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* Part 1: The implementation (12’)




- JACOBIAN OF THE ORBIT RESPONSE MATRIX

* In order to perform a linear lattice modelling and correction, the Jacobian of the ORM needs to be
computed, SVD pseudo-inverted & applied to the measured ORM & dispersion.
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- JACOBIAN OF THE ORBIT RESPONSE MATRIX

* In order to perform a linear lattice modelling and correction, the Jacobian of the ORM needs to be
computed, SVD pseudo-inverted & applied to the measured ORM & dispersion.

 Numerical Jacobian: replicate in simulation the measurement: For each variation of the quadrupole
strength, compute ORM from orbit calculations @ each steerer variation.

v Pros: accurate, can be parallelized

v Cons: time consuming, if optics or orbit unstable for quadrupole variation it can fail.
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- JACOBIAN OF THE ORBIT RESPONSE MATRIX

* In order to perform a linear lattice modelling and correction, the Jacobian of the ORM needs to be
computed, SVD pseudo-inverted & applied to the measured ORM & dispersion.

 Numerical Jacobian: replicate in simulation the measurement: For each variation of the quadrupole
strength, compute ORM from orbit calculations @ each steerer variation.
v Pros: accurate, can be parallelized
v Cons: time consuming, if optics or orbit unstable for quadrupole variation it can fail.

« Pseudo-analytic Jacobian: use textbook formulas to evaluate ORM after computing Twiss parameters at
each quadrupole variation.
v Pros: faster than numerical, can be parallelized
v Cons: no analytic formulas for off-diagonal ORM blocks (coupling), it can fail if optics or orbit unstable for quadrupole variation.
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- JACOBIAN OF THE ORBIT RESPONSE MATRIX

* In order to perform a linear lattice modelling and correction, the Jacobian of the ORM needs to be
computed, SVD pseudo-inverted & applied to the measured ORM & dispersion.

 Numerical Jacobian: replicate in simulation the measurement: For each variation of the quadrupole
strength, compute ORM from orbit calculations @ each steerer variation.

v Pros: accurate, can be parallelized
v Cons: time consuming, if optics or orbit unstable for quadrupole variation it can fail.

« Pseudo-analytic Jacobian: use textbook formulas to evaluate ORM after computing Twiss parameters at
each quadrupole variation.

v Pros: faster than numerical, can be parallelized
v Cons: no analytic formulas for off-diagonal ORM blocks (coupling), it can fail if optics or orbit unstable for quadrupole variation.

« Fully analytic Jacobian: evaluate directly the Jacobian from Twiss parameters of the initial model (ideal or
from beam-based measurements)

v Pros: coupling & dispersion included, only one computation of Twiss parameters needed, no orbit calculation needed, faster than
pseudo-analytic, can be parallelized

v Cons: tedious to code.
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- JACOBIAN OF THE ORBIT RESPONSE MATRIX

* In order to perform a linear lattice modelling and correction, the Jacobian of the ORM needs to be

compuf|
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v Pros: ag ) (mod)
v Cons: ti w -> steerer S11 (Tx,’wj ) |:S]Il (2 (mod)) . Sln (2 (mod)):|
. mod Tx ,mj Te muw
- Pseudo| j-> BPM 4sin (27 Q™) t
each qu A g (m0d)
m -> magnet | . cos (A, i)
/ Pros: fa +3 sin (7. wj D) [T(m, 5) — T(m, w) + I1(j, w)] + 4sin (1)
v Cons: n
« Fully analytic Jacobian: evaluate directly the Jacobian _1 if B oS or
from beam-based measurements) Ma,b) =1 ifsa <sp, M(a,0)=0 ifsqa2>sy
v Pros: coupling & dispersion included, only one computation of Twiss | Tz,ab = Ad)z,ab —7mQ., z2==1z,Y
pseudo-analytic, can be parallelized

v Con{tedious to code)
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- JACOBIAN OF THE ORBIT RESPONSE MATRIX

* In order to perform a linear lattice modelling and correction, the Jacobian of the ORM needs to be
computed, SVD pseudo-inverted & applied to the measured ORM & dispersion.

strength, compute ORM from orbit calculation Bm — Igm=—+—

Numerical Jacobian: replicate in simulation th 1 Lom
o | B s,
m JO

v Pros: accurate, can be parallelized 1 Lo

v Cons: time consuming, if optics or orbit unstable for quadr Bm sin (27'mj) — IS,mj = L_ / 5(3) sin (27'33') ds

Pseudo-analytic Jacobian: use textbook formu in OLm

each quadrupole variation. Bmcos (2Tm;) — Iomj = L_/ B(s) cos (275;) ds
m JO

v Pros: faster than numerical, can be parallelized

I
v Cons: no analytic formulas for off-diagonal ORM blocks (¢ /B, sin (Trm;) — Jomj = 7 / v/ B(8) sin (7s;) ds
Fully analytic Jacobian: evaluate directly the J¢ m 0

Lm
from beam-based measurements) /B 08 (Tm;)  —>  Jomj = LL / V/B(s) cos (s;) ds
m JO

v Pros: coupling & dispersion included, only one computation
pseudo-analytic, can be parallelized

v Cons: tedious to code.

Observation: the accuracy of the two analytic approaches can be poor if thin-element model is used.

Corrections to account for the variation of Twiss parameters across magnets have been included which
reduce dramatically the errors w.r.t. the numerical version (see next slide).

por
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- NUMERICAL VS ANALYTIC JACOBIAN OF THE ORM: ACCURACY

Example: FCC quadrupole ORM Jacobian with
- 1600 BPMs ' ' | |
2000 H O A O
- 8 steerers o_ k A A tA A A L N\ MO F L RL P
« 1 quadrupole QC1L1_1 EZ IR y y \ y y VR v \ LR L
2000 - | o
3(zz) S 4000 - | ]
50_, 5K1 numerical
sowy) | =N 5 6000 =~ grevte i — | |
- % i | ! | | | |
DT 50000 - k ~ 7
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-50000
C 1 | 1 | 1
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vertical units [mm/rad/(1/m)] row humber
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- NUMERICAL VS ANALYTIC JACOBIAN OF THE ORM: ACCURACY
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- NUMERICAL VS ANALYTIC JACOBIAN OF THE ORM: ACCURACY

Example: FCC quadrupole ORM Jacobian with
1600 BPMs

2000

« 8 steerers
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- NUMERICAL VS ANALYTIC JACOBIAN OF THE ORM: ACCURACY

Example: FCC quadrupole ORM Jacobian with

* 1600 BPMs Bl thin elements
. 8 steerers 'o\—o' RMS Bl thick elements MAX
. 1 quadrupole QC1L1_1 ¢ '**F 3 fetp E
3 _ - -
i le+02 §_ —g le+02§— 3
C. C ] C ]
CIU le+01 = E le+01§— E
E C ] C ]
> 1le+00 & =3 le+00g E
= - : : :
S le-0lF 4 le-0lf .
> - ] - ]
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« RMS & MAX error computed over all columns & rows of the diagonal ORM blocks O(x) & O().
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- NUMERICAL VS ANALYTIC JACOBIAN OF THE ORM: CPU TIME

Example: FCC quadrupole ORM Jacobian N (diagonal blocks only) with
1600 BPMs

- 8 steerers
« 360 quadrupoles parallelized over 64 cores CPUs (for both numerical and analytic tests)

Results
* Numeric: 1807.1s [100%]
« fully analytic: 221.1s [12%] (room for further optimization)
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- NUMERICAL VS ANALYTIC JACOBIAN OF THE ORM: OPTICS CORRECTION

Table 2: B-beating, dispersion and emittances after correc-
tion of 10 um random alignment errors on dipole quadrupole
and sextupole magnets for the EBS and FCC-ee lattices us-

ing analytic or numeric ORM derivative.

(std)s % ,% Anp  Any,  Ae,
units %o %o mm mm pmrad
EBS
err. 19.37 11.08 17.33 691 94.17
ana. 0.2 0.2 0.18 0.05 0.003
num. 0.2 0.2 0.18 0.05 0.003
FCC-ee Z

err. 3.6 594 120.5 8245 -
ana. 0.81 4.29 26.0 9.57 0.17
num. 0.82 430 2598 9.64 0.18

From IPAC23 MOPL069
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Table 3: B-beating, dispersion and emittances after correc-
tion of 10 um random alignment errors on dipole quadrupole
and sextupole magnets for the FCC-ee lattice using analytic
ORM derivative (1856 BPMs, 18 steerers). The input lattice
is tested: without radiation, with radiation and with radia-
tion and tapering. Reference lattice is in all cases without

radiation.
(std)sg ;% /Ag% Anp An,  Ae,
units %o % mm mm pmrad

4D err 3.63 61.37 118.7 82.36 -
4D cor 0.84 424 2567 958 0.71
6D err 3.60 5945 120.54 8245 -
6D cor 0.81 4.29 26.0 9.57 0.17
6D err

+ tapering 3.61 61.33 119.59 82.96 -
6D cor

+ tapering 0.82 422 2603 9.65 0.18
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- ANALYTIC TUNE VARIATION WITH THICK QUADRUPOLES

Quad: AQF1J=0.023% EBS

error AQH (num-ana): -0.16%

error AQv (num-ana): 0.14% W

AQ _ ﬁj average f function
AK; ~ 4Aqr | across quadrupole

j sin (QQ/Kij) j Oéj
AQ 2 [ﬁj + fﬁf_y} + 4\/K;L; [Bj N I%} T 3K, I, cos (2(/K;Lj) — 1] —
AKJ' 47

error AQH (num-ana): -0.0005 %
error AQv (num-ana): 0.0024 %

THICK

From IPAC23 MOPL069

(“Thick modelling” original idea and mathematical approach : Zeus Marti , ALBA)
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- ANALYTIC TUNE VARIATION WITH THICK QUADRUPOLES

Quad: AQFG2-1 = 0.184 % FCC-ee

error AQH (num-ana): 2.2%

error AQv (num-ana): 0.38%

RE—

AQ _ ﬁj average f function
AK; ~ 4Aqr | across quadrupole

j sin (QQ/Kij) j Oéj
AQ 2 [ﬁj + fﬁf_y} + 4\/K;L; [Bj N Ifé_g} T 3K, I, cos (2(/K;Lj) — 1] —
AK]' 47

error AQH (num-ana): 0.0003 %
error AQv (num-ana): —0.0008 %

THICK

From IPAC23 MOPL069

(“Thick modelling” original idea and mathematical approach : Zeus Marti , ALBA)
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- THICK STEERERS IN CLASSIC ANALYTIC ORM FORMULA

THIN steerers ORM =
¢=M8 | 10 1
M; =2ﬂ cos (5 — il Q) + 1t :
©
2
0-
THICK steerers ORM 0 2 4 6 8 1 D

hor. numeric

v
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s = s | (VB - $2 ) oty - a1 w01+ S
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ver. analytic
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__foyrLmne

* Part 2: The repository (1’)




- WHERE YOU CAN FIND US

https://gitlab.esrf.fr/BeamDynamics/commissioningsimulations

Commissioning tools are still poor in terms of documentation, and
debugging. The inclusion into the pyAT repository is pending such
extensive validation tests.

Modules for the fully analytic ORM Jacobian can be found here:

https://gitlab.esrf.fr/IBeamDynamics/commissioningsimulations/-
Itree/main/commissioningsimulations/correction/optics_coupling

CommissioningSimulations -
GitLab

Page 20 The European Synchrotron | ESRF



__foyrLmne

* Part 3: outlook (3’)




- OUTLOOK: THICK-ELEMENT CORRECTION FOR RDTS

(S) (S)
Fitm (5) Zﬁwk)/z U+m)/2 L i[(j=K)Ady, +1-m)Ady, ]

m,x m,y
m
S 3 A3 L (mod) 2iApmOD
Z Jm 1 ,Bm I/Bm yCZ(A¢ mJj A¢y mJ) Z ,Bm’x 5Km e xz,mj
. m=1 , , ’ 2 .:_mzl 05K2
froon,5 = 41— e2m(Q=—GCu)] +0(J1) f2000, | _ dmi@lm? +O(K7)
% J, 14/ Bm,=B et (AdzmitAdy,m;) M (mod)(SK 22A¢(mn(:d)
2 m, m,zPm,y ) Z_ ﬁm Y m,1€ y,mj
f1010’j o 4 [1 _ 62Wi(Qm+Qy)] + O(Jl) f0020,j = m=1 tod) _I_ O(dKi‘?‘)

1 — 47ery

A 1 Lm A
Bmsin (BA@,, ;) — m/{) B(s) sin (BA¢s) ds

A 1 Lm A
Bm cos (BAY,, ;) — m/o B(s) cos (BAg¢s) ds

Thick-element corrections are being implemented to RDTs

Page 22 The European Synchrotron | ESRF




- OUTLOOK: A NEW WAY TO COMPUTE LINEAR RDTS

From particle tracking + harmonic analysis

From analytic formulas

d A p(mod)
BT K 1O

Mz

fa000,; = — 2= T + O(6K?)
Rl e
fooz0; = =1 T i + O(3K?)
— e Yy
New formulas from OTM
i
X’(NH) _ MX’(N) X‘ _ Pz
’ Y
Py
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- OUTLOOK: A NEW WAY TO COMPUTE LINEAR RDTS

0.006— Re{fzooo} Lat ' | : | ' | ' | ' 0.006+— Im{fzoo(} Lat ' ‘ i '''''
|| Re{fy,p FFT ‘ w Y/ - || Im{f,, FFT | |/ w ﬂf M |

0004 — Rfr{%gfg]OTM h h - 0.004}| }Srg{[f;oi%]om “ i

0002b | N ! 0.002;W W I, | | ]
| | . | _ J} _

0 [ - hr\r--ﬂ_ﬁfu-- '-’Lﬂ_rd"\_r\./'—\-—a* 0/ p—ra' ~H N NN~ 'u\fﬁ\‘mm{_ﬁx

-o.oozv \ | ‘h I 0002} | h ] | MM ]
| i I ' |
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Very accurate for single-quad error (thus ok for response matrix)
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- OUTLOOK: A NEW WAY TO COMPUTE LINEAR RDTS

— Re{f,,y Lat b 1 Im{f, ) Lat b
0.02]|— Re{fxog FFT | — Im{f,,y FFT
Yl — Re{f,pg OTM | — Im{f,p, OTM
|| — Err [x10] | 001l — Err [x10]

0.01

-0.01F

0 28 56 84 112 140 168 196 224 00275856 84 112 140 168 196 224
BPM number BPM number

Less accurate for distributed errors (2"9 order & coupling terms)
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- OUTLOOK: A NEW WAY TO COMPUTE LINEAR RDTS

New formulas for coupling RDTs from OTM are being
derived

a
Pa

YN+ — M) ¥ —
’ Y
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__JouTumne ...
* Part 1: The implementation (12’)

* Part 2: The repository (1’)
* Part 3: outlook (3’)

Thank youl!
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

Win32 version 8.51/15 14/12/22 08.30.53
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

Win32 version 8.51/15 14/12/22 08.30.53
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

Jy(t) p O My guess: Blame path lengthening

and synchrotron motion for that.

> /
chroma
Win32 version 8.51715 25/06/23 12.11.56
- 0.0 1. DI/ 25006123 12, -
(1) = - 5 oo02s] PEL X
° — T I -0.0050 |
of E_;,_a,.nr-ﬁg—'&?{#&-‘ﬁ WS » T -0.0075 |
e - o sf N -0.0100 - . ]
87 £ ol 3 S 0.0125 P. Raimondi
— A5p R e, . Rt xR, S -0.0150 1
c IR e 0577 73 x e SR 0.0175 ]
) P 4 3 2 0 1 2 3 4 5 -0.0200 JXx->0#0
"G_)' AL [mm] -0.0225 1
© R M T T
. DELTAX
L - - "
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

2 <O My guess: Blame path lengthening
, S _
@6\ and synchrotron motion for that.
* Most of the time they will be off-axis
= (Jx#0) and off-energy (5 # 0), thus,
e , _, Cchroma
- L 5(t) outside the 3 axis of the tune space.
< // D |
JX(t) ' | initial Condition ; [8.3 mm, 0, 1 @m, 0, 0, 0 ] 1 3 -O.OOOZg —wm_e'zlv)egzm 8.51/15 _25/06/23 12.11.56 S:
5[ f -0.0050 |
B of x -0.0075 1
7 o 5f N -0.0100 - 0 -
87 | K % -0.0125 P. Raimondi
c I L S :0‘0]50:
5 i TREMEIREREST ooo| JX->3#0
"G_)' AL [mm] 0.0225 1
© OO a5 o%0
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

Consequence: Minimizing cross-term (betatron+chromatic) detuning terms
could be as much, if not more, effective than minimizing purely higher-order

betatron or chromatic terms

Q(Jx(®),6(1)) = Q(Jx(0),5(0)) +

aQ aQ
ANHX, ANHY ol %|]x=06(t) i
n(er), n(ey), 1(a%0 / 920 . 920
n(dp) E{a],% 6=le (t) + W}=06 (t) + a]xa6]x(t)6(t) +
PTC_NORMAL,
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| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

Blame path lengthening: Actually, minimizing linear chroma is still very helpful,

since path lengthening and chroma are highly correlated

Q(Jx(®),6(1)) = Q(Jx(0),6(0)) +
aQ

0

aQ
J«(t) + %]x=05(t) +

6=0

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 8, 094001 (2005)

Dependence of average path length betatron motion in a storage ring

Yoshihiko Shoji*

Page 34 The European Synchrotron | ESRF



| SOME THOUGHTS ON NON-LINEAR OPTIMIZATION

Blame path lengthening: Actually, minimizing linear chroma is still very helpful,

since path lengthening and chroma are highly correlated

AC = —2m(Jxéx + Jyéy) + 0(E2,02)

Maybe, higher-order terms might include higher-order chromatic terms.

Q(Jx(®),6(1)) = Q(Jx(0),5(0)) +

aQ a0

5_]x5=0]x(t) i %‘]x=05(t) g

1{a2q| I 82Q

E{a],% 6=0]x(t) + W}=06 (i) 1 a]xa(s]x(t)t?(t) +
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| SOME THOUGHTS

* betatron amplitude-
dependent phase space
deformation is induced by
both detuning with amplitude
and amplitude-dependent

beta beating

0Q Jdf Jda OJy
0], 0], 0], 0],
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