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Abstract
The development of longitudinal diagnostics for short-

pulse electron accelerators is challenging but necessary to
provide high-brightness electron bunches. This is equally
true in novel plasma accelerators and for free electron lasers.
The gold standard for such measurements is the transverse
deflecting cavity (TDC); however, these devices are typically
invasive and costly to produce and operate. As an alternative,
a THz-based reflective imaging system has been designed
and installed at the MAX IV short pulse facility (SPF) for
imaging coherent transition radiation (CTR) for bunch pro-
file reconstruction. This contribution presents the progress
towards applying transfer learning to deep learning models
for evaluating the reconstruction of bunch profiles from ex-
perimentally acquired CTR images, building on previous
successes in profile prediction using simulated data. Practi-
cal resolution limits and the next steps in the development
of the monitor are also discussed, where the reconstructions
of the longitudinal profile will be achieved using single-shot
CTR images and benchmarked against the TDC bunch pro-
files.

INTRODUCTION
Ultra-short bunch length measurements are crucial in

novel facilities such as high-gradient plasma-based accelera-
tors and light sources like free electron lasers (FELs), where
high-quality electron bunches on the femtosecond (fs) range
are required. This range poses significant challenges for the
development of beam instrumentation and diagnostics [1].

Although transverse deflecting cavities (TDCs) are the
gold standard for longitudinal phase space characterization,
including bunch profile and length measurements [2–5], min-
imally or non-invasive setups often rely on radiative tech-
niques instead. In such cases, polarization radiation [6] is
produced when the bunch charge is made to emit broadband
radiation, which is then studied. Some examples of polariza-
tion radiation include Cherenkov (ChR) [7], Smith-Purcell
(SPR) [8, 9], and transition radiation (TR) [10]. In all cases,
radiation will be coherent for all the wavelengths that are
equal to or longer than the bunch length itself, and the analy-
sis can be done using either spectral [10,11] or time domain
methods.

For spectral analysis, the spectral distribution is analyzed
using iterative phase retrieval algorithms, knowing that the
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spectrum of the coherent radiation 𝑆(𝜌(𝑧), 𝜔) is given by:

𝑆(𝜌(𝑧), 𝜔) = 𝑆𝑝(𝜔)[𝑁 + 𝑁(𝑁 − 1)𝐹𝑧(𝜌(𝑧), 𝜔)] ,

where 𝑆𝑝(𝜔) is the single particle spectrum, 𝑁 the number of
particles in the bunch, and 𝐹𝑧(𝜌(𝑧), 𝜔) the longitudinal form
factor [12]. The longitudinal form factor carries information
about the bunch profile since it is defined as the modulus
squared of the Fourier transform of the longitudinal particle
distribution 𝜌(𝑧):

𝐹𝑧(𝜌(𝑧), 𝜔) = ∣∫
∞

−∞
𝜌(𝑧)𝑒−𝑖 𝜔

𝑐 𝑧𝑑𝑧∣
2

.

However, the spatial distribution of the image in coherent
transition radiation (CTR) has also been proven to contain
information about the bunch profile [13]. The image distri-
bution for an electron bunch 𝐼 𝑖

bunch for a specific bandwidth
is given by:

𝑑𝐼 𝑖
bunch
𝑑𝑟 ≈ 𝑁2

𝑒 ∫
Δ𝜔

𝑑2𝐼 𝑖
𝑒

𝑑𝜔𝑑𝑟𝐹𝑧(𝜌(𝑧), 𝜔)𝑑𝜔 ,

where 𝐼 𝑖
𝑒 is the image distribution for a single electron and

Δ𝜔 is the bandwidth [13,14]. With the imaging approach,
other sources of radiation, such as synchrotron radiation,
become defocused and flattened in the background since
they originate outside the TR source plane.

The analysis of the resulting CTR images is not straightfor-
ward, as the information about the bunch profile is encoded
in the spatial distribution alongside external effects from
the optics and detector used, for example. This motivates
the use of deep learning to reconstruct the bunch profiles by
learning these complex patterns from large amounts of simu-
lated data and transferring the knowledge (transfer learning)
to perform reconstructions from the more limited amount of
experimental data.

SETUP AND CTR IMAGING SYSTEM
The CTR imaging system was designed for installation at

the MAX IV short pulse facility (SPF) (see Fig. 1), where it
is possible to test with 3 GeV e-beams. SP01 and SP02 are
located within the SPF, where the former is the diagnostic
beamline containing the high-energy TDC, and the latter is
the beamline connecting to FemtoMAX (i.e., to the users)
and where the CTR target actuator and imaging system are
located.

In the setup (schematic shown in Fig. 2) the production
of CTR is achieved by placing with an actuator a 25 mm di-
ameter, 5 mm thick aluminum substrate with a 200 nm gold
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Figure 1: Layout of the MAX IV linac and the SPF. Highlighted are the interest points for the parameter scans at linacs
L1 and L2-19 (orange) and the bunch compressors BC1 and BC2 (blue). At the SPF, the SP01 arm contains the high
energy TDC, and the SP02 arm is where the CTR imaging system is located. Adapted from LEDS workshop 2024 slides
“Characterisation of the MAX IV arc compressors using an S-band deflector’’.

layer finish surface into the path of the e-beam to intercept it.
By setting the target at a 45∘ incidence, the backward tran-
sition radiation can be studied, as it emerges perpendicular
to the beamline and can be observed through an HRFZ-Si
window. Imaging the coherent transition radiation required
the design of a broadband imaging system composed of two
1’’ off-axis parabolic (OAP) silver-coated mirrors (reflected
focal lengths (RFL) 4’’ and 8’’, for a 2× magnification) and
a 160 × 160 pyroelectric array (Pyrocam™ IIIHR GigE:
PY-III-HR-C-A-PRO).

Figure 2: Schematic of the CTR production (TR target at 45∘

intercepting the e-beam) and the optical system for imaging
(viewing window, system of two OAPs in antisymmetric
configuration and pyroelectric array).

Simulations using Zemax OpticStudio predicted the pres-
ence of geometric aberrations on the horizontal axis of the
system caused by the antisymmetric configuration of the
OAP mirrors, which were also observed in the experimental
data (see Fig. 3). Although this would make the direct anal-
ysis of the spatial distribution of the CTR images difficult,
it is expected that the deep learning models would learn all
the image features, including these aberrations, since they
are equally present in the simulated data, thus not affecting
the reconstruction after the knowledge transfer.

DATASETS AND MODEL TRAINING
Simulated and experimental datasets are considered for

this reconstruction problem to train the source (first) and tar-

Figure 3: (a) Resulting simulated image for a single wave-
length on the antisymmetric configuration of the OAPs, em-
phasis on the horizontal asymmetry, and (b) single-shot
experimental CTR image sample.

get (second) models, respectively. Samples of the simulated
and experimental bunch current profiles are shown in Fig. 4.

Figure 4: Samples of simulated double Gaussian bunch
profiles for (a) dataset 1, (b) dataset 2, and (c) experimental
shot from the TDC.

For the training, simulated datasets were generated with
20000 samples of CTR image and current profile pairs using
Zemax OpticStudio simulations. Dataset 1 is composed of
combinations of two Gaussians with full-width half maxi-
mum FWHM ranges of [10, 100] and [100, 300] fs, respec-
tively, where the second Gaussian must be <40 % the am-
plitude and within one standard deviation 𝜎 of the first one.
For dataset 2, more variance was introduced to test the gen-
eralization ability of the trained model, with FWHM ranges
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of [1, 100] and [50, 300] fs, with the second Gaussian up to
100 % of the amplitude and within 3𝜎 of the first one.

The experimental datasets were taken at the MAX IV SPF,
performing 1D and 2D phase (linacs (i) L1 and (ii) L2-19
in Fig. 1) and sextupole (bunch compressors (i) BC1 and
(ii) BC2 in Fig. 1) parameter scans. For the same parameter
ranges, the bunch profiles are extracted from the TDC images
taken in SP01, and the CTR images were taken on SP02,
although at different moments during the beamtime. The
preprocessing and consolidation of the experimental datasets
are still ongoing.

Figure 5 presents the ensemble deep learning model, in-
spired by the developments in Ref. [15], used for these pre-
liminary results. The input is the CTR image, and the output
is the reconstructed bunch profile.

Figure 5: Schematic of the ensemble models for bunch pro-
file reconstruction. The CTR image acts as input. Four
convolutional neural networks (CNNs) with the same archi-
tecture but trained with different initialization parameters
produce four distinct reconstructions, and the output and
uncertainty are obtained by averaging.

These preliminary results are for an ensemble model
trained with dataset 1 and further tested on dataset 2. The
performance on unseen data is shown in Fig. 6. The median
value of the training metric, mean squared error (MSE), for
500 unseen samples in dataset 1 is 5.95 × 10−5, which grows
to 3.44×10−4 when testing on dataset 2, as can be visualized
in Fig. 6 (a). This behavior is expected, as the latter contains
completely new data with higher variance. However, it was
still possible to reconstruct bunch profiles when the smaller
Gaussian was not shorter than 10 fs; below this value, the
uncertainty on the predictions (see Fig. 6 (b)) shows that the
results are not reliable. This hard limit at 10 fs is expected
due to the information loss caused by the low transmittance
of the HRFZ-Si window in the required wavelength range.

Adding up the uncertainties for all points in the recon-
structed bunch profile yields the cumulative uncertainty pre-

Figure 6: Performance metrics for bunch profile reconstruc-
tion from unseen CTR images from dataset 1 and dataset 2,
with model trained on dataset 1 without fine-tuning. (a)
Mean squared error - MSE (model training metric), (b) max-
imum uncertainty on reconstructions on the [1, 20] fs range,
(c) cumulative uncertainty (added uncertainty of all the full
bunch profile points), and (d) maximum error.

sented in Fig. 6 (c), which is mainly kept in a consistent
range between the two datasets, with slightly worse perfor-
mance in dataset 2. Lastly, the maximum error (calculated
as the maximum difference error for a given bunch profile)
can be nearly double for dataset 2, which accounts for the
higher variance in the parameter ranges of the Gaussians in
this second dataset.

CONCLUSIONS

Comparisons have been made between models trained and
tested on different datasets with varying ranges of Gaussian
parameters. The models have successfully reconstructed un-
seen bunch profiles with double Gaussian combinations in a
range of higher variance. The pre-training phase for the trans-
fer learning has been completed by using these simulated
double Gaussian datasets. The extraction of experimental
data for future fine-tuning and testing is advanced. Still, ad-
ditional preprocessing will be necessary before fine-tuning
the models to achieve successful knowledge transfer and
single-shot experimental reconstruction of bunch profiles in
the fs range.
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