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Abstract
For linac based high power electron machines, beam halo

induced by nonlinear space charge force and scattering of
trapped ions is one of the critical issues on a machine pro-
tection system. It causes additional radiation which can be
a heat source on a cryogenic system as a result of uncon-
trolled beam losses. During the last decades, several instru-
ments have been newly developed for measuring the beam
halo distribution. The conceptual design and optimization
of the coronagraph based halo monitor were performed to
measure the beam halo which has ∼ 10− contrast to the
beam core.

INTRODUCTION
The bERLinPro is ongoing at Helmholtz-Zentrum Berlin

(HZB) in order to demonstrate and establish technologies
for energy recover linear (ERL) accelerator performance
towards a future light source [1, 2]. The superconducting
linacs can provide both a low emittance and high average-
current electron beams that could produce ultra-brilliant
X-rays [3] or drive X-ray free-electron lasers in continu-
ous wave (CW) operation [4]. The bERLinPro will pro-
vide electron beams up to 50 MeV in the recirculation loop
with several operation modes such as the single pulse mode,
bursting mode, and a CW mode [5]. The injector system
which consists of the photo-cathode RF gun, booster linac,
and merger will provide electron beams with the energy of
6.5 MeV and beam current of 100 mA [6]. The layout is
shown in Fig. 1.

Figure 1: Schematic drawing of bERLinPro.

In the arc section of the re-circulation loop of the
bERLinPro, many optical beam diagnostics which are
based on synchrotron radiation from dipole magnets will be
installed for observing the beam size, coherent synchrotron
radiation (CSR) and halo distribution. The coronagraph
based halo monitor is a crucial diagnostic for minimizing
uncontrolled beam losses due to halo particles by adjust-
ing the optics at the upstream of the arc section. In order
to estimate the halo distribution at the exit of the second
dipole magnet in the re-circulation loop, the multi-particle
tracking simulation with 1 million macro-particles using
∗ ji-gwang.hwang@helmholtz-berlin.de

the OPAL code [7], which can compute relativistic parti-
cles distribution in fully 6-dimensional phase spaces taking
into account a space charge force with multiple-components
was conducted. The particle distribution is shown in Fig. 2.

Figure 2: Particle distribution on vertical plane at exit of
second dipole magnet in arc section. The red line was cal-
culated by using a Gaussian fitting.

From the calculation result, the beam intensity over 6 𝜎
(RMS beam size), ∼ 1.28 mm, is about 10− contrast to the
beam core. The beam distribution in the horizontal plane
is widespread and has non-Gaussian distribution due to the
dispersion. The coronagraph is aiming for halo observation
of 10− to 10− contrast to the beam core.

CORONAGRAPH BASED HALO
MONITOR

For the observation of the halo distribution with the con-
trast of 10− to 10− to the beam core, a special tech-
nique is required to reduce the background noise because
the high intensity light from the beam core produces diffrac-
tion fringes with the intensity of 10− when the image of the
beam produced by using an optical lens with a finite aper-
ture. Many techniques are developed [8–10]. The Lyot’s
idea for the coronagraph is to install a field lens at the focal
plane of an objective lens and to put a mask (Lyot stop) at
the focal plane of the field lens to remove the majority of
diffraction fringes produced using the re-diffraction optics.

Optimization of Objective Lens Section
The coronagraph based halo monitor consists of an ob-

jective lens (first lens) to produce the real beam image,
opaque disk to block the high intensity light from the beam
core, field lens (second lens) to produce the re-diffraction
fringes, Lyot stop to remove the majority of the diffraction
fringes, and a relay lens (third lens) to make the image for a
CCD camera(Fig.3).The beam distribution anddiffraction fringe
at the focal plane of the objective lens with the wavelength
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Figure 3: Schematic layout of the designed coronagraph
based halo monitor.

of 500 nm, entrance pupil size of 40 mm, and focal length
of 2 m are shown in Fig. 4.

Figure 4: Beam distribution (blue) and diffraction fringe
(red) at focal plane of objective lens with wavelength of 500
nm, entrance pupil size of 40 mm, and focal length of 2 m.

The disturbance of the diffracted light 𝐹(𝑥) on the imag-
ing plane of the lens is given by

𝐹(𝑥, 𝑦) = 1
𝑖𝜆𝑓 𝑓(𝜉, 𝜂)𝑒− ( + )

𝑑𝜉𝑑𝜂, (1)

where 𝑓(𝜉) denote the disturbance of the light on the lens en-
trance, the 𝜆 is the wavelength, and 𝑓 is the focal length [11].

The distance between the central maximum of the fringes
and the first minimum which is called an Airy distance is
proportional to ∼ 𝜆𝑓/𝑑, where 𝑑 is the entrance pupil size.
The size of the opaque disk is determined by the beam size
and magnification of the objective lens. The magnification
of the lens is given by 𝑓/(𝑠 − 𝑓), where 𝑠 is the distance from
the source point to the entrance pupil. For the optimization
of the focal length of the objective lens, the relative distance
of the Airy distance and beam profile as a function of the
focal length of the objective lens was calculated. The values
are normalized by the value with the focal length of 1 m. It
is shown in Fig. 5.

From the calculation result, the power of the diffraction
fringes removed by opaque disk which is defined by the 6×𝜎
beam size is increased when the entrance pupil size is in-
creased, focal length is increased and wavelength is shorter.
The longer focal length is also good to reduce the aberra-
tions. But the entrance pupil size and wavelength are lim-
ited by the size of the optical guide and energy of the beam,
respectively. In our case, the RMS beam size is about 214
𝜇m and distance from the source point to entrance pupil
would be 12 m long. The focal length of the objective lens,

Figure 5: Relative distance of Airy distance and beam pro-
file as a function of focal length of objective lens.

pupil size and wavelength are determined to 2 m long, 40
mm and 500 nm, respectively. The radius of the opaque
disk is 257 𝜇m.

The re-diffraction system, in which, the field lens is fo-
cused on the objective lens aperture, and has an aperture due
to central opaque disk. The input disturbance of the light is
given by the disturbance of the diffraction pattern of the ob-
jective lens. The diffraction of the field lens aperture for an
opaque disk is calculated using Babinet’s theory [11]. The
calculation of the intensity distribution at the focal plane of
the field lens with various focal lengths is shown in Fig. 6.

Figure 6: Calculation result of intensity distribution at fo-
cal plane of field lens with various focal lengths. The wave-
length and focal length of objective lens are 500 nm and 2
m, respectively.

The peak position of the diffraction fringe corresponds to
the geometrical image of the aperture edge at the entrance
pupil which is determined by the ratio of focal length of ob-
jective lens to field lens and entrance pupil. As the focal
length of the field lens increases, the distance between two
peaks is widens and power distribution spreads out. In our
case, the diameter of the relay lens is less than 50 mm and
the maximum opening of the Lyot stop is 25 mm. A com-
mercially available achromatic lens with the focal length of
1 m is adopted. The intensity distribution on the focal plane
of the field lens with the focal length of 1 m is shown in
Fig. 7.

Since the real image of the halo beam is distributed near
the vicinity of the re-diffraction peak, the opening of the

Optimization of Field Lens Section
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Figure 7: Calculations of linear (right) and log (right) scale
intensity distribution on focal plane of re-diffraction system.

Lyot stop is finely adjustable from 5 mm to 20 mm. The
circular type Lyot stop is adopted to prevent the invasion
of the power from the corner of the re-diffraction fringes
which contains the maximum power.

Relay System and Background Level
The diffraction fringes created in the third stage, the re-

lay system, is calculated using the diffraction integral with
the Lyot stop as an entrance pupil on the image point of
the relay lens. The diameter of the relay lens is set to 50
mm because the opening of the Lyot stop is adjustable up
to 20 mm. A commercially available achromatic lens with
the focal length of 0.5 m is adopted. Since the transverse
magnification of relay system is not enough, the projection
lens (eyepices) is required in the front of the CCD camera.
The intensity distribution of the diffraction pattern on the
imaging plane of the relay lens with the opening of the Lyot
stop of 8 mm is shown in Fig. 8.

Figure 8: Intensity distribution of diffraction pattern on
imaging plane of relay lens with Lyot stop opening of 8 mm.

As shown in the calculation result, the diffraction pattern
due to the relay lens has a relative peak intensity of about
2.5×10− . In the range of 10− contrast, the polishing qual-
ity of the lens should be better than 200 𝜇m because the
background noise from the Mie-scattering effect due to the
dig and scratch on the lens surface is 3 × 10− for a 200 𝜇m
dig [11]. A reflection free structure is considered for the
first stage, the objective lens section, to prevent the effect
of the background light. Several baffle slits are inserted in
the first stage.
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CONCLUSION
The design study of the coronagraph based halo monitor

was performed to observe the halo distribution with ∼ 10−

contrast to the beam core. The size of the entrance pupil,
focal length of the objective lens and focal lens, and open-
ing of the Lyot stop is optimized. The diffraction pattern
by the relay lens has the peak intensity of about 2.5×10− .
The polishing quality of the lens should be better than 200
𝜇m to reduce the background noise from the Mie-scattering
effect. The experiment and commissioning of the designed
halo monitor system will be performed in Metrology Light
Source [12].
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