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Synchrotron radiation
First derived using classical mechanics, prior to the theory of relativity!

Thanks to Fernando Sannibale and David Robin, Fund. of Acc. Phys. course, USPAS, Phoenix, Jan 2006

Joseph Larmor

Alfred Lienard

1869-:1958

1898 Lienard:
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Insertion devices as Synchrotron Radiation Sources

. . . . 1943: Synchrotron invented by Oliphant
The first storage rings were deS|gned for hlgh' 1945: Vekslar, McMillen invent the synchrocyclotron

energy physics and Betatron

_  As energy of electrons was increased, energy was 1947: synch. rad. observed at 70Mev GE synchrotron

b d to be lost in the f f radiati 1949: Wilson et al. first stored beam in a synchrotron
observed to be lostin the Torm ot radiation — 1952: Courant and Snyder develop strong focusing;

synchrotron radiation already patented by Christofilos!
— Key limitation to modern HEP accelerators (one of the  1959: CERN PS operational

motivators for proton rings, and the need to switch to 18325 groc’kha"enlAtGg(‘l’pe(;atior‘;}'P - )
linear colliders for leptons...) - Spear completed (leads to JiPsi discovery, ...

FIEEE Thansactions on Nuclear Science, Vel NS-22, No,3, June 1975

“2"d generation” sources were rings devoted to SR SPEAR Il PERFORMANCE
generation, essentially using the bend magnets as Sntord L ao ot

anto. near Accelerator Center
sources (examples: NSLS, ANKA, Spear I, ...) O eereny;, ntord, Caltfornia 84305

(Presented by J. M. Paterson)

13

-+« In parallel with the high energy physics program, the
Stanford Synchrotron Radiation Project has a large con-
tinuing program of ultraviolet and x-ray research,8 «

Beam 1990: SPEAR is used exclusively for SR production

Switch IEEE 1998 .
23 PDS”'":'” Sﬂum Yard SPEAR III - A BRIGHTER SOURCE AT SSRL
1

SSRAL

W I'Bs:i] R. Hettel, R. Boyce, S. Brennan, J. Corbett, M. Cornacchia, W. Davies-White, A. Garren, A.
D S Hofmann, C. Limborg, Y. Nosochkov, H.-D. Nuhn, T. Rabedeau, J. Safranek’, H. Wiedemann
= —_— 1 Stanford Synchrotron Radiation Laboratory, SLAC, Stanford, CA 94309

113
++ By replacing the magnets and vacuum chamber for the 3

GeV SPEAR II storage ring, the natural emittance of the
machine can be reduced from 130 to 18 nm-rad and the
stored current can be raised from 100 to 200 mA with a
50 h lifetime. This configuration increases focused
L photon flux for msertion device beamlines by an order of
magnitude and the photon brightness for future
undulators would exceed 10™° at 5 keV. «

L J
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Dedicated SR sources

. “31d generation” sources designed for use of special magnetic systems, “insertion
devices”, (ID’s), into the straight sections of storage rings to generate specific
radiation properties tailored to the beamline science needs. (Examples: ALS, Spear
lll, APS, ESRF,...)

— Accelerator physics: - ID’s should not impact the stored beam — want scalability, ability to
exchange devices, etc

—  Scientific users: - ID’s tailored to science need, e.g. flux or brightness over a given energy
range, polarization control, etc.

Note: almost all 2" generation rings now incorporate ID’s to enhance their science
capabilities

. “4™ generation” sources are currently being built — FEL's & ERL'’s. (examples:
LCLS, DESY XFEL, Fermi at Elettra, 4GLS ...)
—  Electron bunch passage through “Insertion device” generates synchrotron radiation, which in

turn modulates the electron bunch energy; cycle can be repeated down to a final ID section
that “radiates” the resulting micro-bunched beam coherently

FEL-1 (100 40 nm)

Example: Fermi@Elettra workshop 2005: J. Corlett, G. De Ninno seed laser (240-360 nm) _
L Y N i
™
. . Beam dump N
(Linearizer cavity) ; N - = -
Beam switchyard N
Laser heater S Modulator Dispersive section *  Radiator
compressor Bunch compressor Parameter Value Parametar Radiator Falue
(—A—\ ,-‘_--_I - 'T"y‘pe Planar Reg ~ 30 microns (40 mm) Type Apple
1 g \-----------/-\------—/------’\.---.I S:u'-ll:‘- 0“\-12-21“‘-“1“ Length |-l Structure Sezmented
e::c 3.0 C:ng Period 6.5 cm
H_) — k—y—) A Length 3.04m K 241
Enjecfor‘ Lingar' qccglgrnfor Ver‘ﬂcﬂl FEL Segment length 234 m
Transpor'f _ ) Break length 1.06 m
line Total length FEL-1 ~16.5m | Total length 12,45 m
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Undulator and Wiggler characteristics:
Field properties

These are magnetic devices generating fields NES
transverse to the passing charged particles, usually e_@\

designed to be inserted into a ring to generate N2
synchrotron radiation

— Fields can be “planar”, helical, or variable
— Planar devices exhibit vertical focusing
= There is always some coupling of device to beam-
physics
Fields are characterized by oscillation period and field
strength A,c088
— Strength parameter K distinguishes radiation properties _ |

X=-acos(27z/A,); euxB=mV'/p

def B
=K/y = K= B/,

= (dx/d2) =0.9344,[cm]B[T] —

max

2rm,C g

Brian Kincaid, JAP 1977;
See R. Schlueter, Res. Memo 88-57, LLNL 1988 for
wiggler field harmonics and focusing
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Undulator and Wiggler characteristics: Radiation properties

From David Attwood,
Introduction to Synchrotron Radiation

Continuous spectrum characterized by
Bending magnet g, = critical energy
radiation e.(keV) = 0.665 B(T)EX(GeV)
P[KW]=0.633E*[GeV] B’[T] I[A] L[M]

0.95 E2 [GeV]
hyfom] (1 +55)

g, (keV) =

Undulator radiation
Quasi-monochromatic spectrum with
peaks at lower energy than a wiggler

Higher field results in higher critical
energy, more power
Wiggler radiation

Higher field for same period results in larger spectral range,
or performance can be leveraged to increase brightness
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Example applications

e Synchrotron radiation sources for soft / hard x-rays
— Large number of lights sources worldwide (and quickly growing!)
— Number of free electron laser projects underway
— Figure of merit is typically brightness (ph./s/mm2/mr?/0.1%bw)

Higher performance yields higher brightness and/or increased spectral range, or
access to higher energy photons

 Damping rings
— Emittance is reduced proportional to synchrotron radiation power

— Figure of merit is SR source power => wigglers
Higher field yields higher power: P~B?2

e Positron source for ILC
— Positrons generated from pair-production
— Pplarlzed poslltr.ons from circular pol. radiation Helical undulator
— Figure of merit is photon flux
Higher performance yields higher positron production, shorter undulator length
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A brief review of the historical role of
superconducting Insertion devices

. The flrst undulators proposed
were superconducting

1975, undulator for FEL
experiment at HEPL, Stanford

1979, undulator on ACO
1979, 3.5T wiggler for VEPP

[EEE Transactions on Nuclear Science, Vol. N§-28, No. 3, June 1981

CAIN MEASUREMENT OK THE ACO STORAGE RING LASER

....................
ae

b . c
a, J.M.J. Madey . K.E. Robinson’ _,-rC Bazin , M. Billarden,

D.A.G. Deacon
e
P, Elleaumed, Y. Farge, J.M. Ortega , Y. Pérroff, M.F, Velghe .

LURE, Bitiment 209C, Université de Paris-Sud, 91405 ORSAY, France

a) High Energy Physics Lab, Stanford University, Stanford CA 94305 USA
b) Laboratoire de 1'Acc@&lérateur Lindaire, Batiment 200, Université de

Superconducting helically wound magnet for the free-electron

laser Rev. Sci. Instr., 1979
L. R. Elias and J. M. Madey

High Energy Physics Lab P i, California 94305
(Received 12 April 1979; accepted for publication |18 May 1979)

Paris-Sud, 91405 ORSAY, France . FiG. 5. Wire winding tool and partially completed magnet.
¢) Ecole Supérieure de Physique et de Chimie, 10, Rue Vauquelin,

75231 PARIS CEDEX 05, France
d) Département de Physico-Chimie, Service de Photophysique, CEN

Saclay, 91190 GIF SUR YVETTE, France
e) Laboratoire de Photophysique Moldculaire, Bat. 210, Université
de Paris-Sud, 91405 ORSAY, France
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Superconducting undulator development

The naissance of RE permanent magnets

’ d 1990’s:
° In the 1980 S an 1 S' NUCLEAR INSTRUMENTS AND METHODS 169 (1980) 1-16. © NORTH-HOLLAND PUBLISHING CO.

— Klaus Halbach and others
quickly and effectively
developed permanent magnet
undulators - largely stalled
further development of SCU'’s

— Planar, elliptical, quasi-
periodic...

DESIGN OF PERMANENT MULTIPOLE MAGNETS
WITH ORIENTED RARE EARTH COBALT MATERIAL*

K. HALBACH
University of California, Lawrence Berkeley Laboratory, Berkeley, CA 94720, U.5.4.

Received 20 August 1979

By taking advantage of both the magnetic strength and the astounding simplicity of the magnetic properties of oriented rare
earth cobalt material, new designs have been developed for a number of devices. In this article on multipole magnets specul
emphasm is put on quadrupoles beuause of their frequent use and because the aperture ﬁelds achievable (] 2— 4 T her

the producuon of synchrotron radiation: (b) structures for the production of solenoidal fields; and (c) three=di onal
structures such as helical undulators or multipales.

* Nevertheless, some progress continued on
superconducting wigglers and undulators

— E.g Budker >11 devices,

— First (?) cold-bore ID (wiggler) installed at MaxLab

But the dark ages for SCID's

NbTi, Nb3Sn "
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Sampling of superconducting insertion devices

Location A [mm] Year Gap (mag.) Gap (vac.) [mm] Vac. T. [K] B [T] Type Comments
[mm]

Anka/Accel 14 2003 5 4.2 1.35 U Variable gap device

SRRC / Wang 60 2003 | 18 20 w

NMR

Elettra / BINP 64 2002 16.5 11 20 35 w RF heating renders inoperable

Max-lab 61 2002 12 10.2 4.2 3.54 Beam-heating higher than expected;

SRRC/Wang NMR - 2002 55 20 300 6 WS

Bessy Il/ ACCEL - 2002 30 300 6 WS Operating; cryocooler insufficient, uses cryogens

Bessy II/BINP 172 2001 | 52 32 300 7.0 WS Problems with cryogenics; not operating

Bessy II/BINP 172 2002 | 52 32 300 7.0 W RF liner did not work

NSLS 26 1994 | 8.6 0.82 W (see NSLS und. Below)

NSLS 18 1994 | 8.6 0.54 ] Attained field; attempted shimming with additional
Sc circuits; problems with complicated field quality
controls, cryogenics

SRRC 10 2000 | 2 1.39 u

Firfel 10 2 4.2 1.07 U, St

BNL (HGFEL) 18 8 0.54 U

BNL (ATF) 8.8 4.4 0.66 U

July 26, 2006
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Pushing the limits of technology

®  Permanent magnet ID’s are now mature

— Pure magnet -> hybrid systems -> in-vacuum devices

— Elliptically polarizing undulators (EPU’s)

— Quasi-periodic undulators and EPU’s

— Continue to make progress through material improvement

ALS upgrade parameters
U50: 50mm period, 4.5m length, K=3.97
SCU22: 22mm period, 1.5m/4.5m length, K=6.49

4

Y7

2

of enlightenment...

L=}
i1

'S
1 L

Recent renewed interest in superconducting
undulators

— Potential to enhance the brightness
and/or spectral range available to users

— Leverage significant development in
superconductors and superconducting
magnet technology

2
1

=, o GO0
PO T T A
.

Brightness [Phot/s/0.1%bw/mm /mr’|

Q_
=]
|

7 2 3 4567 2 3 4567
100 eV lkeV 10keV
Photon Energy
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~~~ Undulator evolution

|
\

ALS U50 (1993) ALS EPUS50 (1998)
- Hybrid permanent Pure permanent
- magnet magnet
technology technology,
Elliptically
polarizing
capability
. Spring8 IVUN ALS SCU (200?)
| §! (2000) Nb,Sn
=+ SMmall gap In- superconducting
vacuum device undulator
- ' : —a us on Next Generation of
July 26, 2006 Soren Prestemon S s
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Technological development of SCU’s at LBNL

— Performance motivation — why consider superconducting devices?

— Technical considerations

— Example projected performance and competing technologies

July 26, 2006 Soren Prestemon 15



Superconducting undulators — general approach

Coil

- -

-~y
£ ] e =t -
Electron beam . i Y

-
-
-

Nb,;Sn cable, made of 6 wires

Ic (6T,4.2K) ~ 510A, 52% Cu

~40um diameter

0 .48mm diameter

July 26, 2006 Soren Prestemon 16



Performance considerations
Motivation for Nb,Sn SCU’s

Motivation for SCU’s

— Promises the best performance, in terms of
spectral range and brightness, compared to
compet)ing technologies (PM, PM hybrid, Cryo-
PM, ...

Nb3Sh superconducting undulator performance curves

35

25

0.5 —

10.00 15.00 20.00 25.00 30.00

Nz

50

75
3 100

125
150

period [mm]

e1/E*=25

[A/mm‘]

N S

Motivation for Nb,Sn
— Low stored energy in magnetic system
* ‘“break free” from J, protection limitation
— Take advantage of high Jc, low Cu fraction in Nb;Sn

—  “High” T, (~18K) of Nb,;Sn provides temperature
Imacrigln for operation Wlth uncertain/varying thermal
oads

=> LBNL pioneered the use of Nb;Sn for SCU’s

J load line
sC

18000 — I,qu<2000

Jc(Nb,Sn,4.2K)
15000 — =

J <4000
12000 - I_':u

J_ <6000

| Increase in
| B_, due
| toincrease

n material Je

J (NbTi,4.2K)

3000

Peak field on conductor (B_ ) [T]
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Key design issues: application concerns

* Field quality requirements dictated by:
— Beam physics
« Beam path (steering, displacement)
» focusing, dynamic effects
— Radiation properties
» phase error minimization for higher harmonics
» trajectory straightness for FEL applications

* QOperating conditions must be met
— User radiation spectrum or power requirements
— Acceptable impact on storage ring
— Cryogenics must be compatible with facility

July 26, 2006 Soren Prestemon
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Technical issues with superconducting ID’s

“Low” peak conductor fields => high current densities
— Low-field instability issues

Quench protection must accommodate extremely high Cu current densities

Small conductor size required for reasonable currents => poor fill factor
Cryogenic issues

— Beam-based heating

See “Workshop on Superconducting Undulators &
Wigglers”, ESRF
Image-currents

Synchrotron radiation
» Other...

http://www.esrf.fr/Acelerators/Conferences/ID_Workshop

Traditional loads (conduction and thermal radiation)
Phase-correction

May need active correction due to dual regime (saturated and unsaturated poles)
» Application-dependent

Magnet measurement system
— Must work with cold magnet

Need integral measurements for beam displacement and steering determination
Need Hall-probe data with sufficient accuracy for phase-error determination

EM pulses must be in phase: distance traveled by electron
between consecutive accelerations should be constant
- H H - . ______ Fe h
E 2 /a/' Steering
- = 2 > .
€ A } Displacement
—@®. Ly @ >
_1 _3
July 26, 2006
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Performance

(Brightness and/or flux at a given wavelength)

‘]ovcrall .
(av. current density)

Gap

Applied field
quality theory

5B,

Period A

Machine parameters

LDRD |

Superconductor Jc

Tuning/shimming
techniques/capabilities

Measurement
capability

(Roll-off, integral
errors)

Bfam dynamics <
Cu:Sc Cryogenic
- capacity
Insulation
B Vacuum .
| chamber heating
7f(J overall> £4P> A

N

Quench protem

J

LDRD |

Ramp-rate induced
AC losses

General cryogenic design

(leads, conduction loads, etc)

Vacuum
requirements

Synchrotron
radiation

Bremstrahlung

Transition geometry

1

(Frequency, bunch length, charge,

etc)
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Low-temperature superconductors of interest:
NbTi with Artificial Pinning (APC), Nb;Sn

current density
(Alem?)

critical J-H-T
surfaee

Arno Godeke,

personal communication

Note: High temperature
superconductors (HTS) and
existing versions of MgB, do not
(yet) carry sufficient current, at

M. Wilson,

temperature
(K)

Nb,Sn
~

magnetic field
m

Advancing Critical Currents in Nb-Ti

any temperature, to compete with
PM undulators

CONVENTIONAL
IRON-CORED
ELECTROMAGNETS

Cockcroft Institue, 2006

R. Scanlan and D. Dietderich
IEEE Trans. Applied Supercond., Vol. 13, No 2, June 2003

Jc vs B for 0.8 mm wire

25000
MFTF Candu . 8000
Tevatrom Ene Nle [ .
1998 ¥ Best Production nign nomeogeneiry, 1935, ?000 -
20000 + Best UA-Madison HT Wuhi-Filamentary Compecite, 'B5. annu i ‘
Best Emall Scale HT Multi-Filamentary Composite 35 —
E Revised Equivalent 55 Strand Specifization % 5000 gy L -
5 5 Nb-Ti: Best industrial Scale Heat Treasted Composites 1930 E a &
= 1995 Aligned ribbbons, fizld paralle] to rik&ons. 2 4000 - ) X )
S 15000 + 3 = o b
g & Furskawa APL 34, d,=10.5nm o ma . o 3¢ ®
& y R ) Bupersom APCIHT 35 - O g o be
£ ¥ i mendienss fib-Ti: Mb-Tilb (245) 380 nm malfilayer 55 (3%) McCambridge o 2000 —. B — B &1 o
g Y & jos4 ¥ al {¥ale) | ] b4
o W | ——+— Nb-Ti: 38 mm muslflayer Mb-Tiilh (21/8), 50 piVicms - 1000 & X = » —
- 10000 + o x McCambridge et ai. [¥ale] (0% o )4 L ® @
= 1831 NB-Tiz Nb-TiTi (1805) 370 mee multilayer '35 (0], 50 pWiom, N. 0 T T v T T u
~ Rizzei et al LTSCRE (Yale]
S 1986 o 0o 2 4 6 8 10 12 14 16 18 20
5000 + 1985 Field (T)
1980
Fig.5. Critical current vs. field for high field superconductors—Bi-2212 (open
. . squares), Nby Sn (triangles), NbTi at 4.2 K (solid squares), and NbTi at 1.8 K
o 1 2 a3 s s & 1 e 10 {crosses). The crossover for Bi-2212 and Nb; Sn is about 13 T on the basis of /...

Applied Field, T
University of Wisconsin-Madizon
Applied Superconductivity Center

However, the practical erossover is still higher, due to the large volume fraction

of Ag

Nevembar 114 197 - Campdied by Potez I L - ab-ti praprecdlppt, JCProgdizl

matrix required in the fabrication on the Bi-2212 wire at present.
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Nb;Sn superconductors

These are intermetallic compounds, in an A15 structure; A15is a
brittle crystal structure

Requires a fabrication process providing the appropriate composition
and A15 development

Process must not jeopardize quality of stabilizer in conductor
(typically Cu)

Requires heat treatment to ~650C

=> Have significant impact on magnet design and fabrication!

2500 s ey
50 ’
o 40 A
2000 [ g y 0
- § 20 s
— E 13 . Bronze
o 1500 | Nb,Sn + Liguid 16 18 20 22 24 26 28 i Bronze._pttocess
E Nb.n Atomic Sn content [ % } Ve
[ a-Nisbium
E | undNbSn
=3 | Nb,Sn, + Liquid
£ 1000 | 1 YMRC Lt R
£ l'l BA5LTAC
1
i Nb,Sn, NbSn,
i 1 -
5 NbSn,+ Ligwid ]
500 | o |, ¥ ¥ S+ Lins
- = Nb,Bn, + NbSn, 1C
I : Nbsn, + §n
D 1 I.!: PIN VAT S O PRI PSS NP S MU A IS S U N SR A

0 19 20 3¢ 40 50 60 70 BO 9C¢ 100
' Atomic Sn content [ % ]
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Cryogenic design options

» Can use liquid cryogens or cryocoolers

— Liquid cryogen approach requires liquifier + distribution system or user refills

— Cryocoolers require low heat load and (traditionally) incur temperature gradients through
conduction path and impose vibrations from GM cryocooler
» Limits operating current due to current-lead heat load (despite HTS leads; typical limit is <1kA)

» Solution: heat pipe approach (C. Taylor; M. Green)

* Need to know the heat loads under all operating regimes

*Vacuum chamber and magnet can be *Vacuum chamber and magnet can be

thermally linked; magnet and thermally isolated; chamber operates at

chamber operate at 4.2-8K intermediate temperature (30-60K);
magnet is held at 4.2K

« chamber_>
o0 a5 SO-601K
Aggressive spacings:
Aw~0.75mm
Ag,~1lmm

M. Green, Supercond. Sci. Tech.16, 2003
M. Green et al, Adv. in Cryogenic Eng., Vol. 49

Gas Buifer Tank

Size depends on Liguid Velwme
and Maximum Design Pressure

Pl ittt ddddddidd
E‘nmt ;

A
A
&
#
#

)

Canled La

A

FELTEEF RS ESEFRFFFTESFFEEF LT
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L. Podobedov, B., Workshop on Superconducting

I =
B e al I l e atl I l g Undulators and Wigglers, ESRF, July 2003
2.

Eric Wallen, Workshop on Superconducting
Undulators and Wigglers, ESRF, July 2003

) 3. Caspers, F., Morvillo, M., Ruggiero, F. and Tan,
2 I, = bunch spacing, J., LHC Project Report 307, CERN, August
_ | <l S 7 2/3 1/3 I, = bunch length 1999
Qi =a (p /Ie)
h 5/3 0 h = half-gap
(I b) z, = free-space impedance,

a 1s a constant, based solely on the vacuum chamber geometry.

(Extreme anomalous skin effect;

heating nolonger a function of |l o<

RRR or of frequency)

Cu Al Ag Au
ESEVIANORMEM  1.74£-08 2.68E-08 1.59E-08 2.46E-08
ne’r conductivity [/Ohm-m]  5.75E+07 3.73E+07 6.29E+07 4.07E+07
c=—o©" s ﬂ,e =V7T 8.54E+28 1.81E+29 5.85E+28 5.90E+28
m 1.57E+06 2.02E+06 1.39E+06 1.39E+06
collision time [s]  2.39E-14 7.33E-15 3.81E-14 2.44E-14
Source: Intro to Solid State Physics, mean-free path length (1) [m]  3.75E-08 1.48E-08 5.30E-08 3.40E-08
5t edition, C. Kittel p*l [Ohm-m~2]  6.52E-16 3.97E-16 8.43E-16 8.35E-16
Cu Al
300K 4.2K 300K 4.2K
Boris example (BNL) 51.89 9.84 64.70 8.32
ALS present 3.94 0.66 491 0.56
ALS 2-bunch present 11.08 1.85 13.81 1.56
ALS upgrade 13.19 2.20 16.45 1.86
ALS upgrade - X 25.59 4.60 31.91 3.88
ALS upgrade 2-bunch X 21.49 3.86 26.80 3.26
Max-Lab II 0.73 0.13 0.90 0.11
ESRF uniform 1.95 0.31 1.95 0.31
ESRF 16-bunch 6.59 0.91 6.59 0.91
ESRF 1-bunch 2.77 0.36 2.77 0.36
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Beam heating impact on performance

« In synchrotron rings, image current heating impacts design
* In FEL’s, low duty-factor typically implies low image currents

— Other heating sources will dominate

> Cold, extreme anomalous skin
_Hs 213 (pa)V/3| effect regime:

hap®? 77 | ALS: ~2W/m

LCLS: ~3.e-4 W/m

Qn=c

Ref: Boris Podobedov, Workshop on Superconducting
Undulators and Wigglers, ESRF, June, 2003

54

| Assumes A_/A, =0.25, with no Jc margin.
Based on existing Nb, Sn material Jc data.

44

E ] Performance evaluated for

T 3 42K, 5K, 6K, 7K, 8K
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® J
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:

a

14 1120mmperiod
] =l5mm period

= |
T ]—T7]—71
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Magnetic gap [mm]
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Field [T]
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Notes:
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25 L} ! h =2 5mm
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. T G =G +Ag
A T
2.0+ s 95 T =29 for GML 255 for PT
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2.5
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Calculated performance curves for NbTi conductors

Soren Prestemon Design assumptions:
Steve Marks . 1. SC-ID Dat d d fr 3920 point desi
Ross Schiueter SOA NbTi Undulator performance CUrves |, uaions. Each data point has an
LBL, Feb. 4, 2003 associated optimal pole/coil ratio and coil
height, defined by minimizing Bmax/B0
2.Attainable centerfield is defined by the
2.4 \ \_Zm\m \x \ /\ A / intersection of the load line with the Jc(Bmax)
) 9= cune for existing NbTi conductor; area of
\ \ \ \ superconductor assumed 27% to account for
2.2 stabilizer, insulation, and packing factor
K=6 3. Data correspond to 1010 steel pole and
2 1 ) R yoke structure.
~ \\ N ~ N ~ -
N ~ ~
\\\ N _ S
1.8 < RS- = -
= \\\W \/\/ )\\K\_S
BN - RS ™~
1.6 N < =
N ~
g=6mm-\ T~
=147 ) e1[eV], E [GeV]
= $C-ID
212 \ s ‘ )
= . g./E°=25
1 N . A\ & ‘ A =
~_ g=omm
\\
0.8 - T ] 50
~
0.6 g=10mm = 75
g=12mm 100
0.4 - 125
g=14mm 150
0.2 g=16mm 175
0 T T T T T
10.00 15.00 20.00 25.00 30.00 35.00 40.00
period [mm]
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Calculated performance curves for Nb;Sn conductors
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Competing technologies

Permanent magnet devices (pure and hybrid, in-
vacuum) are mature and formidable technologies — far
exceeding performance of resistive magnet devices
Spring-8 pioneered, ESRF doing R&D on cryogenically
cooled versions of in-vacuum PM devices

— Brincreases ~10% from 300K to 100K

— Coercivity increases 500% from 300K to 100K!

— Significant field increase by switching to new material

B, (T)

100 150 200 250 300
Kitamura, EPAC 2004 Temperature (K)

Issues:
— Demagnetization during bakeout
* 120C bakeout untenable due to low coercivity
— Phase errors during cooldown
* temperature gradients
» Differential expansion of materials
— Possibility of radiation damage

» little radiation damage information at cryogenic
temperatures

T
o o

Available for IVUs

-
%]

35E

Remanent field (T)
w

—
—

32EH ® 27vH

—
o

2000
Coercivity, iHc (KA/m)
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Magnetic gaps and lengths
Example: future insertion devices at the ALS

« Gaps, assuming 5mm vacuum aperture:

— PM, PM-EPU: 7.3mm (1mm wall thickness, existing controls spacings; could
be reduced, but risk increases — no hard stops, chance of hitting chamber...)

— IV, IV-EPU: 5.4mm (0.4mm needed for controls, RF foil)
— SCU, SC-EPU: 6.6mm (0.75mm wall thickness)

e Lengths:

— PM: 2m (extend devices from current 1.85m by eliminating end chicanes &
chambers)

— 1V: 1.62m (lose 360mm compared to PM on each side due to RF transitions)

— SCU, SC-EPU: 1.6m (“cold-bore” operation; RF transitions do not move, but
need space for thermal transitions; this is a reasonable estimate)

— IV-EPU: 1.55m (RF transitions are a definite concern; this is an optimistic
guess)

Note: technologies in blue are theoretical or in R&D
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Field strength capability for IVID, cryo-IVID, and SCU

Options

calculated for A=14mm Cryogenic IVID data

from Kitimura et al.

1.75

50BH hybrid, b3Sn SCU
1.5 [__cryogenic IVID

1.05 5m§ —~ N@

N ‘
cryogenlc IV\ \kA) 101~y . . .
h 100 150 200 250 300
\\ > Temperature (K)
S i

B, (T)

: \\Nle sc:u\, \\\ T~ |
~
i >\ \\\ \\\~ \\\
0.75 =~ S e~
~~~\\ \.\ -.h\ \ b
- \ il i — \~ ]
~\~ \\ \‘
- ‘~>\‘ \\.\ S |
O 5 [ ~~~\\\ \\\ \ |
= | ~~-~~\\ \-\-\ o~ |
. Secas ~ |
" 35EH pure IVID, cryogenic —s ST —. ==
025 35EH pure IVID, room temperature eSS ET=—=—

4 5 6 7 8 9 30
Vacuum gap [mm]



Brightness plots for devices based on different technologies
with fixed period = 14mm.

20

107 3
19
< 100 3
g E
g ]
£ i
2
e -
X
= 10" = Beam Parameters:
= 3 | I=0.5A Nb,Sn superconductor, 24%
i 3 | Bx/y=13.65/2.25m superconductor in coilpack
® 71 | ex/y=6.3/0.03nm cross-section, 90% of Jc;
f_q) | | 0.06 disp. in x CIVID devices are hybrids
@o Energy spread not included
=
A 10" =
3 |A=14mm devices, 1.6m magnetic length
+4|—— Nb;Sn SCU
71°°* CIVID, BH50
7 |=== CIVID, EH35
16
10 o | | ' ' ' L ! ! ! L | | | | | | | |
9 2 3 4 5 6 7 8 9
lkeV 10keV
Photon Energy
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Brightness plots for devices based on different technologies, with fixed

K=2

(the device period is defined by the technology) to provide harmonic

1020

e @ ® ® ®® e o
ow ™ *e o
- -

—_

S
—
©

Beam Parameters:
[=0.5A
Bx/y=13.65/2.25m
ex/y=6.3/0.03nm

0.06 disp. in x

Energy spread not included

—
[ee)

overlap.

-.....-.

Nb,Sn superconductor, 24%
superconductor in coilpack
cross-section, 90% of Jc;
CIVID devices are hybrids

Brightness [Ph/s/0.1%bw/mm’/mr’]
S

—_
<
Q

K=2 devices, 1.6m magnetic length
— Nb3Sn SCU, A=14.31
=== CIVID, BH50, A=16.71
— CIVID EH35, 2=18.76

16

10 — T L —
7 8 9

T T T T T T
2 3

Photon Energy
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Brightness plots for devices based on different technologies
Device periods are defined to yield £,=800eV

1020

—
O—-
©

Beam Parameters:

4 | I=0.5A Nb,Sn superconductor, 24%
Bx/y=13.65/2.25m superconductor in coilpack
8 ex/y=6.3 /0.03nm cross-section, 90% of Jc; cold
0.06 disp. in x bore;

Energy Spread not included CIVID devices are hYbrldS

-

Brightness [Ph/s/0.1%bw/ mmz/mrz]
> >

e1=800ev; 1.6m magnetic length
— Nb3Sn SCU, A=14.31

=== CIVID, BH50, A=16.01
— CIVID, 2=17.34

16
10_I Il""""'l""l |

2 3 4

Photon Energy
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Ongoing R&D
— USA

« LBNL (Nb,Sn undulator prototypes)
— two consecutive LDRD’s — 30mm, 14.5mm period

—  WFO for APS — 14.5mm period: reached short sample
— Conceptual design of SC-EPU

« Argonne (NbTi, now considering Nb,Sn)
— Contracted with LBNL to demonstrate Nb;Sn performance

—  WFO with NHMFL to design/fab Nb;Sn prototypes, investigate alternative designs,
develop cryogenic design
e BNL

— Investigating APC conductors; looking at variable-polarization SCU'’s
built and commissioned vertical test facility for detailed magnetic measurements

— Europe (only NbTi undulators so far...)
» Accel collaborating with Anka — NbTi device operating in ring
* Multi-lab collaboration (ESRF, Anka, ...?) working with Accel
» Maxlab looking at various SCU configurations
* Maxlab, Bessy, ESRF, Elettra

much recent experience with SC wigglers

» Daresbury — ILC helical undulator prototype
— Asia

» Taiwan (installed WangNMR wigglers)

: : : : See www.esrf.fr/Accelerators/Conferences/ID Workshop/
List indicative, not complete... And http://www.desy.de/wus2005/

Now a look at LBNL R&D...
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http://www.esrf.fr/Accelerators/Conferences/ID_Workshop/

LBNL Nb;Sn Undulator R&D

Collaboration of AFRD & Engineering Div.

Considered for ALS applications:

 Radiator for femto-slicing experiment
* Source for protein crystallography

LDRD results (2003-04):

» Two prototypes using 6-strand cable
* 30mm period prototype; 80% of Jc
* 14.5mm period prototype: ~75% Jc

WFO (2005-06, for Argonne Nat. Lab):

* Test single strand conductor
* Design and fabrication improvements
» Reached short sample Jc in 4 quenches

Joint region
~.
NbTi lead (i)
=3
)

.

Button
A

Potting
fixture ‘“‘-R_H‘_

NULT1 lead (out)

Poles
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Review of LBNL LDRD prototypes

*Two prototypes were designed, fabricated, and tested:
—A 6 period, 30mm period device; collaboration with WangNMR
—A 12 period, 14.5mm period device

First prototype reached a peak current of ~2200A (~65% Jc); almost all
guenches initiated near one splice
— One-half of undulator was removed from the circuit
» Eliminated the bad region from the system
» Significantly modified the magnetic system, but not the coil-field characteristics
— New test yielded 11 quenches, varying from 2379 to 2662A (~80% Jc)
* Very little sign of training
* Quench triggers varied (some stick slip, some flux-jump), as did initiation locations
* No discernable ramp-rate dependence

=> Demonstrated quench Jcu>4000A/mm2 can be safely protected

Prototype 2 test considered trim coil performance and quench performance

— Trim coil performed as expected
e Can provide >1% field perturbation at all fields
» Magnitude sufficient for use as active phase error correction element
— Quench test resulted in 2 quenches at ~2600A (~70%Jc).
* Both quenches located near the same splice
* Flux jump signature suggests either large Deff or heating from epoxy cracking

=> Demonstrated trim coil technique providing sufficient phase error correction
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LDRD Il prototype

Nb3Sn-NbTi joint ——m™m™ ™

Yoke/pole and lead-in/lead-out

Potting issues (from LDRD | prototype

Reaction chamber
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Review of LBNL prototypes

Prototype | Prototype |1
30mm period - 14.5 mmlpenod

e
A

.t'lf-,

[-J- v

s el
w_;
1

Y

19

| ]

d 5i:9" . 15':
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3300

LDRD |&Il prototype test results

Prestemon et al., IEEE Trans. on App. Supercond., June 2005

vimv)

/.

Flux-jump signature
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Review of LBNL prototypes

Prototype 3: funded by Argonne to demonstrate Nb;Sn technology

— Incorporated design modifications
* End shoes to eliminate large areas of epoxy/glass
* Increased RRR to reduce danger of low-field instability, from ~20 to ~100

— A second prototype was designed to incorporate strand with trial ceramic insulation
» Some sections of ceramic insulation are quite good - ~10-20 microns, good adhesion
* A number of bare sections precluded use in an actual magnet prototype
* Winding behavior of test section was reasonable

SR A

July 26, 2006 Soren Prestemon
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Design features of prototype Il

Stainless steel end-pieces Pole-Yoke

End-shoe

Button

Joint solder box
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LBNL Prototype Ill Undulator-half (APS-funded)
prototype during/after winding

-Note use of endshoes to eliminate voids and provide mechanical support.

-Voltage taps are located at each coilpack
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Prototype Il undulator quench performance

* Five quenches:
— 585A, 585A, 635A, 717A, 714A
— At 717A:
o Jsc=8250A/mm2

» Jcu(quench)=7600A (self-protected)

. _ } Record parameters
o Jav=1760A/mm2 (using full pocket size)

900

800 \\§\

- AN

< 500 / \\
E 400 \

~
300
200
—x— Load-line
100 —+— Short-sample, corrected (1mT/A)
0 ‘ ‘ ‘ ‘ —e— Test quench data |
0 1 2 3 4 5 6 7 8

Bcoil
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Polarization control
Generating variable linear polarization

» A coil as shown generates antisymmetric |
B, and B, field profiles in z about the coil. y By, \
The field$ are largely on a plane of angle N
v that is a function of the coil gap and x- . S

offset.
N

. A series of such coils in z, separated by
A2 with alternating current directions,
generates B, (z) and B, (z) fields that are
periodic with equal phése shift.

N\ \ 7\ A\ /"\\ Ia\ N N
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Consider a 4-quadrant array of
such coil-series.

Polarization control
Generating variable linear polarization

— If Ic=-1,, Coils A and C generate Bs. 4Ba
additive —fields. W

— Set I=-1, Ip=-Ig; Independent = =
control of 'l and g provides full Bc® Bo
linear polarization control.

- Independent control of I, and I provides variable

linear polarization control

- If I,=I, vertical field, horizontal polarization
- If I,=-1, horizontal field, vertical polarization

For I,=I;=I =I,:

By

July 26, 2006
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Polarization control

Generating variable elliptic polarization

Add a second 4-quadrant array of such coil-
series, offset in z by A/4 (coil series a and 3)

With the following constraints the eight
currents are reduced to four independent
degrees of freedom:
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The a and B fields are 90° phase
shifted, providing full elliptic
polarization control via

B"(Ix.15:2), B’ (17,15:2):

S S

E:
j a,

; typically — < 2%
a

27rnNX
A

Note: B/, = Zan;x,y sin(
n
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With some switching... enhanced spectral range

Full polarization control

I (24

« Separating the coils in the o,

TS T TN Y

|a1__|a2

a?
| | 2 Period-halved
linear polarization control

:;i:;_ I“l} Period-halved linear mode l i A l i A l l A l l A
- - (variable linear, no elliptic) " . . .
O é O é O é O é

« Going further... separating the
coils in the a1l (and 062, Bl, [32) |« | A1l | 2 Period-doubled

. - . a2l p12
circuit into two groupings allows VI 12 4 full polarization control
for period doubling:

e AT
a2l _ A2 a2 _ _ |ﬂ2}Per‘°'9“ ° éé éé

(Full polarization control)

VI ﬁz} Previous (full polarization control) | | Al

NOTE: Two power supplies (A, B) needed for linear polarization control; four needed for full
(linear+elliptic) polarization control; switching network could provide access to the above regimes
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A conceptual design for the LBNL SC-EPU with minimal joints

* Cryocooled using heat-pipe approach
* Performance limited by AC losses (dB/dt-induced heating) of coil
e Period halving/doubling requires “switchyard” — superconducting switch needs to be demonstrated

1 i"f' |"l;lllI l‘l"'n‘l

\ { ! \ |

f|"“ Tl"”"'" I

\ |‘|l

ﬁl|r W h
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Superconducting elliptically polarizing undulator

Nb,;Sn superconductor, 24% superconductor in coilpack cross-section, 90% of Jc,
vacuum gap=5mm (magnetic gap=9.9mm for PM-EPU, 7.9mm for SC-EPU)

2.5
2
. | / ——’__——- |
T SC-EPU — %777 x |
- | _ —=—""Horizontal Vertical
- ] //' /
/
\ 4
/ PM-EPU e e———— ]
0.5 —==""

20 30 40 50 60
Period [mm)
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Spectral range and Brightness of example SC-
EPU A=28mm device and PM-EPU A=32mm

5+
4+

19

Beam Parameters:

| =054

Bx/y=13.65/2.25m

1 ex/y=6.3 / 0.03nm

0.06 disp. in x

10 ~—f Energy spread not included
o 6] .
£ 5- Circular
(\IE 4
8 h 2
E
S d
S s [Limited by aperture
= 103 \
= ] )
6 . - A=28mm horiz. pol. SC-EPU Al
o ¢ ,¢ |=== A=56mm horiz. pol. (28mm period-doubled) SC-EPU ' TR
N e —— A=28mm circ. pol. SC-EPU S
e’ = A=56mm (28 mm period-doubled) circ. pol. SC-EPU | " | ¢ |-
27 - o’ = A=32mm horiz. pol. PM-EPU : v l.
/’ = \=32mm circ. pol. PM-EPU ' "| ‘
17 ’ . ' |
— r 4 . J
10 I I I I LI I I I I LI I I I I I
2 3 4 s 7 89 2 3 4 7 89 2 3 4 s
100 1000
PllUlUll Euclg
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Other applications of Superconducting insertion devices

 Modulators and radiators for FEL'’s
— May serve to shorten length of FEL
— Access shorter wavelength radiation
— Main issues:

 tight requirement on beam trajectory
* Long lengths overall

» Wigglers for damping rings
— CESR, ILC, ...
* Undulator for ILC positron source

CESR Wiqgler
2,1T peak field
9cm horizontal uniform aperture

40cm period

7.62cm pole gap, 5cm vertical beam aperture

Baseline wigglers for ILC damping ring
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Parameter Value Units

ILC Positron Source 2|

Type Helical
Length 100-200 m
Max Photon Beam Power 93 kKW
Primary e U :
ndulator parameters (ideal
AOULCE 5100 GeVe 150 250 GeVe p ( )

Bypass line Transfer Line & BDS Positron Linac

Target e

Helical / Dump

Electron / Linacs Undulator

Photon
Beam Dump

Photon .
G Target © pre-
20d - Source g accelerator
~5GeV

First NbTi prototype, EUROTeV-heLiCal collaboration

3z0

30d
\‘“x

= ~ Magnet features & parameters:
X r E' I\‘\\‘ —— Citical cument @4.2 K
< 20 / // N I * Conductor: NbTi. 0.44 mm diam.

152 _—:_‘_f;;:”’“‘”‘ » Groove size: 4x4 mm

/ f —w—Flgkionaxs * Test: achieved 0.8 T on axis
100
A/ -
T /ushenkov et al., Proceedings of PAC 2005
Field () et al, Proceedings of EPAC 2004
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Motivation for shorter period, higher field

*Flux ~N~1/period >0 =
. . 0.7} Central cone e
*Best positron production at ~20MeV 0.6 integrated -~
- Lee, Milstein, Strakhovenko, PRA 2004 e flux ~Q, //
.. 0.4 7
2 T oal
i Isolines of: 0.2 -
1.75 Fund. photon energy e, o1 S Peak intensity ~F,
> Deflection parameter K
~ 0.25 0.5 0.75 1 1.25 1.5 1.75 2
1.5 x\ :
LT \\\
~ \\ = |
1.25 :\ ~\%\ |For 150GeV
= % jelectron
s — |beam:
© K=0.8 i
0.75 | Photon energy
i 2 fundamental
0.5 | —le;=10MeV
0.25 |
i Y
r 7 e,=15MeV
9 10 11 12 13 14
period [mm]
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Relevance to ILC Design

« Use same load-line data, apply same Nb,Sn conductor as LBNL prototype
* Cross section close match (~4x4mm?vs 15.90mm? for LBNL prototype)
» Assume 39 turns of $=0.48mm
* Reasonable operating point at 700A => 3.07 T on coil, 1.37 T on-axis, K=1.78

 This performance can be used to reduce period increase positron production

900

Measured Jc data,

800

\\)\ corrected for self-field

700
14T 600 |

500 ~

Ic, 1[A]

LBNL prototype

400 ‘. "
08T | 300 Nb,Ti*W
200

guenches T~

—»— Load-line, 39 turns

—+— Short-sample, corrected (1mT/A)
—&— Test quench data

—a—14mm helical

---a-- 14mm helical center field

Bcoil

5 6 7

*1000A/mm2 J_,
converted to
current for
comparison; actual
conductor operated
at 226A
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LBNL-SLAC Helical Undulator Design

* Shell-type cross-section geometry
» Motivated by LCLS design studies
» Specialized optimization code available

LBNL Publications:

* S. Caspi, "Magnetic Field Components in a Sinusoidally
Varying Helical Wiggler. LBL-35928 July, 1994

* S. Caspi, "Stored Energy in a Helical Undulator", LBL SC-
MAG-474, 1994.

* S. Caspi, "Magnetic Field Components in a Helical Dipole
Wiggler with Thick Windings", LBL, 1994

* S. Caspi, "A Superconducting Helical Undulator for Short
Wavelength FELs", LBL Report SC-MAG-475, 1994.

* S. Caspi, R. Schlueter, R. Tatchyn, "High Field Strong
Focusing Undulator Designs for X-ray Linac Coherent
Light Source (LCLS) Applications". SLAC-Pub 95-6885.
PAC 1995.

* S. Caspi and C. Taylor , “An experimental superconducting
helical undulator”, NIMA Volume 375, 1996

* R. Tatchyn, et al, “R&D toward a linac coherent light
source (LCLS) at SLAC”, NIMA, Vol. 375, 1996.
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Summary

Superconducting insertion devices have a long and varied history in accelerators and light
sources, starting with the first FEL’s
A large number of wigglers have been built, installed, and characterized in diverse rings

— First cold-bore devices are in operation

— Worth considering conductor options based on thermal issues

Superconducting undulators are under development
— First devices starting to be installed
— Need high J, to justify the technology against mature PM devices
— Image current heating is an issue — need thermal management
— Phase error correction methods not fully developed — needed for high harmonics

« Experience at LBNL with Nb;Sn has been successful
— High quench J_, can be handled — allows low Cu fraction, high Jc superconductors
— We have demonstrated a possible phase error correction element
— Short-sample has been obtained
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