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@ Initial design: 50 symmetrically _
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Optics Beating Minimisation
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Conclusions from Haroon's space charge study (indico link)

@ Measurements show clear beam blow-up as the beam is brought
closer to the integer tune, where the quadrupole resonance sits.
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Conclusions from Haroon's space charge study (indico link)

@ Measurements show clear beam blow-up as the beam is brought
closer to the integer tune, where the quadrupole resonance sits.

@ Model of PS benchmarked with space charge for the MD4224 case.
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Conclusions from Haroon's space charge study (indico link)

@ Measurements show clear beam blow-up as the beam is brought
closer to the integer tune, where the quadrupole resonance sits.

@ Model of PS benchmarked with space charge for the MD4224 case.

@ Use of LEQs (rather than PFWs) to modify the tune increases the
observed emittance growth.
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Optics Beating Minimisation
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Objective
Find a quadrupole configuration of 40 LEQs or less that minimizes the
Bx,y and dispersion beating leading to reducing emittance blow-up

@ The PS straight sections are able to hold LEQs if that section is not
already occupied by another element (52 free sections)

¢ inuse ¢ available +  occupied

0 10 20 30 40 50 60 70 80 90 100
Straight Sections [-]

@ Tests are done on a bare machine, proton injection energy lattice.
Which replicate the 2018 reference measurements of tune and
chromaticity with the LEQs turned off. Afterwards we use the LEQs
to go to working point (6.1,6.1) to enhance beating
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Optics Beating Minimisation
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Method 1: Optimisation algorithm

minimise &(x) subject to gi(x) <0, i=1,2,...,m
x € R"

@ Let x; = position of quadrupole j with j =1,...,40
e optimisation step starts with a PS lattice without quadrupoles
o Redirect to the closest available SS iteratively for every x;
e Install quadrupoles at SSs
o Constraints are (0,Cps)

Optimization step

- o
Initial guess I

Redirect to nearest
available SS

Thyp ==m-=me- '
r - -2~ 4 Solution !

———as

I Solver I

1
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Method 1: Optimisation algorithm

minimise &(x) subject to gi(x) <0, i=1,2,...,m
x € R"

@ Let x; = position of quadrupole j with j =1,...,40
e optimisation step starts with a PS lattice without quadrupoles
o Redirect to the closest available SS iteratively for every x;
e Install quadrupoles at SSs
o Constraints are (0,Cps)

o &(x) = ZBItT()+o(D)

at transverse tunes (6.1,6.1)
o £f = é with & the bare machine lattice where the LEQ strengths are
set to zero
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Method 1: Optimisation algorithm

minimise &(x) subject to gi(x) <0, i=1,2,...,m
x € R"

@ Let x; = position of quadrupole j with j =1,...,40
e optimisation step starts with a PS lattice without quadrupoles
o Redirect to the closest available SS iteratively for every x;
e Install quadrupoles at SSs
o Constraints are (0,Cps)

o &(x) = ZBItT()+o(D)

at transverse tunes (6.1,6.1)

o £f = é with & the bare machine lattice where the LEQ strengths are
set to zero
@ solver needs to be suitable for non-differentiable and only testable
search space

o Zeroth-Order Optimization (ZOOpt)
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Optics Beating Minimisation
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£(x) = o(Bx)+o(By)+o(Dx)

3
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Optics Beating Minimisation
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Redirect to the closest available SS iteratively for every x;

@ Objective function & has @ The optimisation is ill-defined
discreet values @ Large reliance on initial guess
15 - an® %  Possible LEQ positions
: cEEE——
&
b-hn|},§ 14 1
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k e =
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Optics Beating Minimisation
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30 A

251

20 A

By [m]

154 [l

10 4 T - T T - T
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s [m]

----- Current lattice

—— Optimised lattice

Optimised lattice (£* = 1.1037)

@ Improvement of peak to peak values
@ 10 changes to the current lattice — difficult to test

o Remove from SS 55, 72, 95, 99 and 100
o Add to SS 13, 14, 25, 26 and 63
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Optics Beating Minimisation
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Method 2: Single Quadrupole Variation

© Start with the current 40 LEQ configuration

@ Look at a specific straight section and use the following equation to
calculate the effect of adding or removing a quadrupole on the beta
functions at this location

AB(s) = 2Sf]°27r 5 / B(s1)Ak(s1) cos(|2p1(s1)—2(s)|—27 Q) dsy
Quad removal section 10 . Quad removal section 10
2 5 :
E, /\ E, \
3 =2\
| = midx _s| — madx
—— equation —— equation
) : 100 200 300 400 500 600 0 : 100 200 300 400 500 600

<fml <fml

© Use this beta function to calculate the new phase advance i and
tune Qy
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Method 2: Single Quadrupole Variation

@ Find the new dispersion with Sy, ux and Qy by using the equation

below
[} ¢ do
AD(s) = 5o [TV cosllnnlo) — pa(s)] — 7@-Du)
X

With B = Beo + ABs, _ — e
x = Hx0 + Apix and é oo
Qx = QX;O + AQX ZZj

© Calculate objective function f(x) = U(’BXH”(?H”(DX)

@ iterate for every usable section
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Optics Beating Minimisation
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Method 2: Single Quadrupole Variation

one LEQ.

Predict the impact of or
® add quadrupole @ remove quadrupole - current value
1.8 o
1.71
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4 ° o
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with the lowest
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Optics Beating Minimisation
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branch-like structure

—— branch 1

@ Each point represents a K
quad-configuration 15

@ Lowest £ value at each depth is .,
saved in table below 1

@ one change already shows large
& improvement

branching depth

remove LEQ in SS ‘ add LEQ in SS ‘ &
0 changes 1.2460
1 change | 90 1.1141
2 changes | 56 86 1.1707
3 changes | 10, 90 26 1.1097
4 changes | 10, 90 26, 36 1.1094
5 changes | 21, 22, 90 13, 14 1.0908
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Optics Beating Minimisation
00000000000e0000

Current
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Optics Beating Minimisation
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conclusion

@ Improvement found to the beta and dispersion beating with new
LEQ-configurations

@ Noteworthy improvement can be found with minimal and easy
testable modification to the current lattice

dulation characteristics

@ Increased flexibility for LHC type beams

@ Test 1 change configuration in an experimental setup

Continuation studies

@ Improve objective function & definition

e Use periodicity as quality parameter
e Study correlation between £ and emittance blow-up

@ Study quadrupole configurations where the LEQs are individually
powered
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branching paths

094 — branch1
—— branch 2 /

s branch 3
= 0.8 4
7]
=
©
>
~ 0.74
©
£
S
2 061
(9]
Q

0.5

branching depth

branching study

@ 1 change is the same remove 90 @ 3 change configuration shows

configuration promise
e Same result from different o Remove LEQ in SS 45,49,90
method e Also easily testable
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----- Current lattice
—— New 3 change lattice

branching study

@ 1 change is the same remove 90 @ 3 change configuration shows

configuration promise
e Same result from different o Remove LEQ in SS 45,49,90
method e Also easily testable
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Zero-Dispersion Optics
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Motivation
Emittance growth between PSB and PS

o Multiple effects expected to
contribute to discrepancy
between PSB and PS horizontal
emittance measurements

@ Challenge of beam size
measurements with resolution in
the sub-mm range

@ Important dispersive
contribution to the beam size in
both accelerators

W. Van Goethem

21 Jul to 25 Aug (35 LHC fills)
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Zero-Dispersion Optics
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Zero-dispersion optics

@ Would remove the necessity of deconvolving the horizontal and
longitudinal distributions
@ 10 Individually powered adjacent LEQs allows to achieve zero
dispersion at any location around the ring (see presentation by Alex)
e The LEQ-strength limit is reached
e other optics functions are largely perturbed

OP config. with dashed lines, quadrupoles selected within grey band -
Q,=621,0,=6.26

35

30

[N) ]
=] 1

-
o

Fi

Al
T H f
'

Optics functions [m]

—
=1

“1
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Zero-Dispersion Optics

tion characteristics
[e]e] lele]elele)

Zero-dispersion optics

Reach zero-dispersion optics while minding the LEQ strength limits and
minimally perturbing the other optics

optics beatings is directly proportional to the quadrupole variation Ak

AB(s AD(s
o 278 oc Ak o) oc Ak AQ x Ak

Quadratic optimisation algorithm

@ The variables we want to optimise are the individual strengths dk; of
the LEQs

@ constraints are the strength limits 4+ a bound that forces the
dispersion to zero:

o D* = D0+ADk1 X5k1+ADk2 X5k2+...+ADk" X Okp,
@ minimize 0k? + k3 + ... + 6k2 to minimally perturb other optics

v
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Zero-Dispersion Optics
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40 quadrupoles
20 AQ: = 0.0006
E 15 AQy = —0.0028
o lteratively remove the LEQ ¢ : —
with the lowest weight HIK .
. .. . a -5
during the optimisation <
20 quadrupoles 15 quadrupoles

o Figure shows this process for

AQ: = 0.0015 AQ: = 0.0052

W E 15 AQy = —0.0015 AQy = —0.0069
S 65 S ;
@ If not enough quadrupoles g
gh quadrupole o
are used, the approximations £
in the equations don’t hold v
10 quadrupoles 5 quadrupoles
true 20 AQ; = —0.0078 AQx = 0.0149

15 AQy = —0.0054 AQy = —0.0126

o 15 is arbitrarily chosen as
the number of quadrupoles
used in the following study

optics difference [m]
o

0 200 400 600 0 200 400 600
s[m] s[m]
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optics functions [m]

optics functions [m]

£5Q,=0.0178

301 80, = -0.0144
254
204 —- Dy
— DB«
137 -=- DBy
10
5
BGI 82
AQx =0.0144

APY = —0.0049
N H

400 600
s[m]

200 400 600

s [m]
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Zero-Dispersion Optics
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Space charge study

T LEQ77 LEQ 81
2 2
. . £
@ Replicate experimental 2
conditions by ramping LEQs .to g
and from zero dispersion optics 3 | \/
@ only 2200 turns were used due £
° 0 500 1000 1500 2000 0 500 1000 1500 2000
to long simulation times Turn [ Turn [
@ Spacecharge forces causes pRceshere S
. : 5
dispersion to move to zero
faster than expected z ]
. . . x 1
@ Using knobs in an experimental  °©
setup allows to achieve °
Zero_dlsperSIon Optlcs 0 500 1000 1500 2000 0 500 1000 1500 2000

Turn [-] Turn [-]
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Zero-Dispersion Optics
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Emittance evolution

@ Vertical emittance 2 1o T
growth é é
. . € 1.00 g 1027
@ Vertical beam size < =
should remain constant 0,99 : j 1,004, , ,
0 1000 2000 0 1000 2000
@ suggests Turn [-] Turn [-]

non-adiabatic ramping 4
@ can be resolved by -

simulating more turns Beam size evolution

@ Horizontal beam size 4.0 2.45
doesn't stay at a T 3754 T 2404
minimum due to crossing < 5501 £ 235
through zero dispersion ° 325 ° 230
(I) 10‘00 20‘00 (I) 10‘00 20‘00
Turn [-] Turn [-]
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Zero-Dispersion Optics K {ulation characteristics
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conclusion

@ Zero-dispersion optics are obtained with small perturbations to the
working point

@ Still some modifications present in the other optics

@ Spacecharge effects causes the dispersion to go below zero

v

Continuation studies

o Continue space charge simulation

@ more turns
e other locations

o develop LEQ knobs for experimental testing

W. Van Goethem Improved low energy optics control 17/02/2021 25/33
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Emittance measurement

@ €=

02(s)-D%(s)(22)°
- B .

@ The accuracy of 3 is unknown

at WS

@ [ is measured through

t
1000

K-Modulation at nearby LEQ

+ +
1500 2000
Cycle time [ms]

v

K-modulation

© induce sinusoidal Ak s, B i —rmim,
. . 6.215
@ measure resulting AQ with
BBQ (& 5ms between 52 & o205

measurements)

Q fit

_ 4cos(2m Qo) —cos(2m(Qo+AQ))]

Q0 = 6.2042, f, = 13.0695 m (MAD-X)

Qpo = 6.2042, 8, = 21,6024 m (MADX)

6.240

6235

6.200

6.195

6.190

B

AKLgyad sin(27 Qo)
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K-Modulation characteristics
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€rror sources

Transfer factor error

@ Transfer factor is converts the applied electric current to quadrupole
strength

@ For the LEQs this comes from a single measurement outside the
machine

@ Iron yokes from MUs are near LEQs — can affect transfer factor

Uncertainty on BBQ measurement

@ replicate uncertainty by adding a ) A A A AR xaoe
gassian value (o = le — 3) ©l % R % # i .
@ Modulation characteristics e ] -t § “;“. ¥ :"- r 0 g
impact the 3 reconstruction N - ¥ W o® §; %,, .
e Amplitude s V V V ¥ ¥ s
o Period o W o e 0 100 1200

o Number of magnetic cycles
W. Van Goethem Improved low energy optics control 17/02/2021 27/33



inimisation on Optics K-Modulation characteristics

[e]e] Jele]e]e)

K-modulation at LEQ 68

MAD-X By = 13.1
1000 mr 14.5 “ 1.6
@ large dependance on 7. e “
a = =/ " | 12
amplitude 3 1.0 10E
g 600 25E 0.8 5
@ No dependance on 5 120G 06 ©
. . T 400 115 T
modulation period E > o e I 04
dulati iod E 20 , < 105 ) 02
e modulation perio / Lo K 00
of 1000ms used 1000 MAD-X B, = 21.6 o 24.0 : 16
for other tests 7 N =) -
= % 23.0 1.2
. . ] [t225 ( 10 E
@ increasing the g wo i N By
number of cycles 2 e as 068
0 3 21.0 [ 0.4
always results in 5 ns J 02
better accuracy % 4 6 s 10 *° o 4 6 s w0 °°
maximum amplitude [%] maximum amplitude [%]
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K-Modulation characteristics
000@000

[ propagation to nearby WS

2 2

Bws mi; —2my1my2 mi, BLEQ

aws | = | —miimar miimoy + mpomor —moomio | | aEQ
2 >

Yws ms5q —2moomny mj, YLEQ

o Fit produces average 3 along the LEQ 68 ~ 3 at "”"’d

quad

o Propagate through
o Propagate through drlft section to WS 68

e Add gaussian uncertainty (0 = le — 3) on a;gQ
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K-Modulation characteristics

[e]e]e]e] Jele)

Modulation characteristics at WS 68

MAD-X Bx = 13.0

50 14,50 A 030
14.25 !
40 H 1200 Ito2s
@ Black line represents g - -
S 50 = 015
1% of the actual 2 125 o
13.00 '
B-Va lue 10 12.75 003
L1250 L 0.00
@ Good accu racy MAD-X B, = 21.6
; 50 Ii[ 22.05 A 030
pOSS|b|e for ~20 0 <> 21.90 .
. It 2175 -
magnetic cycles and N e W o20®
g T =
Zl:500 Of the L 2145 — 015 £
AJ . s Q a0 0.10 @
maximum amplitude 2115 '
1 21.00 0.0
L 2085 L 0.00
20 40 60 80 100 20 40 60 80 100
maximum amplitude [%] maximum amplitude [%]
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K-Modulation characteristics
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transfer factor error at WS 68

@ Unknown systematic
error

o Effect on S directly
proportional to
transfer factor error

Bx [m]
o
L.

22,194
21.98 4
21.76 °

21.65 °
21.56 A

By [m]

21.44 4 [
21.334 ]

21.114 °

20891 @

-3 -2 -1 0 1
Transfer factor error [%]

DBx [%]
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K-Modulation characteristics
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@ General behaviour of K-modulation uncertainties in the PS is better
understood

@ Transfor factor needs a measurement in machine conditions

Continuation studies

@ propagate through machine using specific PS models
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dulation characteristics Conclusion

Optics optimisation

@ Reduction of emittance @ 1 change configuration is easily
blow-up testable

@ Increased flexibility for @ Possible improvement for &
LHC-type beams definition )

Zero-dispersion optics

@ Zero-dispersion optics are perturbation
reached o LEQ ramping requires more

@ Small working point turns

A,

Quadrupole modulation

@ Transfer factor needs better @ modulation configuration for
measurements < 1% accuracy
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