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Monitoring the size of low-intensity beams at
plasma-wakefield accelerators using high-
resolution interferometry
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Plasma-based accelerators are on the brink of a development stage, where applications of the

beam for medical sciences, imaging, or as an injector for a future large-scale accelerator-

driven light source become feasible. The requirements on electron beams for injection into a

storage-ring are stringent regarding beam quality and reliability. Here, we propose a beam

diagnostic technique for measuring lateral beam sizes with a few-μm resolution by applying a

state-of-art single-photon camera to coherent synchrotron radiation that affords by a sub-

femtosecond short bunch-length property. A sophisticated image processing algorithm

enables the technique down to 5 photons/pixel for the visibility of 0.132. Results show the

potential of the proposed system that achieves precise retrieval of the complex degree of

coherence at an extremely low photon intensity similar to those expected towards the

plasma-acceleration injectors.
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Over the past decades, a compact accelerator using extre-
mely high-gradient electric-field in an accelerating
plasma cavity induced by a high-power laser or electron

beams has been devised1–3 and actively studied4–13 for generating
charged-particle beams stably with ultra-low-emittances in 6D
phase space, and it demonstrates noticeable advances for dra-
matically improving the synchronization14 and the quality of the
witness beam15,16 in laser-wakefield acceleration scenarios with
external injection17–19. These achievements have been in the
spotlight as a key technology for a low-energy and high-quality
injector in lieu of or even superseding, a low repetition-rate
injector based on conventional technology20,21. Recently, there is
a global effort such as cSTART22, FLASHForward23, and
Athenae24–26 projects aimed at designing a compact accelerator
for exploiting plasma-wakefield acceleration technique as an
injector of future large-scale accelerator-driven light sources.
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 charge levels at repetition rates of 10 Hz.

For the plasma-wakefield injectors, various techniques exist for
measuring electron density distribution using an invasive manner
based on a scintillating screen27,28 since, due to low repetition
rates and low bunch-charge, the intensity of incoherent syn-
chrotron radiation (ISR) generated at a bending magnet is
insufficient for applying synchrotron radiation-based diagnostics.
For instance, the estimated photon flux at the detector by ISR for
the Athenae beam parameters is about 2.5 × 103 photons/s with a
bandwidth of 105 nm, which is nine orders of magnitude lower
than photon flux in third-generation medium-energy storage
rings. However, these destructive monitors are not appropriate
for such prospective applications that require electron beams
continuously. The development of non-invasive diagnostics for
measuring lateral beam sizes has been a long-standing and crucial
challenge. Particularly, for commissioning and performance ver-
ification of the novel injector, it highly demands a spatial reso-
lution of a few micrometers, which is necessary for measurements
of lateral beam sizes of about 10 μm that corresponds to a beta-
tron function βx,y of 1 m with the emittances listed in Table 1. A
few-μm spatial resolution is only feasible by taking a profile
detection methodology into a diffraction regime (interferometric
technique). In general, this method, however, is not suitable for
plasma-wakefield injectors because this technique requires
essentially obstacles such as a double-slit, polarizer, and wave-
length filter, which reduces the photon intensity by additional two
orders of magnitude.

In this paper, we propose and demonstrate a non-invasive
experimental methodology that enables determinations of abso-
lute lateral size of high-quality beams at an extremely low
intensity. This is only attainable with a few μm resolution by
applying the interferometry technique on coherent synchrotron
radiation (CSR). A sub-femtosecond short bunch-length in the
plasma-wakefield accelerator offers a unique opportunity to gain
prominent photon flux at the visible region by overwhelming the
form factor limit σz<λ=

ffiffiffi
2

p
π. The photon flux generated by the

coherent nature is proportional to the square of the number of

electrons so that, taking into account the obstacles with a band-
width of 105 nm, the photon flux becomes 5.4 × 107 photons/s for
the Athenae beams. This photon flux is not sufficient for precision
phase retrieval of the interferometry patterns with conventional
detectors that has a few e− noises per pixel, but it was overcome
by utilizing a dedicated images processing algorithm and a state-
of-the-art of single-photon camera. These two ideas enable the
measurement of lateral beam sizes with a resolution of a few
micrometers at an ever lower photon intensity. The goal of this
project is to push the limits for the interferometric beam size
monitor (IBSM) scheme in the low-intensity regime. The context
for the present case study is the application of the scheme at
plasma-driven electron injectors operating at low intensity and
with extremely short electron pulses.

Results
The major beam parameters for the plasma-accelerator-based
injectors relevant to our case study are listed in Table 1.

Figure 1 shows the setup of the IBSM diagnostics for a plasma-
wakefield accelerator schematically. Synchrotron radiation from a
bending magnet is guided to the beam diagnostics system and
illuminates a double-slit to produce diffraction fringes. The dif-
fraction fringes are imaged onto a camera by an objective lens.
The location of the diagnostics is determined to be close to the
incident angle of the electron beam to mitigate bunch lengthening
effects caused by energy-dependent path difference (R56) in a
bending magnet. With an acceptance of the beamline, order of
ten of milliradian, the R56 is less than 0.004 fs/%. The light passes
through a polarizer owing to σ- and π-polarization properties of
synchrotron radiation, and a wavelength filter, as the spatial
frequencies change with the wavelength, for obtaining an inter-
ference pattern close to a monochromatic polarized-ray.

Photon intensity estimation and numerical simulations. The
intensity distribution by a double-slit is found to be by using the
basic theory of spatial coherence of light and the van
Cittert–Zernike theorem which 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
interferometric visibility) under certain conditions. Assuming a
Gaussian distribution of a light source, the intensity distribution
of photons at a screen with an objective lens can be presented for
monochromatic light (see “Methods” for more details):

Iðx; yÞ ¼ ðI1 þ I2Þsinc2
πwxx
λf

� �
sinc2

πwyy

λf

� �
1þ γ12

�� �� cos 2πDxx
λf

þ ϕ

� �� �
þ I0;

ð1Þ
where I1 and I2 are the photon intensity at two holes, respectively,
wx and wy are the slit opening in horizontal and vertical direc-
tions, and γ12 is the visibility (complex degree of spatial coher-
ence), f is the focal length of the objective lens, Dx is the slit
separation, ϕ represents the phase differences between the two
incident waves, and I0 denotes the constant offset that is a preset
value for a detector to compensate for negative values owing to

Table 1 Major beam parameters of research projects for a plasma-wakefield acceleration-based injector relevant for our case
study22–24.

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

Athenae 200 0.05 0.38–2.77 0.2–0.62 10 11
cSTART 50 ≤3 27.5 ≤10 10 174
FLASHForward 1250 2 0.1–3 50–5000 10 29

γ is the Lorentz factor. ϵ represents unnormalized emittance. βx,y denotes the betatron amplitude in horizontal and vertical directions.
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random noise. For a Gaussian distributed source, when the
photon intensity at two holes is identical, the absolute value of the
complex degree of coherence can furthermore be simplified as

γ12
�� �� ¼ e�2 σπDx

λLð Þ2 ; ð2Þ

where σ is the rms beam size. This relation allows determining the
absolute beam size directly. Because of its advantages of spatial
high-resolution as well as simplicity, this technique is widely
adopted for synchrotron radiation sources to measure the lateral
beam size29–34. Furthermore, the technique has been advanced to
retrieve electron-beam distribution in real spaces by applying an
inverse-Fourier transformation of the complex degree of
coherence35,36, to measure absolute beam sizes in the horizontal
and vertical directions simultaneously by implementing a quad-
rature slit37,38, and to reconstruct the two-dimensional profile of
transversely coupled beams by scanning the beam size over a 2π
angle in the perpendicular plane to the beam axis39,40.

At low intensity, it is crucial to evaluate the influence of detector
characteristics carefully such as nonlinear behavior determined by
the complex phenomena of quantum efficiency and total noise
because the resolution of the beam size measurement using
the IBSM diagnostics relies on not only the detection precision of
the intensity variation over the whole interferometry fringes but
also the accurate measurements of amplitudes at global maximum
and its neighboring minimum. The ratio of the amplitudes at two
positions represents the modulus of the complex degree of spatial
coherence. The total noise is given by the square root of the sum
of the squares of shot noise Nshot, dark current noise Ndc, and
readout noise Nr. Specifically, at low photon numbers, an
intensified charge-coupled device and electron-multiplying
charge-coupled device are commonly used but the intensifying
mechanism generates a stochastic variation of the multiplied
electron yield. Therefore, data acquisition with these devices has
inevitable distortion of absolute quantity measurement to a
specific single-photon signature. This effect also leads to an
effective photon-number reduction as well41. We adopt the
contemporary state-of-art single-photon scientific complementary
metal–oxide–semiconductor (sCMOS) cameras from Hamamatsu
(Orca-Fusion, QE= 80%, a dark current noise Ndc of 0.5 e−/pixel/s,
and a readout noise Nr of 0.7 e−/pixel) and Teledyne (Prime BSI
camera, QE= 95%, a dark current noise Ndc of 0.5 e−/pixel/s, and
a readout noise Nr of 1.1 e−/pixel) and performed Monte-Carlo
simulations with two specs to evaluate the effect of the quantum
efficiency and total noise to the IBSM technique and to define the
operating limit. The numerical simulation includes photon shot-
noise which is caused by statistical quantum fluctuations and can

be modeled by a Poisson process (see Methods for more details).
The simulation results show that the higher quantum efficiency
yields a better signal-to-noise (S/N) ratio when the intensity is
greater than 5 photons/pixel. The Prime BSI camera was finally
selected by the high quantum efficiency with a tolerable noise
level. It also features pattern noise reduction technology and
correlated noise reduction technology to ensure that it delivers
clean, pattern-free images with minimal pixel defects, delivering
improved image quality in low light conditions. The operating
limit of the IBSM technique using the 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 that can be achieved at the cSTART injector by ISR and
Athenae by CSR with a slit opening of 9 mm2 but it is relying on
experimental settings.

To estimate the photon flux by ISR and CSR for two cases of
the plasma-wakefield accelerator precisely, a numerical simula-
tion is performed using SPECTRA code42 with beam parameters
of Athenae and cSTART. Statistical errors in the visibility
determination as a function of photon flux and the required
bunch length to achieve the photon flux are investigated at
various filter bandwidths. The resolution of this technique is
determined by errors in the system such as noise of a camera,
dispersion in a refractive lens, and the effect of bandwidth. The
dispersion in a lens can be vanished by replacing the refractive
optics with reflective optics (focusing mirrors). The effects of the
camera noise and bandwidth were investigated by numerical
simulations to estimate the spatial resolution of the system.
Images were generated based on Monte-Carlo simulations (see
“Methods”) and each image was analyzed based on least-square
fitting using an analytical formula derived for Gaussian distribu-
tion (Eq. (1)).

Figure 2 evidences that 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
the cSTART. For the cSTART, due to a high bunch charge of 27.5
pC, the photon flux by ISR is much greater than the operating
limit with a bandwidth of 105 nm. The photon flux for the
Athenae is lower than the operating limit of our scheme,
~2 × 104 photons/s, defined by the numerical simulation with
the total noise and quantum efficiency of the camera. However, it
can be enhanced by CSR generated by a shorter bunch with a
length of 1.0 fs for a bandwidth of 50 nm and 1.04 fs for a
bandwidth of 105 nm. Furthermore, from the statistical error
analysis, the error of the visibility retrieval at the low intensity is
smaller than 3.6% at the operating limit with a bandwidth of
105 nm. The error transfer from relative visibility retrieval error

Fig. 1 Schematic layout of the interferometry beam size monitor (IBSM) with a scientific complementary metal–oxide–semiconductor (sCMOS)
camera for a plasma-wakefield accelerator. The laser beam is separated by an electron-transparent mirror and is transferred to the laser diagnostics
beamline to monitor the stability of the plasma. Electrons are guided to the user beamline by a bending magnet and synchrotron radiation is emitted
perpendicular to the path in the magnet. The location of the diagnostics is determined to close to the incident angle of the electron beam by considering the
bunch lengthening effect within the magnetic field of the bending magnet.
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( Δγ=γ
�� ��) to spatial resolution (Δσ) is calculated according to the

following equation: Δσ ¼ λL=ð2πD
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ln 1=γ

�� ��q
Þ ´ Δγ=γ

�� ��, result-
ing in a spatial resolution of fewer than 1 μm. It can be improved
significantly by narrowing the bandwidth of the wavelength filter.
The beam size is underestimated for the lower visibility region,
while an overestimation is observed for the higher visibility
region, it is precisely retrieved for the visibility of 0.47–0.69 since
the error is relevant to the absolute visibility value as well as the
photon intensity (see the Supplementary Note 1). This agrees well
with analytical evaluations for suppressing systematic errors
toward small beam size measurements43. Since the visibility not
only depends on a beam size but also the set up in a beamline

such as a slit separation, distance from the source point, and
central wavelength, the slit separation and wavelength, therefore,
should be defined carefully to stand the absolute visibility value
within 0.4–0.7 at low intensity with the bandwidth as narrow as
possible. For example, visibility of 0.69 can be achieved for a
beam size of 11 μm with a wavelength of 550 nm, a distance of
1.5 m, and a slit separation of 10 mm. In addition, the monitor
could achieve a high resolution with a bandwidth of the
wavelength filter of up to 105 nm that increases the total intensity
at the detector because the deterioration of the visibility due to
the phase shift by the finite bandwidth is negligible.

Image processing algorithm. The number of photons per pixel is
comparable to the statistical noise, which results in a distortion of
the intensity information due to a nonlinear response. The sta-
tistical noise causes dilution of the interferometry fringes, so it
deteriorates the accuracy of the visibility retrieval. It highly
demands a sophisticated method for rejecting the noise appositely
to gauge the small beam size accurately since the imprecise dis-
crimination of the noise by using a smooth speckle filtering
technique leads to misleading of the visibility, resulting in intol-
erant stochastic error. We developed a robust algorithm to yield
the correct visibility value by suppressing the influence of the
noise using advanced filtering technique, Savitzky–Golay filter,
that is achieved, in a process known as convolution, by fitting
successive subsets of adjacent data points with a low-degree
polynomial by the method of linear least squares. The flowchart
of the algorithm is elaborated in Fig. 3.

The algorithm features a preprocessing procedure using a
reference image taken at a high intensity and automatic detection
of the window sizes for projection and Savitzky–Golay filter. In
the preprocessing, after removing speckle noise by applying 2D
median filtering to the reference image, the contour line was
detected at points greater than 90% of the peak intensity, and the
rotation angle was calculated by a least-square fitting using an
ellipse function. The calculated angle is stored in a processing
parameter and is reflected for the rotational transformation. This
process enables precise correction of a rotational error that can be
occurred by comatic aberration and misalignment of the camera
and leads to the distortion of the visibility during the image
projection. For beam experiments at plasma accelerators, the
reference image can be taken by increasing the exposure time of
the camera since the signal level is linearly proportional to
exposure time, but the noise intensity increases by only 0.5 e−/s,
resulting in an increase in the S/N ratio that improves the
clearness of an image. Following the angle correction, the code

Fig. 3 Flow chart of the signal processing algorithm for a low-intensity interferometry beam size monitor (IBSM) data. The diagnostics use a scientific
complementary metal–oxide–semiconductor (sCMOS) camera to detect interferometry fringes at a low photon intensity.

Fig. 2 Estimation of statistical errors in the absolute visibility ( γ12
�� ��)

determination and photon flux at the detector by coherent synchrotron
radiation (CSR) and incoherent synchrotron radiation (ISR) at different
bunch lengths with various bandwidths (BWs) of the wavelength filter.
Statistical errors in the absolute visibility ( γ12

�� ��) determination depend on
photon flux which is dominated by the bunch length, bunch charge, and
energy. The required bunch length to achieve the photon flux at the
detector is calculated with a beam energy of 200MeV for Athenae and 50
MeV for cSTART, a bunch charge of 0.38 pC for Athenae and 27.5 pC for
cSTART, and a repetition rate of 10 Hz. The photon flux by CSR and ISR is
calculated using SPECTRA code with a bunch charge of the lower case
(0.38 pC) in Athenae, and a magnetic field of 0.85 T in the bending magnet,
and a slit opening of 3 × 3mm2 including obstacles such as the double-slit
and the optical wavelength filter. The photon flux is defined as the number
of photons per second (ph/s) at the detector.
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detects the intensity variation in a perpendicular direction to the
double-slit interferometry pattern to determine the appropriate
projection window size, which is an assured step to improve the
S/N ratio. The projection window was determined by the FWHM
of the peak when peak intensity is greater than 10 photons, and in
other cases, it was determined by the width at 90 % of peak
intensity. We observed that the 1-D intensity profile obtained
through the projection is still distorted by statistical noise. Two
different filtering techniques, median filter, and Savitzky–Golay
filter are tested (see Supplementary Note 2). The median filter,
however, dilutes beam signals although this vanishes high-
frequency noise well since it replaces each entry with the median
of neighboring entries. Then we adopt Savitzky–Golay filter that
is capable of eliminating the noise while minimizing distortion of
signals. This algorithm automatically defines the cutoff frequency
of the filter by twice the frequency of the signal identified by
Fourier analysis. We tested the code with an artificial image
generated by the Monte-Carlo method to verify the reliability and
the result shows quantitative consistency with the preset values.

Experimental setup. This technique was implemented and
experimentally demonstrated at the infrared (IR) beamline44 of
the metrology light source (MLS) of the Physikalisch-Technische
Bundesanstalt in Berlin. The MLS is a low-energy compact sto-
rage ring dedicated to metrology science in EUV, VUV, and UV
and researches up to the FIR/ THz spectral range45,46. The
standard operating mode of the ring typically stores electron
beams with an energy of 629 meV and the beam current usually
decays from 200 to 80 mA in a time interval of 6 h47,48. The IR
beamline is connected to a bending magnet and equipped
with two plane mirrors, two cylindrical mirrors, and one
parabolic mirror to collimate the visible to IR light to the
experimental stand. The schematic layout of the beamline is
shown in Fig. 4.

The photon flux of synchrotron radiation at the beamline was
measured experimentally using a precise photon-power detector
(Si Photo-diode with reflective ND (OD2) surface coating, S130C
from Thorlabs) that has a resolution of 100 pW (3.78 × 108

photons/s) with an operating range of 500 pW to 5 mW. The
measured flux is 1011 photons/s at a central wavelength of 750 nm
with a bandwidth of 10 nm (FWHM). Our system was installed
inside an enclosure to prevent background noise by ambient light
around the experimental stand. The background noise was
suppressed to 0.41 % of the signal level. Since the photon intensity

is reduced at the double-slit by two orders of magnitude and the
polarizer by 20%, additional photon intensity retrenchment by
five orders of magnitude is necessary for approaching the
operating limit regime. Absorptive neutral density (ND) filters
have been used to reduce the photon intensity further. Since the
transmission rate of the ND filter depends on a wavelength, it is
verified quantitatively at the target wavelength with a precision of
3%. Due to the manipulation of the angular distribution of
synchrotron radiation by the focusing mirrors installed upstream
of the beamline, direct conversion of the visibility to the beam
size is not feasible. But the optical ray-transfer matrix allows the
retrieval of the angular distribution of radiation from the
beamline to be reinterpreted as a state at the upstream without
distortion. Due to the focusing mirror, our experiments were
conducted at a wavelength of 750 nm with a slit separation of
1 mm and various focal lengths and slit openings although
shorter wavelength and wider slit separation are appropriate for
small beam size measurements. The maximum visibility value
that can be implemented in experimental control variables
is 0.132.

Interpretation of experimental data. Figure 5a–d shows the
resulting IBSM images measured at the weakest operational
intensity for various focal lengths and slit sizes. The slit opening
and the focal length of the lens modify the lateral size of the
interferometry fringe and it dominates the spatial photon density,
which is the most substantial parameter for the measurement at
low intensity. For instance, the slit opening from 2mm (Fig. 5c)
to 10 mm (Fig. 5d) gains the photon density increase by a factor
of 2.4 roughly. This can be interpreted by the Sinc term in Eq. (1),
which determines the width of the interferometric pattern. The
wide slit-opening also not only increases the number of photons
passing through the slit but also reduces the width of the central
diffraction maximum that is inversely proportional to the width
of the slit, increasing the spatial density of the final image. The
focal length (Fig. 5a–c) also manipulates the photon density by a
magnification of the image. However, this also deteriorates the
resolution of the monitor since the number of the measurement
point within the period of the spatial oscillation of the inter-
ferometric intensity is limited due to the finite size of the camera
pixel although these parameters allow exploiting the technique at
low intensity. From all the analysis results, these results have
proven that a minimum of 5 photons at the peak is required for
visibility of 0.132 to reconstruct the interferometry fringes
properly. It corresponds to an S/N ratio of about 4 at the peak and
an S/N ratio of about 3 at the neighboring minimum. The criteria
are consistent quantitatively with the numerical simulation. The
IBSM diagnostics with a single-photon camera and dedicated
image-processing algorithm is capable of retrieving the visibility
at a photon intensity of ~2.9 × 104 photons reliably. Considering
that the camera has a quantum efficiency of about 95 % in the
550–600 nm range, but decreases to about 75% at 750 nm
wavelength, the practical number of photons in the image can be
translated to 2.3 × 104 photons, which is close to the operating
limit, 2 × 104 photons, estimated by numerical simulations. Fur-
thermore, the operating limit in our experiment with a 10 cm
focal length lens can be reduced further when a slit opening in the
horizontal direction is increased to 10mm since the photon
density at the imaging plane is inversely proportional to the
square of the focal length of the lens and proportional to the
square root of the slit opening approximately. Apart from this, it
is recommended to start experiments with as wide an opening in
a perpendicular direction as possible because the number of
photons that pass the slit will linearly increase by the wider
opening.

Fig. 4 Infrared (IR) beamline in metrology light source. This consists of
M1:PM (plane mirror), M2:CY1 (first cylindrical mirror for focusing the light
horizontally), M3:CY2 (second cylindrical mirror for focusing the light
vertically), M4:PM (plane mirror), and M5:PA (parabolic mirror for
collimating the light toward the experiments in both planes).

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00717-x ARTICLE

COMMUNICATIONS PHYSICS |           (2021) 4:214 | https://doi.org/10.1038/s42005-021-00717-x | www.nature.com/commsphys 5

www.nature.com/commsphys
www.nature.com/commsphys


Conclusion
In this study, we have proposed and demonstrated an experi-
mental method for measuring an absolute lateral size of low-
energy and high-quality beams generated by plasma-wakefield
accelerators. Due to a low average beam-current of these accel-
erators that results in a lack of the photon intensity by syn-
chrotron radiation, so this does call for research and development
for high spatial-resolution diagnostics that can be operated at a
low photon intensity. It is inevitable towards the commissioning
and continuous operation. We proposed to exploit a visible-light
interferometric technique on strong CSR, which appears when
the wavelength of the emitted radiation is significantly longer
than the particle bunch length. In the plasma-wakefield accel-
erator, the sub-femtosecond short bunch property produces the
CSR on a visible regime and it offers numerous gains of photon
intensity compared to the ISR. This enables the implementation
of the interferometric technique that can achieve a few-μm spatial
resolution. Particularly, we developed such a system with the
single-photon sCMOS camera and the sophisticated analysis
algorithm that enables a robust measurement at an extremely low
intensity. This was validated by beam experiments at the IR
beamline of MLS. The substantial parameters such as the focal
length of the lens and slit opening, which determine the spatial
density of the photons on the image plane were also investigated
at the photon intensity level of 104. The intensity is close to an S/
N ratio of about 4 at the peak and about 3 at the neighboring
minimum for visibility of 0.132 and it agrees well with the the-
oretical limit defined by the Monte-Carlo simulation. The results
have proven that our technique can be used on a bunch charge of
0.38 pC with a length of about 1 fs of Athenae, and for cSTART,
measurements can also be performed by ISR due to a higher
bunch charge. Furthermore, this diagnostics can be operated as a
direct source monitor by removing the double-slit, and the
expected resolution by diffraction, which is called Abbe-limit, is
about 80 μm. This leads to the operating limit being lower by two
orders of magnitude, in turn, this is capable of the measurement
of spatial beam distribution in Athenae with ISR. In addition, this
can observe the orbit perturbation by measuring the phase

variation of the interferometer fringes which is given by
(2πDxΔx)/(λL), where Δx denotes the offset of the slit separation.
The resolution of the phase-detection is better than π/20 that
corresponds to 1.38 μm, for a slit separation of 15 mm, a wave-
length of 550 nm, a distance from the source of 1.5 m, and a focal
length of the focusing lens of 10 cm, which defines the number of
points in the data (see the Supplementary Note 3).

Methods
Interferometry beam size monitor. An Interferometry Beam Size Monitor
(IBSM) adapts Young’s double-slit interferometry techniques. When incident
waves are in phase at two holes which is a case for a point-like source, minima of
the interference fringe produced by a double-slit become zero because the relative
phase changes along the observation plane are out of phase for half a cycle, i.e., the
amplitude at the observation plane is canceled each other out completely
(destructive interference) owing to the phase changes caused by the difference of
traveling distance between the two waves from the two holes. However, for syn-
chrotron radiation which has a finite spatial distribution of the source, two photons
emitted from one electron travel different paths, which results in differences in the
phase at the slit owing to off-centered electron beams with respect to the slit. The
phase changes produce the complex degree of spatial coherence γ12 that quantifies
the contrast of interferences. The intensity distribution of the interferometry
fringes by a double-slit with a finite source size is given by49,50

Ið r!; tÞ ¼ E ð r1!; tÞ þ E ð r2!; t þ τÞ� 	
E�ð r1!; tÞ þ E�ð r2!; t þ τÞ� 	 ð3Þ

¼ I1 þ I2 þ 2 Re ðΓ12ð r1!; r2
!; τÞÞ; ð4Þ

where E1 and E2 denote the two modes of one photon emitted simultaneously from
one point source, observed at r1

! at a time t1 and at r2
! at a time t2, respectively, and

τ= t2− t1. The complex degree of coherence for the source with a finite spatial
distribution can be expressed as51,52

γ12 ¼ Γ12=
ffiffiffiffiffiffiffiffi
I1I2

p
¼

Z Z
dxdyf ðx; yÞe�2πiðνxxþνyyÞ; ð5Þ

where νx= Δx/λL and νy= Δy/λL are the spatial frequencies, λ is the wavelength, L
is the distance between the source and the slit, and f(x, y) is the two-dimensional
distribution of the source point.

Monte-Carlo simulations. The Monte-Carlo method is computational algorithms
that rely on repeated random sampling to obtain numerical results for a specific
probability density function. This is useful for simulating systems with many
coupled degrees of freedom including modeling phenomena with significant
uncertainty in inputs. For the simulations in this study, the arrival position of each

Fig. 5 Experimental results with various focal lengths and slit openings. Interferometry images are measured at minimum measurable intensity using a
focusing lens with a focal length f of a 10 cm (2.9 × 104 photons), b 25 cm (1.8 × 105 photons), and c 50 cm (8.1 × 105 photons) with slit opening of 2 mm
(horizontally) × 0.5 mm (vertically) and d a focal length of 50 cm with slit opening of 10mm (horizontally) × 0.5 mm (vertically) (3.4 × 105 photons).
e Results of the measured absolute visibility ( γ12

�� ��) at various intensities. The gray line represents the beam size measured by a director source size
monitor. The error bar of each data point represents a statistical error estimated by analyzing multiple image samples and one standard deviation from the
mean. Taking into account a quantum efficiency of the camera of about 75 % at 750 nm wavelength, the photon flux at the lowermost intensity is about
2.3 × 104 photons per second (ph/s).
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photon at the detector is simulated according to the diffraction of individual
photons at the double slit. The Monte-Carlo technique is used to allocate an initial
position to each photon following a Gaussian distribution in both horizontal and
vertical directions. In the same way, each photon is randomly allocated a wave-
length following a uniform distribution with a central wavelength of a filter. Based
on the generated particle distribution, the artificial image was generated by
counting the number of particles within the finite size of the pixel and adding the
Poisson noise onto each pixel. Fifty artificial images were generated for each
intensity and these were analyzed by the image processing algorithm to estimate
the statistical fluctuation of the visibility retrieval (see Supplementary Note 1).

Intensity estimation of driver Laser at the detector. The laser beam is separated
by the electron-transparent mirror that has a hole in the middle through. This leads
to a leak of the fractional laser power to the diagnostics beamline. However, the
leaked power can be mitigated by a factor of 2.1 × 103 using the mirror, by a factor
of 3 × 102–9 × 103 using the double-slit, and by a factor of 108–1010 using a dual-
wavelength filter. For 100 TW/Hz lasers, the number of photons by the laser beam
obtained by conservative estimations yields approximately 24 photons in the
detector. If it is crucial in experiments, a few notch filters can be placed in front of
the slit and polarizer to suppress the laser light further. The central wavelength of
the filter is typically optimized to achieve a higher photon yield at the camera that
the quantum efficiency has a peak value around 500–650 nm. Even a central
wavelength of 650 nm with a bandwidth of 100 nm (650 ± 50 nm) is not overlapped
with the driver laser wavelength (800 nm). A notch filter can suppress the laser
intensity by a factor of 105 per filter.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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