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Design and Experimental Validation of
High-Resolution Single-Shot Emittance

Diagnostics for Heavy-Ion Beams
Garam Hahn , Tae-Keun Yang , Hyun Jong You , and Ji-Gwang Hwang

Abstract— A pepper-pot diagnostic device was developed
to accurately and robustly retrieve particle distribution in
horizontal and vertical phase spaces by single-shot emittance
measurements. Two masks that differ in both composition and
manufacturing method were fabricated: one made of phosphor
bronze by an optical lithography process and another made
of stainless steel (SUS) by laser cutting. Scanning electron
microscope (SEM) measurements of the two masks revealed
that the former is superior in terms of regularity and shape
of the mask holes and is therefore more suitable to use.
A new image-processing algorithm, namely, cluster noise removal
method, was developed which improves the resolution of the
phase-space distribution measurements over traditional methods.
The device was tested in experiments with low-energy argon
beams generated by an electron-cyclotron resonance (ECR) ion
source at Korea Institute of Fusion Energy (KFE), Daejeon,
South Korea. The results show that the diagnostics can robustly
and reliably retrieve the four-dimensional (4-D) phase-space
distribution of ion beams with a single-shot measurement.

Index Terms— Background removal, four-dimensional (4-D)
emittance, heavy-ion beams, low-energy beams, particle therapy,
pepper-pot.

I. INTRODUCTION

COMMISSIONING of a low-energy beam transport
(LEBT) line is important [1] since the beam quality

and intensity of the whole accelerator are mainly dominated
by beam parameters such as Courant-Snyder parameters and
emittances at the entrance of a linear accelerator. The LEBT
line consists of an electron-cyclotron resonance (ECR) ion
source to stably produce ion beams, a beam separator to
discriminate target ion beams from unnecessary ion beams
generated by background gas which is used to increase the
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possibility of collisions in plasma cells, and diagnostics to
measure various beam parameters. A linear accelerator, which
consists of radio frequency quadrupole (RFQ) and drift-tube
linear (DTL) accelerators, is located downstream of the LEBT
line and has a limited transverse acceptance determined by the
physical aperture of a matching cell located at the beginning
of the RFQ accelerator [2], [3].

With the conventional diagnostic methodologies [4] such
as slit scanning and quadrupole scanning [5], commission-
ing of an LEBT line with the required beam quality is
time-consuming and costly. In addition, these methods are
not suitable for measuring horizontal-vertical coupling terms.
ECR ion sources give rise to the coupling due to solenoidal
and hexagonal magnetic fields, which are essential for trapping
ion and electron beams inside a plasma chamber. There is
an effort to complement the limit of the slit scanner using
a rotatable stage, but the system requires a relatively longer
space-about 83 cm [6]. This calls for a fast, robust, com-
pact, and high-resolution beam diagnostics that can mea-
sure the coupling terms as well. The pepper-pot device has
been devised [7], [8], experimentally demonstrated [9], [10]
for electron and heavy-ion beams, and used for various
applications [11]–[17] to achieve a high resolution and fast
single-shot measurement by exploiting a micro-channel plate
(MCP). These investigations, however, have not dealt with the
manufacturing accuracy of the mask and sophisticated noise
suppression generated by the MCP, which are crucial factors
for achieving high resolution. Here, we have developed a
pepper-pot diagnostic device including a reliable algorithm to
achieve a high resolution. It enables a single-shot measure-
ment with an accurate reconstruction of beam distribution in
four-dimensional (4-D) phase space at a low beam current
since it includes an MCP which is able to amplify the
signal by four orders of magnitude. This compact instrument
accurately measures the beam emittance and Courant-Snyder
parameters simultaneously in horizontal and vertical directions
for low-energy beams.

II. PHYSICAL DESIGN AND MASK FABRICATION

The pepper-pot diagnostic device consists of a metallic
mask with a pinhole array for deconvolutioning the posi-
tion and angular information of charged-particle beams by
a small spatial opening, an MCP for amplifying signal inten-
sity by a factor of 104, a phosphor screen for converting
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Fig. 1. Technical drawing of pepper-pot emittance device which consists of
metallic mask, MCP, phosphor screen, and mirror.

electrons to visible light, and optics for measuring the profile.
Since the beam intensity on the phosphor screen is signifi-
cantly reduced by the small opening of the mask, the MCP is
required to improve the signal-to-noise ratio of the detector.
A technical drawing of the pepper-pot device is shown
in Fig. 1.

A. Physical Design

The fundamental principle of the pepper-pot emittance
device is the reconstruction of position and angular distribution
of incident beams as in a slit-scan method but in a single shot
by applying a metallic mask which has equidistant pinholes
with the same diameter. When the incident beams are split into
beamlets by the pinholes on the mask, each beamlet creates a
spot on the phosphor screen located downstream of the mask.
This allows for the deconvolution of the angular distribution of
the beam based on the predefined distance between the mask
and the screen. The resolution limit of emittance measurements
using the pepper-pot device is fundamentally determined by
the ratio of the distance between the mask and the MCP to
the pinhole diameter and the precision and deviation of the
diameter of pinholes [18]. Assuming a Gaussian distribution
of incident particles and no x − y coupling, the measurement
resolution of the unnormalized emittance using the pepper-pot
device can be expressed as

�εx,y = 2�σ

d

√√√√(
a√
12

βx,y

1 + α2
x,y

)2

+ (
εx,y d

)2
(1)

where �σ is the resolution of the imaging system, d is
the distance between the mask and the MCP, a is the hole
diameter, αx,y and βx,y are the Courant-Snyder parameters, and
εx,y is the unnormalized transverse emittance. In the square
root of (1), the first term is always greater than the second term
for aβ � εx,y d . Therefore, the resolution of the emittance
measurement can be approximated by εx,y ∼ (aβ�σ)/d .
In addition, the larger αx,y value which interprets the derivative
of the β-function yields further improvement of the resolution.
To determine the optimal set of parameters, the distance
between the mask and the MCP and the hole diameter were
varied with the beam parameters of the LEBT of the KHIMA
accelerator [19]–[21] that has a kinetic energy of 8 keV/u,

Fig. 2. Systematic resolution of pepper-pot device as functions of pinhole
diameter and distance between the mask and the MCP with the beam energy
of 8 keV/u, the unnormalized emittance of 36 mm · mrad (normalized
emittance of 0.15 mm · mrad), and αx,y = 0 which corresponds to the
worst case from (1). All values are unnormalized emittances and the red dot
represents our design parameters.

TABLE I

MAIN SPECIFICATIONS OF THE DESIGNED PEPPER-POT DEVICE

a unnormalized emittance of 36 mm · mrad (a normalized
emittance of 0.15 mm · mrad), and a beam size of 10 mm.
The calculation was performed within reasonable boundaries,
and the result is shown in Fig. 2.

When the second term in the square root of (1) is larger
than the contribution by the hole diameter, the resolution
is not dramatically improved by reducing the hole diameter,
whereas the intensity depends quadratically on the diameter.
The intensity increment, however, would reduce the statistical
error on emittance determination. A greater distance between
the mask and the screen can easily improve the resolution of
the measurement. However, it not only reduces the number of
data points for the phase-space reconstruction by increasing
the distance between the holes but also occupies much space,
which is not suitable for low-energy beamlines. With the hole
diameter of 90 μm that is determined by technical limitations
(see Section II-B), the distance between the mask and the
screen was optimized to be 51 mm to achieve a resolution
of 0.15 mm · mrad. The measurement resolution of the
unnormalized emittance is therefore 0.15 mm · mrad which
corresponds to 0.4% of the emittance value in the LEBT line.
With these optimal parameters, the distance between the holes
is determined to be 3 mm since the beam spot size on the
MCP defined by the beam angle and the mask to MCP distance
(σx′ ,y′ ×d) is below 0.5 mm with a moderate αx,y value which
is required for improving the resolution further. The main
design parameters are listed in Table I.
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Fig. 3. Picture of SEM measurements of two masks, stainless steel (SUS 306)
with a thickness of 80 μm fabricated by the laser-cutting technique and
phosphor bronze with a thickness of 50 μm fabricated by lithography.

B. Precise Mask Fabrication for High-Resolution
Pepper-Pot Device

The manufacturing accuracy and reproducibility of the
pepper-pot mask are crucial to achieving the high resolution
of the detector. Two types of masks were fabricated by
substantially different manufacturing techniques. Two masks
that differ in both composition and manufacturing method
were fabricated: one made of phosphor bronze by an optical
lithography process and another made of stainless steel (SUS)
by laser cutting. The distinct fabrication processes necessitated
the choice of different materials. The thicknesses of the masks
were determined to be 50 μm for the phosphor bronze and
80 μm for SUS to suppress the secondary electrons. A hole
diameter of 60 μm is typically achievable by laser cutting
with accurate positioning. Local heat deposition, however, can
distort the shape of the hole. Since hole distortion leads to the
change in the image shape when the hole diameter is close to
the image size, the manufacturing tolerance of hole diameters,
hole shape, and distance of both masks were investigated
by scanning electron microscope (SEM) measurements. The
SEM images of the two masks are shown in Fig. 3.

Irregular burrs formed by localized heat were observed
in the SEM measurement of the SUS mask. The hole size
becomes noticeably inhomogeneous; this inhomogeneity nec-
essarily increases the error in the measured emittance due
to uncertain beam widths. On the other hand, the phosphor
bronze mask has about 67% bigger hole diameter compared
with the designed value. This would deteriorate the resolution
by more than 60% as shown in Fig. 2. Finally, we suc-
cessfully acquired ahole size comparable to our design value
by controlling the processing time for the etching solution.
The mask with a hole diameter of 90 μm and an inter-hole
spacing of 3 mm reduces the beam current by a factor
of 1429. This does call for the MCP to amplify the signal
intensity at the screen. The diameter of randomly sampled
holes was measured and this is normally distributed with a
mean of 89.9 μm and a standard deviation of 1.3 μm. The
result of the SEM measurement of the final mask is shown
in Fig. 4.

III. IMAGE PROCESSING AND NOISE FILTERING

The image of the pepper-pot device generated by an MCP
and phosphor screen contains not only signals created by

Fig. 4. SEM measurement results for the final phosphor-bronze mask
after optimization of the fabrication process. The holes have a diameter
of 89.9 ± 1.29 μm.

Fig. 5. Flowchart of the image processing algorithm for background noise
reduction.

charged beams but also background noise which stems from
the dark current of the CMOS sensor, blur characteristics of
the phosphor screen, secondary particles scattered at the mask,
and ambient light partially reflected by metallic surfaces of
the surrounding structures. Several previous image processing
studies were performed without proper background noise
rejection [22]–[25]. The noise that is not cleanly removed
causes inaccurate results of the phase-space distribution of
the beam as it is considered as the beam signal during the
reconstruction stage. Furthermore, imprecise discrimination
of the background noise by a constant leveling leads to
misinterpretation of beam spot sizes, resulting in intolerable
stochastic error for low-emittance beams. We propose a robust
algorithm to suppress the influence of the background noise
in the pepper-pot image analysis as elaborated in Fig. 5.

The newly developed algorithm features two characteristics:
1) a pre-verification procedure that is accomplished with
an artificial image generated by a particle tracking simula-
tion [26] based on the Monte Carlo (MC) method and 2) an
advanced background removal method (cluster-removal filter)
for effectively suppressing speckle and stray noises. This
technique enables precise subtraction of the background noise
and the investigation of the characteristics of different filters.
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Fig. 6. Intensity histograms (upper side) and images (lower side) for: 1) unprocessed; 2) thresholding technique; 3) median filter; and 4) cluster-removal
image processing. Red lines represent the intensity distribution of the original image generated by a particle tracking simulation and black lines are the
intensity distribution after applying the filters.

The detailed procedure for generating the artificial image is as
follows.

1) A Gaussian beam distribution on a virtual plane at the
entrance of the pepper-pot mask was generated until the
number of particles that pass through the mask holes
is up to a certain value for the creation of an artificial
image using the Courant-Snyder parameters (αx , βx , αy

and βy) and RMS emittances (εx and εy) [27]. The
number of generated particle for each pepper-pot hole
is defined as

n
( �Xi, j

)
=

⌊
Ae− (x−xi )2

2εx βx e− (y−y j )2

2εy βy

⌋
(2)

where �Xi, j = (xi , y j) and A is an arbitrary number that
controls the total number of generated particles. Vertical
and horizontal angular distributions (x ′
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where Gr is a Gaussian random number generation
function defined as Gr (μ, σ ), where μ is the mean value
and σ is the standard deviation.

2) Generated particles were tracked to the MCP surface
based on the initial angle and the position of each
particle. The 2-D histogram of the particle distribution,
named the MC signal distribution, is calculated with a
bin size that is similar to the resolution of the camera.

3) A simple Gaussian white noise Gr (ln, dn) was added
uniformly to the MC signal distribution as the
background noise, where ln is the mean noise level and
dn is the noise deviation level of the pixels.

4) The intensity of all pixels is collectively adjusted to be
less than the bit depth of the camera.

Fig. 6 (1-1) and (1-2) shows an example of the intensity
histogram and the artificial image, generated by the proce-
dure described above. With the artificial image, which is
qualitatively consistent with real images obtained by beam
experiments, we performed two steps of image processing
to disentangle the background noise. The background noise,
which looks a dark white noise, typically makes the highest
peak in the brightness space. In the first step, the noise peak is
detected using a Gaussian fit and the fit mean value is globally
subtracted from all pixels. An additional background cut is
performed in which the noise elements below a certain bright-
ness threshold are set to zero. The threshold is determined as
a function of the standard deviation from the said Gaussian fit.
The population density of the pixel intensity indicates that the
residual background noise remains partial at the low-intensity
region [see Fig. 6 (2-1)].

As the second step, we tested the performance of filter-
ing techniques for 2-D datasets such as median filter and
cluster-removal filter. The median filter is well-known for
reducing a randomly scattered impulse noise which is caused
by dead pixels and a Gaussian noise by the MCP [28], [29].
The cluster-removal filter, newly developed in this study,
rejects multi-dimensionally clustered noises without distortion
of the beam signals which were characterized by continu-
ous distribution with a higher intensity peak in the middle
[see Fig. 6 (1-1)]. The developed filter discerns clusters by
scanning recursively over adjacent k2 − 1 pixels, and then
removes the clusters unless they fulfill the pre-defined criteria:
1) the maximum value of the cluster must be larger than a
value that proportionals to the brightest level in the image
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Fig. 7. Performance comparison of two algorithms according to the variation
in the additional background cut.

(7% was used here) and 2) the number of pixels of the cluster
must be larger than a number N (N = 4 was used here).
The algorithm effectively eliminates relatively low-intensity
noise while not invading beam signals since filtering affects
only the low-intensity pixels. In contrast, the median filter
with a minimum kernel size of k = 3 dilutes beam signals,
although this does remove the residual background noise since
it replaces each entry with the median of neighboring entries
as shown in Fig. 6 (3-1 and 3-2).

To evaluate the reconstruction accuracy of both meth-
ods quantitatively, we calculated the mismatching factor and
emittance difference. The mismatching factor indicates the
difference between two ellipses in x − x ′ or y − y ′ phase
space using the Courant-Snyder parameters and the emittance
difference is the deviation of the measured value from the
real-beam emittance. The results are shown in Fig. 7.

The mismatching factor [30] and the emittance difference
are defined as

M =
√(

R +
√

R2 − 4
)
/2 − 1 (4)

Dε = (εr − εm)/εm (5)

where R = βrγm + βmγr − 2αmαr , β, γ , and α are the
Courant-Snyder parameters, ε represents the RMS emittance,
and subscripts r and m denote the reconstructed and MC gen-
erated values, respectively. The mismatching factor quantifies
the difference between two ellipses as a value between 0 and 1.
Both factors indicate that the measured value is close to
the beam parameters when it vanishes. To simultaneously
minimize two independent factors, the quantity (D2 + M2)1/2

was defined as the reconstruction error index. As shown
in Figs. 7 and 8, compared with the median filtering technique,
the cluster-removal method with k = 3 is insensitive to
the additional background cut and has lower reconstruction
error. Therefore, the cluster removal algorithm with an addi-
tional background cut of 1.0–1.5 as a background removal

Fig. 8. Reconstructed phase space comparison of two algorithms when their
additional background cuts are 1-σ .

image processing algorithm is implemented to the developed
pepper-pot device. The phase-space reconstruction code also
includes the correction of rotation and translation based on
multi-dimensional matrices to mitigate the relative angular
misalignment errors between the MCP, the mirror, and the
CMOS camera with respect to the mask.

IV. BEAM EXPERIMENT AND 4-D EMITTANCE

CALCULATION

We treat the beam dynamics of charged particles in acceler-
ators using 6-D phase-space coordinates. In many cases, it can
be simplified to 2-D x −x ′, y− y ′, and z−δE sub-phase spaces
when all beam manipulation objects consist of linear com-
ponents such as quadrupole and dipole magnets without mis-
alignments. However, inter-plane correlations can be produced
by non-linear fields such as fringe field of magnets, sextupoles,
solenoids, and a misalignment of magnets and radio frequency
instruments and it can lead to the coupling of beam dynamics
between two transverse phase spaces [31], [32]. Particularly,
solenoids are commonly used in an ion source to trap plasma
and in a LEBT to focus the beams effectively, but they make
helical beam motions which transfer the particle’s momentum
of one axis to the other. Inter-plane coupled physical quantities
are generated, transferred, and changed every time when the
beam passes such non-linear fields. Such phenomena could be
erroneously regarded as unexpected emittance changes if one
uses the conventional slit-scan emittance meter that measures
only 2-D phase spaces. However, quantifying the amount
of inter-plane coupling has been accessible using pepper-pot
diagnostic device, since it can measure the full 4-D beam
distribution with a single-shot scan. Furthermore, quantitative
controlling or minimizing the inter-plane coupled physical
quantities is also possible using the pepper-pot emittance meter
together with skew quadrupoles.
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Fig. 9. Measured x − x ′ and y − y′ phase-space distribution.

The 4-D beam matrix C can be expressed by the
4 × 4 symmetric second moments as

C =

⎡
⎢⎢⎣

〈xx〉 〈xx ′〉 〈xy〉 〈xy ′〉
〈x ′x〉 〈x ′x ′〉 〈x ′y〉 〈x ′y ′〉
〈yx〉 〈yx ′〉 〈yy〉 〈yy ′〉
〈y ′x〉 〈y ′x ′〉 〈y ′y〉 〈y ′y ′〉

⎤
⎥⎥⎦. (6)

The beam matrix contains ten unique elements, four of
which describe the coupling. When there exists a coupling
between the horizontal and vertical planes, at least one of the
elements of the off-diagonal submatrix is non-zero. The 4-D
RMS emittance is the square root of the determinant of the
beam matrix C , and the projected beam rms emittances εx and
εy are the square roots of the determinants of the on-diagonal
2 × 2 sub-matrices [33]. The intensity distribution Wi, j (x ′, y ′)
of the beamlets which correspond to each pepper-pot hole of
the mask (xi , y j) can be measured in the experiment, and the
result can be translated to the moments 〈μν〉 by

〈μν〉 =
∑

i

∑
j

∫∫
Wi, j

(
x ′, y ′)μνdx ′dy ′∑

i

∑
j

∫∫
Wi, j (x ′, y ′)dx ′dy ′ (7)

where i and j indicate the numbers of row and column of the
beamlet array, respectively, and μ and ν can be replaced by
x , x ′, y, or y ′ variables. The variables x , x ′, y, or y ′ must
be defined with respect to the beam center of mass before the
calculation of the moments.

Beam experiments were performed using ion beams gener-
ated by an 18-GHz superconducting ECR ion source at Korea
Institute of Fusion Energy (KFE), Daejeon, South Korea.
This ion source is designed to extract a wide range of ion
elements from gas to metal, and the maximum output current
is optimized especially for the extraction of Ar16+ [34], [35].
The pepper-pot device is installed in the downstream of the
ion source. In our measurement, Ar8+ ion beam was used with
a current of 70 μA and the beam is extracted from the plasma
cell of the ion source with a voltage of 24 kV. The phase
ellipses in the horizontal and vertical directions are measured
using the developed pepper-pot device.

As shown in Fig. 9, the unnormalized RMS horizontal
and vertical beam emittances are measured to be 71.87π and
49.21π mm · mrad, respectively, when the adaptive baseline
cut and an additional background cut of 1.5 were applied.
The beam diverges in both the directions. As expressed in (7),

the numerator is the same constant for all the components so
that the emittance given by a determinant of the beam matrix
is independent of linear intensity scaling. Using (6) and (7),
the beam matrix is calculated as follows:

Cmeasured =

⎡
⎢⎢⎣

181.41 231.83 31.55 13.51
231.83 324.85 44.63 24.00
31.55 44.63 36.48 50.37
13.51 24.00 50.37 135.30

⎤
⎥⎥⎦. (8)

The beam matrix has non-zero values in the off-diagonal
submatrices indicating coupling between the transverse dimen-
sions through solenoids and hexapoles inside ECRIS and
a focusing solenoid and analyzing dipole outside ECRIS.
We observed that the light produced by the MCP is reflected
partially by surroundings such as the mirror, the mask, and
vacuum chamber and then causes strong background noise on
the measured image. It is challenging to predict the emittance
precisely when the background light dilutes the picture of the
holes. A vacuum-compatible coating technology is considered
for further upgrade of the device.

V. CONCLUSION

A robust and reliable pepper-pot diagnostic device has been
analytically and numerically illustrated that enables a fast
single-shot emittance measurement in 4-D phase spaces for
heavy-ion beams. The resolution of the device depends on
the manufacturing quality of the mask and its mechanical
structure. The structure of the device was carefully optimized
and the fabrication quality of the mask has been proven
through SEM measurement. In addition, a new algorithm
is developed for rejecting background noise which strongly
dilutes the resolution and accuracy of the retrieval of the
phase-space distribution of the device. The algorithm is robust
to the variation in the additional background cut, which can be
introduced when the threshold in the initial treatment adopts an
inappropriate evaluation. The pepper-pot device was validated
experimentally using Ar8+ ion beams with a current of 70 μA
and kinetic energy of 4.8 keV/u produced by an 18-GHz
superconducting ECR ion source at KFE. The result shows
reliable measurements of unnormalized RMS horizontal and
vertical beam emittances, which were measured to be 71.87π
and 49.21π mm · mrad, respectively.
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