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Introduction

» The alignment of sextupole magnets is one of the critical issues for the
upcoming 4th generation light sources and future colliders to ensure enough
dynamic aperture for stable operation and minimize deterioration of beam
quality.

» A sextupole magnet horizontally/vertically displaced from the beam exert a
normal/skew quadrupole (Q) field.

» We propose a beam-based calibration (BBC) method for the sextupole magnet
displacement by observing the betatron tune shift.

» The beam position that makes the horizontal and vertical betatron tunes
invariant to the sextupole strength marks the magnet center.



Theoretical background: Sextupole magnetic fielc

., BII
By =B"xy By :7(352_}’2) Ya By
X =Xy +Ax (x0,¥o) : beam offset from the center (x,y) B
y =7y, + Ay (Ax, Ay): beam displacement Electron beamorbit (Ax, Ay) )
B, = B”x0y0§+ B"xyAy +iB"y4iAx + B"AxAy (¥o. Yo)
. O ;(
Dipole  NormalQ SkewQ Normal$S Sextupole center
" " ‘ " -B-ﬁ-i
B, = T(xg — ¥6) B xoAx = B"ygdy + 7;((AX)2 — (Ay)?)

» Normal Q field by horizontal offset, xy # 0

» Skew Q field by vertical offset, y; # 0 — Linear betatron coupling 6C

1 B"L . L: Effective length of Sextupole
- i[px(s)=y(s)—2mA-5/Lo]
¢ 2r [Bp] yo\l Bre(s)By(s)e g i Lo: ring circumference
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Betatron tune shift by a displaced sextupole
Tune shift due to the sextupole strength change, B - B" + AB"

Co: Initial coupling driving term for the whole

rﬁ(s)ABL Skew Q contribution
1 x I " ) ) )
A = o BT oi:——«/A2+|Co+5C|2+ TN ' » Tune shift due to a change in the total coupling
: I i driving term.
| AB"L | 1 ! cf. M. Takao, PRST-AB 9, 084002 (2006).
Avyz:—’gf}g:) Bp] xo. —JA2+ICO+5C|2—E\/A2+|C0|2 : ( )

__________________________________________ ' A= vy — vy, —q:
difference between the fractional part of vy and v,,
with q an integer

Bp] yO\/ﬁx(s)ﬁy(s)el[d’x(s) Py(s)—2mA-s/Lo|

Normal Q contribution

To lowest order of |6C]|
Bu(&)AB"L  JBIB,(5) BB L |Colcos(go — 1)

T TR W Bl JEriGE ¢ (Co)
=arg
L BB ETIBGYAB"L Colcos(o — 60) o
YS T Bl T A Bl Jerricye $1 = arg(5C) = b (s) — ¢, (s) — 2mA - 5/Lg
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Betatron tune-based sextupole center calibration

Beam position (x,, y,) fixing the tune under sextupole change AB"

1 1 B.(s)AB"L
= =1=y/AZ + |Cy + 6C|%2 — = /A2 62} a
Av, =0 - Xo {ZJ +1Co + 8CI2 = 2y/A% + G| /< yo [BP])

. 1 B,(s) AB"'L

Sextupole
center

Intersetion point of the two loci for Av, = Av,, =0

Magnet center of the target sextupole

Bx(s) # By (s)
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Some remarks about the betatron coupling

Small coupling limit, |Cy| = 0 . Buy(S)AB"L

. . . : 4 B
» Missing information on the vertical center n (Bl
» Sextupole horizontal center knowable by either the horizontal or vertical tune

Key to successful sextupole BBC on real rings with a finite coupling

» Betatron coupling control to enhance sensitivity to the vertical displacement.

v’ Feasibility studies with increased coupling planned at SPring-8.

1

1
Avy=0 / Av,=0 || Avy=0 .

os 1Co[=0.058 os Normal operation:
- Avy=0 vy, V) = - -
€0 24?1.151)0, 19.225) £ o |Co]=0.008
g = (Vi Vy) =

-0.5 0.5 (41.140, 19.325)

Calc. Calc.
1005 0.0 0.5 1.0 !

10 05 0.0 0.5 1.0
Xg (mm) ) ) X (mm)
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Feasibility studies on the SPring-8 storage ring

The SPring-8 electron storage ring

Local orbit bumps

Target sextupole magnet

vARrL
BPI\/\/hean_

Lboe Two other Sextupoles in the

— bumps were switched off.
840 860 880 900 920
s [m]
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Beam position measurement

MicroTCA.4-based electronics for fast BPM readout

—_—————— e e ——
,,,,, . ko
| 363.40 Movi 7y )0.85 MHz 90,
| -
' [ADCHP(X) Decimator|—"LFIR Filter |—=()
| IF14 32-tap max. T
e Staps Vo
! [DPC Coeff. Gain, Phase|| CIC Filter
i Staps oo Decimator] :
,,,,,,, I,,",,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,‘ |
_n | - Slow Data|
SIS | | SICFiter | [FIR Fiter]—{Decimator]—{BPM Calc) —, -
| A SsPBPMBlock i
i SP Data 1!
b [EoMGEa]
I i BPM.Calc. 20885 kHz |
! SP Data 4,
| ' 20885 kttz |
I I pilot Tone Block
| L 0O Ra{FR ier}—{Decmator} 0%
A ]
. f—{Nco 1
| FPGA N |
[ A |
r——— - t—_—-———_ —_—_ e e e e e e e e ————

H. Maesaka, et al.,IBIC2019 WEBOO3. .
v Fast COD data sampled at 10kHz with
- SPLRT TR sub-micron resolution.

% = BPF ‘l BAL
—t= BPF ‘I BAL
+—{BPF ‘l BAL

- BPF > {>—{BAL

Horizontal Vertical
0.26 —0.060

‘l
| ‘l
‘l
H> >

.I ’I “ 5 o ] Digital I/0 é; ) 0.55 um rms

Bxt. CU — Tockl«—| § —_— Digital /0 : /
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L | <):(> d 20 “m/dlv —0.070 H :

<——>|  FPGA
PLL] T T T T T P P
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Real-time tune measurement

Bunch-by-bunch feedback and

diagnostics signal processor: iGp12

@® gﬁa iGp12
| S
pres
e

For v, tracking

\ / For v, tracking

Two out of stored
21 bunches

________________________________ ]

subject to tune
tracking

Shaker BPM

Drive amplitude

Full scale

| Frequency -
control

L1

A corpic sin

6 Ab—1Q cos

‘C%}’ DAC ¥ :E

Integrator and
range limiter

A corpic =

& 1Q — A¢ Qle—Q

cos sin
DDC+CIC

1-2
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Coupling control with skew Q magnets

1
oy %lCle N 7(|Co|2 + 2|Co[ACsiq | cos(¢siq — Bo) + |ACSkQ|2)

B, M+ IP0” AZ

CT = CO + ACSkQ

&

Co = |Colet®o : original coupling driving term for the whole ring

ACso= |ACSkQ |ei¢>st . coupling driving term added by skew Q magnets % projected vertical beam size, 4: unperturved emittance.

STEP1: Setting argument ¢k 0f ACgy STEP2: Setting magnitude |AC|

* |Cy| evaluated to be 0.008

* |ACsko| set at 0.05

* Maximum |Cr| = |Cy + ACsg| =
0.058

* Keeping |ACq| const. (= 0.03).
* Maximum |Cr| found at ¢gg = 27°(= ¢by).
° ¢SkQ set at 270(: (po)

2000 prrrrrr 4000 o
& 1800 622 /
n [

3000
% T 1600 \ . Psrg = Po = 27° // 5
L = 1400 A £ oo ]
_ X - 1
8 S 1200 f N / L
*E F Max. at 27° © / 1000 Min-at-0.008——~ |A “SkQ| =005
(] 1000 | w: -at-uhuo 1
= : s 1
800 ¥l 0 \l”A
0 60 120 180 240 300 360 2004 -0.02 0 002 004 006
dskq (degree) ACgi0l
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Coupling control with skew Q magnets (cont.)

Extra gain for the sensitivity to the vertical sextupole displacement obtained by manipulating
the tune difference

Normal operation: Feasibility studies:
(V, Vy) = (41.14, 19.325) ‘ (V, Vy) = (41.14, 19.225)
A=41.14-19.325-22=-0.185 A=41.14-19.225-22 =-0.085
|Cy] = 0.008 |Co] = 0.058

______________________________

s, = BB BGI ) 8B7L [y lcos(go — §)

X 1
4m [Bp] *° 1 4m [Bo] /A% + 1,2 & 0.058 0.008
IL'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-, V0.0852 + 0.0582/ V0.185% + 0.008%
_By(s)AB"L X Bx(s)By(s) AB"L |Cylcos(pg — 1)

X
4 [Bp] *° ! 41 [Bp] [AZ 1 |C,|2 yo:
1

______________________________

Avy =

v’ Overall sensitivity improved by a factor more than 10 for the proof-of-principle experiment
at SPring-8.
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Proof-of-principle experiment

Procedure: Orbit bumps Examples of data

Y_bump =+0.1 mm

i. Set a vertical orbit bump.

i 1 o ~.‘.'\\‘\‘_Targets ON
ii. Sweep the beam horizontally monitoring / \ oo N\K
the beam position and the betatron tune £ - SERENNL L Ay
. > 0.1400 | Targe KT
with the target sextupole OFF and ON. o
-l Target Sextupole — 04 -02 00 02 04 06 08 1.0
iii. Set other vertical orbit bumps. Repeat AR R x (mm)
. 0.22675 { " Target S OFF
Step . 05 | / 4 1 022670 - ﬂ.”v’\. L)
iv. Find beam positions (x4, y1) and (x, y-) » |7 | Tet SON. g
fixing the horizontal and vertical betatron .| e e S |
tunes, respeCtlvely. 340 360 gj?m] 900 920 04 02 oo;(.;:;; 06 08 10
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Result

L2/ ]
v" The center of the target sextupole magnet e (xy) .. Av =0
successfully marked by the beam response. 087 o ( g
X= 0.347 = 0.014 mm 0.4 /{ >
Y =-0.288 = 0.034 mm e } %
. . . é 0 ) ¥’/ _
v Precisions of a few tens of microns > . Av =0
evaluated from the fitting residuals. 0.4 ??k\
[ ]
¢ % Sextupole
v' BPM offset to the target sextupole also -0.8 . . m:g::t Lonter
successfully figured simultaneously. * /
-1.2
-08 -04 O 04 08 1.2

X (mm)
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Comparison with the theory

35

» Calibrated betatron functions at the target sextupole: b2l 0 T aeman
-_— -_— 8
Bx_32-2 m’ By_6-4 m- g 33 §§ }§ 4 - ; %
____________ , < 5 bt f +4 z o H}} * ;
: :Bxy(s)AB”L :_ ﬁx(s)ﬁy(s) AB”L|CO|COS(¢O_¢1) 31 t 6 1 I t
Av, , s+ F
Vxy ! 4 [Bp] xoi 4r [Bp] \/AZ + |Co 2 Yo “ . t
L -5 -1.0 -0-5Y7(l))-l<1)mp0-5 Lo L5 -1.5 -1.0 -o.sY %fmpo.s 1.0 15
normal Q contribution :
1.2 bbb /.
> Theoretical loci of betatron tune fixing points | e T
0.8 - 272 :
B e / /’
1 1 By (s)AB"'L ~ “ 1A
— — ) 2 2 __ A2 2 il AN 04
>\.c> 0 ‘//‘ Av =0
v Principle of betatron tune-based sextupole BBC 04 B /,771
demonstrated in quantitative agreement with the theory. K ‘

-12 -08 -04 0 04 08 12

X, (mm)
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Issues and challenge

Issues in the feasibility studies

> Vertical tune for sextupole OFF depending on x P27 N, Target S OFF
0.22670 Y <A
* Residual field in the sextupoles in the orbit bumps 0.22665 T "
) 3 0.22660 AL
* Orbit bump leakages 0226ss | TATEELS ON | | ™[ ¥ |
> Smaller B, (6.4 m) than design (10.5 m) oz w) L

0.22645

AF X

* Betatron function distortions over the storage ring

04 02 00 02 04 06 08 10
X (mm)

Challenge
» Practical application to the entire sextupole magnets of the storage ring

» Studies employing faster beam orbit manipulation, i.e. by AC exciting the steering magnets,
and faster betatron tune tracking to complete the measurement in a short time.



Summary

» A beam-based calibration (BBC) method with the betatron tune shift for the
sextupole magnet displacement is proposed.

» The feasibility studies at SPring-8 successfully demonstrated the principle for both
horizontal and vertical sextupole displacements in quantitative agreement with the
theory.

» The measurement resolution of 10 um will be feasible with further improvements.

» To apply to the entire sextupole magnets in a storage ring for practical use, it is
necessary to complete the measurement in a short time. Future studies will be
considered employing faster beam orbit manipulation and betatron tune tracking.
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