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SLS 2.0

Parameters SLS SLS 2.0
Lattice type TBA 7-BA
Number of arcs 12 12
Circumference (m) 288 288
Gross straight length (m) 79.9 83.6
Total bending angle (deg) 374.69 430.08
Working point Q./Q, 20.43/8.74 39.37/15.22
Momentum compactibn
factor, first/second order (107*) 6.04/36.3 1.05/7.94
Natural chromaticity &, /&, -67.3/—21.0 -99.0/-334
Vertical emittance (pm) ' ~10 10
Chromaticity in operation s | 1.0-1.5
Energy (GeV) 2411 2.700
Natural emittance (pm) 5630 158 (135)
Energy spread (1073) 0.88 1.16 (1.04)
Radiation loss per turn (keV) 549 688 (915)
Damping partition J,/J,/J 1.0/1.0/2.0 1.83/1.0/1.17
Damping time 7, /7, /7, (ms) 8.65/8.67/4.34 4.14/7.58/6.47
Beam current (mA) 400 400
Maximum rf voltage (MV) 2.6 2,2
Harmonic number 480 480
Number of bunches 390420 450
Beam lifetime (h) ~10 ~
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SLS 2.0

Parameters SLS SLS 2.0
Lattice type TBA 7-BA
Number of arcs 12 12
Circumference (m) 288 288
Gross straight length (m) 79.9 83.6
Total bending angle (deg) 374.69 430.08
Working point Q./Q, 20.43/8.74 39.37/15.22
Momentum compaction

factor, first/second order (107*) 6.04/36.3 1.05/7.94
Natural chromaticity &, /&, -67.3/—21.0 -99.0/-334
Vertical emittance (pm) ' ~10 10
Chromaticity in operation s | 1.0-1.5
Energy (GeV) 2411 2.700
Natural emittance (pm) 5630 158 (135)
Energy spread (107%) 0.88 1.16 (1.04)
Radiation loss per turn (keV) 549 688 (915)
Damping partition J,/J,/J 1.0/1.0/2.0 1.83/1.0/1.17
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Beam lifetime (h)
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Beta function =PFL

Trajectory of a particle in the beam
(betatron oscillations):

x(s) = /2], fx(s)cos[p(s) + 9]

] (S) — \/Exﬁx (S

e Beam envelope:
E(s) = tVexBe(s),  €x=y/{x2)x'2) — (xx')? |x) Beam envelope |
Particle trajectory

* €, the emittance _2./\/\
° _3-

p is the beta function, it describes the transverse , . . . . . .
focusing properties of the storage ring 0:0 25 3540 73 51[2'8 ]12'5 150 172 200

X [a.u.]

* |If B, is different than expected, the beam quality
is degraded
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§ PSI

Quadrupole magnets, tune, and beta functions

* Tune (Qy,): number of betatron oscillations per turn,

B 1 ds
Qx,y - 27_[ ﬁx’y

* Quadrupole magnets provide focusing and defocusing to the
beam. Changing their strength (AK) changes the tune

(AQx,y ) by;

AK A
A Qx,y ~ + IBx,y Qx,y

> ~ +4
At By = LA —rp
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y PSI

Quadrupole magnets, tune, and beta functions

* Tune (Qy,): number of betatron oscillations per turn,

B 1 ds
Qx,y - 27_[ Bx’y

* Quadrupole magnets provide focusing and defocusing to the
beam. Changing their strength (AK) changes the tune
(AQy y). The beta function can be obtained from

Bay = i&{ cot(27 Q0 ) {1 - cos(zmch,y)] + sin<zmc3x,y)}
[2]

* This method is known as quadrupole variation (QV). It is a
“direct” measurement

e SLS 2.0 has 264 quadrupoles and 115 beam position
monitors (BPMs)
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=PrL PSI

Measuring tune

1. Excite the beam
2. Record the centroid coordinates as a function of the number of turns

Amplitude [mm]

0 200 400 600 800 1000
Turn number
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PSI

Measuring tune =PFL

1. Excite the beam
2. Record the centroid coordinates as a function of the number of turns

3. Perform a Fourier Transform*

0.4 0.0301
0.025]
£ 02 &
£ ©0.020
() Q
E 0.0 50.015
= ol
0.0101
£ 02 £
0.005] L
—0-4' | | | | 0.000{ | i | | '
0 200 400 600 800 1000 0.0 0.1 0.2 0.3 0.4 0.5
Qx

Turn number

* Tune was determined using the NAFF (Numerical Analysis of Fundamental Frequencies) method.
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Mixed BPM Method
[3]
* Use data of M BPMs for N turns with NAFF method

PSI
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I I I l
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—0.05 —0.05 | (I |
| |
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~0.15 ~0.15{ | : | | i
| | | | ]
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* For60BPMs and 5 turns.
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Experimental procedure =PFL g PSI
I[A] 4 I[A] 4
s B
dl 1 (Q+xv Q+y) dl 1 (Q+xr Q+y)
I (QxO- QyO) (QxOr Qyo) (QxOr Qyo) t 1 (QxOr QyO) (me’ Qy()l) (QxOZJ QyOZ)
0 > 0 > 1
al (Q=x.0—) al (Q-x,0-y)

Varying the current of one quadrupole

e« dIl=1A(orAK = 0.0072m™1)
 Tune measured five times and averaged

* Vary the current until |Q%y — Qx| <1 X 107>
 Repeatin the 264 quadrupoles
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EPFL

Beta function measurement

Model
¢ Measurement

Model
¢ Measurement
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Beta function measurement

=PFL . PSI
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Tune noise
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0.37608;
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0.22486
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—— Tune
—— Moving average

—— Tune
—— Moving average
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Tune noise =PFL PSI
Measurement Measurement
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Beta-beat
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—4— Measurement

rms: 5.7 %

—4— Measurement
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Beta-beat
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* Systematic errors:
* Magnet transfer function.
* Closed orbit distortions.
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Simulation of beta-beat
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Simulation of beta-beat PSI
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Changes in beta function due to closed orbit distortions PSI
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Reproducibility

EPFL
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Summary and outlook

Errors

. Contribution
pe orgin ABrlem]  AB,[em]
Statistical Tune jitter ~0.55 ~0.38
Systematic Closed orbit distortions <0.90 <0.40

Magnet transfer function - -
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Summary and outlook

Errors

Contribution
Type Origin
Ay [em] ABy [cm]
Statistical Tune jitter ~0.55 ~0.38
. Closed orbit distortions <0.90 <0.40
Systematic

Magnet transfer function - -

Optics correction

* We cannot correct the vertical and horizontal plane independently
* Errors contributing to the beta-beat are not necessarily in the quadrupoles

* We wantto correct the beta-beat without perturbing the dispersion

¢ 112 additional quadrupoles to help with the correction
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PSI

Outlook: Sinusoidal QV =PFL

* QVislengthy, ~2 hours for the whole ring. Working on a faster version of QV: Sinusoidal QV

Quadrupole strength: K = Asin(2nvt + ¢)
0.0081 0.0081
0.006 0.0071
0.0041 ::0.006‘
S 0.002] £0.005
©
—~  0.000 > $0.004]
S -0.0021 = 0.003
—0.004 £0.002.
—0.0061 0.0011
~0.008] . | | | | 0.000h— L
0 2 4 6 8 10 0 7 5 3 3 !
1] v [HZ]
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EPFL

10 consecutive quadrupoles, A = 0.01,vfrom1to 10Hz, ¢ = 0, K = Asin(2nvt + ¢)

0.03;

0.02;

0.01;

0.00

AQx [a.u.]

—0.01

—0.02;
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Extra slides
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NAFF EPFL @ PSI
Consider the signal (4]
W = Tnorm — Z.p:z;,norm — V 2Jmei¢$ 1 |
On the n-th turn, 0s
Wy = 2]xei¢x0827'[ian .
The Fourier transform is, 2 0.6
1 = r;
D,y = N Z e—27mmn/an 3004
n=0
” 1 — 627riA 0.2
W =/ 2Joe"% ——mx7ms A= N frac(Qy) —m
0 | |
Let m be a real number, 0.1 0.15 0.2 0.25 0.3
A m/N,
rac = —
frac(Q:) =

Finding an m that maximizes |w,, | implies searching for a frequency that gives the maximum overlap
between the measured signal and a signal at the given frequency.
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Mixed BPM Method

29

Use data of M BPMs for N turns with NAFF method
Vectorize N X M array. More samples (NM), and higher
sample rate (M per turn)

Transform the N X M array into a vectorof 1 X MN

dimensions (BPM by BPM):

Z11 "t Zim

| - o A= (211212 *** ZNM-12ZNM)

ZN1 " ZNM

Error for N turns: e(N) = |Q(N) — Qo| x %
FFT: =1

NAFF (Hann window orderp): [ = 2p + 2

Mixed BPM method: E(N) o —e
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Simulation of beta-beat PSI

 Distribution of the mean beta-beat for 44 seeds.

12

[
-=-- Mean: 0.08% --- Mean: 0.05%

104

Counts
Counts

=0.2 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2
Mean beta-beat x [%] Mean beta-beat y [%]
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Dispersion

PSI

EPFL
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Optics correction

EPFL

Consider the n optics function f4, f5, ..., fi, ..., J[n and n quadrupoles with strengths k4, k,, ..., k;, ...

ﬁ —_ ﬁ(kll kz, ey

ki o k)

We want to reach the idealvalues f; g, f5 5, ..., fn s- We have the initial values f; o, f2 0, ..., fn,0 @nd
ki0,k20, ..., kno . We can do afirst order expansion,

of
fl,s fl,O g_lj
f2.s J2.0 %

fn,_s fn,O Kg{;’;

Ais the response matrix.

of
Ok
Of2
Oko

O fn
Oko

df1
Ok,
9fs
Ok,

0 fn
ok,

|

/

k1 — k1o
ko — ]{?230 5 3

. = A(k — ko)
kn - kn,O

Unfortunately, we would like match m optics function with only n quadrupoles, m > n.

ﬂ Singular value decomposition
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Optics correction =PFL

Singular value decomposition

------ SVD cut: 0.0043
103 SVD cut: 0.0111
------ SVD cut: 0.0198
SVD cut Tikhonov regularization s 1IN | T =V cut: 0.0.323
©
> 2]
L
Consider only ‘Damping’ of §1
some singular singular values n Lo
values

0 50 100 150 200 250
Number of vector
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Reproducibility
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Average beta function =PFL

1
Bmeas; El — _/ Bx,yds
Lq Lq

X1 L aii ai12 L0
/ — /
561 a1 a9 ZCO

sin (Lg+/|k|)
0 (Lg/TRT) ]

vkl
—V/|k[sin (Lg+/[K])  cos (Lq+/|K|)

Aquad —

The Twiss parameters can also be transported,

9 9

B aiq —2a11a12 ai, Bo

a1 | = | —ar1a21  2a12a21  —ai2a29 Qv
9 2

Y1 a5 —2a21 099 (59 Y0,

9 2
B = a1150 — 2a11a120¢0 + a197Y0
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Average beta function =PFL

B1 = cos> (Lq \/W> By — 2
(Lq \/‘7) /30 -
B [E] < L.,

2[/ \/ ]{7 L? k 1 + aQ
[31 ~ /3() — 2 ’ ‘O(f v 1’ "\/0 — /30 — QLQQ’.O -+ Lg ~ /‘30 — 2Lq040,

\/W COS (Lq \/]T> sin (L \/\?> Qo + m sin (Lq \/m> Y0

sin (QL \/>> ag + — sin’ (L \/W) 70,

Vﬂ!

W

VIR K E
1 L
Bmeas;a:,y = = (50 — QSQO)dS — 50 — LQO — B<L/2>
L Jo

The measured beta function is equivalent to the beta function in the middle of the quadrupole. In
SLS 2.0, Lq ~ 0.0601 m, and the maximum magnet strengthis K = 0.037 m_l,LqK = 0.047 < 1.
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Equation for beta function determination

2

* Forthe horizontal motion of a particle in a quadrupole of strength k d”x — Lo

[m==1: ds2
* The effect of the quadrupole can be represented by a deflection: Aa:’ = —Kxzx

With K = k [, the integrated quadrupole strength in m~1.
* Recallthe one-turn matrix:

R — (COS(27TQ:v,y) + Qg y SIn(27Qz y) Bay sin(2mQz,y) ) (1)
" —sin(27Qyzy) cos(2mQqy) — Qg y SIN(27Q5 )

With trace 2 cos(2mQ).

* The effect of a change in gradient can be written as: 1 X (2)
—(+AK) 1
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e Let @x'y = Qx,y T AQyy, the new tune after a change in gradient. The trace of the product of (1)
and (2) should be equal to 2 cos(2rQ),

2c08 2T (Qu.y + AQy.yy)| =208 (27Q 4 .y) — By (EAK) sin (27Q 1 ,,)

Boy == cot(2mQz ) {1 — cos(2TAQ ) } +sin(2TAQ, 4,)]

AK
If 2mQ,, < 1and cot(Zan,y) <1

AQ&?,y
AK

Bay ~ 4w

Approximation not valid close to integer and half-integer resonances and large AK.
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