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Accelerator Physics Emulation Studio (APES)

I\/l OU\/aU O n Supported by IHEP Innovation Fund

from 2022 to 2024

To meet the requirements of beam dynamics study in CEPC

* Modeling complicated lattice easily
* IR, overlapped field, -

* Combined effects should be studied self-consistently
* Beam-beam interaction + impedance/feedback/lattice, -

* Application of new IT technology
* CPU, Openmp/MPI -> GPU, CUDA

More user-friendly, more accurate, powerful and faster



Design philosophy

Calculation/matching of
optics

Analysis on non-linear
single particle dynamics

Support of beam
commissioning tools

Precise
modeling of
complex machine

Accurate single particle
tracking

Self consistent simulation
of coupled effects

Collective effects




Design philosophy
* Python, C/C++

* Bottom-up and top-down synchronized development
* Python-based modeling, analysis, computation logistic
* High-efficiency Parallel Computing for Multi-Particle Tracking
* Same underlying map

Python Application

Python Package

Element

Particle Fearildme

Passmethod

physics

CPU/GPU
- parallel
APES-T
C/C++ and other Application




Design philosophy
Multi-particle tracking

* Focus on High-performance simulation

* Tracking through simple Element in parallel on
GPU

* Tracking through special element on CPU:
* Strong-strong beam-beam interaction

BEAM
LINE

=¥

Read input file

ADDITION

l

Initialize Data

Element by Element

Tracking

— Statisti

cs Data

* Feedback —
* Collective effects

* Short-range Wakefield GPU ceu cPu
* Space Charge (Ohmi) Particle ID [ ; /‘\ Y ;\\
* Beam-Cavity N X — = . |
* Electron Cloud ~ ] | N i i —
* lon effects j :* = [/:\ ] & Al 2 [
* Intra-beam Scattering s H I [ % : I
| I (R 1 [ [
« CUDA+MPI  H o Lo | [ |cote G
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Beam-Beam
Impedance
Space charge

GPU

CPU,thread = 1
CPU,thread = 10
CPU,thread = 100

GPU: NVIDIA A100 GPU
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Particle number
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Design philosophy

The idea of Patch coming from PTC

* Affine transformation in geometry

* Maps In particle tracking

* Single “Patch” affects the downstream survey.
* Allows for special installation configurations /

misalignment

Elementl
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€am

A ring with only Quadrupoles
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Clost Orbit of A Simple Ring

Patch

z(m)
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Patchl\

Real Element

Patch?2
Ideal Element

Beam
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° Encapsule one or more components

DeSIQ N ph | |OSOphy Ensemble positional error for co-mounted components
Elem ent CO nta | ner * Different beam go through same component

 Forward or backward traversal

. A ERL Layout s A ERL Layout
00MeV beam: Patch + EC .0;100MeV beam: EC

~1.04

— 051

=

X 004
_05 4

Patch is used to transform high-energy beam coor is used for high-energy beam deflection

~1.54
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Modeling and optics
IR modeling of BEPCI

BPR4IR = [IP, D4I01, RACBPM@®, DAIOLP, |P_SCQ 4II, SCQE, P_SCQ 4IOf

BER4IR = [[P_SCQ_R400, ~SCQE, P_SCQ_RA4OI| D4001P, R4CBPM@®, D4001, IP]

IR of BEPCII
0.3

x (m)

- o _ _ Z(‘m)
Weibin Liu SCQW SCQE



Modeling and optics

Transfer Map reterring to SAD

* 6D full-symplectic tracking
* Linear soft edge + nonlinear Maxwellian fringe
* Field overlap of solenoid and multipoles

Benchmark of single particle tracking with SuperKEKB
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Interpolate Data

x " Data on 3-D Grid from
MOde“l Ig dl Id Opt|CS zﬁ ::
Electromagnetic Code e T
onto Surface

Implementation of Surface Method

* Exact modeling of multipoles and fringe fileld

* Inverse Laplacian Kernels help reducing the field noise
* Implicit symplectic integrator

Compute Design

* Final focus region of CEPC
* 6 dual-aperture SC quad o
e 3T detector solenoid

g
* Anti-solenoid S
* Dipole corrector and 2]
skewQ

0.

10 5 0 5 10

Ax/oy
11
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4D,5D and 6D with SR damping

Modeling and optics

oo f - CEPC HIGGS
Optics function = w000 —T
g —lly
° . . Qg). 0_ ’ A . ahade. .ll ]j el I A ,Il
General TWISS funCtlon _ 0 20000 40000 60000 80000 10(;000
* Closed orbit 3 30001 I I —)x
* Jacobian Matrix s i RV N
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odeling and optics
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Synchrotron Radiation and tapering
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* Energy deviation along the ring
* Magnet tapering mitigate the orbit distortion

» Selectively taper the magnets is possible
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Modeling and optics

Emittance
* Ohmi’s envelope method

Dampingin x 4.178e-4 4.187e-4 0.23%
Z MZ MT B Damping iny 2.201e-4 2.199e-4 ~0
Equivalence One-turn Quantum Ex |:1t1ru:|n Damping in z 2.424e-4 2.412e-4 0.52%
matrix at s Matrix (Diffusion Matri .
S Emittance x 3.482e-11 3.479%e-11 0.096%

E _ M(S' S;)B(S;) MT(S S,r)ds.r Energy spread 1.018e-3 1.020e-3 0.20%
) )

S0
Transfer matrix from s’ to s. Quantum excitation at s’
CEPC HIGGS APES Difference
M(s,5y) Damping in x 7.523e-3 7.550e-3 0.37%
Dampinginy 7.523e-3 7.550e-3 0.36%
Dampingin z 1.488e-2 1.510e-2 1.49%
Emittance x 6.648e-10 6.646e-10 0.029%
B(s1) Energy spread 1.013e-3 1.013e-3 0.003%

B = M(s,5;)B(5,)M7(s,5,) + M(s,5,)B(s;)M7(s,5,) + -
. . 14
Yixian Dal



Modeling and optics
Modeling LER of SuperKEKB in APES

« SAD

« Uses GEO and BOUND to define a
solenoid boundary

» Composed of interleaved SOL (Bz<>0) and
MULT (Ko K, SKp)

+ Solenoid data from field maps with —

magnetic field expansion on beam pipes 70_001: o Solenoid axis
 The coordinate frame transforms at the
entry and exit of the solenoid
« APES (Transfer map referring to SAD) Dl niwd

—0.006

Patch at solenoid boundary Patch at solenoid boundary

0.001 The survey of the Solenoid area

GY [m]

« No BOUND defined, components in oxim i
solenoid have “Insol” flag

« Interleaved components with field data Patchl+Solenoid+Patch2
from SAD

» Use patches to calibrate the survey to
SAD'’s at the boundary of solenoid

Yuanyuan Wei, Weibin Liu 15



Modeling and optics
I\/Iodelmg LER of SuperKEKB in APES

0.00

-0.02

-0.04

Orbit [m]

-0.06

-0.08

-0.10

Orbit closure

» Good agreement with SAD
» Difference smaller than +2.5um

Closed Orbit

—— X

“1P
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0
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Modeling and optics
Modeling LER of SuperKEKB in APES

* 6D calculation in APES, “emit” command in SAD
» Beta functions have good agreements with SAD
« Beta beating smaller than 0.5% except some deviation due to nominal valuqs close to zeros

1
The beta functions computed using APES are compared with those from SAD The beta functions in solemoid :
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Modeling and optics
Modeling LER of SuperKEKB in APES

» Dispersion functions have good agreements with SAD except for region around solenoid boundary.

Difference

» The discrepancy calls for further investigation.

The dispersion functions computed using APES are compared with those from SAD
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The dispersion functions computed using APES are compared with those from SAD
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Modeling and optics
Modeling HEPS SR with APES

. . . Patches
* Built the lattice with Patch + quades.
APES (Bend) APES(Patch + quads)
Circ. 1360.399968000 1360.3999680000 1360.399810093565
Emittance 34.82pm 34.76pm 35.36pm
Horizontal Chromaticity 4.9511 5.088 5.172 Wi el
beta-beating
Vertical Chromaticity 5.0028 5.014 2.036
Momentum 1.83e-5 1.83e-5 1.83e-5
compaction factor
Real machine setup:
fRF 166600340 166600340 166600360 166600360
Tunex 115.1519 115.1520 115.0178 Measured: 115.677
Tuney 1042912 104.2905 105.3722 105.356

Yaliang Zhao, Zhennan Chang 19



Modeling and optics

Modeling HEPS SR with APES
Closed orbit (wo./w. radiation)

Yaliang Zhao, Zhennan Chang

g le—8 L
E 01 1 | i | _‘E U_
> -1 -
=5 . . . . . . . 117500 400 600 800 1000 1200 1400
. lepl7 200 400 600 800 1000 1200 1400 1
E £
== 0 0 -
Iy 6 2[|:-[:- 4['10 6[|}D BEI}D 10'0{} 12'0{} 14'00 0.0002 - 0 200 400600 890 10ad 1200 1400
- S
= 0.0000 4
o i Q
5 0.00 5
© _00002_ T T T T T T T T
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0 200 400 600 800 1000 1200 1400
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e Lattice was built with BEND in Elegant, closed orbit is O,
e Lattice was rebuilt with Patch+QUAD in APES,
* without radiation, COD is at 1e-8 m level.
* with Radiation (and RF), COD goes to 1e-5 m level.
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Modeling and optics
Modeling HEPS SR with APES

Beta-beating( and the effect of radiation)

apes to elegant w/o rad apes_with_rad to apes_wo_rad
0.3 .
0.021
0.2
0.01 -
o o
£ 01 £
© ©
g 2 0.00-
g 00 o
Q Q
o1 = —0.01-
-0.2 -0.021 ¥
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

s(m) s(m)

« compare to elegant: beta-beating~5%. 33%==) there is a integer number of difference in the working point

* In APES: radiation induced beta-beating(hori. and vert. ) is ~0.5%. 2.5%




Modeling and optics
Modeling HEPS SR with APES

0.07
0.06 ~
NN

0.05 ~
£ 0.04- —— diff
Sg_ —— elegant
&2 0.037 —— apes wj/o _rad
2 _w/o_

0.02 1

0.00 ~ l_J

80 100 120 14

0 20 40 60
s(m)
Dx_ave(apes-elegant): 1.0069194426867802e-05
Dy ave(apes-elegant): -1.8554290666412e-18
Dx_rms(apes-elegant): 5.891495402200572e-05

Dy rms(apes-elegant): 2.6604152570272852e-17

0

Yaliang Zhao, Zhennan Chang

Dispersion ( and the effect of radiation)

0.07

0.06

N

—

|

0.05 1 ’

— diff
—— apes_w/o_rad
—— apes_w_rad

dispX(m)
e ©o
o ©
w &

©

o

]
L

= WLy

0.00 { >~ -
0 20 40 60 80 100 120 140
s(m)
Dx_ave(apes-apes@): 2.2268068295258565e-05
Dy ave(apes-apes@): 2.0367974243171904e-17
Dx_rms(apes-apes@): 0.0005724117987769504
Dy rms(apes-apes@): 1.2861609007772154e-15

Compare to Elegant: the average and rms values for horizontal and vertical dispersion are ~1e-5 and le-17, respectively.

Radiation induced horizontal and vertical dispersion are at 2e-5 and 6e-4 level, respectively.




Zhiyuan Li etal., NIMA 1064 (2024) 169386

Tracking and Simulation
Simulation of CEPC Higgs (symmetric)

1.8—
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* 16% luminosity loss due to lattice
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Self-consistent simulation of injection !!!

Tracking and Simulation

Simulation of Swap-out injection (Higgs)

L Apert_AX/o, Apert_AY/o, By B,

‘ ‘ : ‘ ‘ - O 1.0000
350 —— lattice, Symmetric ] c
e
— —— lattice,Asymmetric(injection) gem o 0.9998r
| £ o
n 3
N30t |5 400 g’ 0.9996
é 3 200 2
= > 0.9994
o 2.5¢ 1 700 == L l a
— [ 800
. 600 - "5 0.9992
E & 500 A Ej
2 2.0 1 % a0 & 0.9990
é t'l 300 4 =
5 & ool 2 0.9988
4 < c —— apert-p —— noapert-p
1.5¢ 100 | (]
—— apert-e —— noapert-e
L0008 - = 0.9986 | | ! . . . ‘ ]
5 1560 5650 3500 1000 =590 0 1000 2000 3000 4000 5000 6000 7000
urn . 8000 | Turn
é 00 [- 4000
. . .
: =< e+(inj.) / e-
2_ r 2000
w/o apert: 39/42(min)

A w/ apert: 29/37(min)

* Initial beams: e+ (collider SR equilibrium) vs e- (booster SR equilibrium)
* Luminosity: same between symmetric and asymmetric collision
* Clear lifetime reduction (e+) with physical aperture

Zhiyuan Li o



Manual

APES Manual

Introduction
Overview

User Manual
Physics Manual
Programmer Manual

User Manual

In this chapter, we'd like to walk you through so
accelerator topologies. During the process, we
application in the machine design process, we
of using the package.

Accelerator Examples

BEPCII Transport Line
BEPCII Positron Ring with IR
Chicane

Collider

« ERL

Particle

o Particle
e Positron
» Electron
e Proton

Physics Manual

Last edited by xintm@ihep.ac.cn 6 days ago

Beam life time
Beam-Beam

Bending Magnet

Cavity Beam Interaction
Cavity

Coordinate Conventions and Conversion
CSR

Drift

Emittance

Error

Fields in magnet

Fringe

Linear

Map

Mult

Multi-particle Simulation
Old_map

Optics calculation
Photon Tracking

Plasma Acceleration
Quad

Rad

Relative and Absolute time
Sodd

Sol

Programmer Manual

Last edited by liuwb@ihep.ac.cn just now

« Introduction
« Implementation of the Elements
« Customizing the Element

25




Team

* No full-time staff
* 1 full-time postdoc (July. 2024-June.2026)

Contact Info:
lluwb@ihep.ac.cn
zhangy@ihep.ac.cn
XIntm@ihep.ac.cn

* Great help from K. Ohmi, E. Forest, K. Oide and D. Zhou

* Weekly meeting (> 3 Years)

t“"‘ 4...‘ 1 i" '-‘
e e S




What Is coming next ?

* More collaboration with CEPC design team
* Optimize the Matching module

* Development of More Features
* Beam loading, long term wake
* Space charge
* Electron cloud
* lon effects
* Intra-beam Scattering
* Spin dynamics

* Beyond CEPC



Summary

* APES Is becoming more and more productive
* APES Is Is under active development
* Your usage feedback is greatly appreciated and helpful

 Thanks the hard work of APES team!

28
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