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Abstract 
We describe the design of coded aperture optical 

elements for the SuperKEKB x-ray beam size monitors. 
X-ray beam profile monitor are being installed in each 
ring of SuperKEKB (LER and HER) to provide high 
resolution bunch-by-bunch, turn-by-turn measurement 
capability for low emittance tuning, collision tuning and 
instability measurements[1,2]. We use two types of 
optical elements, single-slit (pinhole) and multi-slit 
optical elements (coded apertures, CA). CA imaging 
offers greater open aperture than a single pinhole, for 
greater photon throughput and better statistical resolution 
for single-shot measurements. X-rays produced by a hard-
bend magnet pass through a pinhole or CA optical 
element onto a detector. The resolution is obtained by 
calculating the differences between the images recorded 
by the detector for various simulated beam sizes, for a 
given number of photons. The CA elements that we have 
designed for use at SuperKEKB are estimated to provide 
1.25-2.25 microns resolution for 10-25 microns of vertical 
beam sizes at 1 mA bunches. We present the design 
principle and optimizing process used to optimize the 
resolution at various beam sizes for SuperKEKB. 

INTRODUCTION 
Precision measurement of vertical bunch size plays an 

important role in the operation and tuning of electron 
storage rings [3], including the e+ e- collider 
SuperKEKB[4]. For this machine, luminosity or 
brightness is directly related with vertical emittance and 
vertical beam size. To meet bunch-by-bunch beam profile 
monitoring with high resolution and fast response, we are 
building an x-ray imaging system based on coded 
aperture (CA) imaging [5]. The basic concept of CA 
imaging is shown in Fig. 1.  The system consists of a 
pseudorandom array of pinholes (apertures) that project a 
mosaic of pinhole images onto a detector. The detector 
image is then decoded using the known mask pattern to 
reconstruct the original image. With a single pinhole, the 
resulting image is relatively easy to understand and 
analyze, though the usable photon flux is limited. 

 

Figure 1: Basic concept of CA imaging [6]. 

CA imaging offers greater open aperture than a single 
pinhole, for greater photon throughput and better 
statistical resolution for single-shot measurements. One 
traditional example of such a pattern is the Uniformly 
Redundant Array (URA)[6], which has been tested for 
beam size measurement at CesrTA[7], Diamond Light 
Source[8], and the ATF2[9]. Other patterns have also 
been developed which are optimized for better 
performance at small beam sizes [10]. At SuperKEKB, x-
ray beam monitors will be used primarily for vertical 
bunch profile measurement, with two types of optical 
elements, single-slit (pinhole) and multi-slit optical 
elements (coded apertures, CA). A schematic view of the 
x-ray beam size monitor line is shown in Fig. 2. Beryllium 
filters are placed upstream of the optics to reduce heat 
load, with the whole line being in vacuum up to the 200 
m Be extraction windows at the end. The detector is 128 
channels of silicon with 2 mm of sensing depth, and a 
pixel pitch of 50 μm. SuperKEKB has two rings, the Low 
Energy Ring (LER) and the High Energy Ring (HER). 
Parameters for each beam line and the optical elements 
shown in Table 1. 

Figure 2: Simplified schematic of x-ray beam size 
monitor (not to scale). 

Table 

Parameter LER HER Unit 

Beam energy 4 7 GeV 
Source bend radius ρ 31.74 106 m 
Distance from 
source to mask (b) 

9.43 10.33 m 

Distance from 
mask to detector (f) 

31.38 32.35 m 

Au thickness 20 20 µm 
Total Be thickness 
(filter+window) 

0.7 16.2 mm 

Diamond thickness 600 600 µm 
Air gap (window-det.) 10 10 cm 
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Table 1: Parameter for Beam Lines and Optical Element
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SIMULATION METHODS 

The formalism used to simulate the detected image 
follows K.J.Kim’s formulation [11, 12] 
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where  ,A  are the components of the complex wavefront 

amplitude of the synchrotron radiation (SR) with angular 
frequency of photon  ,   is the Lorentz factor for the 

particle beam, c is the critical frequency,  is the radius 

of instantaneous curvature of the electron trajectory (in 
practical units      TBGeVEm 3.3 ),  is the 

observation angle in the vertical plane and K are the 
modified Bessel functions. The angular density of the 

spectral flux in frequency band   is defined as[11] 
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where d is the horizontal angel element,  is the fine-

structure constant, I is the accelerator beam current and 
e is the charge of the electron. As has been explained 
previously[13], for a one dimensional mask, the path 
integral in the vertical direction from a point in the source 
distribution to a point on the detector can be written using 
the Kirchhoff approximation as[14] 
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where λ is the wavelength, yd and ym are the vertical 
coordinates at the detector and mask, r1 and θ1 are the 
distance and angle from the source point to the mask 
point at ym, and r2 , θ2 are the distance and angle from the 
mask point ym to the detector point yd. For each pixel in 
the detector, the wavefront amplitude from each source 
point is calculated by equation (4) and converted to 
detected flux. 

The single-shot resolution of the system is limited by 
the statistical fluctuations in the number of detected 
photons. To estimate the resolution of the system as a 
function of beam size, simulated images are calculated for 
Gaussian beams of various sizes. The simulated detector 
images for different-sized beams are then compared pair-
wise against each other. The differences between two 
images in signal height for each channel are used to 

calculate the 2 per degree of freedom as[15] 
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where N is the number of detector channels (pixels), and n 
is the number of fit parameters, which is in this case is 

one. The residual weighting i for channel is taken to be 

proportional to the square root of the signal height 

(number of photons) in that channel ( is ).  The resolution 

is then defined as the change in beam size,  where the 
2 per degree of freedom is one. 

MASK DESIGN 
The optical elements for the x-ray beam size monitor 

consist of 20 µm thick gold masking material on 600 µm 
thick diamond substrates. The diamond substrate mask is 
more robust than silicon (due to the better heat conduction 
of diamond), so it can better tolerate the LER and HER 
power densities [16]. The design of the pinhole and CA 
masks proceeded as follows. First, the pinhole size was 
optimized by simulating detector images for a point 
source in both rings, with various pinhole (slit) sizes.  The 
minimum widths of the resulting Point Response 
Functions (PRFs) were found to be the same (within 
1m) at 33 m for both the LER and the HER, so this 
size pinhole was taken as the optimum for both rings. 
Next, pairs of 33 m slits were simulated, with varying 
separations between the pairs.   

 
Figure 3:  CA1 mask with 17 slits. 

 
Figure 4:  CA2 mask with 12 slits. 
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For each separation, the resolution curves for different 
beam sizes at a standard bunch current of 1 mA were 
calculated, to determine the range of beam sizes for which 
each slit separation was optimal.  Then a series of multi-
slit patterns were devised by hand, incorporating a 
suitable range of slit separations to cover the dynamic 
range of interest, with emphasis on covering the smallest 
beam sizes.  The hand-optimized pattern that was chosen 
based on its resolution curve over a range of beam sizes is 
denoted CA1, shown in Fig. 3. Finally, a 12-slit URA 
pattern was constructed using 33 m as the basic unit size. 
This pattern, called CA2, is shown in Fig. 4. 

 

(a) 

 

(b) 

 
(c) 

Figure 5:  Simulated detector images showing the number 
of photons/pixel for 1 mA bunches for different beam 
sizes at HER: (a) single pinhole; (b) CA1; (c) CA2. 

 

(a) 

 

(b) 

 

(c) 

Figure 6: Simulated detector images showing the number 
of photons/pixel for 1 mA bunches for different beam 
sizes at LER: (a) single pinhole; (b) CA1; (c) CA2. 

RESULTS 
The detector images for all three optical elements at the 

HER and LER are shown in Figs. 5 and 6, respectively.   
We calculated the resolutions for the pinhole and the 

CA masks for both rings (LER and HER) with the 
number of photons in the LER being 1942.96 
photon/turn/mA/bunch, while at the HER it is 3341.63 
photon/turn/mA/bunch, for hole regions. Figs. 7 and 8 
show the estimated resolution for the single-slit, CA1 and 
CA2 for various bunch currents.  
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At lower beam sizes (10-25 microns), the CA1 has 
better single-shot resolution than the single pinhole and 
CA2. It is estimated to provide 1.25-2.25 microns 
resolution for 10-25 microns of vertical beam sizes at 1 
mA bunches. For smaller currents the resolution of 
vertical beam sizes changes, e.g at 0.1 mA and 0.01 mA 
bunches the resolution drops to 4-7.5 microns and >20 
microns respectively due to lower photon throughput and 
statistical resolution. For higher beam sizes (> 30 μm), the 
CA2 mask performs better than CA1.  

 
Figure 7: Vertical beam size resolutions at HER for 
various bunch currents (1 mA, 0.1 mA and 0.01 mA) and 
optical elements (single pinhole, CA1 and CA2). 

 

 
Figure 8: Vertical beam size resolutions at LER for 
various bunch currents (1 mA, 0.1 mA and 0.01 mA) and 
optical elements (single pinhole, CA1 and CA2). 

SUMMARY 

The CA1 elements that we have designed for use at 
SuperKEKB are estimated to provide 1.25-2.25 microns 
resolution for 10-25 microns of vertical beam sizes at 1 
mA bunches. For larger beam sizes (> 30 μm), CA2 mask 
is better than CA1. 

The pinhole and CA masks are in fabrication for use at 
SuperKEKB.  The study of the resolutions available with 
these mask patterns will be refined to incorporate noise 
and low-count (Poisson) statistics, and compared with 
data taken following beam commissioning in Spring 2016. 
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