProl | TR e = — - OIET =

NdFeB - Br < 1.4T daFe 4B, B,=1.40 T/ Hfl.% u'

PrFeB - Br< 1.6T e el Y Sy, e

& | NdFeuB,B=1.39T/ Hy=l.63 T e |

Upon Coo“ng of NdFeB S l\l_szeHB, B=1.37T/ H=1.63T —--—_:::::T:'_g
permanent magnets to N R s o T i
cryogenic temperatures the ol NdaFe4B, B-=1.18 T/ H=2.81 T -.__—-—‘———_________‘ 7
residual field increases with : : . a '
decreasing temperature (up o ' , ; ‘ O
to 100K). Magnets PrFeB K Tl EskE avsr| |
increase the residual [~ Pries =t VAo | ]
magnetization to the e e P e i

T

temperature of liquid
nitrogen.

Coeranty Hg (1)

-

lemperature (k)
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OHAaynaTopbl

OHAYNATOPbI HA MOCTOSAAHHbIX MarHMUTax

Onpgynatopbl - OVPMU

MarHuTbl OHAYNATOPOB NOMELLLEHbI BHE BaKyYMHOM KaMepbl CBEPXE
N cBHM3E. YTOObI K3MEHUTH MarHUTHOE MoJie Ha OpbuTe 3N1EeKTPOHOB
NONOBUHKM OHAYNATOPOB NepemelLatoTca 060cob61eHHO C MOMOLLBIO
cneuyanbHbIX MeXaHM3MoB. PUKCUPOBAHHbIN pasMmep BaKyyMHOM
KaMepbl He NO3BOIAIET CO34aBaTb Ma/iblii MEXMNOOCHbIM 3a30p U
OrpaHMYMBAET BO3MOXKHOCTb Co3aaHMA 6onbworo K npn manbix
nepnoaoBs oHAyNATopa.

Onpgynatopsbl - IVPMU

MarHuTHaa cuctema MNOCTOAHHbIX MArHUTOB OHAYAATOPOB
nomewieHa B BaKyyM 3N1EKTPOHHOr0 Hakonutena u
NO3BOJIAET CO34aBaTb MEXMNOJIKOCHble 3a30pbl A0 5-6 mm.
3710 no3BosaeT yBennumeatb K go 2 n bonblue ans nepnoaa
14-15 mm. BO3MOXHO U ganee ysennymeaTb K AnA KOPOTKUX
nepmnoaoB, OXaXKa4aA NOCTOAHHbIE MAarHUTbl 40 KPUOTEHHbIX

Temnepatyp (OHAynaTopbl - CPMU).



On-—Axis Magnetic Field (Tesla)

OHAaynaTopbl

CpaBHeHMWe NapameTpPoB OHAY/IATOPOB Ha MOCTOAHHbIX MarHUTax u
CBEPXMNPOBOAALLMX NPU OAHOM 3a30pe

3 B T I 1 I l 1 1 T I l T 1 T T I T 1 T T 1 T T
[ SCU Nb3Sn ]
B \‘ SCU NbTi ]
i \ i
2 _
" CPMU PrFeB ]
i -7 CPMUNdFeB .. i
] i i o o
I G SCU Magnetic gaps: 7.8 mm i
I .~ iy a CPMU/IVU Magnetic gaps:6.2 mm
i h IVU SmCo Vacuum gap: 6.0 mm -
O 1 1 ] 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
5 10 15 20 25

Undulator Period Length (mm)

21-22 anBapsa 2019, HKC no CKN®

W
O

17



Photon flux

Photon flux

Undulator radiation spectrum

Period A=15.6mm, L=2 m, Energy 3 GeV, 1=0.1 A K =0.934- 4 [cm]B,[T]

K=0.5 K=1
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Superconducting undulators

Magnetic structure layout

Cooling
tube

Beam
chamber

ROETHREPR

“\-COOLING TUBES

Argonnea

NATIONAL LABORATORY

Vertical racetrack coils
r
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== 4999194949939999994999999943344

a | m\nmumnunm

ST

( (_{-D BABCOCK NOELL

Joint region “Buttons

NbTi lead (in

Potting
fixture ~_

NbTi lead (out)

Poles

Prototype undulator (Mock-up)

=

ACCEL

Budker INP, horizontal racetrack coils
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NAD — cBepxnpoBoaALLMiA NPOTOTUNT OHAYNATOPA C HelTPaAbHbIMU MOAKOCAMMU
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photon/sfmrad”™2 (0, 1%BW)

N3nyyeHne 13 cBepxnpoBogaLLMX OHAYNATOPOB

Superconducting undulator, Period 16 mm, K~1.8, E=3 GeV, I=0.1A

Superconducting undulator, Period 16 mm, K~1.8, E=3 GeV, I=0.1A
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MoTtok ¢poToHoB, $oT/c/0,1%

1E15 4T

1E14 4

1E13 4—-

1E12

[Tapametpsi CII onaynsaropoB mist CKOD

Mepuoa, mm

MonHasa agnvHa, m

Yucno nepmnoaos
MeXXnontocHbIW 3a30p, MM
BHyTpeHHUI pasmep BaKyyMHOM Kamepbl LLIXB, mm 60x6
Amnautyaa marHutHoro nonsa, T

MapameTp oTKNOHeHUA (oHAYNATOpHOCTU) K
®da3oBan oLKnbKa,
CpepHaa mowHoctb CU, KBT

rpaga.

NoTok ¢poToHoB., hpot/c/0,1%

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
JHeprusa, 3B

Motok ¢poTtoHoB 13 CIN oHAynaTopa TMN 1 Ha paccToAHUM
15 M OT UCTOYHMKA n3ayYeHua Yepes wenb 0,3x0,3 mm.
=400 mA, none B = 0,92 Tn, onTMmun3aums Ha pabouyto

3Hepruto 14,4 K3B. 9H
P 21-22 aHBapAa 2019,?&

181 —pivy——T——7——7——

1E14

1TE13 4+

1E12

15.6

128

1.2
1.75
<3
po 10

Flux|

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
JHeprua, 3B

MoTok ¢poToHoB M3 CIl oHaynaTopa TMn 1 Ha pacctoaHum 15
M OT UCTOYHMKA n3nyvyeHma yepes wenb 0,3x0,3 mm. ToK B
=400 mA, none B = 1,05 Ta, onTumun3auma Ha pabouyto

o 12518 .



Motox dotoros, dor/c/0,1%

1E15S

[Tapametpsi CII onaynsaropoB mist CKOD
Tun 2

1E14

1E12

15000 20000 25000
DQHeprvAa, 5B

MNoTok ¢poToHOB M3 CIN oHAynATOpPa TMN 2 Ha PACcCTOAHUM 15 M OT UCTOUYHMKA U3NYYEHUA
yepes wenb 0,3x0,3 mm. Tok B Hakonutene 400 mA, none B=1,76 Tn
21-22 anBapsa 2019, HKC no CKN®
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MarHuT cBepxnpoBoAALLEro OHAYNATOPA

Onpaynstop B cbope

60

BaKkyyMHaa Kamepa oHAYNATOPa
21-22 anBapsa 2019, HKC no CKN® 24



KpuoreHHasa cuctema cBepxXnpoBoAsLLNX OHAYNATOPOB
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SCUO:

16-mm period length
0.33-m long magnet

Operation: Jan2013-
Sep2016

* SCU1(SCU18-1):

18-mm period length
1.1-m long magnet

Operation: since
May2015

 SCU18-2:

18-mm period length
1.1-m long magnet

Operation: since
Sep2016.

Helical SCU in Sect

or 7 of the APS ring.

= | CLS R&D SCU:
— 21-mm period length
— 1.5-m long magnet
— Project completed in 2016.

= Helical SCU:
— 31.5-mm period length
— 1.2-m long magnet
— Installed in Dec2017.
— Operation: since Jan2018

26



pyrmue ceepxnpoBoAlmne YCTPOMNCTBA ANA reHepaunmn nanydeHus APS

Magnetic design model (top) and picture of the APS HSCU. Currents are running in opposite directions in
blue and red coils.

e —

Beam vacuum Magnet poles
¢hamber

w

SuperConducting Arbitrary Polarization Emitter-SCAPE. Two sets of “planar” undulator
magnets are placed around vacuum chamber (APS).
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Since 2005 there were several SCUs have been built, installed and used at SR
facilities for users experiments. These devices are listed below:

2005-2012: 14 mm period, 100 periods, 0.38 T; Accel Instruments GmbH/KIT, Germany
2014-2015: 15mm period, 100 periods, 0.73 T; Babcock-Noell/KIT, Germany [20]
2013-2016: 16mm period, 20 periods, 0.71 T; APS, USA

2015 — current: 18mm period, 59 periods, 1 T; APS, USA

2016 — current: 18mm period, 59 periods, 1 T; APS, USA

2018 — current: 20mm period, 75 periods, 1.19 T; Bilfinger Noell/KIT, Germany

2018 — current: 31.5mm period, 30 periods, Helical, 0.4 T; APS, USA

SLAC-ANL FEL SCU prototype
2014-2016: 21mm period, 70 periods, 1.7 T; APS, USA [75]



[pyrne ceepxnpoBoaalme yCTpoOMCTBa AnA reHepauumn nsnydyenmsa s AP

CBepxnpoBoAALMi OHAYNATOP C U3MeHsAeMbiM K BAONb OHAYASTOPa ANS
YIWNPEHUSA CNEeKTPasibHON NNHUN U3ydyeHnsa ao 1 KaB.

N3meHeHMe MarHUTHOrO NoaA B OHAY/ATOPE CUHXPOHHO C MOHOXPOMAaTOPOM.

YHMBEpPCaNbHbIN CNUPAJIbHbIA OHAYASATOP C NEPEKAOYAEMON CNUPAJIBHOCTLIO.
[opu3oHTanbHaA/BepTMKaAbHaA anepTypa ~1 cm.

ANANNTUYECKNI OHAYNATOP C LUMPOKOM FOPU30HTA/IbHOW anepTypomn.



CneKTpanbHaa APKOCTb BCTaBHbIX YCTPOMUCTB — reHepaTopoB CM HOBOIro MCTOYHMKA

1022

1021

102°

101°

1018

fApkocTs, thoroH / (cex e’ Mpan2 0.1% BW)

1018 L N

1015

ST LN B
A e

CBe pxnpoBOOs LUMe O HOYMATO Pl

OHaynaTop Ha Bo =12Tn. XA =156 mm

MNOCTOSHHbIX MarHmMrTax
B _=1Tn X =30 mm

o J
Ko porkonepwon

E— cBepXnpoBoan :3 ne

E P

Bur bl

QAR

£ ! -
F Cpe,pu—né'nep O HBEe
i poa ne
|

urnep s

ceepxhn

OnuH Honep nogaHbe
cBepxXnpoBOaALumne
BUrnNep bl

A A A A " A A | A

10° 101 102

SHeprma doToHoB, KabB

21-22 anBapsa 2019, HKC no CKN® 30



3aKan4yeHue

NAD umeet 6onee uem 40 neTHUI ONbIT NO CO34aHUIO FEHEPATOPOB CUHXPOTPOHHOIO U
OHAYNATOPHOrO U3NIYy4YeHUA:

OMbIT CO34aHMA CBEPXNPOBOAALLUNX WNPTEPOB N BUITIEPOB € nonem Ao 7.5 Tecna n yctaHOBKMU
NX Ha Hakonutenu c aHeprmnen 1.35-1.7 B (CAMD, BESSY) ¢ ycnewHbim pelwieHnem npobnem c
YCTOMYMBOCTbIO AMHAMMKKM nyyKa. (CAMD — ogHoBpemeHHO paboTatot 7 Tecna wudtep n 7.5
Tecna 15 nontocHbIM BUrTNep, n3rotosneHHble B MAD. BESSY — okono 20 net ogHOBpPEMEHHO
paboTtanu aBa wudtepa 7 Tecna v ogmnH 7 Tecna 17 nontocHbIN BUTTAER).

okono 20 ceepxnpoBogAwMX WUCTOYHMKOB CU M3roToBAEHbI U YCTAHOBAEHbI B Pas3/IMYHbIE
ueHTpbl CWU. [OnAa HakonuTenen c 3Heprnen 3MB Hambonee nonynapHbIMKM OKas3anucCb
ceepxnpoBogAlLme surrnepbl ¢ none go 4.5 Tecna n nepunogom ~50 mm

pa3paboTaHbl NOrpPy*KHbIE KPMOCTaTbl AN CBEPXNPOBOAALLMX BUITNEPOB C HY/1IEBbIM PAaCXOA0M
XUOKOro renns nNpu A0NroBPEeMEeHHOM HenpepbiBHOM paboTe B YC/OBUAX OrPaHUYEHHOro
AocTyna.

NAD nmeeT onbIT cOBMECTHOM paboTbl ¢ nabopaTtopueit APS no co3aaHuio CBEPXNPOBOAALLENO
OHAYNATOPA N KPMOCTaTa C KOCBEHHbIM OX/1aXKAeHNeM

MAD rotoB npMmeHUTb BCe HAKOMJIEHHble 3HAHMA U TEeXHONOrMu ANA Co3aAaHUA
HOBbIX uctTouHukos CU B Poccum.



CNACUBO 3A BHUVIAHUE



