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Abstract

Cobherent transition radiation (CTR) has been widely used
for developing diagnostics of particle beams due to its broad-
band spectrum, which provides information on the particle
distribution, and its relatively simple experimental setup
compared to other sources of coherent radiation. For short
and ultrashort electron bunches, ps- to fs-long, methods such
as CTR spectrometry and interferometry have been used.
Recently, an alternative method using point-to-point spatial
imaging of the transition radiation source plane has been
studied, showing promising results in which image features,
such as the image width, can be tied to the bunch length.
However, a more in-depth image analysis is required. In this
work, an attempt is made to model some of the bunch profile
features from the CTR spatial images using conventional
image and data analysis techniques. The CTR spatial images
are simulated in Ansys Zemax OpticStudio for a broad range
of bunch profiles, from single-Gaussian to multi-Gaussian
distributions that emulate more realistic bunches. The results
form the basis for the next stage of analysis of experimental
CTR images for retrieving the longitudinal bunch profile.

INTRODUCTION

Diagnostics for ultrashort electron bunches pose chal-
lenges in plasma wakefield accelerators, as well as in short-
pulse accelerators in general.

Time-domain methods, such as transverse deflecting struc-
tures, are the gold standard for longitudinal measurements
down to the required sub-fs range in plasma accelerators [1],
but they can be costly and may represent a significant foot-
print for future accelerators like EuPRAXIA or other plasma-
based facilities, where size is an important factor. Transverse
deflecting structures, however, are an intercepting diagnostic,
which can make this method impractical for monitoring the
bunch length at different positions along the beamline; thus,
there is a need to develop alternative diagnostics that could
potentially be compact and cost-efficient while achieving a
similar resolution.

Instead of a time-domain technique, this study focuses
on a monitor using polarization radiation [2], specifically
coherent transition radiation (CTR). While other works have
shown its use in characterizing ultrashort electron bunches
via spectroscopy [3—5], the monitor studied in the present
work uses point-to-point spatial imaging of the CTR source
to determine longitudinal features of the bunch profile [6-8].
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CTR SPATIAL IMAGING

When assuming full transverse coherence of the bunch,
that is, its rms transverse size o, << y A/2sr [5], the coher-
ent power spectrum of the transition radiation will be given
by:

Scrr(p(2), ) = S, (w)N?F (p(2), ), (1

where S, (w) is the spectrum of a single-particle, N is the
number of particles in the bunch, and F,(p(z), ) is the
longitudinal form factor [9].

The particle distribution p(z) (or the bunch profile) is
contained in the longitudinal form factor, according to:
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The bunch profile p(z) can be determined by measuring
the spectrum and applying iterative phase methods [3-5].
But with CTR in particular, the focus of this work, there is
another option to study the particle distribution by analyzing
the image distribution for the particle bunch d1{ . /dr [6,7].
This image corresponds to a point-to-point spatial image of
the CTR source, and it is described, for a given bandwidth
Aw, by:
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F.(p(2), 0)D(w)T(w)dw, (3)

where N, is the number of particles in the bunch, dI% /d wdr
is the image distribution for a single electron, A w is the band-
width, T (w) is the added transmittance/reflectance of the
optical elements and propagation, and D(w) is the detector
response.

Figure 1 presents the schematic of the monitor prototype.
Two off-axis parabolic mirrors (OAPs) are used to image

e-beam

Viewport
window

OAP,
TR
target
Pyroelectric

101.6 mm
array
LOAPZ H

Figure 1: CTR imaging system layout.

203.2 mm

the source of the CTR distribution by placing OAP; at the
reflected focal length (RFL = 101.6 mm) of the center of the
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transition radiation (TR) target. The second mirror, OAP,,
is placed in the anti-symmetric configuration, thus obtain-
ing the spatial image at its RFL = 203.2 mm. The ratio of
the RFLs determines the magnification, in this case, a 2x
magnification.

For a more extensive description of the monitor’s working
principle and design process, see [8].

Zemax OpticStudio SIMULATIONS

The simulated images analyzed in this work were obtained
using Zemax OpticStudio 2025/R2.

Simulation Parameters

The simulations require inputting some beam parameters
and optical system properties. For the beam parameters,
the beam energy is set to 3 GeV, and the charge can be dis-
regarded, as it would only scale the intensity of the final
image. The target diameter is 25 mm and placed at 45° in-
cidence. T (w) groups the transmittance coefficients of the
window (high-resistivity float zone silicon HRFZ-Si) and
the reflectance of the mirrors (protected silver), while D(w)
will be the pyroelectric array response. For the results shown
in this contribution, a slight mirror misalignment has been
introduced in the simulations, with a 0.4° rotation, to study
the monitor’s performance under realistic conditions where
misalignments are possible. More detailed discussion about
the role and effects of the parameters listed above on the mon-
itor can be found in [8]; they have been carefully selected
for the study of bunches gy, = [10 — 100] fs.

Generation of the Images

To obtain the final CTR images, the spectral data (one
image per simulated frequency) are generated first, represent-
ing the image distribution of a single electron in Eq. 3. For
the specific set of parameters described above, the resulting
peak irradiance at the detector as a function of frequency is
shown in Fig. 2, highlighting that high-frequency compo-
nents (shorter bunches and shorter bunch-profile features)
will dominate the final CTR images over low-frequency com-
ponents.
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Figure 2: Peak detector irradiance vs. frequency from simu-
lations.

This data needs to be generated only once, but it is the most
time-consuming part of the process. Once the spectral data is
available, the full image distribution can be computed using
Eq. 3 for a given bunch profile that is within the expected
bunch lengths resolved by the designed monitor.
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EXPLORATION OF THE IMAGE
FEATURES

Three scenarios are analyzed in this work and are pre-
sented below.

The first set of simulations is shown in Fig. 3. The bunch
profiles are generated as purely Gaussian profiles in the range
Trwam =~ [10 — 100] fs. In this figure (and the subsequent
ones), for each profile, the apparent bunch length is reported
on the top row by two measures. T gy, is the full width
at half maximum of the distribution, but ‘/m_z is calculated
from the second moment as a measure of how spread out
the signal “mass” is along the time axis.
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Figure 3: Images generated for purely Gaussian profiles.

The second set of simulations were produced for
a main peak of 55% of the total amplitude at fixed
TrwHM-peak =15 s and a tail of 45 % of the total ampli-
tude, in the range Trwpyi = [0 — 120]fs, and with an
offset of o,;/2. The goal is to observe how the presence
of (lateral) tails in the bunch can affect the output image,
even though the main peak is expected to dominate, as it is
a high-frequency component. It is shown in Fig. 4.
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Figure 4: Images generated for a fixed main peak and a
growing tail/background.

For the last set of simulations, the goal is to study small
bumps/features in bunch profiles that correspond to high-
frequency features, even though they have small ampli-
tudes, and how they can affect the output CTR image. The
main peak is set to 30 % of the total amplitude at fixed
T rwHM-peak =20 fs and the secondary peak to 70 % of the
total amplitude, in the range 7y = [0 — 100]fs, and
with an offset of 7 congary- It can be seen in Fig. 5.
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Figure 5: Images generated for a profile composed of two
Gaussians (one fixed and one growing) for obtaining two
peaks.

The results of the image analysis for the three cases are
shown in Fig. 6. For the CTR image analysis, the FWHM
in both image directions is used as a simple measure of the
changes. High-frequency image components are closer to
the center, while low-frequency components appear further
away from it. The image at the source is circular and sym-
metrical; however, natural geometric aberrations in the OAP
mirrors introduce distortions. The distortion is treated as an
additional feature in this work, providing extra information
about the bunch profile rather than as a shortcoming.

In each case, it should be noted that even though the
apparent bunch length is kept within a similar range (see
\/m_z in TDS: reference [fs]), the features within the bunch
are different, and the resulting CTR images capture these
differences in different ways. For Gaussian profiles in Fig. 6
(a), initially there is a steady and proportional growth in both
directions of the CTR image, eventually starting to decrease
in the horizontal direction for longer bunches. It can be best
observed in Fig. 3, where the left side of the CTR images
gets much brighter in comparison with the right side when
increasing the bunch length.

In the case of Fig. 6 (b-c), there is an increase in the CTR
image size when the effective bunch length starts to grow,
while the spectral intensity is comparable between the high-
frequency peak component and the tail or secondary bunch.
It starts to decrease shortly after, as the tail and secondary
peak lengthen, because the high-frequency components of
the peak become dominant. It should be noted that this
monitoring method does not provide any phase information
about the particle distribution, meaning that in the case of
Fig. 6 (b-c), a mirrored profile would produce exactly the
same CTR image.

It is evident that the relationships are nonlinear and diffi-
cult to capture with a regression model, making deep learn-
ing models an interesting alternative to try next. Using both
simulated and experimental data, to make full use of the
proposed monitor capabilities, with architectures such as
convolutional neural networks that can capture image infor-
mation.
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Figure 6: Image analysis results for the proposed simula-
tion experiments (a) growing Gaussian profiles, (b) main
peak and growing (lateral) tail, and (c) introduction of high-
frequency features of small amplitude.

CONCLUSION

Spatial CTR images were studied from a simulation-based
perspective. The simulations are a valuable source of infor-
mation for developing this monitor, as they enable testing its
capabilities across a wide range of particle distributions that
may not be available experimentally. The image analysis
shows that the CTR spatial images are complex and result
from a combination of factors in the particle distribution,
making them difficult to generalize with a simple regression
model. Next steps include testing these detailed simulations
and experimentally acquired images with deep learning mod-
els better suited to this specific problem to reconstruct the
bunch profile.
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