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Abstract
Next generation electron–positron colliders such as the

FCC, CLIC and the ILC require high beam stability and
small beam sizes to reach their target luminosities. Meeting
these demands requires highly refined Beam-Based Align-
ment (BBA) techniques, supported by both precise simula-
tions and experimental validation.

In this paper, combined simulation and measurement stud-
ies using a newly developed Flight Simulator tool designed
to model realistic lattice imperfections, diagnostic perfor-
mance, and apply corrections in electron accelerators and
test facilities are presented. The framework incorporates
magnet jitter, wakefield effects, and measurement noise, al-
lowing detailed testing of dispersion-free steering and related
BBA procedures. Complementary measurements performed
at the Accelerator Test Facility (ATF) were used to bench-
mark the simulator and verify its predictive accuracy under
varying operational conditions.

INTRODUCTION
The Accelerator Test Facility (ATF) is a linear electron

accelerator developed to investigate beam dynamics and
technologies relevant for future generations of linear collid-
ers [1]. It is located at the Japanese High Energy Accelerator
Research Organization (KEK). Commissioned in 1997, the
ATF was initially designed to produce ultra-low emittance
beams, a key requirement for projects such as the Interna-
tional Linear Collider (ILC). This objective was successfully
achieved by 2001 [2, 3].

To further address the challenges associated with produc-
ing and measuring nanometer-scale beam sizes, the facility
was upgraded in 2008 to include the ATF2 beamline [4].
Today, the ATF complex consists of an injector, a linear
accelerator (LINAC), a Damping Ring (DR), and the ATF2
extraction and final focus beamline.

Electron bunches are generated by a Radio-Frequency
(RF) gun, delivering charges ranging from 0.01 × 1010 to
1.0 × 1010 electrons per bunch at a repetition rate of 3.12
Hz. These bunches are accelerated to 1.28 GeV in an 88
m long LINAC before being injected into a 139 m circum-
ference damping ring, where they are stored for 100 to 450
ms. During this time, synchrotron radiation reduces the
beam emittance. The damping ring achieves a vertical nor-
malised emittance below 10 pm, which is comparable to the
requirements of the ILC Beam Delivery System (BDS) [5].
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The electron bunches are then extracted using a kicker
and transported through the extraction line, where they are
focused and tuned to reach nanometer-scale beam sizes at
the interaction point (IP). The ATF beam parameters are
summarised in Table 1 and a schematic of the ATF and
ATF2 beamlines is shown in Fig. 1.

Table 1: ATF2 Nominal Beam Parameters
Parameter Unit Value
Beam energy, 𝐸 GeV 1.3
Bunch population, 𝑁𝑏 electrons 1010

Bunch length, 𝜎𝑧 mm 7
Energy spread, 𝜎𝐸 % 0.08
Normalized emittance, 𝛾𝜖𝑥,𝑦 mm.mrad 5/0.03
Twiss 𝛽-function at the IP, 𝛽∗𝑥,𝑦 mm 4/0.1
Beam size at the IP, 𝜎∗

𝑥,𝑦 nm 9000/37

The Accelerator Test Facility (ATF) serves as a critical platform for testing technologies and 
techniques aimed at advancing the next generation of linear colliders. The ATF is composed of a 
linear accelerator (LINAC), a Damping Ring (DR), and the ATF2 Beamline that includes a high-
precision final focus system designed to achieve the small beam sizes necessary for future collider 
experiments. A key requirement for these systems is maintaining high beam stability to deliver the 
nominal beam parameters at the interaction point. Recent efforts have focused on developing and 
implementing advanced beam correction techniques to enhance stability and counteract 
disruptive effects such as unwanted beam dispersion and wakefields.
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In ATF and ATF2, a script was implemented in order to automatically 
calculate the impact of kicks at different positions on the orbit and 
build the response matrices. These matrices are N x M with N the 
number of steering magnets and M the number of BPMs.

The DFS and WFS corrections show an significant improvement in the stability of 
the beam for several beam energies and beam charges. In the ATF LINAC and the 
ATF2 beamline, the dispersion was reduced by a factor 5 and by a factor 6 
respectively. The transverse displacement due to intensity-dependent effects was 
reduced by a factor 5 in the LINAC and by 30% in the ATF2 beamline. Not only 
have these corrections improved the stability of the beam, but they also led to a 
smaller beam size at the IP. Such corrections could be used in future linear or 
circular colliders to increase the luminosity at the IP.
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For DFS corrections, a 
first response matrix 
is measured with a 
beam at the nominal 
beam energy of 1.28 
GeV. A second 
response matrix is 
measured for a beam 
with a higher energy of 
1.2817 GeV.
 
The DFS correction 
uses the ATF steering 
magnets to correct the 
difference in the orbit 
due to dispersion.
The DFS  correction 
decreases  the 
dispersion by a factor 
5 in the LINAC and by 
a factor 6 in ATF2.

DFS in the LINAC

DFS in ATF2

For WFS corrections, a first response matrix is measured for a beam intensity 
of 2.0x109 electrons (HQ). A second one is measured for a beam intensity of 
6.0x109 electrons (LQ).
The WFS correction uses the steering magnets to reduce the impact of 
wakefields on the vertical beam orbit (Y). This difference in the beam orbit was 
decreased by a factor 5 in the LINAC and by more than 30% in ATF2.  

Impact on the Beam Size

WFS in the LINAC WFS in ATF2

Figure 1: Schematics of the ATF/ATF2 beamlines.

The chromaticity of the ATF2 beamline has been designed
to match the one of the ILC final focus system, leading to a
target vertical beam size at the IP of 37 nm.

In recent operation, the ATF2 optics have been modified
to use a horizontal beta-function, 𝛽𝑥 , ten times larger than in
the original design. This adjustment enhances the sensitivity
to multipole field errors, bringing their impact closer to the
tolerances expected for the ILC final focus system. This
configuration is commonly known as the “10×1 optics,” re-
flecting the increased 𝛽𝑥 while keeping 𝛽𝑦 unchanged. The
original configuration is known as the “1×1 optics.”

During the past several years, considerable effort has been
dedicated to achieving the smallest possible beam size (Goal
1). A minimum vertical beam size of 42 nm was successfully
measured in 2016 [6]. However, maintaining and consis-
tently reproducing such performance has proven challeng-
ing due to various machine imperfections. In this context,
beam-based alignment techniques, such as one-to-one steer-
ing, Dispersion-Free Steering (DFS), and Wakefield-Free
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Steering (WFS) are essential tools for correcting the beam
trajectory and minimising the beam size at the IP.

RESULTS
The Flight Simulator is a unified toolbox to run beam-

based Alignment (BBA) RF-Track simulations [7], measure
several parameters (beam energy, beam charge, response
matrices, orbits, emittance, etc.) and apply orbit corrections
in different particle accelerators.

RF-Track is a particle tracking code developed at CERN
for the design and optimisation of particle accelerators, com-
bining high flexibility with fast simulation performance.

It can simulate the transport of particle beams with arbi-
trary energy, mass, and charge, including mixed beams, by
solving fully relativistic equations of motion and account-
ing for spin polarisation. RF-Track models a wide range
of physical effects, including space-charge forces in both
bunched and continuous-wave beams, synchrotron radia-
tion, wakefields, beam loading, intrabeam scattering, mul-
tiple Coulomb scattering, and inverse Compton scattering,
with additional collective effects continuously being imple-
mented.

The code supports the transport of single and multi-
bunch beams through both conventional and advanced ele-
ments, including 1D, 2D, and 3D static or time-dependent
radio-frequency electromagnetic field maps (standing and
traveling-wave), as well as devices such as flux concentra-
tors and electron coolers. RF-Track allows for overlapping
elements and employs fast parallel algorithms. It can inte-
grate the equations of motion either in space—well suited
for ultra-relativistic regimes—or in time, which is more ac-
curate for space-charge calculations. The transition between
these integration schemes is handled automatically.

RF-Track is written in optimised, multi-threaded C++ and
is available in two independent versions: one interfaced
with Octave and the other with Python. Familiarity with
either Octave or Python is recommended to fully exploit its
capabilities.

Both the tool and its Graphical User Interface (GUI) are
written in Python to make the tool user-friendly and easily
tunable. The interface is quite simple: the user first selects
the accelerator. Three choices are currently available: the
Accelerator Test Facility (ATF) at KEK, the Facility for Ad-
vanced Accelerator Experimental Tests (FACET2) at SLAC,
and the CERN Linear Electron Accelerator for Research
at CERN (CLEAR). Then the user selects the part of the
accelerator to study, for example: LINAC, Damping Ring or
extraction line for ATF. The GUI cascade of choice windows
is then shown as seen in Fig. 2.

The following tools are available for the Flight Simulator:

The System Identification
The System Identification tool or SysID is the interface

to excite the orbit. A list of correctors and Beam Position
Monitors (BPMs) can be selected/loaded/saved, a set of
parameters can be set (amplitude of the initial horizontal

Figure 2: The Flight Simulator GUI cascade of choice windows.

and vertical kicks, target orbit excursion, number of cycles,
etc.) and print the orbit for each excitation. The results are
saved in separated files for further analysis. A screenshot of
the SysID GUI used in ATF is shown in Fig. 3.
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Figure 3: The Flight Simulator System Identification GUI.

The Response Matrices
The response matrices represent the impact of transverse

kicks on the orbit measured at BPM positions. These ma-
trices are (𝑁 × 𝑀) with 𝑁 the number of steering magnets
and 𝑀 the number of BPMs. A subset of steering magnets
and/or BPM can easily be selected in case of faulty equip-
ments or targeted studies. An example of a response matrix
calculation in the ATF2 extraction line is shown in Fig. 4.

The Beam-Based Alignment
Once the response matrices are calculated, several correc-

tions can be applied using the BBA tool: one-to-one, DFS
and WFS. The one-to-one correction minimises the orbit at
BPM locations, DFS reduces the amplitude of the disper-
sion, and WFS mitigates the impact of intensity-dependent
effects on the beam orbit. Together, these three corrections
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Figure 4: ATF measured response matrices GUI.

play a significant role in reducing the beam size at the IP
and increasing the luminosity. They can be applied either se-
quentially or simultaneously and are easily tunable through
the interface thanks to several adjustable parameters, such
as the weight of each correction, the number of iterations,
the gain, and the maximum strength.

These corrections have demonstrated excellent perfor-
mance at ATF, confirming the effectiveness of the imple-
mented methods under realistic operating conditions. In the
ATF LINAC, the application of the combined correction
schemes led to a significant reduction of the dispersion by a
factor of 6, while transverse wakefield effects were mitigated
by a factor of 10, resulting in a noticeably more stable beam
trajectory. The corresponding results, illustrating the evolu-
tion of the beam parameters before and after correction, are
shown in Fig. 5.

In the ATF DR, where intensity-dependent effects play a
particularly important role due to the beam dynamics and
operating conditions, the corrections proved to be even more
effective, reducing transverse wakefield effects by a factor
of 15. This improvement highlights not only the efficiency
of the correction algorithms but also the robustness and
adaptability of the approach across different parts of the
accelerator complex. The results obtained in the DR are
presented in Fig. 6, clearly illustrating the strong suppression
of orbit distortions and the overall improvement in beam
stability after correction.

Previous DFS and WFS corrections showed excellent re-
sults in the ATF Extraction Line. These corrections com-
bined decreased the vertical beam size at the interaction
point of ATF2 by more than 15% and significantly increased
the beam position and beam size stability [8, 9].

CONCLUSIONS
The newly developed Flight Simulator is a powerful tool

to run RF-Track simulations and to apply several BBA cor-
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Figure 5: Simultaneous correction of the Dispersion and Wake-
field in the ATF LINAC.
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Figure 6: Wakefield correction in the ATF Damping Ring.

rections in three different accelerators. Both user-friendly
and modular, the tool provides extensive flexibility to its
users with dedicated GUIs and numerous variables to tune
the corrections. The tool has given excellent results in the
ATF. The DFS and WFS corrections lead to a clear improve-
ment in beam stability across a range of beam energies and
charges. In the ATF LINAC and the ATF2 beamline, the
dispersion was reduced by factors of 5 and 6, respectively.
The transverse displacement caused by intensity-dependent
effects decreased by a factor of 5 in the LINAC, by a fac-
tor 15 in the DR and by about 30% in the ATF2 beamline.
The Flight Simulator is not only useful for existing acceler-
ators and test facilities but would also be an excellent tool
to improve the quality and stability of future accelerators
and colliders. New tools are being developed including an
emittance measurement tool using quadrupole scans.
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