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Abstract 

Measuring electron-beam sizes is very important to 
estimate horizontal and vertical emittances in low-
emittance rings.  The beam size monitor using Fresnel 
zone plates (FZPs) has been designed for the Super-SOR 
ring (a new name of the VSX ring), which is a third-
generation synchrotron light source being planned by the 
University of Tokyo.  The monitor system has a structure 
of a long-distance x-ray microscope using two FZPs and 
has an advantage of direct and real-time monitoring of the 
electron beam profile.  The synchrotron radiation from the 
electron beam at a bending magnet is monochromatized 
by a double-crystal monochromator and the electron beam 
profile is magnified and imaged on an x-ray CCD camera 
by two FZPs. The spatial resolution is estimated to be 
about 1 µm for the photon energy of 5 keV and it is 
sufficiently high to measure the horizontal and vertical 
beam sizes, 14 µm and 3.6 µm at minimum, respectively.  
The design of the new beam profile monitor using Fresnel 
zone plates is presented in this paper. 

1 INTRODUCTION 
In the Super-SOR ring[1], the electron beam with 

extremely small sizes of 3.6 µm (vertical) and 13.8 µm 
(horizontal) can be stored.  Therefore, measurement of the  
electron-beam size is considered as an important study 
item. The method utilizing a laser-Compton phenomenon 
is known as the method of beam-size measurement with 
nanometer-order accuracy[2]. However, it is expected that 
x-ray imaging optics using new optical elements can 
directly monitor the electron-beam profile in a non-
destructive manner.  

Fresnel zone plates (FZPs) have been used for a x-ray 
microscope, and can focus x-ray beams with the energy of 
less than 8 keV[3]. Also, the spatial resolution, which 
depends on the outermost-zone width of FZPs, is capable 
of being less than 100 nm[4].  We have tried to apply the 
FZPs to the beam size monitor and designed the x-ray 
optics and the other components.  In this paper, the results 
of designing the new beam size monitor using FZPs are 
summarized.   

2 PRINCIPLE 

2.1 Electron beam and synchrotron radiation of 
the Super-SOR  ring 

The Super-SOR ring has 28 bending magnets (BMs) 
including 8 half BMs and one of the SR beam-lines 
equipped at the BMs can be used for the beam size 

monitor. The basic parameters of the Super-SOR ring are 
listed in Table 1.  

 
Table 1. Basic parameters of the Super-SOR ring 

 Ultra-low 
emittance 

mode 

Low-emittance mode 

Energy Ee[GeV] 1.0 1.0 1.6 
Emittance ε0[nm rad] 0.76 2.20 5.62 
Energy spread 4.88E-04 4.88E-04 7.81E-04 
Beam size / divergence 
     at the center of BM* 
   Horizontal[µm/µrad] 
   Vertical[µm/µrad] 

 
  

13.8 / 63.4 
3.6 / 2.1 

 
  

37.3 / 69.0 
12.8 / 1.7 

 
  
59.6 / 110.3 

20.5 / 2.7 
RF frequency fRF[MHz] 500.1 500.1 500.1 
Bunch length σz[mm] 2.04 2.90 4.17 

* 1% coupling is assumed for both modes in this table. 
 

The SR brilliance at the BM has a peak near the critical 
wavelength λc [nm] given by 

  
( )BE86.1 2

ec =λ  (1) 
  

where Ee
 [GeV] is an electron beam energy and B[T] is a 

magnetic field at the BM.  The Super-SOR ring has two 
operation modes: the ultra-low emittance mode and the 
low emittance mode.  At the former mode, the magnetic 
field is 1.092 T and the critical wavelength is 1.71 nm, 
corresponding to the energy of 726 eV.  Since a specific 
wavelength λ is selected for the monitor, it is necessary to 
design the optics, considering the divergence of a single 
SR photon σSR [rad] written by 

   
( ) γλλ=σ 425.0

cSR 565.0  , (2) 
  

where λc is the critical wavelength and γ is the Lorentz 
factor. 

2.2 Fresnel Zone Plate 
Basic characteristics of a Fresnel zone plate is 

described here.  The radius of n-th zone of the FZP is 
expressed by 

  
( ) 2/1

n nfr λ=  , (3) 
  

where f is the focal length.  The focal length for the m-th 
order diffraction, fm, is derived from equation (1) as 
follows: 

 
( )λ== mrmff 2

11m  . (4) 
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The spatial resolution δm, the transverse size of a point-
source image for the m-th order diffraction on the focal 
plane, is given by 

 
mr22.1 Nm ∆=δ  , (5) 

 
where the suffix N is the total number of zones and ∆rN is 
the width of the outermost zone. 

2.3 Imaging Optics   
In the beam size monitor, the imaged object is the 

cross-sectional profile of the electron-beam.  The imaging 
optics is designed so that the required spatial resolution 
can be obtained at the focal point of each FZP.  

 The X-ray imaging optics using two FZPs has a 
structure of a long-distance microscope, as shown in Fig. 
1.  In order to ensure a sufficient spatial resolution, the SR 
has to uniformly irradiate the surface of the condenser 
zone plate (CZP) which is the first FZP.  
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Layout of x-ray imaging optics 
 

 From equation (5) and ∆rN = fλ/2rN (N >> 1), the 
spatial resolution for the 1-st order diffraction is given by 

 
( )NN1 r2f22.1r22.1 λ=∆=δ  . (6) 

 
In Fig. 1, the distance LC2 from the CZP to the focal point 
is expressed by 

 
( )1C2C L1f11L −=  . (7) 

 
Since LC2 is nearly equal to the focal length f of the CZP 
on the condition of  LC1 >> f, the magnification of the 
beam image MCZP by the CZP is given by 
  

1CCZP LfM ≅   (8) 
  
Therefore, using equations (6) and (8), the spatial 
resolution at the SR source point on the electron-beam 
orbit, δ1(0), can be expressed as follows: 

 
N1CCZP11 rL61.0M)0( λ≅δ=δ   (9) 

  
Considering equation (2) for the SR divergence σSR, the 

radius rN of the CZP should be LC1σSR or less so that the 
SR uniformly irradiates the whole CZP surface.  On the 

condition of rN = LC1σSR, the spatial resolution can be 
expressed by the following equation: 

  
γλλ=σλ=δ 425.0

c
575.0

SR1 08.161.0)0(  . (10) 
  

Figure 2 shows the spatial resolution calculated from  
equation (10).  From the results, it is clear that use of the 
SR with a higher energy is effective for obtaining a higher 
spatial resolution of the monitor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Spatial resolution of equation (10) as a function 
of the SR energy. 

3 DESIGN OF MONITORING SYSTEM 
  Figure 3 shows the schematic view of the beam size 

monitor.  The parameters of the optical elements are 
decided so that the image of the electron beam can be 
measured with spatial resolution of about 1 µm for the 
ultra-low emittance mode in the Super-SOR ring.  Here, 
the SR energy used for the monitor is set to 5 keV, 
considering the specifications of usually available FZPs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Schematic view of the beam size monitoring 
system for the Super-SOR ring. 
 

 The focal length of FZPs depends on the wavelength 
of the SR radiation, as shown in equation (3).  The 
aberration caused by the energy bandwidth deteriorates 
the quality of the profile image.  In order to avoid the 
effect of the aberration, the SR should be 
monochromatized before it arrives at the CZP. The 
spectral resolution R(=E/∆E) is given by R=D/(2d), where 
D is the diameter of the CZP and d is the focus spot 
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diameter[5].  Thus the necessary spectral resolution after 
monochromatizing is written by  

 
( )CZPelMd2DEER =∆=  , (11) 

 
where del is the minimum size of the electron beam and  
MCZP is the magnification of the CZP.  The minimum size 
of the electron beam is expected to be about 3 µm.  When 
the CZP with the diameter of 3 mm is used and the image 
size is reduced by a factor of 10 at the focal point of the 
CZP, the monochromator with the spectral resolution of 
5×103 is needed.  This spectral resolution is easily 
achieved using a usual monochromator with two silicon 
crystals.  

Since the electron�beam divergence is negligibly small 
in the Super-SOR ring, the divergence of a single SR 
photon is equal to that of the SR beam and it is calculated 
to be 0.127 mrad from equation (2).  The maximum 
diameter of usually available FZPs is about 3 mm.  
Therefore, the distance from the SR source point to the 
CZP should be set to 12m or more on the condition that  
rN is smaller than or equal to LC1σSR.    

Figure 4 shows the schematic view of the x-ray optics 
in the beam size monitoring system.  The specifications of 
the optical elements including two FZPs are summarized 
in Table 2.  
 
 
 

 
 
 
 
 

 
 
  

Figure 4: Schematic view of the x-ray optics in the beam 
size monitoring system of the Super-SOR ring. 
  
Table 2: Specifications of the optical elements in the 
beam size monitor of the Super-SOR ring  

Fresnel zone plate             (CZP)        ( MZP) 
 Diameter                            3.0 mm      100 µm 
 Total number of zones       6671          202 
 Focal length @ E=5keV    1360 mm   49.89 mm  
 Outermost zone width       112 nm      124 nm 
Monochrometer  
 Spectral resolution (E/∆E)      104-105      
X-ray CCD camera (direct incidence type) 
 Spatial resolution              24 µm 

 
The total length and the arrangement of the monitoring 

system is decided, taking account of some restrictions of 
the SR beam line in the Super-SOR ring.  In the optics, 

after the image of the electron beam is reduced by a factor 
of 10 by the CZP, it is 300 times magnified by the micro 
zone plate (MZP).  Finally, the 30-times magnified image 
of the electron-beam can be obtained on the screen or the 
x-ray CCD camera. From equation (9), the spatial 
resolution of the x-ray optics is estimated to be 1.37 µm.  
Therefore, the imaging camera needs the spatial 
resolution of less than 40 µm. 

4 DISCUSSION 

4.1 Quality of profile image 
The quality of the beam profile image basically 

depends on spatial resolution and contrast.  In order to 
obtain high contrast, cutting off the scattering ray into the 
the CCD camera is important.  In the optics, only the SR 
from the electron beam at the source point should be 
imaged on the camera. Therefore, the aperture is installed 
above the absorber to eliminate the scattered radiation.   

4.2 Real-time monitoring    
The minimum measurement time of the beam size 

depends on the x-ray photon density on the CCD camera 
and the sensitivity of the camera.  The number of the x-
ray photon per second on the camera depends on the 
stored beam current and it is roughly estimated to be 
ranging from 104 to 106 for the Super-SOR ring.  When a 
direct incidence type of x-ray CCD camera is used, the 
number of the photons per pixel per second is expected to 
be 102 to 104.  Accordingly the accumulation time of 0.01 
to 1 second is needed in order to obtain a clear image.  
The readout time of the CCD camera is desired to be less 
than the accumulation time. 

5 CONCLUSION 
The new beam size monitor using Fresnel zone plates 

has been designed for the Super-SOR ring.  It is 
concluded that the monitor can obtain the direct image of 
the electron-beam profile with the spatial resolution of 
about 1 µm.  The conceptual design of the monitor is 
almost finished, and the engineering design and the 
construction of the test monitor system will be started 
soon.  
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