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Abstract
Plasma-based accelerator technology is reaching a ma-

ture state, where applications of the beam for medical sci-
ences, imaging, or as an injector for a future large-scale
accelerator-driven light source become feasible. Particularly,
the requirements for beam injection into a storage-ring-based
light source are very strict with regards to beam quality and
reliability. A non-invasive diagnostics greatly helps to re-
duce the commissioning time of the machine. We present a
device suitable for online, non-destructive monitoring of the
transverse spot size of the injected beam. In order to measure
lateral beam sizes with a few-µm resolution, the technique
uses an interferometric regime of coherent synchrotron radia-
tion that is enabled by a sub-femtosecond short bunch-length.
Simulations of the photon flux and the retrieval of the beam
spot-size are performed for different bandwidth filters in
order to define the bandwidth acceptance. Results show the
potential of the proposed system that achieves precise re-
trieval of the complex degree of coherence at an extremely
low photon intensity similar to those expected towards the
plasma-acceleration injectors.

INTRODUCTION
In the last years, the laser plasma-accelerator technology

has advanced enough to produce charged-particle beams
stably with ultra-low-emittances in 6D phase-space [1].
These achievements have enabled the application of plasma-
accelerator technology for low-energy and high-quality in-
jectors. Recent research evidence that the repetition rate of
such a technique is not limited by plasma recovery time in the
plasma cell, so it is promising to reach MHz repetition [2].
This feature opens a possibility to supersede the state-of-
the-art injectors. Currently, there is an ongoing global ef-
fort aimed towards designing a compact plasma-wakefield
accelerator as an injector for future large-scale accelerator-
driven light sources such as Athena𝑒 [3] or cSTART [4]
for injection into ring-based light-sources, high-average-
power plasma wakefield research with FLASHForward [5]
or projects to apply this technology for free electron lasers
directly [1]. These novel injectors can generate electron
beams with an extremely low-emittance on the order of
𝛾𝜖𝑥,𝑦 = 0.05 mm ⋅ mrad for pC to sub-pC bunch charges.
The important beam parameters of these facilities are listed
in Table 1.

Diagnostics techniques are following the steps forward
of laser-plasma accelerators closely, particularly the non-
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invasive spot-size measurement which inherently gives the
beam emittance information. The characterisation of the
electron distribution with the sufficient resolution is chal-
lenging due to the extremely small beam emittances and
intensities in plasma-wakefield accelerators. Techniques
that employ scintillation screens are widely used for similar
beam conditions [6], but this deteriorates the beam qual-
ity noticeably or even it causes beam loss in the following
section. On the other hand, synchrotron-radiation-based
monitors is inadequate since light intensity by incoherent
synchrotron radiation (ISR) is insufficient owing to the low
electron intensity. However, the key feature of the laser-
wakefield accelerators, temporally short bunch enables the
arising of coherent synchrotron radiation (CSR) in the visi-
ble region, which enhances the photon flux significantly in
a bending magnet. The photon flux by CSR provides suffi-
cient intensity to place an interferometric beam size monitor
(IBSM) which measures the lateral distribution of electrons
by the spatial coherency of the interference pattern in the
detector [7]. The use of the diffraction regime enhances
the spatial resolution by two orders of magnitude, reach-
ing µm-resolutions [8] and this has been applied to many
storage-ring-based light sources [9–11]. By extension, we
have designed and demonstrated the high-resolution IBSM
for extreme beam conditions [12]. However, the detailed
aspects of the bandwidth acceptance and beam spot-size
retrieval are not fully discussed in the paper. Hence, numeri-
cal simulations for investigating the effect of bandwidth and
for estimating the propagation of this error to the beam-size
retrieval are explained. A scheme of the working principle
of our design can be seen in Fig. 1.

Figure 1: Schematic layout of the interferometry beam size
monitor (IBSM) with a scientific complementary metal–ox-
ide–semiconductor (sCMOS) camera for a plasma-wakefield
accelerator.
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Table 1: Major Beam Parameters of Research Projects for a Plasma-wakefield Acceleration-based Injector Relevant for Our
Case Study

Energy (MeV) 𝛾𝜖 (mm⋅mrad) Bunch charge (pC) Bunch length (fs) Beam size at 𝛽𝑥,𝑦=1 m (µm)

Athena𝑒 [3] 200 0.05 0.38-2.77 0.2-0.62 11
cSTART [4] 50 ≤3 27.5 ≤10 174
Shanghai LWFA [1] 490 ≤3 50 / 15

METHODS
Double Slit Interference for 2D Gaussian Beams

The intensity distribution of interference fringes generated
by a double-slit is found by using the basic theory of spa-
tial coherence of light and the van Cittert-Zernike theorem
which explains that the Fourier transform of the intensity
distribution function of a distant, incoherent source is equal
to its complex degree of spatial coherence (also known as in-
terferometric visibility) under certain conditions. Assuming
a Gaussian distribution of the source, the intensity distribu-
tion of the photons at the screen for a horizontal double slit
can be presented for monochromatic light as

𝐼(𝑥, 𝑦) = 𝐼0 + (𝐼1 + 𝐼2) sinc2 (𝜋𝑤𝑥𝑥
𝜆𝑓 ) sinc2 (

𝜋𝑤𝑦𝑦
𝜆𝑓 ) ⋅

[1 + ∣𝛾12∣ cos (2𝜋𝐷𝑥𝑥
𝜆𝑓 + 𝜙)] ,

(1)

where 𝐼1 and 𝐼2 are the photon intensity at two holes, re-
spectively, 𝑤𝑥 and 𝑤𝑦 are the slit opening in horizontal and
vertical directions, and 𝛾12 is the visibility (complex degree
of spatial coherence), 𝑓 is the focal length of the objective
lens, 𝐷𝑥 is the slit separation, 𝜙 represents the phase differ-
ences between the two incident waves, and 𝐼0 denotes the
constant offset preset the value for a detector to compensate
for negative values owing to random noise. For a Gaussian
distributed source, the absolute value of the complex degree
of coherence can furthermore be simplified as

𝜎𝑥 = 𝜆𝐿
𝜋𝐷𝑥

√1
2 ln 1

∣𝛾12∣ , (2)

where 𝜎𝑥 is the rms horizontal beam size and 𝐿 is the dis-
tance from the source point to the slit. This relation allows
quantifying the absolute beam size directly.

Operational Limit and Bandwidth Acceptance
In the previous study, it has proven that that the operating

limit of the IBSM technique using the state-of-the-art single-
photon camera is about 5 photons/pixel at the peak, which
corresponds to a S/N ratio of about 4. This is equivalent to
a total flux of 2 × 104 photons/s. The numerical simulation
includes photon shot-noise which is caused by statistical
quantum fluctuations and can be modeled by a Poisson pro-
cess. However, the IBSM monitor requires primarily the
obstacles such as a double slit for inducing diffraction gen-
eration, a polarization filter for rejecting the 𝜋-polarization

component, and a wavelength filter for generating quasi-
monochromatic light, which reduces the number of photons
by two orders of magnitudes. It is generally not suitable for
low flux beams which is the case for Athena𝑒 and cSTART
projects. The photon flux can be escalated by widening the
bandwidth of the filter and also can be enhanced by CSR
generated by a short bunch. To estimate the photon flux by
ISR and CSR for two cases of the plasma-wakefield acceler-
ator, numerical simulations are performed using SPECTRA
code [13] with beam parameters of Athena𝑒 and cSTART
listed in Table 1. A magnetic field of 0.85 T in the bending
magnet is used for the simulations and obstacles such as the
optical wavelength filter and a double-slit with a slit opening
of 3 × 3 mm2 is included. The results are shown in Fig. 2.

Figure 2: Photon flux at the detector for Athena𝑒 and
cSTART beam parameters from Table 1 with various band-
widths. The photon flux by CSR shown here is calculated
with the lower case of the bunch charge (0.38 pC) in Athena𝑒.

Taking the diminution of photon flux by the obstacles
into account, the photon flux by ISR at the detector is
3.4 × 103 photons/s for the Athena𝑒 and 2.9 × 104 photons/s
for cSTART at a bandwidth of 100 nm. Despite the photon
flux of ISR for Athena𝑒 can not reach the operating limit,
∼2 × 104 photons/s, defined by the numerical simulation
with the total noise and quantum efficiency of the camera,
the photon flux by CSR overwhelms the limit easily which
evidences that a narrow filter can be used. However, the
photon flux by ISR for cSTART can overcome the operating
limit by expanding the bandwidth of the filer. The wider the
bandwidth of the filter, the greater the number of photons in
the detector, but the dilution of the visibility caused by phase
differences of non-monochromatic light becomes more se-
vere, resulting in inaccurate beam size measurements since
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the effect of a finite bandwidth is not accounted in Eq. (1).
In order to quantify the effect of the bandwidth in the beam
size determination, numerical simulations are performed
based on Monte-Carlo method. Two-dimensional coordi-
nates of photons at the detector were generated for a specified
photon intensity with a random uniform distribution of the
wavelength and probability density function that follows
Eq. (1). Then, an artificial image was generated by counting
the number of particles within a finite size of a pixel and
adding Poisson noise onto each pixel. Each image is first
projected into the slit axis and is analyzed based on fitting
with an analytical formula. The projections simulated with
various bandwidths at a visibility value of 0.5 are shown
in Fig. 3. It is clear that the fringes are not significantly

Figure 3: Simulated interference pattern at the detector
for a visibility value of |𝛾1,2| = 0.5 with various band-
widths. The simulations have been performed with a flux of
1 × 105 photon/s at the detector.

distorted for a bandwidth below 100 nm, but the distortion
is non-negligible for larger bandwidths.

In order to estimate the statistical fluctuation of the visibil-
ity retrieval, the analysis is repeated for fifty different images
generated for each intensity at various visibility values. The
visibility can be adjusted by changing the experimental set-
up such as magnitudes of L, 𝜆 and D to get a desired visibility
for a given spot size. Therefore, the calculation has been
performed with various visibilities. Fig. 4 shows that the
retrieved visibility is underestimated for large visibilities and
overestimated for the lowest ones. The error is minimized
around visibility of 0.5. Therefore, to obtain the reliability
of the monitor, the visibility is necessary to be tailored to
the intermediate values by changing the experimental set-
up. The measurement accuracy is improved with photon
flux, which can be enhanced by widening the bandwidth
of a wavelength filter. An increasing bandwidth decreases
the visibility retrieval accuracy and, as a consequence, the
beam-size resolution.

In order to estimate the measurement error in the beam
size determination quantitatively, the relative error of the
beam size calculation as a function of the bandwidth at
various visbilities are computed. The error transfer from
relative visibility retrieval error( |Δ𝛾/𝛾|) to spatial resolu-

Figure 4: The retrived visibility as a function of the band-
width at different photon fluxes and visibility (in dashed
horizontal lines).

Figure 5: Relative error of the retrieved beam spot-size as
a function of the bandwidth at intermediate |𝛾1,2| values,
which depend on the beam spot-size and the experimental
set-up.

tion (Δ𝜎) is calculated according to the following equation:
Δ𝜎 = 𝜆𝐿/ (2𝜋𝐷√2 ln |1/𝛾|)×|Δ𝛾/𝛾|. The result is shown
in Fig. 5.

For the intermediate visibility values of 0.47 and 0.69
with the chosen bandwidth of 105 nm for our device, the
error of the beam size measurement remains below a few
percentages. It also indicates that the smaller visibility has
much less error when the bandwidth is increased because
the local minima of the interference fringe raise for the lower
visibility, resulting in immune to the statistical error that has
been introduced by the bandwidth. The error of the visibility
retrieval is smaller than 3.6% at the operating limit with a
bandwidth of 105 nm. This results in a spatial resolution of
fewer than 1 µm since the beam size is in the order of tens of
micrometers due to the extremely low emittance. It can be
also improved significantly by narrowing the bandwidth of
the wavelength filter. This shows that as long as the photon
flux is kept over the operating limit, a narrow bandwidth
acceptance is preferred.
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CONCLUSIONS
Plasma-wakefield accelerators produce a high quality

beams with a low average beam-current which results in a
lack of the photon intensity by synchrotron radiation, so this
feature calls for research and development for high spatial-
resolution diagnostics that can be operated at a low photon
intensity. For the Athena𝑒 project, the beams have a tem-
poral size of sub-femtosecond which is comparable to or
even shorter than the wavelength of visible light, produc-
ing intense CSR. This enables the implementation of the
interferometric technique that can achieve a few-µm spatial
resolution. However, for the beams in cSTART that have a
bunch length longer than the wavelength, it demands a broad
filter to achieve the photon flux greater than the operating
limit. Therefore, we have studied the effects of the band-
width in the beam-size retrieval error. The statistical error of
the IBSM by the quasi-monochromatic light is investigated
for estimating the measurement accuracy of an absolute lat-
eral size at the extreme beam condition. The error of the
visibility retrieval is less than 3.6% at the operating limit
with a bandwidth of 105 nm for a cSTART beam condition.
This results in a spatial resolution of fewer than 1 µm.
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