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Introduction 

• Interceptive methods 

– Wire scanner 

– Screen imaging (OTR, YAG etc.) 

– Screen interferometry 

 

• Non intercepting 

– Synchrotron radiation imaging 

– Synchrotron radiation interferometry 

– Diffraction radiation 

– Laser wire scanner 
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Wire scanner 

• Used as reference in many 

particle accelerators 

• Few microns resolution 

achieved (SLC, ATF) on LINAC 

or transfer line [1] 

• Difficult to use in rings due to 

wire damage 
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WIRE SCANNERS FOR SMALL EMITTANCE BEAM MEASUREMENT
IN ATF

H. Hayano, KEK, Tsukuba, Ibaraki, Japan

Abstract

The wire scanners are used for a measurement of the

very small beam size and the emittance in Accelerator

Test Facility (ATF). They are installed in the extraction

beam line of ATF damping ring. The extracted beam

emittance are ex=1.3x10-9 m.rad, ey=1.7x10-11 m.rad with

2x109 electrons/bunch intensity and 1.3GeV energy[1].

The wire scanners scan the beam by a tungsten wire with

beam repetition 0.78Hz. The scanning speed is, however,

very slow( ~500µm/sec). Since the extracted beam is quite

stable by using the double kicker system[2], precision of

the size measurement is less than 2µm for 50 - 150µm

horizontal beam size and 0.3µm for 8 - 16µm vertical

beam size. The detail of the system and the performance

are described.

1  INTRODUCTION

ATF is a test accelerator to realize a small emittance

beam which will be used in an electron positron linear

collider. The beam emittance measurement in the ATF

extraction line is required for a single bunch and 20 multi-

bunched beam which has 2x1010 electrons in each bunch

with 2.8ns spacing[3]. The required resolution of the

beam size monitors is less than 1µm for the beam of 6 -

7µm vertical size. On the other hand, the horizontal beam

size is around 50 -150µm, bigger than vertical one. The

wire scanner beam size monitor is the most appropriate

monitor for the required performance. The five wire

scanners together with a gamma detector at downstream

are installed at the region of no dispersion in the

extraction line between qudrupole magnets. The beam size

from 4 or 5 scanners are used to fit an emittance assuming

the optics between the scanners[4].

In order to measure precisely such a small vertical beam

size with big horizontal size, the installation of the wire

in the beam line and precision of the movement are very

important. The pulse-to-pulse stability of the beam is

also important for such a scanning monitor. The

performance of the wire installation and movement are

described together with measurement stability.

2  WIRE SCANNER

Fig.1 shows the picture of the wire mover stage and the

vacuum chamber. The wire mount shown in Fig.2 is

supported by the two arms in the vacuum chamber. A

50µm diameter gold plated tungsten wire is stretched

simultaneously to  X, Y and U directions which is 45

degree tilted from the X direction. In the other side of the

mount, a 10µm diameter gold plated tungsten wire is also

Fig.1: Wire scanner chamber in ATF extraction line.

stretched to X, Y, U and 10degree tilted from X direction.

The only one wire is directly stretched on the steel mount

between precise steel pillars in order to have a precision of

the stretched angle. Both end of wire are fixed to copper

pillars with holding by solder. The moving direction of

the wire stage is 45 degree between X and Y axis has an

Fig.2 Wire mount in the wire scanner chamber

advantage of that the only one move direction is necessary

for 3 axis scans. The angles of the stretching wires are

measured by using a microscope with precision mover

stage. An example of the measurement is shown in Fig.3.

Each measured point are fitted to a linear function and

relative angles are calculated. The results are summarized

moving direction 
45deg

50µm 
Tungsten wire

10µm 
Tungsten wire

0.5µm-step  stepping moter stage

0.5µm resolution digital scale

beam

150
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extraction line is required for a single bunch and 20 multi-
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with 2.8ns spacing[3]. The required resolution of the
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size is around 50 -150µm, bigger than vertical one. The

wire scanner beam size monitor is the most appropriate

monitor for the required performance. The five wire

scanners together with a gamma detector at downstream

are installed at the region of no dispersion in the

extraction line between qudrupole magnets. The beam size

from 4 or 5 scanners are used to fit an emittance assuming

the optics between the scanners[4].
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size with big horizontal size, the installation of the wire

in the beam line and precision of the movement are very

important. The pulse-to-pulse stability of the beam is

also important for such a scanning monitor. The

performance of the wire installation and movement are

described together with measurement stability.

2  WIRE SCANNER

Fig.1 shows the picture of the wire mover stage and the

vacuum chamber. The wire mount shown in Fig.2 is

supported by the two arms in the vacuum chamber. A

50µm diameter gold plated tungsten wire is stretched

simultaneously to  X, Y and U directions which is 45

degree tilted from the X direction. In the other side of the

mount, a 10µm diameter gold plated tungsten wire is also
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stretched to X, Y, U and 10degree tilted from X direction.

The only one wire is directly stretched on the steel mount

between precise steel pillars in order to have a precision of

the stretched angle. Both end of wire are fixed to copper

pillars with holding by solder. The moving direction of

the wire stage is 45 degree between X and Y axis has an

Fig.2 Wire mount in the wire scanner chamber

advantage of that the only one move direction is necessary

for 3 axis scans. The angles of the stretching wires are

measured by using a microscope with precision mover

stage. An example of the measurement is shown in Fig.3.

Each measured point are fitted to a linear function and

relative angles are calculated. The results are summarized
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Ex.: for a 4 μm carbon wire moving at 1 m/s in a ring 

with rev. time of 1 μs and beam of σx,y of 10 μm 

the limit is around 109 particles [2] 



Synchrotron radiation 

• Widely used for online monitoring of 

beam parameters in electron/positron 

rings 

• Radiation generated in all bending 

magnets 

• Need only an extraction viewport and 

an adequate optical system to obtain 

the image of the beam 

• In most rings however the emitted 

radiation is diffraction limited 
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Synchrotron radiation imaging 
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Diffraction limit 

For E= 2 GeV (γ∼ 4000) λ= 400 nm and ρ= 10 m  

Ecr=1.7 keV 

resolution is around 25 μm (240 μm using 1/γ) 

X-Ray data booklet 



X-rays imaging 

• Reducing the wavelength we can 

improve the diffraction limit 

For E= 2GeV (γ= 4000) ρ= 10 m 

and λ= 0.4 nm (3 keV) the diffraction 

limit is around 0.5 μm 

• Still need an optical system for X-

rays with very good optical 

properties 

• Fresnel plates 

• Compound refractive lenses 

• Pin-hole 
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SR imaging using FZP at ATF [3] 
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MEASUREMENT OF THE BEAM PROFILES WITH THE IMPROVED

FRESNEL ZONE PLATE MONITOR

Hiroshi Sakai∗ , Norio Nakamura, ISSP, University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba

Hitoshi Hayano, Toshiya Muto†, KEK, 1-1 , Oho, Tsukuba, Ibaraki

Abstract

We present the recent progress of the FZP (Fresnel

Zone Plate) beam profile monitor constructed at KEK-ATF

damping ring. This monitor is based on an X-ray imaging

optics with two FZPs [1]. In this monitor, the transverse

electron beam image at bending magnet is twenty-times

magnified by the two FZPs and detected on an X-ray CCD

camera. The expected spatial resolution is less than 1µm

in R.M.S. Recently, we install the new mechanical shut-

ter to improve time resolution of the monitor and avoid the

effects of the short-term movement of beam or the mon-

itor itself. By applying this shutter, the shutter opening

time is reduced less than 1ms and the beam profile could

be measured more accurately. In this paper, we report the

measurement results of beam profile by the improved FZP

beam profile monitor.

INTRODUCTION

The Accelerator Test Facility(ATF) was built at High

Energy Accelerator Reseach Organization (KEK) in or-

der to develop the key techniques of ultra-low emittance

beam generation and manupulation. The ATF consists of

1.28GeV S-band electron linac, a damping ring and extrac-

tion line. A low emittance beam is generated in the ATF

damping ring where the natural horizontal emittance is de-

signed to 1.1× 10− 9m·rad. The target value of the vertical

emittance is 1.1× 10− 11m·rad. The typical beam sizes are

less than 50µm horizontally and less than 10µm vertically.

Our monitor (called as FZP monitor) is aimed to develop

for measuring such small beam sizes and beam profiles

Fig.1 shows the setup of the FZP monitor. This monitor

is based on an X-ray imaging optics with two Fresnel Zone

Plates (FZPs) by using the synchrotron radiation (SR) from

the bending magnet. To avoid the large diffraction limit

from the visible light, X-ray SR (3.235keV) is selected by

∗ E-mail: hrsakai@issp.u-tokyo.ac.jp
† Present address: Laboratory of Nuclear Science, Tohoku Univ.

Figure 1: Setup of FZP monitor

Si monochromator. The transverse electron beam image

at bending magnet is 20-times magnified by the two FZPs

(shown in Fig.1 as ’CZP’ and ’MZP’). and detected on X-

ray CCD camera. Thanks to the small diffraction limit of

SR in the X-ray regime and the large magnification (M=20)

of two FZPs, the expected spatial resolution is less than

1µm in R.M.S. [2].

We briefly summarize the history of FZP monitor before

describing the recent progress of FZP monitor. The FZP

monitor was installed in 2002 and could measure the clear

beam profile with less than 10µm vertical beam size [1].

After installing the new monochromator which was made

in order to suppress the angle drift of the Si cristal, the ver-

tical position drift of the beam image on CCD was much

reduced by a factor of about 100 and was stabilized with

a few µm level for a long time [3]. We improved the two

FZP folders so that the FZPs could be removed up from

the optical path in the vacuum. This improvement allowed

us to perform more precise beam-based alignment by de-

tecting the X-ray SR light on X-ray CCD camera directly.

As a result, the aberration effects of FZPs became negli-

gible small for the beam profile measurement[3]. Further-

more, an X-ray pinhole mask was installed to reduce the

background component of the transmitted X-rays. Finally

the beam profile with 50µm horizontal beam size and 7µm

vertical beam size was stably obtained in 2004 [4].

Receltly, we found the unknown 100Hz oscillation of

beam positon. This amplitude is as large as 5-6µm in

R.M.S. and is not negligible small compared with the verti-

cal beam size. Unfortunately the previous shutter opening

time of X-CCD camera is at least 20ms, then the measured

vertical beam size on X-CCD camera was enlarged by the

superposition of this oscillation effect. We emphasize that

this 100Hz oscillation is not concerned with the mechanical

vibration of FZP monitor beam line itself[4]. But we now

do not find the source of 100Hz vibration. To neglect this

100Hz vibration, we newly install the mechanical shutter

which has the shutter opening time with less than 1ms. In

this paper, we present the result of the beam profile mea-

surement with this newly installed shutter.

MEASUREMENT OF THE BEAM

PROFILE

We install the new mechanical shutter in ATF damping

ring and measure the beam profile. Fig.2 shows the block

diaglam of FZP monitor. In order to shorten the shutter

opening time of the mechanical shutter, the small aperture

of the mechanical shutter is needed. Then we apply the

THOBFI02 Proceedings of EPAC 2006, Edinburgh, Scotland

2784 06 Beam Instrumentation and Feedback

T03 Beam Diagnostics and Instrumentation



SR imaging at ESRF [4] 
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Vertical beam profile obtained with 12.5 keV 

photons and 5 Al lenses οf 49μm curvature 

radius 

 

29 lenses are used at 45.6 keV for a focal 

length of 3.3 m  



SR imaging at CeSR-TA [5] 

• Pin-hole camera 

– Single slit 50-1000 μm 

– Coded aperture 

• 1 keV to 10 keV photons 

• Measured beam of 12 μm with 

0.5 μm error 

• Complex deconvolution of PRF 

• Can do single turn single 

bunch acquisitions 

• array of 32 InGaAs 

photodiodes with 50 μm pitch 
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SR interferometry 

• Alternative to imaging 

• Interference fringes produced 

by SR passing trough two slits 

(Young’s interferometer) 

• Visibility of fringes depends 

on source (beam) size 
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SR interferometer at KEK [6] 
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σ= 14.7 ± 0.6 μm 

σ= 39 ± 1 μm 

Developed by Toshi Mitsuhashi at the KEK Photon 

Factory. Works at 500 nm 

Very small beams can be measured assuming 

Gaussian profiles 



Another slit solution [7] 

• Solution implemented at the Australian synchroton 

• No mechanical limit on the distance between slits 

• Designed for 532 nm 

• Demonstrated pin-hole measurement 15 ±2 μm 
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Alternative interferometry at SLS [8] 

• Uses the two lobes of 

the π polarization to 

create a “natural” 

interferometer 

• Possible to insert a 

mask between the lobes 

to increase the visibility 

• Measured 3.6 ± 0.6 μm 
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Diffraction radiation [9] 

• Based on the analysis the 

angular distribution of the 

“vertical” polarization of 

the optical diffraction 

radiation 
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ATF: E=1.28 GeV, λ= 550 nm 



Laser wire scanner 

• Scan a collimated laser 

beam across the electron 

beam and observe the X-

Rays/γ-Rays produced in 

the inverse Compton 

scattering process 

• Difficult to measure small 

beams with high aspect 

ratio (Rayleigh range) 
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where the elect ron beam size is comparable to or greater
than the Rayleigh range, the divergent laser beam inter-

acts with the elect ron beam before and after the focus
even when the focus is displaced from the electron beam
as shown schemat ically in Figure 5.

Nc(∆ x ,∆ y ) =
Pl Ne λ σc

hc2

1

2πσex

+ ∞

− ∞

1

σ2
ey + σl (x − ∆ x )2

exp −
x2

2σ2
ex

−
∆ 2

y

2[σ2
ey + σl (x − ∆ x )2]

dx (2)

FIG. 5. Schemat ic of the laser focus showing it s interact ion

with the high aspect rat io elect ron beam even when the laser
focus is displaced from the elect ron beam. The vert ical axis
is expanded in scale compared to the horizontal to make the
overlap clearer.

The shape of the laserwire scan is given by consid-
ering the luminosity of the laser-elect ron beam collision
for different offsets of the laser beam from the electron
beam. The luminosity is found using the overlap integral
between the four dimensional density funct ions of the
laser and elect ron beams. It has been shown in [6] that
by assuming Gaussian density dist ribut ions for the laser
and elect ron beams and in the case where the laser pulse
length is much longer than the electron bunch length,
that the laser dist ribut ion can be treated as a stat ic tar-
get and integrat ion over three of the dimensions can be
solved analyt ically yeilding Equat ion 2. Here, Pl , Ne,
λ and σc are the peak laser power, number of elect rons
per bunch, the wavelength of the laser and the Compton
cross-sect ion respect ively. This equat ion describes the
number of Compton-scat tered photons Nc as funct ion of
∆ x and ∆ y ; the horizontal and vert ical displacement of
the laser focus from the centre of the elect ron beam. The
vert ical and horizontal sizes of the elect ron beam areσey

and σex and the vert ical laser beam size is σl (x − ∆ x ).
The width of a laser beam is convent ionally defined by
w, however, we useσ (where w = 2σ) for compatability
with elect ron beam sizes. The propagat ion of a focussed
mult imode laser beam is given by

σl (x − ∆ x ) = σl o 1 +
(x − xσ l o − ∆ x )

xR

2

(3)

where σl o is the minimum size of the laser at its focus
and xσ l o is the locat ion of the focus. The Rayleigh range
xR is given by

xR =
π(2σl o)2

M 2λ
(4)

where M 2 is a linear scaling parameter describing the
spat ial quality of the laser beam with respect to one with
a pefect ly Gaussian transverse intensity profile and can
be measured [16]. In the case where σex ≪ xR , and
the laser focus is aligned to the electron beam centre
(∆ x = 0), Equat ion 2 simplifies to

Nc(∆ y ) =
Pl Ne λ σc

hc2

1

(2π)(3/ 2) σ2
y + σ2

lo

×

exp −
∆ 2

y

2(σ2
y + σ2

lo)
(5)

which has the form of a Gaussian. In this case, the laser-
wire vert ical scan is independent of the horizontal beam
size, and with knowledge of σl o, the σ of Gaussian scan
can be analyt ically deconvolved to give the size of the
elect ron beam, σey .

However, in the case whereσex is greater than or com-
parable to xR , Equat ion 2 must be used with the mea-
sured laser propagat ion and horizontal elect ron beam size
σex . This presents a significant limit on the use of a
laserwire as a beam diagnost ic and especially so at the
ATF2 where the horizontal electron beam is expected to
be ∼100 µm, which will be comparable or greater than
the Rayleigh range of the laser. The natural divergence
of the laser beam cannot be avoided and is dictated by
the wavelength used. The laserwire was operated with
the assumpt ion that horizontal measurements would be
concurrent ly available from the OTR monitor installed
at the LWIP [4].

The Compton-scat tered photons from the laserwire
have a broad spectrum with a maximum energy of

h νmax = E
2ξ

1 + 2ξ
(6)

where E is the energy of the elect ron beam and ξ the
normalised photon energy in the electron rest frame



LWS at ATF [10] 

• 1.28 GeV beam on extraction 

line of ATF 

• Vertical beam size around 1μm 

• Horizontal size 100μm 

• Laser 532 nm focused to 1μm 

• Fit data with complex model 
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FIG. 19. Nonlinear step size laserwire scan with the smallest
measured elect ron beam size.
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FIG. 20. The corresponding horizontal laserwire scan for the

smallest vert ical scan, which was required for the combined

analysis.

4. Smal lest Vertical Scan

The elect ron beam opt ics were manipulated to min-
imise the elect ron beam size at the LWIP as measured
by the laserwire. The laserwire scans shown in Fig-
ure 20 and Figure 19 are the horizontal and vert ical
laserwire scans that were analysed together and consi-
tute the smallest vert ical elect ron beam profilemeasured.
These were recorded with an elect ron bunch populat ion
of 0.51 ± 0.05× 1010 e− .

The measured vert ical elect ron beam size was
1.07 + 0.06

− 0.06 (stat.) ± 0.05 (sys.) µm and the horizontal

beam size was 119.0 + 2.4
− 2.4 (stat.) ± 0.01 (sys.) µm. The

analysis was performed using Minuit minimisat ion soft -
ware that allowed for asymmetrical uncertaint ies. The
systemat ic uncertaint ies were found by calculat ing the
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FIG. 21. Calculated laserwire signal for a range of horizontal
and vert ical chamber posit ions from the simultaneous fit of
the horizontal and vert ical laserwire scans. The scans were
performed immediately after each other ensuring consistent
experimental condit ions.

standard deviat ion of the fit parameters from randomly
sampling the laser parameters from the M 2 model anal-
ysis with their associated uncertaint ies. The calculated
laserwire signal from the fit as a funct ion of horizontal
and vert ical chamber posit ions is shown in Figure 21.
This shows that the vert ical scan reaches a lower signal
level than the horizontal scan at the edges of the scan,
which can also be seen in Figures 19 and 20.

5. Quadrupole Scan

The laserwire was used to profile the elect ron beam
throughout a quadrupole scan of the vert ically focussing
quadrupole immediately before the LWIP, QM14FF. The
magnet current was varied from -80 A to -104 A in 3 A
steps. At each point , a short range, low sample number
vert ical scan was performed to vert ically centre the laser
beam. After this, a detailed horizontal scan was per-
formed followed by a nonlinear step vert ical scan. The
horizontal and nonlinear vert ical scans were fit ted to-
gether to yield σex and σey as shown in Figure 22.

The vert ical sizes show a clear hyperbolic fo-
cus as expected with a maximum measured size of
7.30 + 0.16

− 0.15 (stat.) ± 0.17 (sys.) µm and a smallest size

of 1.43 + 0.05
− 0.05 (stat.) ± 0.04 (sys.) µm. The horizontal

sizes show a nearly linear progression as expected. The
scan shows there is st ill clear variat ion in the measured
scan size at ∼1.5 µm with no flat tening at the minimum
of the scan, indicat ing the resolut ion limit of the laser-
wire has not been reached. The horizontal scan shows
a greater degree of variat ion from the expected linear
shape, which is most likely due to residual dispersion at
the LWIP in the horizontal plane. The set of 3 laser-



Conclusions 

• A selection of methods presented with relative 

examples 

• Measuring small (microns) beams is possible 

• Measuring small (microns) beams is difficult 

• For circular machines methods based on 

synchrotron radiation are the most indicated 
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But … if you really need to measure sub-micron beams 

T. Shintake et al., 

“EXPERIMENTS OF NANOMETER SPOT SIZE MONITOR AT FFTB USING 

LASER INTERFEROMETRY” 
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