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Abstract
Bunch length measurements with femtosecond resolution

are a key component in the optimisation of beam quality in
FELs, storage rings, and plasma-based accelerators. This
contribution presents the development of a novel single-shot
bunch length monitor with femtosecond resolution, based
on broadband imaging of the spatial distribution of emitted
coherent radiation. The technique can be applied to many ra-
diation sources; in this study the focus is coherent transition
radiation (CTR) at the MAX IV Short Pulse Facility (SPF).
Bunch lengths of interest at this facility are <100 fs FWHM;
therefore the CTR is in the THz to Far-IR range. To this end,
a THz imaging system has been developed, utilising high re-
sistivity float zone silicon lenses and a pyroelectric camera;
building upon previous results where single-shot compres-
sion monitoring was achieved. This contribution presents
simulations of this new CTR imaging system to demonstrate
the synchrotron radiation mitigation and imaging capability
provided, alongside initial measurements and a bunch length
fitting algorithm, capable of shot-to-shot operation. A new
machine learning analysis method is also discussed.

INTRODUCTION
Ultra-short bunch lengths in the <100 fs range are be-

coming more commonplace in the accelerator sector. Free
electron lasers are leading this push to shorter bunches with
the many applications afforded by the short x-ray pulses pro-
duced. However, longitudinal diagnostics in this regime are
limited to a handful of solutions. These systems are mostly
interferometric [1], spectroscopic [2], or electro-optical [3].
Each have their strengths and weaknesses, but generally
there is a compromise between longitudinal profile resolu-
tion, number of shots required, and ease of application. This
proceedings will describe a new longitudinal profile monitor
which is simple to operate on a shot-to-shot basis, and pro-
vides a fs-resolution measurement to the bunch profile width
and features - beaten only by a full spectroscopic reconstruc-
tion. As this is an imaging method no phase information is
collected, therefore the full profile cannot be reconstructed;
however features of the profile can be measured given a pre-
determined profile shape (e.g. Gaussian, double-Gaussian,
etc.). This new system is based upon broadband imaging
of coherent radiation. Work presented here will focus on
the application of this technique to transition radiation (TR)
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but in principle other non-interceptive radiation sources, e.g.
synchrotron radiation (SR), can be used.

TR is produced when the electric field of a charged parti-
cle traverses the boundary between two different dielectric
constants [4]. TR has a broadband spectral distribution,
of which a specific bandwidth is typically studied. If this
bandwidth contains wavelengths comparable to or exceeding
the bunch length of the source bunch, the radiation will be
coherent, hence CTR.

BROADBAND IMAGING
Previous studies have shown that images produced by

this broadband imaging methodology are dependent upon
longitudinal bunch properties [5–7]. This imaging technique
is based upon how a coherent image is constructed. In this
short bunch regime the particles of interest are typically
electrons, therefore this shall be the assumed source of the
CTR moving forward. The image, 𝐼 𝑖

𝑏𝑢𝑛𝑐ℎ, for an electron
bunch is calculated using the image from a single electron at
a single frequency, 𝐼 𝑖

𝑒, multiplied by the longitudinal bunch
form factor, 𝐹𝑧, integrated over the applicable broadband
bandwidth, Δ𝜔 [6, 8, 9]. The theoretical calculation for a
CTR image is:

𝑑𝐼 𝑖
𝑏𝑢𝑛𝑐ℎ
𝑑𝑟 ≈ 𝑁2

𝑒 ∫
Δ𝜔

𝑑2𝐼 𝑖
𝑒

𝑑𝜔𝑑𝑟 ∣𝐹𝑧 (𝜌 (𝑧) , 𝜔)∣2 𝑑𝜔, (1)

where 𝑟 is the spatial position on the image plane, 𝑁𝑒 is the
number of electrons in the bunch, 𝜌(𝑧) is the longitudinal
bunch profile, 𝜔 is the frequency of the emitted TR, and
𝐹𝑧 is the longitudinal form factor. Equation (1) assumes a
large 𝑁𝑒, to neglect incoherent contributions. It also assumes
a transverse size, 𝜎𝑟, which is < 𝛾𝜆/2𝜋, where 𝛾 is the
Lorentz factor of the particle and 𝜆 = 2𝜋𝑐/𝜔. The trans-
verse form factor, 𝐹𝑟, will then be ≈ 1 and only 𝐹𝑧 needs
to be accounted for; assuming 𝐹𝑟 ≈ 1 for a 1 GeV electron
beam at 10 THz, 𝜎𝑟 must be <9 mm - a valid assumption
for modern accelerators. Equation (1) demonstrates that
the image produced by the integration over Δ𝜔 is the sum-
mation of the individual spectral images, modulated by 𝐹𝑧.
Therefore, if Δ𝜔 is chosen to capture the spectral range over
which 𝐹𝑧 varies for a specific bunch profile variation, any
changes in 𝜌(𝑧) will be apparent in the image produced.

The theory detailed above would work equally well for
angular distributions as it does for spatial imaging. However
a significant disadvantage of using the angular distribution is
that the detector is typically placed in the focal plane of the
optical element of the imaging system. This configuration
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focuses all rays from the source plane with specific angular
properties, as well as upstream sources sharing those same
properties, to the same spatial position in the focal plane.
In this configuration, when multiple radiation sources are
within the coherence length, 𝐿 = 𝛾2𝜆, of one another they
can interfere and distort the expected angular distribution of
a single source [10,11]. At coherent wavelengths it becomes
impossible in practise to separate two radiation sources by
a sufficiently large distance, as often 𝐿 >>10 m. Therefore
interference occurs amongst the various upstream sources,
and the resulting distribution can become incompatible with
diagnostic requirements. For spatial imaging, these upstream
sources are still collected, but as the detector is placed in
the image plane rather than the focal plane, these sources
become a de-focused, defuse background.

DIAGNOSTIC DEVELOPMENT

Previous work has developed and tested several iterations
of broadband imaging systems [6, 7]. These systems have
been proof of concept designs, with a focus of proving the
methodology. Building on this, the focus of current work is
to develop an operational diagnostic.

To achieve this two main improvements have been carried
out. The first was an improved detector. Previous detectors
have all been pyroelectric detectors of different formats and
specifications; these were either a large single pixel which
was scanned across the image plane, or a 1D linear array.
The new detector for this system is a Pyrocam [12]. This is a
2D array of pyroelectric crystals, capable of providing high
resolution, high broadband sensitivity, single-shot images.

The second improvement has been the development of an
optimised imaging system. Previous systems had focused
on ease of use to minimise potential sources of errors in the
proof of concepts measurements, however this lead to several
spectral “dead zones”in the broadband spectrum. This ulti-
mately limited the achievable resolution for these systems.
A new system has therefore been designed based on high
resistivity float zone silicon (HRFZ Si), which has a very
large window of transmission, but is opaque at optical wave-
lengths making alignment and focusing more difficult. The
system contains a gold target, a HRFZ Si vacuum window,
followed by a single plano-convex HRFZ Si lens.

The broadband imaging capability was simulated using
Zemax OpticStudio [13]. The elements detailed above were
positioned in a simple 2𝑓-2𝑓 imaging setup (for simulation
purposes), where 𝑓 is the focal length of the lens, which was
100 mm in this instance. This imaging system was focused
on a TR target tilted at 45∘ relative to the beam propagation
direction. A simple schematic of the system is presented in
Fig. 1. The ray diagram in Fig. 1a shows how the system will
focus the TR radiation, while Fig. 1b shows how the rays
from an upstream source, for example coherent SR (CSR),
would behave. It is clear from the ray diagrams that any
upstream source is going to be completely de-focused and
rendered a low-level background to the main CTR image.

(a)

(b)

Figure 1: Single HRFZ Si lens imaging system in a 2𝑓-2𝑓
setup imaging a TR target at 45∘. Top: CTR ray diagram.
Bottom: upstream source (e.g. CSR) ray diagram.

Figure 2: Example simulated CTR image profiles using the
system shown in Fig. 1.

The performance of this system was simulated for a range
of single Gaussian longitudinal profiles. Line scans of the
images produced are presented in Fig. 2. The image profiles
can be clearly seen to vary in intensity and width for a varying
bunch length. Indeed this is the basis for the current analysis
methodology. Figure 3 presents calibration curve which can
be generated from these simulations. The basis for this is
that a broadband CTR image of the electron bunch can be
taken, then by comparing the peak-to-peak separation of this
image to the curve, a FWHM bunch length for a Gaussian
approximation of the bunch can be retrieved.

This system has now been installed at the MAX IV SPF
(Lund, Sweden), as can be seen in Fig. 4, alongside the
very first single-shot CTR test image. System benchmarking
measurements shall be begin later this year.

NEURAL NETWORK ANALYSIS
As described in the previous section, current analysis

distils the information contained in the broadband images
into a single value of peak-to-peak width; this discards a large
majority of the information within the image and assumes
the longitudinal bunch profile is approximately Gaussian.

In recent years machine learning techniques, particularly
neural networks (NN), have proven to be perfectly suited to
this type of feature recognition problem. To utilise all useful
information contained within an image, a new NN analysis
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Figure 3: Typical analysis of the images presented in Fig. 2.
CTR image width variation with bunch length.

Figure 4: HRFZ Si system at the MAX IV SPF. Inset image
is the first test image of CTR with the system.

method is being developed. As a first step, the simulations
above were conducted using a double-Gaussian distribution.
The six possible variables (2 widths, 2 amplitudes, and 2
offsets) were randomised within a range of parameters which
could be expected from the MAX IV SPF.

100,000 of these images were used to train a feed-forward
NN, with an 80:20 split between the training and validation
sets. The network consisted of the pixel values of a 1D line
profile of the CTR simulated images as inputs, three hidden
layers, and the six double-Gaussian variables listed above
as outputs. Each layer consisted of the following number of
neurons: [256 (inputs), 256, 256, 256, 6 (outputs)]. Training
used the Rectified Linear Unit as the activation function in
all layers and the Adam optimiser. The network was trained
for 10,000 epochs using a batch size of 100 and a learning
rate of 1e-5. Open-source Keras and Tensorflow libraries
were used to build and train the NN.

Figure 5 presents the results of the validation analysis
on the model. The closer predicted values match the true
values (black line), the better the model can predict the
individual double-Gaussian parameters from a CTR image.
Gaussian one had a fixed amplitude of 1 and an offset of 0
(not shown in Fig 5, predicted to 0.01% RMSE); Gaussian
two associated parameters were then relative values. The
results are extremely promising given the infancy of this
work. The relative amplitude could be predicted to a 6.7%
RMSE, the width of the first Gaussian to 1% RMSE, the
width of the second Gaussian to 6.2% RMSE, and the relative
offset to 17.2% RMSE. These first results are a significant
improvement upon existing analysis. Work is now underway

to extend this model to use the full 2D image, use more
realistic bunch profiles, and apply this to measurements.
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Figure 5: Initial validation results of the new neural network
model for CTR image analysis.

DISCUSSION AND FUTURE PLANS
Described here is a bunch length monitor with the poten-

tial to provide shot-to-shot longitudinal profile information.
Comparing images from MAX IV and simulations will be
an important next step. Once initial commissioning of the
system is complete, a full phase scan will be completed
with corroborating measurements taken where possible for
independent verification.

Following this, it would be straightforward to adapt
this technology to image other, non-interceptive, radiation
sources; this would make the technique non-invasive. A non-
invasive single-shot method of measuring detailed longitudi-
nal profile information would have accelerator applications.
This is particularly the case for AWAKE (CERN, Switzer-
land) [14] where this system could be used to non-invasively
monitor the longitudinal properties of the pre-injection, and
the post-plasma accelerated electron beams. Alongside these
efforts, further study of the contribution of transverse profile
variations will be conducted. This work assumes a coherent
transverse form factor, which cannot always be guaranteed;
e.g. for CSR transverse beam size can play a larger role [7].

Work will continue to leverage machine learning tech-
niques to increase the insight a single image can provide,
building upon these promising first results.
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