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1. xsuite simulation setup for simplified tracking
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Overview

1. xsuite simulation setup for simplified tracking
. First results



@L=e December 6, 2022 1) xsuite setup

Simplified tracking simulations with xsuite

* Exploit superperiodicity of machine (2 IP case)

* In code: IP+ BS | lin. arc | sext. | lin. arc + eff. SR | sext. | lin. arc

« 1 IP + tracking over half arc
with linear transfer matrix * ‘ ——— S TART
« Arc splitinto 3 segments \repea/

* 2 crab sextupoles between arc segments (8,=3 m, 3,=5000 m)

« A «turn» begins in front of the right sextupole:
« Observation point for coordinates

» Effective radiation (damping+noise) in arc, beamstrahlung in beam-beam
* No radiation for FMA
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Equilibrium bunch length

normalized to design report values (SR+BS)

* Weak-strong model
(1e4 particles)

« Equilibrium bunch length
agrees with design report

— Z (45.6 GeV)

0.6 WW (80 GeV) value for all resonances

— ZH (120 GeV)

—— TTBAR (175 GeV)
TTBAR (182.5 GeV)

0 2000 4000 6000 8000 10000
Turns [1]
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Crab waist & transverse blowup

initial 1 4
beam .
size

=
o 12 :O&s\.c.-}:o .
[E— P ) "s’
t;g &e%
1.1 Y

FCC-ee Z
Nturns = 3e4
Nparticles = led
Nslices =300

Ox, eq,sim(kZ,nom)zl .030y,0
Oy, eq,sim(kZ,nom):l-Olcy,o

0z, eq, sim( I(2, nom)zo-ggcz, 0

5000

7500 10000 12500 15000 17500 20000
k, [m™2]

1) xsuite setup

« Weak-strong model

* Optimum k, close to nominal
value (~0.97%k, .o, for Z
resonance)

* No transverse blowup in
optimum setting
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Overview
2. EFMA
. FCCee tune footprints
. Comparison of various codes

. Slicing algorithms
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FMA — FCCee Z tune footprint

In the weak-strong model, the strong bunch slice moments can be computed from:

* Analytical Gaussian
Distribution of macroparticles mmmp slice centroid coordinates are noisy

- Random offset affects tune shift = noise on footprint

1le6 macroparticles

03] Strong slice centroids, dist. #1 ) )
Strong slice centroids, dist. #2 301 slices (uniform charge)

3333 macroparticles / slice

0.2
< |/

compared to slices from analytical
Gaussian (Hirata’s slicing)

-3 -2 -1 0 1 2 3
Strong slice centroid Z [04]
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FMA — FCCee Z tune footprint

- Random offset affects tune shift == noise on footprint

«  Better to use moments from slicing an analytical Gaussian to avoid noise effects
 Possible in WS but not in SS!

using moments from dist. of 1e6 particles using moments from analytical Gaussian
e e— X
0.70 A
o 0.70) 1o noise effects -

0.68 f '
— o= _0.68
= 0.66 - =)
3 > Y l O 0.66

’ noise effects e.g. folding
0621 X QM(uy=0.10,, U € {x, y})=5.725984e-01 0.64
0.60 b4 Qf([T(ug =0.10,, U € {X, y})=5.750090e-01 X Q¥M(up=0.1oy, u € {x, y})=5.738850e-01
0572 0573 0574 0575 0576 0627057375 057380 0.57385  0.57390

Qx [1] Qx [1]
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FMA - Benchmark of xsuite and BBWS footprint

 (Good agreement (1e-6

0.72 accuracy) between BBWS
AQE™e(ug = 0.10y, u € {X,y})=3.88301e-03 I
0.70 + AQEEYS(uo = 0.10,, UE {x,y})=3.88195e-03 % and xsuite
« le-4 discrepancy in AQ,
- 0.68 compared to LIFETRAC
0.6 AQ,
LIFETRAC 3.806e-3
"o ite/BBWS both
- - - - e XSuite oth use
0.5735 0.5736 0.5;3?1]0.5738 0.5739 slicing algorithm form
X

Hirata (SBC) [1]

[1] K. Hirata et al. A symplectic beam-beam interaction with energy change [https://cds.cern.ch/record/243013?In=en]



https://cds.cern.ch/record/243013?ln=en
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FMA — slicing algorithms

« Hirata’s algorithm has a lower accuracy for slice positions (precomputed table

for error function, single precision)

«  Comparison of strong slice z centroids, 301 slices, uniform charge

0.0010

0.0005

0.0000

—0.0005

LIFETRAC __ Hirata [02]

N —0.0010

100

Slice ID

200

300
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FMA — slicing algorithms
«  Switch to slicing algorithms used in LIFETRAC

Lol el ol ol ol ol ol ol ol T
% I I e I e e { Q‘g;j;:;ﬁ“
uniform bin (alg #1) [

‘ & L 2L .}‘}.F. L an 4 L ‘
uniform charge (alg #3)
“shatilov” (alg. #4)
‘ L 4 L BB AR 0 Jb Jh ) 2B am L 4 ‘
_4 _2 O 2 4 Figure 1: Convergence of the slicing algorithms: @ plotted vs. number of kicks N
for flat beams (PEP-II-like parameters; see Table 2).
z[o,] 2]

[2] M. Furman, A. Zholents, T. Chen, D. Shatilov; Comparisons of Beam-Beam Simulations [https://escholarship.org/uc/item/8nd6g4pv]



https://escholarship.org/uc/item/8nd6g4pv
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FMA — slicing algorithms

« Compare FCCee Z footprint with old (Hirata’s) and new (LIFETRAC)
slicing

« All 3 slicing algorithms produce AQ,=3.806e-3 (~1e-7 accuracy)

0.700 XX
0.675
= 0.650
@4
0.625
| X AQ%M(up = 0.10y, u € {X, y})=3.88301e-03
0.600 X AQYE"(up = 0.10y, U € {X, Y})=3.80596e-03

0.5735 0.5736 0.5737 0.5738 0.5739
Qy [1]
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FMA — diffusion

D = loglo[\/aémvi + Uéy,i]

0.70

0.68 Xsuite

0.66

Qy [1]

0.64

0.62

LIFETRAC [3]

Q, max ~ 0.573806 \
Q¥ ) ) . l ) .

—'?p il iy i,'l,'l. . - - : _ = _ k
i ,-..Is,, R | T TE | _7 o P :
0.573 S736 0.5738 0.5733 L E
%\ : /
Q, min ~ 0.57335

[3] courtesy of D. Shatilov
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=(0.5620, 0.6000 -
0.70 hd Dalm( ) ¥ Qa=105640, 0.6000) 3
. - QF"(x0=0.010,, yo =0.010,) = (0.571689, 0.692716) 0.70 —+ @l = 0.0105, yo =0.010,) = 0578347, 0.696764)
—
v
£

0.68 —4 0.68
ZH

Footprint _ .

of other o 120-Gey
FCCee e
energies .o

—~ 0.66

[

>
O 0.64

Diffusion [1]

—6 0.62

0.60 X

-7
0.565 0.570 0.575 0.565 0.570 0.575 0.580
Qx [1] Qx [1]

-3 -3
>< Q,=1(0.5540, 0.5880) 0Q,=10.5540, 0.5880)
0.700 —+ @ixo=0.010,. y0 =0.010,) = (0.618350, 0.698385) ;f- 0.700 >_|§ o;mtx,: 0.010, yo =0.010,) = (0.618687, 0.701686) _"-'_
E N ..'

.355:2: —4 (el -
o075 TTbar | 0675 TTbar . *
0650/ 175 GeV  .:ii i ~58 20650 182.5 GeV,:i. i s

0.625

Qy [1]

Diffusion [1]

0.600

0.56 0.58 0.60 0.62
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Overview

3. Benchmark against analytical formula ¢
. Studies of hourglass effect with reduced bunch intensity
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Benchmark against analytical formula ¢

* Head on collision with flat beams (N, = 1e8)
« All codes agree (xsuite, PySBC, BBWS)
* Analytical estimate does not account for hourglass effect

A o . : o
ECC-ece 7 Q5. = s-arccos|cos(2mQ7 ) — 27, ,sin(27Q)7 )]
\ ®: 0.0e+00 [rad]
\° . 0.025 I xsuite [xg = 0.010y, yo = 0.010y] %{\
0.00182 . PYSBC [Xo = 0.010y, Yo = 0.010,]
5% —( BBWS [xp=0.010, yo = 0.010y]
, > Y 0.020 ana /
0.00180 K i « 207 X
— . —
= > =0.015
go.oons g >}<
xsuite [xo = 0.010y, Yo = 0.010,] ’ 0.010 < -
0.00176 I ° Yo v >* X N %
.. PySBC [xp =0.010y, Yo = 0.010,] .\
~{ BBWS [xo=0.0104, Yo = 0.010,] 0.005
0.00174 ° AQana\ * °
I, X < .
102 1071 10° 1072 1071 10°

N [1] (By =N-Bx) N[1] (By =N-Bx)
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Overview

4. Strong-strong simulations
. Tune scan
. 3D flip-flop
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FCC-ee Z

Tune scan Niums = 34

N particles =le4d

; Nslices =300 1.6e-06 e
6 x 10° Bx=0.15m T
By =0.075m
* 1.2e-06
4x10° I : \
8 3x10° 5
o s¢ 8e-07 |
o S\
=
5 2x10°
nominal ; S
beam size
S JVAINT N [4]
054 055 056 057 058 059 o5 05 o8 v oo o8 o8
Qx [1]

Figure 7: Growth of & due to coherent X-Z instability, as a function of 14. Red line corresponds
to Urr = 250 MV, N, = 7-10'°, green and blue lines — Urr = 100 MV, N, = 1.1-10!! and 1.7-10".

« Nominal working point is unstable in xsuite

« Reason to be investigated
[4] D. Shatilov; FCC-ee Parameter Optimization [https://cds.cern.ch/record/2816655]



https://cds.cern.ch/record/2816655
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4) Strong-strong simulations

xsuite benchmark of 3D flip-flop

0.06

0.02

FCC-ee ”Z
Nturns = 1e4

Nparticles =1ed
Nslices =300

weak anal. [5]
strong anal.
{ weak bunch
}  strong bunch

> E 3 * . s 2 . & & &

0 20 40 60 80 100
Intensity asymmetry [%]

« First results are promising

* Need more particles and
turns

* Improvement of
parallelization ongoing

« Symmetric case instability
to be understood

« Study ongoing

[5] See talk of K. Le Nguyen Nguyen @ this workshop
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Overview

5. Summary
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Summary

» Successful code benchmarks in weak-strong case
» Xxsuite benchmarked against several existing tools, such as GUINEA-PIG,
LIFETRAC, PySBC, BBWS
» Beamstrahlung (feature released on Github [6]), tune footprint

» Ongoing benchmarking and simulations of 3D flip-flop and coherent head-talil
instability with the strong-strong model

» Next steps:
» Link element by element lattice (SAD / MAD-X) to xsuite beam-beam
» Bhabha scattering

Thank you!

WORK SUPPORTED BY THE SWISS ACCELERATOR RESEARCH AND TECHNOLOGY (CHART)

[6] https://qgithub.com/xsuite/xfields



https://github.com/xsuite/xfields

BACKUP
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FMA — test particle grid

n j=100 # n j ¥ n ] particles

j min = le-4 30
j max = 10

j vec x = np.linspace(0,2*j max, n j)**2/2 N

j vec y = np.linspace(0,4*j max, n j)**2/2 El 20
j vec x[0] = ] min >

j vec y[0] = ] min

¥ test vec = np.sqrt(2+*j wvec x) 10

y_test vec = np.sqrt(2+*j vec y)

« 10002 particles: 0
« 100 x 100 grid 0 5 10 15 20
- Extra test particles: 0.010, 0.10 X [0x]

 FMA with 8192 turns
« FFT window for diffusion: 4096, stride: 409 (5%), D=std of 11 tunes
« Observation point before CS: [obs, CS, small arc, IP, small arc, CS, long arc]
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FMA — choice of observation point

« Observation point in linear part of

lattice, outside CS ( ):
spectrum less noisy

Observation point before/after IP
In nonlinear part (blue): spectrum
more noisy due to CS nonlinearities

There is no impact on incoh. tune
But: in the second case for large
amplitude particles the peak finder
can more easily trigger on wrong
peak

o

Amplitude [dB]
o

—— [CS_arc_obs_BB], injector on, (nonlinear, many peaks), 8192 turns
[obs_CS_arc_BB], injector on, (linear, correct peak dominates), 8192 turns
----- Qy, i=6.151427e-01

----- Qy, =6.151427¢-01

0.0 0.2 0.4 0.6 0.8 1.0
Qy [1]




@l=e December 6, 2022

FMA — footprint with all 3 slicing algorithms

Y Qunicharge () = 0.01ay, U € {x, y})=3.80608719¢-03

X, 1

* Observation point in linear part of )\ Qunlbm(uo 0.010y, U € {x, y})=3.80598072¢-03

latice: [obs, CS, arc, BB, arc, CS, arc] —( QFV(up = 0.010y, U € {X, y})=3.80601634¢-03

» Injector element before tracking
* Turn starts with CS 0.70
* Need to match optical functions

0.68

= 0.66
>
o

0.64

« Same settings on slide #12, #13

.....
.........

nye?
“ L2 p
Hi ey . .
II|| B oos
I ] * . .
Y . .
. Jrrr LA PR R e aadh & aags , w

089733 05734 05735 0.5736 0.5737 0.5738 0.5739
Qx [1]

0.62
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g, [m]

December 6, 2022

240

1
6.385

6.380

6 375

6.370

6.365

-0.5

0.0
s [o;]

225
210
195
180
165
150
= 135
E 120
S 105
90

75

60

45

30

15

0

[
/

/
7

)
I
)
1
1
1
1 [}
1
I
I
I
I
I
I

-1.0 -0.5 o‘o 0.5 1.0

For FCC-ee Z:
o,/o,~15ats = o

Therefore o, >> o,
starts to break

X E;x - Bx/ (Gx(0x+ O-y))
AQ, still depends on o,

AQ, smaller than w/o
hourglass
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Beamstrahlung benchmark

* Benchmark against reference code GUINEA-PIG [1]
« Beamstrahlung model OK Beamstrahlung photon spectrum / coll.

» Xsuite: weak-strong Ll BT suite
 GUINEA-PIG: strong-strong = 10 —1 GUINEA.PIG
* More photons emitted -
for extremely flat beams (2) -
> '
"3 10
g FCC-ee ttbar (182.5 GeV)
A 2 -5 Nparticles: le6
» Possibility to generate photons 10 N, oo = 100
for external use (collimation, MDI) [2] 02  10° 10° 10° 10°
E [GeV]

TODO: come up with an efficient model of Bhabha scattering

[1] https://twiki.cern.ch/twiki/bin/view/ABPComputing/Guinea-Pig
[2] https:/Ixsuite.readthedocs.io/en/latest/internal_record.html#internal-record-for-elements-used-in-standalone-mode



https://twiki.cern.ch/twiki/bin/view/ABPComputing/Guinea-Pig
https://xsuite.readthedocs.io/en/latest/internal_record.html#internal-record-for-elements-used-in-standalone-mode
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Backup

Beamstrahlung benchmark — other FCCee energies

107

,_
=)
&

—_
< |
i

Normalized count [1]

,_
o
b

[—
it |
[

L")

10

10

Normalized count [1]

1 xsuite
[ GUINEA-PIG

FCC-ee Z (45.6 GeV)

Nparticles =1eb6
Nslices =300
107 10 10° 10~ 10"
E [GeV]
[ xsuite

1 GUINEA-PIG

FCC-ee ZH (120 GeV)
Nparticles =1e6
N =100

slices

10 10 10° 10 10"

E [GeV]

—2

10

10

Normalized count [1]

10

10

Normalized count [1]

[ xsuite
1 GUINEA-PIG

FCC-ee WW (80 GeV)
Nparticles =1leb6
Nslices =100

10 10 10° 10 10°

E [GeV]

[ xsuite
1 GUINEA-PIG

FCC-ee tthar (175 GeV)
Nparticles = le6
Nslices =100
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3D flip-flop [1]

* Occurs only in presence of BS v )
1. BS leads to asymmetry in the bunch length o, due to asymmetry of bunch currents W 2
(which are never exactly the same) T
Asymmetry in o, leads to amplified synchro-betatron resonances of the longer o, bunch
Tune footprint expands and can cross more resonance lines
4. Increase of both transversal emittances of the longer bunch
* Increased emittances cause asymmetry in transversal beam size. This asymmetry
increases BS and ¢, for the longer bunch but decreases BS and
shrinks o, for the shorter bunch:
» o,asymmetry increases even more

5. Repeat from 2.

W N

» One bunch blows up, the other shrinks

[1] D. Shatilov [http://www.icfa-bd.org/Newsletter72.pdf]
[2] X. buffat [https://e-publishing.cern.ch/index.php/CYRSP/article/view/265/277] (a) Equal (b) Blown-up positron beam

(¢) Blown-up electron beam [2]



http://www.icfa-bd.org/Newsletter72.pdf
https://e-publishing.cern.ch/index.php/CYRSP/article/view/265/277

