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Abstract
A new beam diagnostics method to reconstruct the full

5-dimensional phase space (𝑥, 𝑥′, 𝑦, 𝑦′, 𝑡) of bunches has re-
cently been proposed. This method combines a quadrupole-
based transverse phase-space tomography with the variable
streaking angle of a polarizable X-band transverse deflect-
ing structure (PolariX TDS). Two of these novel structures
have recently been installed at the ARES beamline at DESY,
which is a linear accelerator dedicated to accelerator research
and development, including advanced diagnostics methods
and novel accelerating techniques. In this paper, realistic
simulation studies in preparation for planned experimental
measurements are presented using the beamline setup at
ARES. The reconstruction quality of the method for three
beam distributions is studied and discussed, and it is shown
how this method will allow the visualization of detailed
features in the phase-space distribution.

INTRODUCTION
The ARES linear accelerator [1–4] at DESY is designed

to deliver stable and well-characterized electron bunches at
a repetition rate up to 50 Hz with energies up to 155 MeV
and charges from 0.05 pC to 200 pC. Its research program
focuses on performing advanced accelerator research and
development. This includes the production and measure-
ment of bunches with down to sub-fs durations [5–9] for the
study of novel dielectric-based acceleration techniques [10–
13] and medical applications; the application of machine
learning to accelerator operation [14, 15]; and the develop-
ment of diagnostic devices and methods [16–21]. As part of
these activities, a tomographic method is being developed
that would allow for the reconstruction of the 5-dimensional
(5D) phase space of electron bunches. The method takes
advantage of the polarizable X-band transverse deflecting
structure (PolariX TDS) that has recently been developed
in a collaboration between CERN, DESY, and PSI [22–24].
Two of these structures are installed at ARES and will be op-
erational in 2023. The variable streaking angle has already
enabled the reconstruction of the 3D charge density (𝑥, 𝑦, 𝑡)
at other beamlines [8, 9, 23, 25]. In the technique presented
here, it is used to perform a slice-wise 4D transverse phase-
space tomography [26–29], effectively reconstructing the
5D (𝑥, 𝑥′, 𝑦, 𝑦′, 𝑡) phase space of the bunches. This infor-
mation is useful to optimize and improve the beam quality,
detect correlations and other features in the distribution, or
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Figure 1: Sketch of the ARES beamline layout used for the
5D phase-space tomography simulation studies.

perform detailed simulation studies. The method and its
working principle were first presented in [21]. Here, simula-
tion studies in preparation for experimental measurements
using the beamline setup at ARES are presented. These stud-
ies investigate the accuracy of the method for three different
beam distributions.

WORKING PRINCIPLE
The method is based on performing a longitudinally sliced

transverse phase-space tomography. In order to perform a
transverse tomography, the transverse phase space needs to
be rotated. This rotation is performed in normalized phase
space, where the phase advance 𝜇𝑥,𝑦 is equivalent to the rota-
tion angles 𝜃𝑥,𝑦 [30]. The conversions from real phase-space
coordinates 𝑥, 𝑦 and 𝑥′, 𝑦′ to normalized phase-space coordi-
nates 𝑥𝑁 , 𝑦𝑁 and 𝑥′

𝑁
, 𝑦′

𝑁
are given by 𝑥𝑁 , 𝑦𝑁 = 𝑥, 𝑦/

√︁
𝛽𝑥,𝑦

and 𝑥′
𝑁
, 𝑦′

𝑁
= 𝑥, 𝑦(𝛼𝑥,𝑦/

√︁
𝛽𝑥,𝑦) + 𝑥′, 𝑦′

√︁
𝛽𝑥,𝑦 , where 𝛽𝑥,𝑦

and 𝛼𝑥,𝑦 are the Courant-Snyder parameters [31]. The lon-
gitudinal information of the bunch is obtained by streaking
the bunch with the PolariX TDS at various transverse angles.
By using a tomographic reconstruction algorithm such as the
SART (Simultaneous Algebraic Reconstruction Technique)
[32], this allows the reconstruction of the 3D charge density
(𝑥, 𝑦, 𝑡) [8, 9, 23, 25] for each (𝜃𝑥 , 𝜃𝑦) combination. Then,
with the same algorithm, the 4D distribution (𝑥, 𝑥′, 𝑦, 𝑡) is re-
constructed by using all the 3D reconstructions for a fixed 𝜃𝑦 .
Finally, by combining the 4D reconstructions of all scanned
𝜃𝑦 , the 5D distribution (𝑥, 𝑥′, 𝑦, 𝑦′, 𝑡) is obtained.

ACCURACY OF
5D PHASE-SPACE TOMOGRAPHY

The accuracy of the tomographic reconstructions is af-
fected by several factors. Firstly, a larger number of trans-
verse rotations and streaking angles is in general beneficial,
especially when the distribution has detailed features. Sec-
ondly, chromatic effects due to a finite energy spread result
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Table 1: Beam Parameters of the Original and Reconstructed Distributions

Distribution 1 Distribution 2 Distribution 3
Parameter Unit Original Recon. Original Recon. Original Recon.

𝐸 MeV 155 - 155 - 155 -
𝜎𝐸 % 0.1 - 0.1 - 0.1 -
𝑄 pC 1 - 1 - 1 -
𝜎𝜏 fs 200.02 200.97 200.00 200.96 199.99 202.80
𝜖𝑥 m rad 3.30 × 10−9 3.29 × 10−9 3.30 × 10−9 3.37 × 10−9 7.25 × 10−9 11.62 × 10−9

𝜖𝑦 m rad 3.32 × 10−9 3.36 × 10−9 3.31 × 10−9 3.48 × 10−9 6.24 × 10−9 11.00 × 10−9

𝜖𝑛𝑥 µm 1.00 1.00 1.00 1.02 2.20 3.52
𝜖𝑛𝑦 µm 1.01 1.02 1.01 1.06 1.89 3.34
𝛼𝑥 0.00 0.00 0.00 0.00 0.00 0.00
𝛼𝑦 0.00 0.00 0.00 0.00 0.00 0.00
𝛽𝑥 m 5.00 4.99 5.00 4.89 5.01 4.92
𝛽𝑦 m 5.00 4.95 5.00 4.84 5.01 5.04

in a spread of the phase advance within the distribution. This
leads to variations in the transverse rotation angles, impact-
ing the quality of the transverse reconstruction, as well as
in the final spot size at the screen, impacting the longitu-
dinal resolution. This is of particular relevance, because
the TDS itself can be a source of energy spread due to the
transverse variation of the longitudinal field as a result of
the Panofsky-Wenzel theorem [33]. Finally, the resolution
of the screen needs to be fine enough to resolve all features
of the distribution.

In the present study, the capabilities of the method to
reconstruct phase-space densities with correlations and com-
plex features are investigated. This is done by studying three
different distributions. Distribution 1 is a purely Gaussian
distribution without correlations. Distribution 2 is a Gaus-
sian distribution with imprinted correlations in the (𝑥′–𝑧),
(𝑦′–𝑧) and (𝑥′–𝑦′) planes. Distribution 3 consists of three
superimposed Gaussian beams with transverse offsets with
respect to each other and longitudinal correlations in the
transverse momenta, resulting in a complex phase-space
structure. All distributions feature the same initial Courant-
Snyder parameters, which allows for the use of the same
quadrupole settings for the three distributions. Distributions
1 and 2 have the same transverse emittance while distribu-
tion 3 features a larger transverse emittance due to its multi-
bunch structure. All the initial beam parameters are listed
in Table 1, where 𝐸 is the energy, 𝜎𝐸 the energy spread, 𝑄
the charge, 𝜎𝑡 the RMS bunch duration, and 𝜖𝑥,𝑦 (𝜖𝑛𝑥,𝑦) the
geometric (normalized) RMS emittance.

5D reconstructions of all three distributions are performed
using the beamline shown in Fig. 1, aiming for a longitudinal
resolution of 20 fs for distribution 1 and 2 (40 fs for distribu-
tion 3 due to its larger RMS spot sizes at the screen). The
longitudinal resolution 𝑅 is defined as 𝑅 = 𝜎𝑝𝑐/(2𝜋 𝑓 𝑒𝑉𝐿)
[34], where 𝜎 is the maximum unstreaked transverse spot
size at the screen downstream of the TDS, 𝑝 is the average
momentum of the bunch, 𝑐 the speed of light, 𝑒 the elemen-
tary charge, 𝑓 the TDS frequency, 𝑉 the peak voltage, and 𝐿

the drift length between the TDS center and the downstream
screen. Given the desired resolution, a TDS frequency of
11.99 GHz, 𝜎 = 244 µm, and 𝐿 = 7.21 m a peak voltage
of 3.6 MV is required. Since each of the available PolariX
TDSs will be able to streak the beam with up to 20 MV peak
voltage, only the first TDS in Fig. 1 is used in this study.

The streaking angle of this TDS is varied over a range of
180° in 50 steps. Five quadrupoles are used to scan the trans-
verse phase advances over a range of 180° in 40 steps. The
projections of the distributions are recorded on the screen
station downstream of the TDS. The simulated screen has
a size of 2.02 x 2.02 cm to fit ±4 sigma of the RMS bunch
duration, and 1000 x 1000 pixels, which corresponds to a
resolution in the range of the ARES screen stations. The
reconstruction of the transverse distribution is performed
at the location of the screen station upstream of the first
displayed quadrupole.

All simulations are performed in ocelot [35, 36] using
distributions with 4 000 000 particles. Second-order transfer
maps are used for all elements except the TDS, where only
a first-order transfer map is available.

The final reconstruction has a size of 200 bins in all
transverse dimensions and 40 bins in the longitudinal plane,
which, respectively, results in a resolution of 5 µm/

√
m and

40 fs.
All tomographic reconstructions are performed using a

python scikit-image [37] implementation of the SART algo-
rithm [32]. Two iterations over this algorithm are performed
for each tomographic reconstruction. A condition is imposed
in the algorithm to ensure charge preservation and strictly
positive charge-density values.

RESULTS
The reconstructed Courant-Snyder parameters, emit-

tances, and bunch lengths are listed in Table 1. When only
a limited number of rotation angles are used, tomographic
methods such as the SART tend to introduce spurious charge
density even far off-axis where no charge should be present
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Figure 2: Original (top) and reconstructed (middle) phase space for all distributions. For each distribution, the left plot
shows the (𝑥′–𝑧) phase space, the right plot the (𝑥′–𝑦) phase space for the central longitudinal slice ranging from −6.0 µm
to 6.0 µm. The bottom row shows the difference between the reconstructed and original distribution. All distributions are
normalized to the maximum value of the corresponding original distribution.

[23]. Therefore, to analyze the emittances and Courant-
Snyder parameters of the reconstructed distributions only
values within a ±3 sigma range from the bunch center are
considered. Excellent agreement with relative discrepancies
of ≲ 5 % is achieved for the beam parameters of distribu-
tions 1 and 2. The imprinted correlations in distribution 2
are analyzed in normalized phase space. For the original dis-
tribution, the slopes of the (𝑥′–𝑦′), (𝑥′–𝑧) and (𝑦′–𝑧) corre-
lations are, respectively, −1.18, 1.20 m−1/2, and −1.42 m−1/2.
The values obtained from the tomographic reconstructions
are −1.25 for (𝑥′–𝑦′), 1.27 m−1/2 for (𝑥′–𝑧), and −1.48 m−1/2

for (𝑦′–𝑧) showing a relative discrepancy below 6 %. For
distribution 3, the reconstructed bunch duration and Courant-
Snyder parameters agree well with the original parameters
with discrepancies below 2 %. However, the reconstructed
emittances show large deviations. Possible reasons could
be an insufficient number of projection angles and screen
resolution to resolve the sharp features of the distribution.

Exemplarily, in Fig. 2 the reconstructed (𝑥′–𝑧) phase
space and the central longitudinal slice of the (𝑥′–𝑦) phase
space are plotted (second row) for all three distributions and
compared to the original distribution (top row). The charge
densities are normalized to the corresponding maximum
value of the original distribution. The bottom row shows
the difference between the reconstructed and original phase
spaces. Excellent agreement between the reconstructed and
original distribution can be seen for distribution 1 (left) and
distribution 2 (center). For distribution 3, the correct recon-
struction of the distribution features can be appreciated. De-
spite the slight washing out of the features all sub-structures
of the bunch are visible.

CONCLUSION
The presented simulation studies show that the 5D phase-

space tomography method allows for the reconstruction and

visualization of the full transverse phase-space distribution
of all longitudinal slices of the bunch. For a Gaussian dis-
tribution and a distribution with a longitudinally correlated
transverse momentum offset, excellent agreement with the
original beam parameters (discrepancies ≲ 5 %) and corre-
lations (discrepancies ≲ 6 %) is obtained. More noticeable
discrepancies appear when reconstructing a complex, multi-
beam distribution, although all relevant features are clearly
recovered. Potential sources for these discrepancies, which
will be studied in more detail in future work, include the
number of projection angles, the screen resolution, chro-
maticity in the quadrupoles, and an induced energy spread
by the TDS.
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