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Required:

160 Quadrupoles,  348 Sextupoles,  144 Long Bend Magnets, 
448 Short Bend Magnets (offset quadrupoles)

→ 1100 High Gradient Electromagnets   (AISI 1010 steel is considered)

Separate elements are designed



CLS 2.2 lattice:

long : drift, l=2.503400,ay = 3.00;[mm]

d11:drift, l=0.11; d12:drift, l=0.12; d13:drift, l=0.13;

d18:drift, l=0.18; d20:drift, l=0.20; d33:drift, l=0.33;

d83:drift, l=0.831638,d10:drift,l=0.10;

{quadrupoles}

qm1:quadrupole, l=0.12, k= -8.52240;

qm2:quadrupole, l=0.20, k= 8.658014;

qm3:quadrupole, l=0.12, k= 0.958858;

qm4:quadrupole, l=0.12, k= -3.53309;

qm5:quadrupole, l=0.12, k= 6.615875;

{offset quadrupoles}

br:bending,l=0.20, t = -0.20, k = 4.85; [°]

b1:bending,l=0.20, t = 0.20, k = -4.85;

{bend magnets}

b2:bending, l=1.2, t = 2.712, k = 0.421,

t1= 1.356, t2 = 1.356;

bm : bending, l = 0.8, t = 1.758, k = -0.6,

t1= 0.0, t2 = 0.0;

{sextupoles}

s1 : sextupole, l = 0.12 k = 210.3;

s1b: sextupole, l = 0.12, k = -51.7;

s2 : sextupole, l = 0.15, k = -212.6;

s2b: sextupole, l = 0.15, k = 0.0;{corrector}

{segments}

pbend : b1, d12, b2, d12, b1;{pseudobend}

cell:s1,d13,br,d11,s2,d11,pbend,d11,s2,d11,br,d13,s1;

match:long,s2b,d10,qm4,d18,qm3,d20,qm2,d18,qm1,

d33,bm, d83, qm5, d12, s1b;

mba:match,7*cell, -match;

ring:16*mba

qm1 qm2 qm3 qm4  qm5

# 32 32 32 32 16

length [m] 0.12 0.20 0.12 0.12 0.12

aperture Ø[mm] 24 24 24 24 30

Gradient [T/m] -85.22 86.58 9.59 -35.33 66.16

Gradientmax 90 90 30 45 70

coils 4 4 4 4 4

amp-turns 6000 6000 2000 3000 7000

windings 40 40 40 40 38

current [Amp] 150 150 50 75 184

Quadrupoles

(To do: change 24 mm to 25 mm?)



CLS Quadupole Design  circa 2001

22.2 T/m

65 mm aperture 

For High Gradient 
– reduce aperture

Good Field Region @ 0.1%:  ±30 mm



Adjust Ø to evaluate various quadrupole magnets

Aperture Ø = 18 mm; 24 mm; 30 mm   (on the same yoke)

Pole tip optimized 
so reduce multipoles



Ø = 18 mm
Ø = 24 mm

Ø = 30 mm

Ø [mm] B’ [T/m]
(90% eff.)

18 120

24 90

30 73



Ø = 18 mm

Ø = 24 mm

Ø = 30 mm

ΔB = Σn=3 Bn*X(n-1)

n Bn/B2

6 -9.8E-04

10 -8.6E-05

14 -1.8E-05

18 -2.7E-07

22 6.5E-06

26 1.3E-05

E.g.: Ø = 24 mm 
Relative Multipoles
@ 10 mm



Ø = 24 mm
10 mm X 100 mm coil

→ 2x20 = 40 turns (4.8mm X 4.8mm conductor)

coil sticks out ~10 mm at end of magnet

CLS 2 Quadrupoles

Qm1, Qm2, Qm3 and Qm4 magnets

• 12 mm aperture radius 

• tall coils → small longitudinal length

D = 12 mm



Getting the photon beam out …….

Qm1
Photon beam @ 4.4 ↔ 4.8 cm

ID 
light  



Getting the photon beam out:  open-sided quadrupole Qm5  ( Ø = 3.0 cm )

Increase yoke width
to keep efficiency

Remove 2 turns on coils
(optional) 

Photon beam in Qm5



Getting the photon beam out:open-sided quadrupole Qm5

Single cut
6.25 mm x 2 = 12.5 mm
(is this enough?)

reduction of GFR







Dynamic Aperture at center of straight

elsewhere:
DA = (β/βstraight)½ * DAstraight

Keep  GFR > DA !!

Position βx DAx [mm] βy DAy [mm]

Straight center 2.23 4.5 5.95 9.0

Bm 0.84 2.8 7.77 10.2

Qm5 7.15 8.1 2.64 6.0

S1b 7.86 8.4 2.36 5.7

Br 6.45 7.7 2.94 6.3

S2 5.08 6.8 3.61 7.0

B1 1.47 3.7 6.03 9.1

B2 1.16 3.2 5.66 8.8



Small apertures →  Shorter fringe fields

Ø = 24 mm ( R = 12 mm )  →  small field at 60 mm  →  120 mm between magnets
or smaller?

End of magnet

60 mm



Reducing the Longitudinal Footprint

MAGNET DESIGN CONSIDERATIONS FOR AN ULTRALOW EMITTANCE CANADIAN LIGHT SOURCE  (IPAC 18)
L.O. Dallin, D. Bertwistle

17% loss
of  efficiency

3% loss
of  efficiency

(with thicker yoke)

http://accelconf.web.cern.ch/AccelConf/ipac2018/papers/wepmf021.pdf

http://accelconf.web.cern.ch/AccelConf/ipac2018/papers/wepmf021.pdf


Reducing the Longitudinal Footprint

MAGNETS FOR ELETTRA 2.0  (IPAC 19)
D. Castronovo,  E. Karantzoulis

R = 13 mm

Recessed coils



ALS-U Design

Charles Swenson et al.
IPAC 2016

With consideration of
Different pole tip material



S1* S1b* S2 S2b  

# 224 224 224 224

length [m] 0.24 0.24 0.15 0.15

aperture [mm] 12 12 12 12

Gradient [T/m2] 2103 1586 2126 0

Gradientmax 2224 2224 2224 corrector

coils 6 6 6 only

amp-turns 1200 1200 1200

windings 20 20 20

current [Amp] 60 60 60

CLS 2.2 lattice:

long : drift, l=2.503400,ay = 3.00;[mm]

d11:drift, l=0.11; d12:drift, l=0.12; d13:drift, l=0.13;

d18:drift, l=0.18; d20:drift, l=0.20; d33:drift, l=0.33;

d83:drift, l=0.831638,d10:drift,l=0.10;

{quadrupoles}

qm1:quadrupole, l=0.12, k= -8.52240;

qm2:quadrupole, l=0.20, k= 8.658014;

qm3:quadrupole, l=0.12, k= 0.958858;

qm4:quadrupole, l=0.12, k= -3.53309;

qm5:quadrupole, l=0.12, k= 6.615875;

{offset quadrupoles}

br:bending,l=0.20, t = -0.20, k = 4.85; [°]

b1:bending,l=0.20, t = 0.20, k = -4.85;

{bend magnets}

b2:bending, l=1.2, t = 2.712, k = 0.421,

t1= 1.356, t2 = 1.356;

bm : bending, l = 0.8, t = 1.758, k = -0.6,

t1= 0.0, t2 = 0.0;

{sextupoles}

s1 : sextupole, l = 0.12 k = 210.3;

s1b: sextupole, l = 0.12, k = -51.7;

s2 : sextupole, l = 0.15, k = -212.6;

s2b: sextupole, l = 0.15, k = 0.0;{corrector}

{segments}

pbend : b1, d12, b2, d12, b1;{pseudobend}

cell:s1,d13,br,d11,s2,d11,pbend,d11,s2,d11,br,d13,s1;

match:long,s2b,d10,qm4,d18,qm3,d20,qm2,d18,qm1,

d33,bm, d83, qm5, d12, s1b;

mba:match,7*cell, -match;

ring:16*mba

Sextupole / Correctors

Note:        S1* =   S1 + S1
S1b* =   S1 + S1b



267.8 T/m2

78 mm aperture 

For High Gradient 
– scale down 

CLS Sextupole Design  circa 2001

Good Field Region @ 0.1%:  ±30 mm



R = 12.5 mm

S1, S2, S1b and S2b magnets

• 12.5 mm aperture radius 

• coils for X and Y correctors

10 mm X 50 mm coil (Sextupole)
→ 20 turns (4.8mm X 4.8mm conductor)

10 mm X 20 mm coil (X or Y corrector)
→ 8 turns

10 mm X 10 mm coil (X corrector)
→ 4 turns

coils sticks out ~20 mm at end of magnet

S

X



99.8% efficiency @ 1150 Amp-turns

B2 = 2135 T/m2

ΔB = Σn=4 Bn*X(n-1)



S
S

-S
-S

2
X

2
X

-2
X

-2
X

Sextupole P.S.           58 Amps
X-corr P.S.          -50 to 50 Amps
Y-corr P.S.          -44  to 44 Amps

Coil Configuration (Option 1)
(3 separate windings per pole)

S: Sextupole (1150 Amp-turns)

X: X-corrector (up to 200/400 Amp-turns)
~ ½ mrad

Y: Y-corrector (up to 350 Amp-turns)
~ ½ mrad



S 
+ 

2
X

-S
 -

2
X

Coil Configuration (Option 2)
1 winding per pole (32 turns)

Pole A ≡ Pole D
Pole B ≡ Pole E
Pole C ≡ Pole F

P.S. A:    37.5   +/- 12.5 Amps
P.S. B:    37.5   +/- 17.2 Amps
P.S. C: 37.5   +/- 17.2 Amps

(no zero crossing)

A

D

-S
 -

2
X

S 
+

 2
X



Amp-turns 
S

Amp-turns 
X

Amp-turns
Y B2 [T/m2] B_y [T] B_x [T] B2 error

1200 0 0 -2224.4

0 400/200 0 345.94

0 0 350 349.80

1200 400/200 0 -2221.8 341.23 -0.11689 %

1200 0 350 -2222.4 346.72 -0.08991 %

1200 400/200 350 -2220.4 341.90 348.24 -0.17982 %

Effect on B2 with correctors at maximum values



Getting the photon beam out …….

s1b
Photon beam @ 5.1 ↔ 5.8 cm

ID 

s2
Photon beam @ 7.2 ↔ 7.6 cm s1

Photon beam @ 15.8 ↔ 16.4 cm

s2
Photon beam @ 13.9 ↔ 14.4 cm





Sextupole Modifications
Open sided                                                  Return yoke

Move coils

Add extra turn
(5% increase)

unmodified

No extra turn



… or build a bigger sextupole

Coils:
• out of the way 
• in a row

(poles could be wider)



E.g.:  APS gradient dipole 

Bend Magnets
Use longitudinal gradient bends to reduce emittance

E.g.:  ESRF gradient dipole 





Alternative to longitudinal gradient:

Reduction of
dispersion
(and βx)

Normal Bend                     →                               three (simple) bends

Bend 2 (B2) is focussing

Emittance is reduced by 36%    (39 pm →  25 pm)



BR B1 B2 BM 

# 224 224 224 32

length [m] .20 .20 1.2 0.8

half gap[mm] 15 15

B [T] -0.1745 0.1745 0.3944 0.3835

B’ [T/m] 48.5 48.5 4.21 -6.0

Offset quadrupole

Offset [mm] (B/B’) -3.60 -3.60

Aperture Radius [mm] 15 15

CLS 2.2 lattice:

long : drift, l=2.503400,ay = 3.00;[mm]

d11:drift, l=0.11; d12:drift, l=0.12; d13:drift, l=0.13;

d18:drift, l=0.18; d20:drift, l=0.20; d33:drift, l=0.33;

d83:drift, l=0.831638,d10:drift,l=0.10;

{quadrupoles}

qm1:quadrupole, l=0.12, k= -8.52240;

qm2:quadrupole, l=0.20, k= 8.658014;

qm3:quadrupole, l=0.12, k= 0.958858;

qm4:quadrupole, l=0.12, k= -3.53309;

qm5:quadrupole, l=0.12, k= 6.615875;

{offset quadrupoles}

br:bending,l=0.20, t = -0.20, k = 4.85; [°]

b1:bending,l=0.20, t = 0.20, k = -4.85;

{bend magnets}

b2:bending, l=1.2, t = 2.712, k = 0.421,

t1= 1.356, t2 = 1.356;

bm : bending, l = 0.8, t = 1.758, k = -0.6,

t1= 0.0, t2 = 0.0;

{sextupoles}

s1 : sextupole, l = 0.12 k = 210.3;

s1b: sextupole, l = 0.12, k = -51.7;

s2 : sextupole, l = 0.15, k = -212.6;

s2b: sextupole, l = 0.15, k = 0.0;{corrector}

{segments}

pbend : b1, d12, b2, d12, b1;{pseudobend}

cell:s1,d13,br,d11,s2,d11,pbend,d11,s2,d11,br,d13,s1;

match:long,s2b,d10,qm4,d18,qm3,d20,qm2,d18,qm1,

d33,bm, d83, qm5, d12, s1b;

mba:match,7*cell, -match;

ring:16*mba

Bend Magnets



1.354 T

-3.87 T/m

45 mm gap 

CLS Dipole Design  circa 2001

Good Field Region @ 0.1%:  ±30 mm



B/B’ = 0.3835[T] / -6.0[T/m]
= 0.06392 m 
= 6.392 cm

Y = -6.392*1.5 / (X – 6.392)

X

BM  Design

half gap = 1.5 cm
B’final = 6.01 T/m (< 0.2% off)

Y

Coil
2 x 8 cm
→ 64 turns

4650 Amp-turns
→ 73 Amps



Getting the photon beam out …….

Bm
Photon beam @ 0 ↔ 1.84 cm

ID 



X



B/B’ = 0.3944[T] / 4.21[T/m]
= 0.09368 m 
= 9.368 cm

Y = 9.368*1.5 / (X + 9.368)

X

Y

Coil
2 x 8 cm
→ 64 turns

4774 Amp-turns
→ 75 Amps

B2 (focussing bend)

half gap = 1.5 cm
B’final = 4.23 T/m (< 0.5% off)



Getting the photon beam out …….

B2
Photon beam @ 8.9 ↔ 12.6 cm

ID 



B2 Preliminary Design

Ygap = 1.5 cm   Yedge = 1.05 cm



Y = 9.368*2.0/ (X + 9.368)

Yedge = 1.4 cm

B2    (Larger Gap Option)

half gap = 2.0 cm
B’ = 4.24 ( < 1% off )

Coil
2 x 8 cm
→ 64 turns

6353 Amp-turns
→ 99 Amps



Offset = B/B’ = - 0.1745 [T]/48.5 T/m]
= - 0.0036 m
= - 0.36 cm

Use Ø = 3.0 cm quadrupole 

BR and B1 – Offset quadrupoles:

Room for beam pipe
with Ø = 2.4 cm

(-)0.36 cm offset



CLS 2.0  Reverse Bend with 4.1 mm offset

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

-10.0 -5.0 0.0 5.0 10.0 15.0 20.0

12 mm vacuum chamber offset by 4.1 mm   
Rquad = 14.54 mm



Beam axis                  GFR is reduced by 3.6 mm (on one side)



Br [°]             =         - B1 [°]

CLS 2.2 lattice:

…..

{bend magnets}

b2:bending, l=1.2, t = 2.712, k = 0.421,

t1= 1.356, t2 = 1.356;

……

Different offsets for different optics

Pole face rotation optional

Relaxed optics for commissioning?



Getting the photon beam out …….

Br
Photon beam @ 6.2 ↔ 6.8 cm

ID 

B1
Photon beam @ 8.0 ↔ 8.6 cm B1

Photon beam @ 13.0 ↔ 13.6 cm

Br
Photon beam @ 14.7 ↔ 15.3 cm



BR and B1 – Offset quadrupoles

Offset = B/B’ = -0.1745 [T]/48.5 T/m]
= -0.0036 m
= -0.36 cm

Using Ø = 3.0 cm quadrupole 

Br              B1                                            B1 Br



Beamlines from weak bend magnets with high brilliance

Decrease in critical energy

BCLS = 1.35 T
BCLS2 =  0.39 T

Increase in brilliance



Larger Offsets (at other facilities)

APS Upgrade: Magnets
Mark Jaski
April 12, 2017

Quad Aperture Ø = 41.4 
mm
B = -0.61 T
B’ = 51.5 T/m
Offset = -11.7



Siam Photon Source II
P. Sunwong, et al. IPAC 19

B = .60 T
B’ = 27.1 T/m

22 mm offset

Larger Offsets
Asymmetric designs

B = .57 T
B’ = 36.8 T/m

15.5 mm offset

ESRF –EBS Magntes
C. Benabderrahmane, et al. IPAC 18



ALS
-16 mm offset



Preliminary designs for CLS 2 Magnets are in progress

•  high gradient electromagnets are used

•  “simple” designs are used

•  no special steel is required

Ultralow Emittance is achieved:    25 pm-rad @ 3 GeV

(an aggressive optics design)



CLS  

CLS
emittance 18,000 pm-rad
circumference 171 m
Energy 2.9 GeV
γ = 5675

CLS-II
Emittance 25 pm-rad
Circumference  588 m
Energy 3.0 GeV
γ = 5871



Off-axis injection with a Non-Linear Kicker …………



Relative strength
(same current)

double kick
at smaller
amplitude
(5.04 mm)

Current strips at

3.25 mm  and 6.5 mm

In vacuum NLK?

Support structure?

2.75 mm  (similar to in vacuum ID)

………at small amplitudes

BESSY II



Outer current strips OFF

X X DIAMOND  IPAC 2013
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Thank you for your attention



Compare 
Sext +/- 19 cm
Quad +/- 32
Dipole +/- 18


