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Introduction

TLS: Taiwan Light Source (1993-now)
TPS: Taiwan Photon Source (2015-now)

Booster ring and storage ring accelerators

2014 ..
Aug installed

The first TPS light at the 3-GeV design beam
energy delivered.

- srs-iﬁ TPSBGe

2015 Jan. Taiwan Photon Source Inauguration Ceremony.

Dec. TPS exceeds its design beam current 500 mA

2016  Sep. TPS Opening Ceremony.
Four TPS phase-I beamlines available to users
worldwide.

2017  May.
4 Flagship Project initiated — construction of 5 TPS

phase-1l beamlines begins

Dec. Construction of TPS phase-I beamlines completed
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Motivation

* Small bore measurement for ultimate storage ring.

* Elliptical measurement for closed aperture of dipole and
insertion device.
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Analytic Methods

The magnetic field B +iB, is expressed in polynomial expansions as

B, +iB, = > (b, +ia,)(x+iy)" (1)

The equation is divided into real part B, and imaginary part B,

B, (X, y) =b, +ay+bx+2a,xy +b,(x* —y*) +... (2)
Bx(x,y)zao+a1x—b1y—2b2>q1+a2(x2—y2)+... (3)
by:normal dipole term ay:skew dipole term

b,:normal quadrupole term a,:skew quadrupole term
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Polynomial fit

Data

Format
Choose fitting number n

—

B, (X, y) =by +a,y+bx+2a,xy+b,(x* —y*) +...

A circle path divided to j points bs, a5

B, (X, y) =2, +a1X_b1y_2b2Xy+a2(X2 _y2)+---
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FFT

Data

Format
By+iBx=2(b +ia,)r"ein?

By(0)=2Zr"[b,cos(nB)-a,sin(n0)]

Fast Fourier transfer

j points can define n number

A circle path divided to j points

0.845 -

0.840
0.835
0.830

0.825

By (T)

0.820
0.815
]

0.810

0.805

0800 T T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360
Theta (degree) 7
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Pierre Schnizer

P.Schnizer et al. "Theory and Application

of Plane Elliptic multipoles for Static Magnetic Fields",
NIMA 607(3):505-516, 2009
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Fig. 1. Plane elliptic coordinates i, s, Foci F, F' are at x = =*e.
x=-ecoshpycosy, 0=<n<oo
y =esinhysiny, —m<y <m (13)
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B(z) =By + iBx

=) m . =) : m
B/ 40 = > Cu ()" @™ = > cu (F3) (8)
m=0 m=0
T BD(”) o im0
Cm =5~ / de. (9)

Circular multipoles

B/-%D:%+ZE cosh[n(;;—Hl}/)]_ (24)

<= """ cosh(niy)

E, = / Bo(z = e cosh(ijy + 1fr)) cos(mjr) di (27)
T /5‘[)

_ Elliptical multipoles
Z C,,c™ cosh™w (29)

oo . m
B@)/%0 =S Cn (X ;'y) —
m=0

2™Crn = > Ei/I(1 + 10) cOsSh(kig)tim.
k=0

k.m=0,1,2,.... (34)

m = even: ty, = (—1)™? cos(kn/Z)%
< IT 3 — 20 — DP) (36)
m = odd: ty, = (—1)"™ /2 sin(f<n/2)%

w 1M D72 (g2

i —2u—1y7). (37)
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Ra=20mm semi-major axis
Rb=8mm  semi-minor axis
r=15mm  radius of circular multipoles expansion

m = even: fym = (—1)™/? cos{kn/2)%

< I3 (K — 2 — D) (36)

m = odd: fym, = (—1)™ /2 sin(kn/2)%

xniz;”f’z(kz —2u—17). (37)

Transfer matrix of even multipoles from elliptical multipoles to circular multipoles

Out[25) MatrbcForm=
i1

1 _0.724138 0.355359 -0.156465 0.0673952 -0.0289105 0.0123923 -0.00531116 0.00227622 -0.000975526 |
m=even: t, = 0 0.969828 -1.90371 1.88596 -1.44418 0.967985 -0.597487 0.348545 -0.195105  0.105827
km 0 0 1.2748 -3.36779 4.83543 -5.18563 4.66787  -3.73441  2.74366 -1.88977
a a a 1.5034% -5.18082  9.72306 -13.3362  15.0043  -14.6932 12.9922
0 a a 0 1.73465 -7.44112  17.2238  -28.7073  38.6671 -44.7434
0 0 0 0 0 1.99316 -10.2523  28.1946  -55.2388 86.5573
0 a a ] a 0 2.28845  -13.7311  43.7157 -98.3605
0 a a 0 a 0 0 2.62713  -18.0147 65.1426
a a a ] a a ] a 3.01526 -23.2652
\a a a ] a 0 ] a a 3.46209

Transfer matrix of odd multipoles from elliptical multipoles to circular multipoles

Out[3 1}/ MatrbcForm=
(0.75 -1.27703 0.969941 -0.588815 0.325152 -0.170386 0.0863055 -0.0426791 0.0207299 -0.00992946"
0 1.1402 -2.5%806 3.15437 -2.90315 2.28185 -1.681823 1.066398 -0.666319 0.398952
m:odd- t = a a 1.39182 -4.2248 6.998685 -8.55732 &.66908 -7.71654 6.24674 -4.70193
° km a a 1] 1.61656 -6.2488 13.0979 -19.9035 24.6063 -26.2937 25.1889
0 a i} 0 1.85976 -8.77094 22.2137 -40.2782 58.6912 -73.0928
a a o} a a 2.13578 -11.5002 35.3088 -74.3168 124.59
0 1] 0 0 0 0 2.45187 -15.7629 53.5939 -128.355
0 a i} 0 i} i} i} 2.8148 -20.5079 T8.5848
0 a 0 0 0 0 0 0 3.23128 -26.3119 9
0 1] 0 0 0 0 0 0 1] 3.70838
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Cut[40) MatricForm= co
 Humber of circular multipole WValue ! oMCyy = E Ey /[(1 + Syp) cosh(kijg) ]ty m.

0 0.823442 —0
: iy m=0.1.2... G4)
3 10.8776

4 815.01

5 —24229.7

& -B.42796x10°
7 2.9995 »10°

3 1.35615 10"
g - 3.02063 =10
10 -4.08203 =10
11 1.38306 = 10%°
12 3.82107 « 10%F
13 1.84429 10
14 -4.85593 % 10%F
15 -1.19821 =10%%
16 4.60038 = 10%%
17 1.357 x10%8
18 -3.19484 % 10%
19 -9.45785x 10%
20 1.6015=10%
21 4.57078 =« 10
22 -5.70995 % 10%7
23 -1.55765: 10%F
24 1.40731=x10%
25 3.67578 x10%
26 -2.26729=10%
27 -5.72312=10%
2z 2.132=x10%
29 5.29547 »x 10%
30 —8.78788 x10%
31 -2.20595x105
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Simulation Case
Circular path data of a combined dipole
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Normal b, harmonics[units] @10mm
G r O N B O R N W A~GM

Simulation of I\/Iultipoles in a circle

Dlpole by(x10%) @10mm
0.823T 10000
-1.79 T/m -216.8
-3.38 T/m? -4.1

* The multipole results of polynomial fit
10000 Circle R=10mm, Normalize at 10mm and FFT are the same in a circular path

= Polynomial it |_| at a combined dipole.
B FFT -

* Shows two analysis methods are

consistence in a circular path. 12
0 alalslelzlalelwluloln FET
bo 0.8234427 T 0.823443 T
b, -1.785341 T/m  -1.785342 T/m

-216 Harmonic Order n

b, -3.376005 T/m?  -3.375895 T/m?



Combined Dipole Magnet

Circular Path

R=10mm b, ~ a into
By(0)=Zr"[b,cos(nB)-a,sin(n0)]
or
By(x,y)=bgy+a y+b x+2a,xy+b,(x2-y?)+...

0.845 -—f7Trr -1+ T1 1 -~r1r -rr1r 1t T 1T 117 0.20 -—f7Trr -1+ T1 1 -~r1r -rr1r 1t T 1T 117
0.840 | oy, - 015 ]
» . 1 —m— (Polynomial Fit - Raw)/Raw/|
0.835 L ‘_l ‘_‘ ) 010 L —eo— (FFT - Raw)/Raw 4
0.830 | . . 1
g . ] 005} -
~ 0825} . . - 3 1
- A . w
g & . : =  0.00 jvs ve e 0500000000050, 5. 58_ve.
& 0.820 s . 4 = L ® e
. —m— Raw Data . | = 0.05
] . . . i -U. - 4
0.815 - ‘,' —eo— Polynomial Fit ‘.‘ . ]
q —A—FFT i 1
osto} 4 % 010 | __
0.805 [ o 015} ]
0800 1 1 1 1 1 1 1 1 1 1 1 _020 1 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 60 90 120 150 180 210 240 270 300 330 360
Theta (degree) Theta (degree)

* The errors of these two methods are within 5x10°.
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Simulation Case
Elliptical path data of a combined dipole
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n Elliptical Path Analysis

Elliptical Path Ra=20mm,Rb=8mm Normalize at 10mm Circle R=10mm, Normalize at 10mm

T T 1 > I

£ 4 B polynomial Fit E 4 B Polynomial Fit |—
g B FFT S
é.J 3 = P. Schnizer @3 W FFT B
e m
L 2 = 2
< =
. g1
— c
c c R
x Ly - 2o -
= 0 3 5 6 7 8 9 |10 11|12/ 13 -‘C“-l 0 3 4 5 6 7 8 9 (10|11 | 12| 13
c -1 o
c )
o)
= S -2
T -2 ©
: :
g :

-4 4

-5

Harmonic Order n
Harmonic Order n

0.8234423 T 0.822633 T 0.823442 T bo 0.8234427 T 0.823443 T
b, -1.785267 T/m -1.784512 T/m -1.78526 T/m b, -1.785341 T/m  -1.785342 T/m

b, -3.341436 T/m?  -3.359222 T/m?  -3.34125 T/m? b, -3.376005 T/m?  -3.375895 T/m?




Elliptical path b, ~ a,, into

Combined Dipole
By(x,y)=b0+a1y+b1x4l-2a2xy+b2(lx2-y2)+... |

T T 20 T T T T T T T T T T T T T T T T T T T T T T

| i 1.5+ T
0.86 | —=— Orthogonal Fit 1
1.0k ——FFT
—+— P. Schnizer

—~ 0851 : =)
L_, L
a>]. Z
—m— Raw S
— « — Polynomial Fit |
0.84 — —FFT 3
— - — P. Schnizer
083 1 1 1 _20 1 1 1 1 1 1 1 1 1 1 1
120 150 180 210 240 0 30 60 90 120 150 180 210 240 270 300 330 360
Theta (degree) Theta (degree)
T T NG T T T T T gl T T T T T T T T T T T T T
0.86 e 20 + -
0.85 7 15 —=— Orthogonal Fit 1
1 I ——FFT 1
0.84 7 10 i —+— P. Schnizer 7
0.83 e —~ 5} -
- ¥
E 0.82 | - l"l_J 0 WWW
> ~
m =
081 —=— Raw § S 5t i
— « — Polynomial Fit L L |
0.80 —+—FFT 5 -10 + .
— - — P. Schnizer
0.79 -15+ -
0.78 + - 20+ i
1 1 1 1 1 1 1 1 1 1 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 60 90 120 150 180 210 240 270 300 330 360

Theta (degree) Theta (degree) 16



Analysis Conclusion

* The multipole results of polynomial fit and FFT are the same in a circular
path at a combined dipole. The errors of these two methods are within

5x10.

* Polynomial fit, FFT and P. Schnizer in an ellipse are compared, polynomial
fit result is the same as P. Schnizer, FFT multipole got a large errors. So we
can chose polynomial fit or P. Schnizer anaylsis method for multipoles in

an ellipse.
* The fitting errors of polynomial fit and P. Schnizer of elliptical path are
within 5x10-.
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Stretched wire system

0«
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Stretched Wire System Setup

Parameter Value | Units

Wire length 1100 mm
Wire diameter 0.3 mm
Wire mass density 0.4 g/m
Wire sag 0.25 mm

Parameters of 8 turns copper wires.

* Integrator and voltmeter (Keithley2182) testing results are very close.

 The movement of transverse and vertical direction are moving by stepping motors.
 The wires are stretched by moving the stage longitudinal manually.

* Mechanical centre can be found by level meter and theodolite.

* 8turns copper wires are in series.

19
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Standard deviation at one position

STDEV Voltmeter Integrator
KEITHLEY 2182 FDI 2056

Be-Cu wire dx=2mm 3.0 G-cm 2.9 G-cm
Be-Cu wire dx=4mm 2.0 G-cm -

8 Cu wires dx=2mm 1.0 G-cm 1.0 G-cm
8 Cu wires dx=4mm 0.5 G-cm 0.5 G-cm

8Cu wires Ref. NdFeB Block
dx (mm) With FDI2056 By(x=0mm)=3300 G-cm
1 2 v=25 mm/s
2 1
4 0.5
6 0.2 Poor space resolution
8 0.3 20
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Integral multipoles of a quadrupole magnet
by stretched wire system

\ / N \ /

1 N 1
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QM R25mm HPS & SW Experimental Results

Normal bn harmonics Skew an harmonics

E 5 | | 5 | I

E 4 ® HPS R25 || £,  HPS R25 |
n

; 3 M SWR25 H N3 mSWR25 [
@©

T 2 LI £

E 1 g 1

o 2 ‘ 4 5 6 7 8 9 10 11 12 13 g 2 3 4 5 6 7 8 9 10 11 1;— 13

f= 3 © 3

E -4 g

25 5

Harmonic Order n Harmonic Order n

Circle R=25mm, Normalize at 25mm

* Normal sextupole(b2) and octupole (b3) are

HPS 5178 particular multipole.
* The difference of all multipole are within 1 units
SW 5.179 between HPS and SW.
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R25mm HPS vs SW

QM

T T T T T T T T T T T T
150000 + - 150000 E
—— HPS ly(Raw) ] 0 —— SW ly Raw
100000 HPS Iy(BnAn) . 100000 — SW Iy(BnAn)
50000 - 50000 E
’é‘ —
T 0t . g oF -
¢ _ & [
= >
-50000 | - ~  -50000 .
-100000 - -100000 |+ E
-150000 - -150000 |+ E
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Theta (degree) Theta(degree)
100 T T T T T T T T T T T
F m  HPS Aly(Raw-BnAn)
80 - e SW aly(Raw-BnAn) | ]
60 E
40 . ¢ .
| o 'K
— 20_‘._-’..;..-.'_.' oo " 8,00 00 4
I o 04 ool n I... o ©
? or m unm® .'l...O.o.l... ..l.. . 1
S 20l e Tom T
RS L = ° [ | ] o0 [ ]
40 i
60 b i
-80 |- i
-100 I N 1 N 1 N 1 N 1 N 1 N
0 60 120 180 240 300 360
Theta (degree) 23
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R5mm HPS vs SW QM

Normal bn harmonics Skew an harmonics

I I
B HPSRS |

BSWRS5 |

[
®HPSR5 [

BSWR5 ||

Normal b, harmonics[units] at 5mm
u B W N P O R N W b WU
"

A
.
H
b
H
Skew a, harmonics[units] at 5mm

u b W N P O FRP N W b u
o
i
5
o, 4
HH
H
JH
i

Harmonic Order n Harmonic Order n

Circle R=5mm, Normalize at 5mm

* The deviation of R5 data is larger than R25.

HPS 5.177 * The difference is within 2 units between HPS and SW.
SW 5.178
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Elliptical Path HPS vs SW oM

Normal bn harmonics Skew an harmonics
£ 5 I I I I £ 5 T T T I 15mm
E 4 ® HPS Ra25 Rb15 | £ 4 W HPS Ra25 Rb15 1
n

® 3 mSW Ra25 Rb15 | & 3 SW Ra25 Rb15 25mm
'_g' 2 E‘ 2
31 S 1
g | O N R B T o |aElme| | | = ]
s _:! ‘€ I 5mm
g.1 |2 415 |6 7 18l9l10/11/12/13/¢6 4 |2 13 4|5 6|7 /8|9 10111213
.== -2 82
_Q o
— -3 © -3
g . 3 . HPS/SW Gdz (T)
5 E Path
Z 5 -5 -

Harmonic Order n Harmonic Order n HPS Ellipse 5177
£ > — > [ T T 1 Ra25 Rb15
£ 4 B HPS Ra25 Rb5 | | g 4 B HPS Ra25 Rb5 L
et ® Ra25 Rb5
22 w2
3 € 3 SW Ellipse 5.174
§ o U Tl zlmrln g o Bl Ra25 Rb15
§ 1 2 131415617819 [10111/[12 (13 g 1 2 1314|516 1718191101121 112 113 SW Ellipse 5.176
£ g, Ra25 Rb5
= 3 ©
£ z 3
e 4 x -4
2 c v s Normalize at short axis radius

Harmonic Order n Harmonic Order n 25
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Integral multipoles of in-vacuum undulator
by stretched wire system

\ / \ /

1 1

26



IU24 Linear & Elliptical measurement

To check skew quadrupole value which is out of spec.

115 < x < 15 (mm) Linear Measurement Elliptical Measurement
Gap(mm) Dipole(n=0) Quadrupole(n=1) Sextupole(n=2) Gap(mm) Dipole(n=0) | Quadrupole(n=1) Sextupole(n=2)
Spec. <100 G-cm <50 G <100 G/cm Spec. <100 G-cm <50 G <100 G/cm
6.8 Normal(ly) -3.9 34.1 14.1 6.8 Normal 0.4 47.1 43.1
Skew(Ix) 62.2 -79.8 -8.1 Skew - -105.7 29.8
7 Normal(ly) -11.7 38.5 15.4 7 Normal -6.0 36.0 33.2
Skew(Ix) 50.5 -82.3 16.7 Skew - -78.7 21.3
8 Normal(ly) -28.9 26.3 14.6 8 Normal -21.8 48.5 68.0
Skew(Ix) 48.8 -60.2 18.5 Skew - -73.4 16.1
9 Normal(ly) -38.8 29.6 16.2 9 Normal -34.3 49.6 61.4
Skew(Ix) 52.4 -41.2 3.6 Skew - -44.8 35.8
_ Linear Ix(x)
Be-Cu wire - jrem e —
0L + ke Lower Limit | |
fffff Upper Limit
—— Gap 6.8mm Ix
100 AN g
N/ N\
o \

Ix(G-cm)

-15 -10 -5 0 5 10 15




Linear

Ix (G-cm)

a1(G)

150

100

50

-50

-100

80

60
40
20

-20 -
-40 -
-60 -
-80 -
-100 -

—um— Gap 6.8mm Ix
Polynomial Fit of Ix

|—m— a1 (skew quadrupole)|

Linear Fit n

Alx(G-cm)

IU24 Gap 6.8mm

40

20

0

-20

-40

-60

[—m— Alx(Raw-Linear Polynomial fit n=5)|

]
/
[ |

lU24

* Itis hard to confirm skew quadrupole value.

» Different linear polynomial fit number get
different results.
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IU24 Gap 6.8mm

Elliptical path polynomial fit

ly(G-cm)

150

100

50

-50

-100

-150

Raw data ly(x,y) still was looked like unusually but elliptical path polynomial fit well.

3mm

T Dsmm

Gap 6.8mm Ra15mm Rb 3mm
T T T T T

— ly(Raw-1)

----- ly(BnAn-1)
— ly(Raw-2) b
fffff ly(BnAn-2)

L L 1 L
0 60 120 180 240 300 360

Theta(degree)

Aly(G-cm)

40
30
20
10

0

-10
-20
-30
-40
-50

Gap 6.8mm Ra15mm Rb 3mm

T T
—&— |ly(Raw-BnAn)-1 1
r |—®— ly(Raw-BnAn)-2 b

L L 1 L
0 60 120 180 240 300 360

Theta(degree)
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Elliptical path Fitting number

N=6~14

ly (G-cm)

N=14~18

ly (G-cm)

360

200 T Iy(Raw) T g T
—— ly(BnAn, n=6)
150 - —— Iy(BnAn, n=8) 1
— ly(BnAn, n=10)
100 | ——— ly(BnAn, n=12) 7
ly(BnAn, n=14 A
50 ¥( )Q ‘
of A ) / .
-50 | V / -
-100 E
-150 - E
-200 1 1 1 1 1
0 60 120 180 240 300
Theta (degree)
200 T T g T
—— ly(Raw)
—— ly(BnAn, n=14)
— ly(BnAn, n=16)
P R — ly(BnAn, n=18) 1

-100

-200

60

120 180 240 300

Theta (degree)

360

dly(G-cm)

dly(G-cm)

100

100

— ly(Raw-BnAn,
—— ly(Raw-BnAn,

| | — ly(Raw-BnAn,

—— ly(Raw-BnAn,
ly(Raw-BnAn,

n=6)
n=8) 7
n=10)
n=12)
n=14)

L 1
60 120

1
300

180
Theta (degree)

240

T T T
—=&— ly(Raw-BnAn, n=14
—e— ly(Raw-BnAn, n=16)
—#— ly(Raw-BnAn, n=18)| -

60 120

180
Theta (degree)

240
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Elliptical path Fitting number

Normal Terms
1 T T T T

0 I/.\.\./. i 0
At ] -10
2T 1 20 Normal Quadrupole
E 3r 2 1 o -30
S 4l ] 5,
! i ] -50 \ "
ol . Normal Dipole | - . \.\_\
% 8 10 12 14 16 18 8 10 12 14 16 18
Elliptical Fit n Elliptical Fit n
Skew Terms
ol T T T T T
20k
b0, b1, b2, a1, a2 20
w0l Skew Quadrupole ]
are convergent. 5
= 60}
80 | .
-100 + \
.\I ] n
-120 L L L L L

Elliptical Fit n

b2 (G/cm)

a2 (G/cm)

100

80

60

40

20

-20

-40

-60

-10

-20

-30

-40

-50

-60

-70

lU24

\ Normal Sextupole -
.\././.\. -

s 8 10 12 14 16 18
Elliptical Fit n

Skew Sextupole |

Elliptical Fit n



IU24 Gap 40mm Circle & Ellipse

Gap 40mm R15mm
. , .

T T T T T T T
100 + Circle ly(Raw) -
15mm Circle ly(BnAn) 10 T T T
sl
50 6
4 '\ " . [ L]
’E\ — 2r.l../. l/.\ " ....'I / " u ..l
- S 0 E AL \ i
Circle ¢ 3 gi | \ | \ rar | \'
Gap Dipole Quadrupole | Sextupole = S L4 \_ [al®e s -
(mm) (n=0) (n=1) (n=2) -50 N .
Spec. <100 G-cm <50G <100 G/cm 8l =
40 Normal 3.59 7.40 4.95 10 : : : . .
-100 | i 0 60 120 180 240 300 360
Skew - -52.42 -6.94 | | | | | Theta (degree)
0 60 120 180 240 300 360
Theta (degree)
E”Ipse 50 Gap 40mm Ra15mm Rb 3mm
- T T T T T T T T T
Gap Dipole Quadrupole Sextupole Eliipse Iy(Raw)
(mm) (n=0) (n=1) (n=2) 40 - — Ellipse ly(BnAn) 1 5 : : : :
Spec. <100 G-cm <50 G <100 G/cm 1 ol [==—Ellipse Iy(Raw-BnAn)| |
40 [Normal| 3.74 5.69 1.59 30 of
Skew - -53.85 -16.1 = 20 z- Caw mat e
9 s s
" LT L
T ismm “ S -
6
. .. -10 sl
The multipole results are similar I R S
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Conclusions

* A quadrupole magnet was measured by Hall probe system and stretched
wire system and results were compared. Hall probe system can be more
precise but stretched wire system can save lot of time.

* The difference of multipoles are within 2x10* between Hall probe system
and stretched wire system.

e Circular and elliptical measurement of a quadrupole magnet multipoles
are showed. If elliptical path multipoles normalized at short radius, the
result is similar to circular path multipoles.

 Compare to linear measurement of in-vacuum undulator, elliptical path
result shows more easy to confirm the main multipoles(n=0, 1, 2).

* Stretched wire system not only can measure 1%t and 2"4 integral fields but
also can measure multipoles.
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Stretched wire measure QM 180A

X(mm)
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Circle vs Ellipse am
Normal bn harmonics
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Normal bn harmonics

Circle vs Ellipse

QM

Normalize at long axis radius

E i J | m SW R25
§ | = swRa25 Rb15
5 3 |~ swRa25Rbs
2 2 T
5 = |
AN ] il = ]
5§ 0 Lrmy el I = e ir—
£ -1 2 3 4 5 7 8 9 10 11 12 1
! i
- 2
]
TE° -3
2 [
z . o
Harmonic Order n -
Skew an harmonics
5
. § 3 1 SW Ra25 Rb15
Circle R25 5.179 ,;, 2 1 SW Ra25 Rb5
£ T 1 | {
. =]
Ellipse 5.174 T oo |2 e T e -
Ra25 Rb15 é -1 2 3 3 5 6 7 g d 10 12 13
. & -2
Ellipse 5.176 e
©
Ra25 Rb5 2 4
@ 5
Harmonic Order n 39



ly (G-cm)

Fit n=12

200

150

-200

Gap 7mm Ra15mm Rb 3mm
- . - . .

IU24 Gap /mm

—— ly(Raw) | 1
— ly(BnAn)| A

60

120

180 240 300 360

Theta (degree)

dly(G-cm)

60

40

;‘"-'.'"‘-I.-/ L™ .\

"[—m— aly(Raw-BnAn)| -

Y

A W

60

120 180 240
Theta (degree)



ly (G-cm)

Fit n=12

Gap 8mm Ra15mm Rb 3mm
- . - d .

IU24 Gap 8mm

—— ly(Raw)
— ly(BnAn)

60

120 180

Theta (degree)

240

Aly (G-cm)

40
30
20

|—m— Aly(Raw-BnAn)|

o

60

120 180
Theta (degree)

240

1
300

360



ly (G-cm)

Fit n=12

60

0 60

Gap 9mm Ra15mm Rb 3mm
: . . .

IU24 Gap 9mm

—— ly(Raw)
— ly(BnAn)

120 180
Theta (degree)

240

Aly (G-cm)

30

20

10

Theta (degree)

[ /.\ " '/. /.\l 1 .\_

l,.\ /./\ o .\'- - L [ \. L

- .../\-./ ./\-.-/. \l.. .\. '~./ \ 1 .\./--./?
6I0 . 12IO . 1é0 . 2:10 . 3(I)0

360



IU24 Gap 10mm

Gap 10mm Ra15mm Rb 3mm
T T T T T T

. . . . — .
40 + — Iy(Raw) . 30+ [—m—Aly(Raw-BnAn) ]
—— ly(BnAn) | ]
20 F \ 20l . i
0+ . - '\
= 20 - _re R I \ y .
Q g 0la /' /\/.\./.l\/\.l\ / wl b ™ /\ /.../I‘\l
Q -40r . o g -y ./.I L L] \./ l\./l /'- \. Y \./
>
= 60f - Z -0} = -
.I
80 § 20l ]
-100 | § . 1
30 ]
_120 1 " 1 " 1 " 1 " 1 " " 1 " 1 " 1 " 1 " 1 "
60 120 180 240 300 360 0 60 120 180 240 300 360
Theta (degree) Theta (degree)

Fit n=12



