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ABSTRACT
We demonstrate an experimental methodology for measuring the halo distribution of special bunches in a storage ring using a synchrotron
radiation coronagraph composed of the objective lens and a re-diffraction system. The optimum parameters for the coronagraph were inves-
tigated within several boundary conditions by applying a paraxial Fourier transformation sequentially from one plane to the next plane. In
addition, the effect of Mie-scattering was estimated for different polishing-quality lenses and it shows that a high-quality lens is capable of
achieving a dynamic range of the monitor of about 104. The capability of the halo monitor has been demonstrated by measuring the hori-
zontal particle distribution of special bunches in beam experiments at the BESSY II storage ring. This monitor offers a new opportunity for
continuous monitoring of special bunches in the storage ring such as transverse resonance island buckets and pulse-picking by resonant exci-
tation, which open new horizons for storage rings that are capable of sophisticated experiments using a single bunch signal as well as serving
high-flux users simultaneously.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0048318

I. INTRODUCTION

In future high power accelerators, such as MHz-repetition-rate
x-ray free-electron lasers (FEL),1–7 energy recovery linacs (ERL),8–15

heavy-ion accelerators,16–23 and particle colliders24–33 are indispens-
able tools for fundamental and applied sciences. It is crucial to
understand the mechanisms that lead to halo formation, resulting in
uncontrolled beam losses. The beam losses, in turn, lead to reduced
machine availability for users and it may become very costly owing
to activation or damage of accelerator components. A halo mon-
itor is one of the most crucial diagnostics for these high power
accelerators to analyze uncontrolled beam losses in the machine.34

For instance, in the case of the energy recovery linear demonstra-
tor bERLinPro,35 the multi-particle tracking simulation using the
OPAL code,36 which can compute relativistic particle distributions
in full six-dimensional phase space taking into account space-charge
forces with multiple-components, shows a halo-particle distribution
above 6 σy ≃ 1.3 mm with an integrated fractional power of roughly
10−3.37 Collimated bellows in a cryomodule of bERLinPro, however,
cannot exceed a heat load of 50 W. This highlights uncontrolled
beam losses due to halo particles, corresponding to 10−5 levels of
the maximum beam power. By observing the halo distribution, we

can adjust beam optics to mitigate the halo intensity as well as get
rid of the halo particles by dedicated high-power beam collimators
to prevent damages to the machine. Furthermore, the halo moni-
tor enables the non-invasive measurements of special bunches in a
storage ring. One example is the transverse resonance island buckets
(TRIBs) method,38,39 where a few bunches are stored on a displaced
orbit. Another example is the production of a blurred bunch for
quasi-single bunch experiments using a method of pulse-picking by
resonant excitation (PPRE).40 Both methods open new horizons for
storage rings to serve timing users without invading the availability
for high-flux users. This demands beam diagnostics with a dynamic
range of the monitor of about 104.

Various techniques for transverse profile measurements of
beams in accelerators have been developed.41–49 However, these are
fundamentally limited to the dynamic range of about two orders
of magnitude at the final image acquisition. The limitation is due
to the operation range of detectors as well as the background pro-
duced by the diffraction or scattering from optical components.
We refer to both sources of the background produced by diffrac-
tion simply as background light in this paper. For the observa-
tion of the halo distribution with the contrast of below 10−4 to
the beam core, the dynamic range of monitors needs to be high,
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being able to cover at least four orders of magnitude in inten-
sity changes. For this purpose, many special instruments and tech-
nologies such as coronagraphs,50–53 wire-scanners,54,55 sophisticated
phosphor screens,56–58 diamond detectors,59 innovative camera sys-
tems based on charge injection devices,60,61 and optical masks using
a digital micromirror device (DMD)62 have been devised, demon-
strated experimentally, and utilized. Particularly, the coronagraph
offers the observation of full 2-D halo distribution without any dis-
turbance to the primary beam and it has already been demonstrated
at the KEK Photon Factory as well as CERN to achieve a 6 × 10−7

ratio for the background to peak intensity.
In this paper, we study the theoretical interpretation of the

optical system of the coronagraph halo monitor. Here, we inves-
tigate the influence of the focal length and quality of lenses by
applying Fourier optics.63 This approach provides insight into
the effect of Mie-scattering by digs distributed on the surface
of an objective lens and the optical system of the coronagraph
for suppressing background light produced by input disturbance.
The performance of the designed coronagraph is verified exper-
imentally for various operation modes at the BESSY II storage
ring.

II. CORONAGRAPH BASED HALO MONITOR
The schematic layout of the coronagraph is shown in Fig. 1. The

coronagraph-based halo monitor comprises

● an objective lens (first lens) to produce a real beam image
with an attached entrance pupil,

● baffle slits to suppress stray light in the entrance light path,
● an opaque element (square shape) at image plane A to block

a high-intensity image core,
● a field lens (second lens) slightly behind the image plane A

to produce well-defined re-diffraction fringes,
● the so-called Lyot stop (to be discussed later), and
● a relay lens (third lens) to form the filtered image of the

beam on the charge-coupled device (CCD) camera sensor
surface.

FIG. 1. Schematic layout of the coronagraph comprised an objective lens (first
lens) with a focal length of f1, baffle slits, opaque element, field lens (second lens)
with a focal length of f2, Lyot stop (diaphragm), and relay lens (third lens) with a
focal length of f3. Planes A and C denote the image planes of the objective and
relay lenses, respectively, and plane B represents the image plane of the field
lens. The outer diameter of the entrance pupil (square shaped) is d and z1, z2,
and z3 denote the distance between the objective lens and plane A, planes A to B,
and planes B to C, respectively. The red, blue, and green lines represent images
formed by the objective lens (beam image), field lens (entrance pupil image), and
relay lens (the image of plane A), respectively.

FIG. 2. Diffraction fringes as a function of the lateral distance computed numerically
by the integral in Eq. (2) with synchrotron radiation properties (red) and Fourier
optics with a plane wave (blue) on the image plane of the objective lens with a
distance from the source point to the entrance pupil of 13.5 m, a focal length of
1 m, a wavelength of 500 nm, and a diameter of the entrance pupil of d = 25 mm.
The x-scale of the Fourier optics result has been rescaled by z0/( f1 − z0) = 1.08
to account for the finite distance of the source point.

We assumed that the distances between all beam-blocking ele-
ments (entrance pupil, opaque element, Lyot stop) and correspond-
ing lenses are effectively zero. This type of monitor adopts the so-
called re-diffraction optics to mitigate the background structures
due to the diffraction fringes generated by the finite aperture at the
entrance pupil. The position-dependent light intensity (see diffrac-
tion fringes in Fig. 2) of these structures amounts to about 1% of
the central high-intensity light. Therefore, optical diagnostics such
as direct source size monitors and pinhole cameras are not able to
measure the halo distribution far away from the center. Lyot’s idea
for the coronagraph, which has a field lens at the image plane of
the objective lens and places an outer mask (Lyot stop) at the image
plane of the field lens to remove the majority of lower-order diffrac-
tion fringes produced by the re-diffraction optics, can reduce the
background light by at least two orders of magnitude.50–52

A. Theoretical interpretation
The scalar wavefront at the entrance pupil is represented by its

complex amplitude Ψinput(x, y) and it is driven by the profile of syn-
chrotron radiation. The distribution of electric fields at the image
plane (xA, yA, zA) produced by an objective lens with a finite aper-
ture can be represented by applying the simplified Kirchhoff integral
theory (without obliquity effects) including action of a lens as64

ΨA(xA, yA, zA) =
1
iλ∬ dxdyΨinput(x, y)ϕlens(x, y) eikrA

rA
, (1)

= 1
iλ∬ dxdyΨinput(x, y)e−iπ x2

+y2

λ f
eikrA

rA
, (2)

where Ψinput(x, y) = ( ⃗E0σ + ⃗E0π)eiΦ(x⃗) is the synchrotron radia-
tion field, x and y are transverse coordinates at the entrance
pupil, k = 2π/λ, f is the focal length of the lens, and rA

=
√
(x − xA)2 + (y − yA)2 + L2, where the distance from the lens to

the image is L = fz0/(z0 − f ) and z0 denotes the distance from the
source point to the entrance pupil. The electric fields of σ− and π−
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components and the phase of synchrotron radiation are given by65

⃗E0σ =
4πeγ
z0c

√
ΛAi′(Λ(1 + γ2(y/z0)2)),

⃗E0π =
4πeγ
z0c

Λ(y/z0)Ai(Λ(1 + γ2(y/z0)2)),

Φ(x⃗) = 2πz0

λ
(1 − R2/(8z2

0γ4))

+ πz0

λ
((x/z0 + R/(2z0γ2))2 + (y/z0)2)

+ πR
λ
(1

3
(x/z0)3 + (x/z0)(y/z0)2),

(3)

where Λ = (πR/(λγ3))2/3
, R is the electron orbit radius, c is the

speed of light, e is the elementary charge, γ is the Lorentz factor,
and Ai(x) and Ai′(x) are the Airy function and its derivative. This
indicates that the electric field and phase of synchrotron radiation
depend on the beam energy, the distance from the source point,
and the wavelength, resulting in the wavelength-dependent angu-
lar width. To identify the distribution of diffraction patterns at the
image plane of the objective lens, the calculation was performed for
σ− polarized light by using the integral in Eq. (2) and the complex
synchrotron radiation amplitude as defined by Eq. (3). The result has
been compared with the numerical computation by Fourier optics
with an initial plane wave. The parameters such as the distance from
the source point to the entrance pupil of 13.5 m and the central
wavelength of λ = 500 nm are used. As shown in Fig. 2, the diffrac-
tion fringes on the image plane of the objective lens calculated by
Fourier optics with a plane wave quantitatively agree well with the
result calculated by the integral in Eq. (2) taking into account syn-
chrotron radiation properties in Eq. (3). This is no surprise because
the small ratio of d/z0 selects a flat part of the synchrotron radi-
ation angular distribution and this wave front is close to a plane
wave at λ = 500 nm. Consequently, the wave in the image plane can
be approximated to the Fourier transform of the plane wave at its
entrance. This is equivalent to the classical optics approach using
Fourier transforms, in which the waveform is regarded to be made
up of a superposition of plane waves. The complex amplitude at the
image plane of the objective lens (A) can be expressed as66

ΨA(xA, yA) =
ϕz1

iλz1
ℱ λz1[Ψinput(x, y)×𝒫 input(x, y)], (4)

where ℱ λz denotes the 2D Fourier transformation with spa-
tial frequencies of x/(λz) and y/(λz), 𝒫 input(x, y) represents the
transmission function at the entrance pupil, ϕz(x, y) = exp[iπ(x2

+ y2)/(λz)], and z1 is the distance from the entrance pupil to the
image plane of the objective lens. The squared modulus of the com-
plex amplitude, ∣Ψ∣2, is a real number interpreted as the intensity of
the light. The quadratic phase term in front of the Fourier transform
is canceled when computing the intensity. It is expressed for each
optical element as a sequence of functions of the preceding complex
amplitude and transmission function. For each step, we assume that
the entrance pupil or the obstacle at an image plane is very close to
the corresponding subsequent focusing lens. Hence, considering the
coordinates (xA, yA) at plane A and (xB, yB) at plane B, the complex
amplitude at the image plane of the field lens with Fresnel integral63

to propagate the image on the entrance pupil to plane B becomes

ΨB(xB, yB) =
ϕz2

iλz2
∬ dxAdyAΨA𝒫 A

× ei π
λ ( 1

z2
− 1

f2
)(x2

A+y2
A)e−i 2π

λz2
(xBxA+yByA), (5)

where z2 is the distance from plane A to B and 𝒫 A is the transmis-
sion function at plane A considering the opaque element. The three
quadratic phase factors ϕz1, ϕz2, and ϕf 2 cancel each other since it
satisfies the 1

z1
+ 1

z2
− 1

f2
= 0 condition at the image plane of the field

lens. Then, the complex amplitude at the plane B is given by

ΨB =
−ϕz2

λ2z1z2
ℱ λz2[Ψ̃A×𝒫 A], (6)

where Ψ̃A = ℱ λz1[Ψinput×𝒫 input]. The relay lens shapes the light
beam and opaque element images of plane A on plane C. Consid-
ering the coordinates (xC, yC) at plane C, the transmission function
at plane B 𝒫 B, and based on the same principle as discussed in
Eq. (6), the wave front in plane C is obtained by performing Fourier
transformation of ΨB×𝒫 B,

ΨC(xC, yC) = −
ϕz3

λ2z2z3
ℱ λz3[Ψ̃B×𝒫 B], (7)

where Ψ̃B = ℱ λz2[Ψ̃A×𝒫 A]. As described by Eqs. (2)–(7), the light
propagation inside the coronagraph can be calculated by applying a
paraxial Fourier transformation sequentially from one plane to the
next plane using Fourier optics.50,63

Using Eq. (4), the beam distribution and diffraction fringe at
the image plane of the objective lens are calculated with a beam size
of σx = 105 μm, a magnification M of 1/12.5, a wavelength of 500 nm,
an entrance pupil size d of 25 mm, and a focal length of 1 m. The
re-diffraction system has a field lens near the image plane of the
objective lens. Since the field lens forms the image of the entrance
pupil onto the image plane of the lens, the diffraction fringe shown
in Fig. 3 is re-distributed near the geometrical image of the aperture
edge of the entrance pupil, and the position and magnitude of the
peak intensity at plane B are determined by d × z1/z2. In order to
estimate the effect of the focal length of the field lens, the intensity
distribution on the image plane of the field lens is calculated with a
plane wave as a function of the focal length using Babinet’s theory,63

in which the diffraction pattern from an opaque element is identical
to that from a hole of the same size and shape except for the overall
forward beam intensity.50 The influence of the aperture of the field
lens and the opaque element is taken into account in the calculation.

As shown in Fig. 4, when the focal length of the field lens
increases, the distance between two peaks, which is corresponding
to the edge of the entrance pupil, is widened by the ratio of the focal
length of the objective and field lenses, d × z1/z2. In addition, this
allows the background light to be spread over a wider space, which is
suitable to remove the background light effectively by adjusting the
Lyot stop. This wider space is necessary because the mechanism of
the iris aperture for the Lyot stop involves a fixed uncertainty for the
size of the opening. The two peaks are separated sufficiently at the
Lyot stop and the power within the opening of the Lyot stop is feasi-
ble for observing halo particles at the level of 10−5 when f2/ f1 is ≥1/2.
Since the intensity on the image plane strongly depends on the open-
ing of the Lyot stop, it should be finely adjustable. The a squared Lyot
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FIG. 3. Beam distribution and diffraction fringes at the image plane of the objec-
tive lens ∣ΨA∣

2 with a beam size of σx = 105 μm, a magnification of 1/12.5, a
wavelength of 500 nm, a diameter of the entrance pupil of 25 mm, and a focal
length of 1 m. The x-scale of the Fourier optics result has been rescaled by
z0/( f1 − z0) = 1.08 to account for the finite distance of the source point.

stop rotated by 45○ or a circular-type Lyot stop is appropriate to pre-
vent the invasion of the power from the corner of the re-diffraction
fringes, which contains the maximum power. The 2D intensity dis-
tribution at the position of the Lyot stop with a focal length of 0.5 m
is shown in Fig. 5.

The diffraction fringes created in the third stage, the relay sys-
tem, can be calculated using the Fourier transform with the Lyot stop
as an entrance pupil on the image point of the relay lens as given in
Eq. (7). At this stage, the intensity of the light is already reduced to
the level of 10−4, so the unwanted signal generated by diffraction
is negligible. The outer diameter of the relay-system tube is set to
50 mm and the opening of the Lyot stop is adjustable up to 20 mm.
Since the transverse magnification of the relay system is not enough,
an additional projection lens (eyepiece) in the front of the CCD cam-
era is also considered to enlarge the image by an order of magnitude.
The intensity distribution of the diffraction pattern on the imaging
plane of the relay lens is calculated with a radius of the Lyot stop
(rLyot) of 5 mm.

As shown in Fig. 6, the background light of the designed set-
up with 1 m objective lens, 0.5 m field lens, 0.25 m relay lens, and a
radius of the Lyot stop of 5 mm is about 3.0×10−5, which is sufficient
to observe the special bunches with significantly larger widths or at

FIG. 4. Intensity distribution at the image plane of the field lens ∣ΨB∣
2 with various

focal lengths including a diameter of the entrance pupil of 25 mm, a focal length of
the objective lens of 1 m, and a size of an opaque element of 8 × σ0 = 8 × σx × M.

FIG. 5. Log-scale 2D intensity distribution profile on the image plane of the re-
diffraction system ∣ΨB∣

2 with a 1 m focal-length objective lens and 0.5 m focal-
length field lens. White solid lines denote the two different types of the Lyot stop. A
circular collimator is more efficient to reject the background light due to the sharp
square edges (related to all deviations from the central cylindrical symmetry) and
mitigate the effect of a misalignment of the Lyot stop.

FIG. 6. Intensity distribution of the diffraction pattern on the image plane of relay
lens ∣ΨC∣

2 with a radius of the Lyot stop of 5 mm.

lateral positions further away from the central orbit in a storage ring
(Tables I and II).

B. Background light by Mie scattering
At such a low signal level, it is necessary to take into account

Mie scattering67 from the digs and scratches on the surface of the
objective lens since Mie scattering has a strong angular dependency
of the scattered intensity, especially for smaller particles and it is
much stronger than Rayleigh scattering and, therefore, a potential
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TABLE I. Dimensions and shapes of the disturbances used in simulations for the
coronagraph.

Type Diameter (mm) Shape

Entrance pupil 25 × 25 Square
Opaque element 8 ×M × σx (∼67 μm) Square
Lyot stop 6 Circular
Aperture diameter 50 Circular

TABLE II. Lens specs.

Type Focal length
Lens type

(in experiments) Quality

Objective lens 1000 mm Singlet (w/o coating) ≤10-5
(z1 ≃ 1 m)

Field lens 500 mm Achromatic doublet 40-20
(z2 ≃ 1 m)

Relay lens 250 mm Achromatic doublet 40-20
(z3 ≃ 0.3 m)

source of interference for this weaker light scattering process. The
digs and scratches on the lens surface are inevitable during the man-
ufacturing process. It introduces additional noise by Mie-scattering,
which is elastically scattered light of particles when the size of the
scattering particles is comparable to the wavelength of the light.
The surface quality is widely represented by a “Scratch-Dig (S −D)”
number that is an evaluation of the surface imperfections, such as
scratches and pits, or digs. The scratch number denotes the maxi-
mum width allowance of a scratch as measured in micrometers and
the dig number indicates the maximum diameter allowance for a dig
in hundredths of a millimeter. Once all scratches and digs have been
quantified, determining the number of allowable defects is required.
This number satisfies the following conditions:68

∑LSN < ϕ/4, (8a)
N = ϕ/20, (8b)

∑d < 2ND, (8c)

where ϕ is the diameter of the optical element, LSN is the length
of the scratch, N is the total number of allowable maximum size
digs, d is the diameter of a dig, and D is the specified dig number.
Equation (8a) represents that the sum of all scratch lengths with the
specified scratch number will not exceed a quarter of the diameter
of the optic. Equation (8b) means that the total number of allow-
able maximum size digs will not exceed the diameter divided by 20.
Equation (8c) indicates that the sum of all dig diameters will be less
than twice the total number of allowable maximum sized digs multi-
plied by the specified dig number. Then, the sum of the products of
the scratch numbers times the ratio of their length to the diameter of
the element cannot exceed half the maximum scratch number.

To achieve the background level below a contrast of 10−4,
the polishing quality of an objective lens should be qualified. For
instance, it has been proven that the effect of Mie-scattering owing
to the dig and scratch with a size of 200 μm (a dig number of
20) on the surface of the lens produces the background light of

3 × 10−4.69 Our numerical simulations are performed to estimate
the required quality of the objective lens for achieving an intensity
level lower than 10−4 contrast. The digs have a greater size than
scratches in diameter and depth, and they are discontinuous, result-
ing in enhanced forward scattering and a wide distribution of back-
ground light produced by the diffraction at the image plane of the
objective lens. Scratches, however, produce a sharp noise distributed
near the opaque element because they have a continuous distribu-
tion (forward scattering instead of diffuse scattering). Therefore, the
opaque element can obstruct the noise from the scratches. In our
Mie-scattering simulation, we decided to consider only the main
effect, namely, the digs, which were treated as random disturbances
at the entrance pupil. It was generated in accordance with the three
conditions, Eqs. (8a), (8b), and c(8c). The complex amplitude of the
light diffracted by many digs on the surface of the objective lens at
the image plane of the objective lens can be represented by

ΨA(x, y) = ϕz1

iλz1
∑

j
ℱ λz1[Pj(rj, xj, yj)e−i 2π

λ ((xj−x)+(yj−y))], (9)

where Pj(rj, xj, yj) denote the jth round shape dig on the lens sur-
face located at (xj, yj) with a radius of rj. Pj(rj, xj, yj) is a stochastic
probability for having a dig at the position of (xj, yj) with a radius
of rj. Equation (9) describes the Mie simulation by adding phase
kicks to the penetrating light. With the randomly distributed digs,
the noise level at the image plane of the relay lens was simulated for
standard quality (40-20) and high-quality (10-5) optical components
regarding the disturbances in the beamline such as the apertures,
the opaque element, and the Lyot stop. The total number of digs is
only about 0.5 per cm2 for the selected two cases and the calculation
results are shown in Fig. 7.

The standard-quality lens has a higher and narrow peak noise
in the center than the high-quality lens because the larger diame-
ter digs produce the noise near the center with a narrow bandwidth
at the final image plane. Moreover, the standard-quality lens has a
larger number of digs than the high-quality lens so that superim-
posing the noise peaks forms the sharp and higher peak at the cen-
ter. The background noise generated by Mie-scattering is partially
suppressed by the standard Lyot stop opening in the re-diffraction
optics. However, there is no gain in the signal-to-noise ratio by

FIG. 7. Simulated background light pattern at the image plane of the relay lens
produced by Mie scattering at the objective lens for standard (red, 40-20) and
high-quality (blue, 10-5) lenses.
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reducing the opening of the Lyot stop further. In addition, the back-
ground noise produced by the digs is not suppressed when the digs
are located near the center of the lens. Therefore, exquisite surface
polishing near the center of the lens should be considered in order
to measure the halo distribution at the level below a 10−5 contrast
relative to the core intensity. In addition, the microroughness of the
surface is also a significant parameter to mitigate the scattering of
light on the surface.70 In general, the pitch polishing of substrates
could obtain 1–1.5 nm roughness, but the anti-reflection coating has
the roughness of about 3 times worse than the roughness of the sub-
strates. Therefore, uncoated optical lenses are inevitable to achieve
the necessary surface quality as well as roughness requirements.

III. BEAM EXPERIMENTS AT BESSY II
A beam test is conducted at a diagnostics beamline of BESSY II

that provides a multi-platform for research and development of var-
ious synchrotron radiation based monitors.71,72 The distance from
the source point to the entrance pupil of the halo monitor is 13.5
± 0.5 m. For this experiment, the focal lengths of the objective lens,
the field lens, and relay lens are determined to be 1.0, 0.5, and 0.25 m,
respectively, taking into account the available space for the instal-
lation of the monitor at our platform. The objective lens with a
focal length of 1 m was manufactured for a high quality better than
(10-5) without surface coating, especially to minimize the number
of digs and scratches within the clear aperture, which corresponds
to 1/2 of the aperture diameter. For the field and relay lenses, com-
mercially available achromatic lenses with a diameter of 50 mm are
adopted and all elements such as an entrance pupil, lenses, and baf-
fle slits are installed in a reflection-free closed structure to prevent
ambient light. As shown in Fig. 6, it is still possible to obtain the
background light at the level of 10 −4 with respect to the core inten-
sity, which enables measurements of features of special bunches in a
storage ring. The square entrance pupil with the opening of 25 mm
was adopted. The bar-shaped opaque elements were printed by a 3D
printer with an irregular reflection surface for various sizes from 150
to 580 μm with a fabrication error of 100 μm. A GT1920 CCD cam-
era that has high linearity over extensive exposure time from 10 μs
to 60 s is used in the experiments. Considering the bunch revolution
times of 800 ns and the manifold of bunches per turn, the camera
will always determine averaged light signals and a synchronization
was not necessary.

The BESSY II storage ring has been providing a new bunch fill-
ing pattern in the top-up mode, namely, the standard user mode.
This consists of a hybrid (chopper) bunch of 4 mA in the center of a
200 ns wide dark gap, followed by the PPRE bunch,40,73 the standard
multibunch train at 1 mA current per bunch separated by 2 ns, and
slicing bunches deliver photons to the ultrafast timing experiments
at the Femtoslicing facility.74,75 The PPRE bunch is utilized at BESSY
II to provide quasi-single bunch light to timing users while operat-
ing a multi-bunch filling pattern. It has been realized by exciting the
first synchrotron sideband of the horizontal betatron frequency to
enlarge the beam horizontally with relatively small orbit perturba-
tion and this bunch has typically a bunch current of 3 mA. Since
the PPRE bunch has 1.2% (3/250 mA) of total beam current in the
ring as well as a relatively larger beam size than the 1 mA standard
multibunch, we anticipate observing the bunch as halo below the
10−2 level. This special bunch offers a unique opportunity for the

FIG. 8. Intensity distribution in the horizontal direction of beam halo with various
opaque elements in the standard user mode of BESSY II with a beam current of
250 mA and a PPRE bunch current of 3 mA. The focal length of the objective,
field, and relay lenses is 1.0, 0.5, and 0.25 m, respectively. The eyepieces with a
magnification of 10 was used and all data are normalized by the exposure time of
CCD camera.

coronagraph to verify the performance explicitly. In the experiment,
various sizes of an opaque element were used to adjust the dynamic
range of the monitor by removing the bright part of the beam. The
full dynamic range is covered by using three different sized opaque
elements.

As shown in Fig. 8, in the measurement without an opaque
element, which is close to a direct source size monitor, the PPRE
bunch is invisible owing to the background light. However, the
PPRE bunch is clearly recognized when an appropriate opaque ele-
ment is installed and the result shows that the particle distribution
deviates greatly from the Gaussian distribution at the level of 10−2

contrast to the beam core. Furthermore, the result of numerical sim-
ulation using the Elegant code76 shows qualitative agreement with
the measurement.73

In addition to the standard user mode discussed above, the
BESSY II storage ring provides various sophisticated filling patterns
such as a high-current single-bunch mode, a few bunch mode of 4
bunches, and a low-α multibunch hybrid mode for time-resolved
studies. The low-α optics can be achieved by modifying a momen-
tum compaction factor to smaller values by a special setting of the
electron optics of the storage ring. Beam experiments were per-
formed in the low-α mode without the PPRE bunch. Since the low-α
beam size is larger than for the standard optics, the beam distribu-
tion is expected to be close to a Gaussian distribution. The result
is shown in Fig. 9. The measured beam halo distribution is qualita-
tively close to Gaussian distribution for up to 10−3 contrast to the
beam core. Due to background light, it is difficult to measure the
practical halo distribution at 10−4 contrast to the beam core.

In general, halo particles are distributed on the shoulder of the
high-intensity part of the beam, where relatively strong background
light occurs in the coronagraph. This point makes the distinction
between halo parts and background light difficult in the experiment.
Therefore, it is worthy to measure the beam located off the section
of the strong background light area in order to ensure the perfor-
mance limitation of the beam halo monitor. This is feasible by TRIBs
bunch,39,77,78 which is newly implemented at the BESSY II storage
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FIG. 9. Intensity distribution in the horizontal direction of beam halo with various
opaque elements in the low-α mode. The other settings are identical to the ones
in Fig. 8.

ring since 2017. This mode provides a special setting of the mag-
netic lattice for generating a second stable orbit, which closes after
three revolutions. At each position in the storage ring, this yields
three additional source spots. This special operation mode allows
the beam separation in the horizontal plane as well as the manip-
ulation option of bunch filling in the second orbit. The outer laying
TRIBs bunch is placed beyond the background light. By using the

FIG. 10. Image of the core beam and diffused beams at the second stable (TRIBs)
orbit (upper plot). The core beam image (without opaque elements) is rescaled
by 5 × 10−4 and has been overlayed to the TRIBs beam profiles measured with
an opaque element. In the lower plot, the projection of the intensity profile with
the opaque element (blue curve) is shown together with the core beam profile
obtained without the opaque element (red curve). The other settings are identical
to the ones in Fig. 8.

halo monitor, we observed the diffused particles from the core orbit
to the second stable orbit during commissioning of TRIBs. The mea-
surement result of the diffused beam at the second stable orbit is
shown in Fig. 10.

As shown in Fig. 10, the three TRIBs bunches are clearly distin-
guishable and the beam intensity is in good agreement with the val-
ues measured in a user beamline with comparable detectors. Particu-
larly, it shows clearly that the coronagraph can achieve an extremely
high signal-to-background ratio when the beam is far apart from the
center of the image because the background light is suppressed by
more than four orders of magnitude as suggested in Fig. 6. From this
measurement, consequently, the halo monitor can be used poten-
tially for continuous monitoring of the bunch in the second stable
orbit during TRIBs operation.

IV. CONCLUSION
A design study and optimization of the coronagraph based halo

monitor was performed to observe the halo distribution with ∼10−4

contrast to the beam core. The monitor is capable of performing halo
measurements in the horizontal as well as vertical direction. The
background diffraction pattern at the image plane of the relay lens
has a relative peak intensity of about 3.0 × 10−5 with a radius of the
Lyot stop of 5 mm. The background level can be mitigated further
by adjusting the opening of the Lyot stop. The performance until
now is limited by the polishing quality of the objective lens since
the background noise produced by Mie-scattering effects owing to
the digs and scratches on the lens surface produces a background
level of 3 × 10−5 for a high-quality lens (10-5). The monitor has
demonstrated its capability for measuring the transverse profile of
special bunches in the BESSY II storage ring with a dynamic range of
about 104 in experiments with electron beams. This monitor enables
the non-invasive measurements of special bunches in the storage
ring such as TRIBs and PPRE, which are newly developed for stor-
age rings to serve timing users and high-flux users simultaneously.
Recently, a new diagnostic platform that features visible-light out-
put ports from two dipole beamlines of the BESSY II storage ring
has been built for bunch-resolved diagnostics with sub-ps time res-
olution and micrometer spatial resolution49,79 so that the monitor is
no longer available. However, we will rebuild the monitor at the new
platform, which has an x-ray blocker to prevent thermal distortion
of the front-end mirror.
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