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We describe the improvements of a Fresnel zone plate (FZP) beam-profile monitor, which is being
developed at the KEK-ATF damping ring to measure ultralow emittance electron-beam profiles. This
monitor, which is designed to have a submicrometer spatial resolution, is based on x-ray imaging optics
composed of two FZPs. Various improvements were performed to the old setup. First, a new crystal
monochromator was introduced to suppress the beam image drift. Second, the two FZP folders were
improved in order to realize a precise beam-based alignment during x-ray imaging. Third, a fast
mechanical shutter was installed to achieve a shorter time resolution, and an x-ray mask system was
also installed to obstruct direct synchrotron radiation through the FZPs. These improvements could make
beam-profile measurements more precise and reliable. The beam profiles with less than 50 pwm horizontal
beam size and less than 6 um vertical beam size could be measured within a 1 ms time duration.
Furthermore, measurements of the damping time and the coupling dependence of the ATF damping ring
were successfully carried out with this upgraded FZP monitor.
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L. INTRODUCTION

A. Introduction to the FZP monitor

The production of low-emittance beams is one of the key
techniques for electron accelerators and synchrotron light
sources. For example, a third-generation synchrotron light
source and future synchrotron light sources, like an energy
recovery linac (ERL), require an unnormalized emittance
of a few nmrad or less (hereafter we redefine the word
of “emittance’ as ‘“‘unnormalized emittance’’). In high-
energy physics, the linear collider also requires such ultra-
low emittance beams to realize the necessary luminosity.

The Accelerator Test Facility (ATF) was built at High
Energy Accelerator Research Organization (KEK) in order
to develop the key techniques of ultralow emittance beam
generation and manipulation. The ATF consists of a
1.28 GeV S-band electron linac, a damping ring, and an
extraction line [1]. A low-emittance beam is generated in
the ATF damping ring, where the horizontal emittance at a
zero current is 1.1 X 107° mrad. The target value of the
vertical emittance at a zero current is 1.1 X 10! mrad,
which has been generated by applying precise vertical
dispersion corrections and betatron-coupling corrections
[2]. The typical beam sizes are less than 50 um horizon-
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tally and less than 10 um vertically. Such small beam sizes
cannot be measured by the typically used visible-light
imaging optics for synchrotron radiation (SR) because of
the large diffraction limit of visible light. Beam-profile
monitoring with good spatial resolution is crucially
important to confirm whether the required extremely small
emittance beam is stably generated and manipulated.
Therefore, there are some special monitors set and devel-
oped in the ATF: tungsten and carbon wire scanners in the
extraction line, a double-slit SR interferometer, a laser wire
monitor, and a Fresnel zone plate monitor.

We briefly summarize the history of measurements of
emittance in the ATF damping ring. First, the horizontal
emittance was successfully measured by the tungsten and/
or carbon wire scanner set on the extraction line [3], and
was also measured by a double-slit SR interferometer.
However, the vertical emittance was not clearly measured
with these monitors. In the case of the wire scanner, the
spurious dispersion and coupling from the large horizontal
emittance could be easily mixed with the vertical direction
[4]. On the other hand, a vertical beam-size measurement
by a double-slit SR interferometer, which used the spatial
pattern of the interference of the visible SR passed through
a double slit with an fixed interval [5], had an uncertainty
because the measured vertical beam size in the ATF damp-
ing ring was almost at its resolution limit [6]. To avoid
these uncertainties, a laser wire monitor was developed to
measure directly the vertical beam size in the ATF damping
ring [7]. This monitor is based on the Compton scattering
of electrons with a thin laser light target, called a laser wire.
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By scanning the laser wire instead of the solid tungsten and
carbon wire, quasinondestructive measurements can be
performed in the ATF damping ring, and the vertical
emittance was successfully measured [8—-10]. Unfor-
tunately, we could measure the beam size only in one
direction. Therefore, we did not know the x-y coupling
of the transverse beam profile. When there is a x-y cou-
pling in the transverse beam motion, the measured vertical
beam size is contaminated by the horizontal one and the
beam profile will become tilted by rotating toward the
original two transverse directions perpendicular to the
electron-beam motion. The vertical beam size cannot be
measured precisely as long as the tilt of the beam profile
caused by the x-y coupling is unknown. Furthermore, it
takes several minutes to finish the measurement of the one
directional beam size by the laser wire monitor. Thus, the
effects of the beam drift and/or the mechanical vibration,
which excites the beam motion of the same order as
vertical beam size, cannot be removed off during the
vertical beam-size measurement by the laser wire monitor.
For precise beam-profile monitoring, it is necessary to
know the beam image, which has much information about
not only the horizontal and vertical beam sizes, but also the
beam positions, beam current, tilt of the beam profile
caused by the x-y coupling, and its distribution, by direct
monitoring of the beam image in a short time. This situ-
ation led us to develop a new beam-profile monitor based
on x-ray imaging optics by using Fresnel zone plates
(FZPs).

The beam-profile monitor with x-ray imaging optics will
allow precise and direct beam imaging in a nondestructive
manner because the effect of the diffraction limit can be
neglected by using x-ray SR. Some beam-profile monitors
based on the x-ray imaging optics were performed by using
FZP and a refractive x-ray lens [11,12]. However, they
used a knife-edge scanning technique to measure the
beam profile because the beam image was reduced by
using only one FZP or a single refractive x-ray lens.
Therefore, it took a long time to measure a beam profile.
In order to overcome this defect, we proposed a real-time
beam-profile monitor based on magnified x-ray imaging
optics using “two” FZPs (hereafter called as ‘“FZP moni-
tor”’) [13]. We originally developed the FZP monitor in the
ATF damping ring to measure a small beam profile. For
this purpose, the spatial resolution of this monitor was
designed to be less than 1 wm. With this FZP monitor,
we succeeded to obtain a clear electron-beam image en-
larged by 20 times with two FZPs on an x-ray CCD, and
measuring an extremely small electron-beam size of less
than 10 wm [14]. Recently, a beam-profile monitor using a
single FZP and an x-ray zooming tube has been developed
at the SPring-8 storage ring [15]. In this monitor, the
magnified beam image was also obtained by using an
x-ray zooming tube, where x rays were converted to photo-
electrons before magnification. It has a small spatial reso-

lution of 4 um. With this monitor at the SPring-8 storage
ring, x-ray images of the electron beam were clearly ob-
tained, and the vertical beam size with 14 pm in root mean
square (rms) was successfully measured with a 1 ms time
duration.

B. Motivation for the improvements

There are several motivations for the improvements.
First of all, to obtain long-term position stability of the
beam image on an x-ray CCD, a new Si monochromator
was installed to suppress the beam image drift. Second, the
effect of aberrations due to a misalignment of the x-ray
imaging optics was not estimated and compensated in the
FZP monitor because the center of x-ray SR could not be
detected with the x-ray CCD camera by intercepting the
FZPs with fixed folders. The measured beam profile with
the FZP monitor was sometimes deviated from a Gaussian
distribution. However, we could not conclude whether the
observed non-Gaussian character was caused by instru-
mental aberration or was a real feature of the beam itself.
To eliminate the aberrations of the x-ray imaging optics
due to misalignment, two FZP folders were newly in-
stalled. Third, penetrated x rays through two FZPs, which
appeared on the x-ray CCD as a square of 3 mm X 3 mm
reflecting the FZP structure, is one of the background
components of the FZP monitor and affect the beam-profile
measurement. In order to reduce this background, an x-ray
mask system has been installed. Finally, we improved the
time resolution for reducing any short-term movements of
the monitor and/or beam oscillation. Especially the AC line
noise might affect the beam oscillation. In the original
setup of the FZP monitor, the minimum exposure time
was 20 ms; therefore, the obtained beam images with
different centers might be superposed by the AC line noise
effect on the x-ray CCD. In order to remove the effect of
short-term movement, like AC line noise and perform
precise beam-profile measurements, a new fast mechanical
shutter with a shorter exposure time was installed.

This paper is organized as follows. In the next section,
we briefly present the principle of the FZP monitor. In
Sec. III, we show the experimental setup of the FZP
monitor, especially the improvements. Some measurement
results by using the improved FZP monitor are shown in
Sec. IV. The last section is devoted to conclusions.

II. PRINCIPLE OF FZP MONITOR

In this section, we briefly summarize the theoretical
aspects of the FZP monitor and its resolution. (See
Ref. [14] for details.)

A. X-ray imaging optics

The principle of a beam-profile measurement is as fol-
lows. The FZP monitor is based on the x-ray imaging
optics with two FZPs, a condenser zone plate (CZP), and
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FIG. 1. (Color) X-ray imaging optics with two FZPs (CZP and

MZP).

a microzone plate (MZP). It has the structure of a long-
distance microscope, as shown in Fig. 1. When the electron
beam emits x-ray SR light, the transverse electron-beam
image is magnified on the focal plane by using this optics.
The magnification, M, of the imaging optics is determined
by M = Mczp X Myzp, where Mczp and Myzp are the
magnifications of CZP and MZP. Mczp and Myzp are
basically defined as Mcyp = L¢y/L¢y, where L¢; is the
length from the SR source point to the CZP and L, is from
the CZP to the intermediate focal point; Mczp =
Ly /Ly, where Ly, is the length from the intermediate
focal point to the MZP and L, is from the MZP to a final
focal point on an x-ray CCD, as shown in Fig. 1. The
imaging optics should be designed and optimized so that
the required spatial resolution and magnification are
obtained.

In the case of our monitor, we set Loy = 10 m, L =
1m, Ly, =25 mm, and Ly, =5 m which resulted in
Mczp = 1/10 and Myzp = 200. The total magnification
M was Mczp X Myzp = 1/10 X 200 = 20. Then a 20-
times magnified beam image was obtained on the x-ray
CCD camera in our setup.

B. Fresnel zone plate

Before estimating the spatial resolution of the FZP
monitor, we introduce the fundamental characteristics of
an FZP here. The radius of the nth zone of the FZP is
expressed by

nfa, ey

where the A is the wavelength of a photon and f is the focal
length for the wavelength. The spatial resolution 6 which is
the transverse size of a point-source image for the 1st-order
diffraction on the focal plane, is determined by

8 = 1.22Ary, 2)

where Ary is the width of the outermost zone and the suffix
N means the total number of zones. If N > 1, it can be

expressed as
1 |Af
Ary = fA2ry = = |—
rv = fA/2ry AN (3

The spatial resolution & of FZP corresponds to the distance
between the center and the first-zero position of the Airy
diffraction pattern. When we apply a Gaussian distribution
with the standard deviation o to its Airy diffraction pattern,
the spatial resolution 0 almost equals the 3o distance
(6 =30).

C. Expected spatial resolution of the FZP monitor

In order to measure a small beam profile, the spatial
resolution of the FZP monitor must be smaller than the
beam size. The total spatial resolution of the FZP monitor
is determined by three mechanisms. One is the diffraction
limit of x-ray SR light. Another is the Airy diffraction
pattern of FZP, as described in Egs. (2) and (3). The other
is the pixel-size of the x-ray CCD camera, itself. We
summarize the spatial resolution determined by each pa-
rameter in Table 1.

The diffraction limit is determined by the wavelength of
x-ray SR A = 0.383 nm, which corresponds to 3.24 keV x-
ray energy, and the divergence angle ogg of 126 urad,
which is obtained from the bending field of the ATF damp-
ing ring. Airy diffraction patterns of the FZPs also deter-
mine the limit of the measurable beam size. The image of
the point source focused by each FZP has a finite width
of the Airy diffraction pattern 6 as shown in Sec. II B.
The spatial resolution, determined by CZP (MZP), is
oczp/Mceyzp (Opzp/M). The outermost zone widths, Ary,
of CZP and MZP are listed in Table II. These Ary’s were
limited by the fabrication technology, and the outermost
zone width could not be reduced by less than 100 nm [16].
However, we note that the effect of the Airy pattern on the
spatial resolution is also less than 1 wm. Finally, we need
to consider the pixel size of the x-ray CCD camera. When

TABLE I. Expected spatial resolution of each parameter and
the total expected spatial resolution.

Resolution
Parameters Definition (lo) [um]

Diffraction limit (A = 0.383 nm) A dmogg 0.24
Airy pattern of CZP (Ary = 116 nm) oczp/Mczp 055
Airy pattern of MZP (Ary = 128 nm) oygzp/M 0.002
CCD (1 pixel = 24 um X 24 um)  oeep/M 035

Total 0.7
TABLE II. Specifications of the two FZPs.

Fresnel zone plate CZP MZPp
Total number of zone 6444 146
Radius 1.5 mm 37.3 um
Outermost zone width Ary 116 nm 128 nm
Focal length at 3.24 keV 091 m 24.9 mm
Magnification Mczp = 1/10 Myzp = 200
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TABLE III. Specifications of the x-ray CCD camera.

X-ray CCD camera

Type Direct incident type
CCD Back-thinned illuminated type
Data transfer Full-frame transfer type
Quantum efficiency at 3.24 keV >90%

Pixel size 24 pm X 24 pm
Number of pixels 512 X 512

one CCD pixel is Ax X Ax square, its resolution, o ccp, is
Ax/ 2+/3 in rms. Then, the measurable beam size is deter-
mined by occp/M. In our monitor, one pixel is 24 um X
24 pm square, as shown in Table III. The spatial resolution
determined by the CCD pixel size (occp/M) is 0.35 wm in
rms. The total spatial resolution is estimated from the sum
of squares of these resolutions. The expected total spatial
resolution of this monitor results in about 0.7 pwm in rms.
Submicron spatial resolution is expected for this FZP
monitor.

III. IMPROVEMENTS ON THE EXPERIMENTAL
SETUP

In this section, we present the setup of FZP monitor
while concentrating on the improvements of the present
setup compared to the former setup referred to as “old
setup” in the following.

A. Experimental layout

Figure 2 shows the setup of the FZP monitor. SR light is
extracted at the bending magnet (BM1R.27) just before the
south straight section in the 1.28 GeV ATF damping ring,
where the horizontal beam size is expected to be about
50 um and the vertical beam size is expected to be less
than 10 wm. This system consists of a Si crystal mono-
chromator, two FZPs (CZP and MZP), and an x-ray CCD
camera. The specifications of the two FZPs are summa-
rized in Table II. A beryllium window with 50 pwm thick-
ness is installed to isolate the relatively low vacuum of the
monitor beam line from that of the ATF damping ring.
3.24 keV x-ray SR light is selected by the Si(220) crystal
monochromator with a Bragg angle, 0, of 86.35°. The
CZP and MZP are mounted on folders set on movable
stages in order to align these two optical components
precisely across the beam direction. Furthermore, the
MZP folder can move in the longitudinal direction of the
beam line to search the focal point of the MZP. The
monochromatized x-ray SR is precisely focused on the x-
ray CCD camera by adjusting the positions of the two FZP
(CZP and MZP) folders. The magnifications of the FZPs,
Mcyp, and My,p, are 1/10 and 200, respectively. There-
fore, an image of the electron beam at the bending magnet
is magnified with a factor of 20 on the x-ray CCD camera.
The specifications of the x-ray CCD camera (C4880-21,
HAMAMATSU) are summarized in Table III. The data
taking timing of the x-ray CCD camera is synchronized

| electron

[ source point
orbit

3423mm

FIG. 2. (Color) Setup of the FZP monitor.
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with the beam-injection timing in order to detect a beam
image during the beam operation, in which the electron
beam stayed within only 500 ms associated with 1.56 Hz
repetition of a beam injection in the ATF damping ring. A
mechanical shutter is installed in front of the x-ray CCD
camera to avoid irradiating x-ray SR on the x-ray CCD
camera during data transfer. The minimum shutter opening
time of this shutter is 20 ms. A new fast mechanical shutter
is set between the CZP and the MZP to improve the time
resolution of the FZP monitor. A detailed description of the
performance is given in Sec. III D.

B. Si monochromator

The Si crystal monochromator can be rotated horizon-
tally by using a goniometer and vertically by using a
stepping motor, which is attached to the support of a Si
crystal in a vacuum. With the old monochromator, the
vertical position of the beam image on the CCD camera
had largely drifted because the support of the Si crystal was
deformed by heat from the stepping motor. In order to
avoid any drift, a new Si crystal monochromator was
produced. Figure 3 shows a picture of the new monochro-
mator. In the new monochromator, a stepping motor was
thermally isolated from the Si crystal by ceramic insulators
and thermally stabilized by copper lines connected with a
water-cooled copper plate. Figure 4 shows measurements
of the beam centroid by the old and new monochromator,
respectively. After this improvement, the drift was drasti-
cally reduced by a factor of about 100 and stabilized within
a few pum for a long time, as shown in Fig. 4.

Stepping motor

Ceramic

FIG. 3. (Color) Picture of the new Si monochromator.

Goniometer
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0 50 100 150 200 250 300 350 400 450 500

Time [minl

The center of beam image at CCD [um]

FIG. 4. Measurements of the long-term drift of the Si mono-
chromator. The horizontal axis shows the elapsed time (minutes)
and the vertical axis shows the measured vertical center of the
beam image. The open triangles (solid squares) show the mea-
sured vertical center of the beam image before (after) the Si
crystal monochromator was upgraded.

C. Fresnel zone plate

The new FZP folders were designed and fabricated so
that the FZPs could be controlled and removed from the
optical path in the vacuum if necessary. The removed FZPs
are protected from the air pressure during any leaks in
maintenance and repair of the monitor beam line, or the
installation of new beam line components. The FZPs have
never been damaged by air pressure during vacuum work
since the new FZP folders were installed. Furthermore, the
new folders allowed us to establish a more precise beam-
based alignment scheme by using only the x-ray CCD
camera. A precise alignment of the FZP monitor compo-
nent is crucial to avoid degradation of the spatial resolution
due to aberration. The alignment procedure was greatly
improved with respect to the old setup: first the center
position of the x-ray beam reflected by the Si crystal
(corresponding to the position of the optical axis) is mea-
sured with the x-ray CCD without FZP imaging. After that,
the CZP is inserted to the optical path and the CZP position
is adjusted to the optical axis. After inserting the CZP on
the optical path, a clear image of the CZP can be detected
by illumination of the raw x-ray SR light, and hence the
center position of the CZP can be obtained. Figure 5 shows
an image of a raw x-ray SR detected by the x-ray CCD and
an image of the CZP on the x-ray CCD after inserting the
CZP. The MZP position is also adjusted in the same
manner. The minimum alignment error can be one pixel
of the CCD (24 wm) for the CZP and 1,/200 (the reciprocal
of the MZP magnification Myzp) of one pixel for the MZP.
The FZP tilt angle to the optical path is decided mainly by
the machining accuracy and estimated to be less than 0.5°.
We note that the effect of these aberrations of the FZP

042801-5



HIROSHI SAKAI et al.

Phys. Rev. ST Accel. Beams 10, 042801 (2007)

FIG. 5. (Color) (left) Image of the raw x-ray SR detected on the x-ray CCD. (right) Image of the CZP on the x-ray CCD after inserting

the CZP.

monitor is calculated by not only ray-tracing analysis, but
also the wave optics [17,18].

D. Fast mechanical shutter
1. Layout

The time resolution of this monitor is determined by the
minimum shutter opening time of the mechanical shutter.
We newly install a fast mechanical shutter in the x-ray
beam line in order to improve the time resolution to less
than 20 ms. Figure 6 shows a block diagram of the FZP
monitor after installation. The minimum opening time of
the mechanical shutter is determined by the aperture.

Light source

/ MZP

CZP New fast mechanical shutter

Therefore, we applied a fast mechanical shutter with a
1 mm diameter aperture (UHS1ZM2, VINCENT), which
is a factor 5 smaller than the shutter located, in the old
setup, in front of the x-ray CCD camera. This shutter was
installed 100 mm upstream of the intermediate focal point
of the x-ray imaging optics between two FZPs so as not to
scrape off the image of the transverse beam profile. The
fast mechanical shutter was housed in a vacuum chamber
and can be moved across the beam line by movable stages
attached to this vacuum chamber. In addition, this shutter
can be removed out from the optical path by the air
cylinder if necessary.

Imaged object 101 &

1 |
1 |
1 |
1 data taking 1
! X-ray . :
! ccD  |lrigger |
- |

: 40.1m| Previous /T_ 1
I B - J‘ | mechanical shutter trigger Y I
- ' |

| ! 10m 1m | 0.025m 5m Controller | |
I trigger| 1 |
: :SWG’;r Controller |4+ :
I In the damping ring PPy 1
1 |
T TEeETE e ememImeEmmmmae—s, L L ]

Digital delay
Ext ch2
v
Beam injection Function synthesizer bC
timing ch1

FIG. 6. (Color) Block diagram of the FZP monitor with a new fast mechanical shutter.

042801-6



IMPROVEMENT OF FRESNEL ZONE PLATE ...

Phys. Rev. ST Accel. Beams 10, 042801 (2007)

Fast mechanical shutter
(UHS1ZM2)

—->

CW He-Ne laser

A |

SiPIN Oscilloscope
photo diode
TN )
—Ll— Trigger
Power Supply  Controller Pulse generator
TTL level

FIG. 7. (Color) Setup of a performance test of the fast mechanical shutter on a test bench.

This fast shutter has two modes. One is the “NORMAL”
mode, where the shutter opening time is determined by the
input transistor-transistor logic (TTL) pulse width fed into
the shutter controller. Another is the “HIGH”’ mode, where
the shutter opening time is fixed to 0.3 ms and synchro-
nized with the input TTL trigger timing. These modes are
changed by a shutter controller. A beam-injection timing
signal is divided and provided into the CCD trigger signal
(“ch1” in Fig. 6) and the shutter trigger (‘““‘ch2” in Fig. 6)
via a function synthesizer. The timing of the fast mechani-
cal shutter is synchronized with the beam-injection timing
of the damping ring. The shutter opening time is controlled
by changing the trigger pulse width set by the function
synthesizer. Both the trigger timing and the timing delay
between the fast shutter and x-ray CCD signal are also
independently changed and set by this function synthe-
sizer. On the other hand, the previous shutter trigger timing
was adjusted to only the CCD internal trigger timing and
controlled by the CCD controller via a PC.

2 10} .
P .
£ .
2 8
£ "
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g 6 | ]
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8 2t l .I.
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Input TTL pulse width [ms]

FIG. 8. Measurement results of the shutter opening time in the
NORMAL mode. The horizontal axis shows the input TTL pulse
width into the shutter controller. The vertical axis shows the full-
width half maximum of the measured pulse width detected by
the photodiode.

2. Performance

Prior to installation of the fast mechanical shutter, the
performance of this shutter was measured on a test bench.
The setup of the test bench is shown in Fig. 7. The shutter
opening time was controlled by a TTL pulse produced by a
pulse generator through the power supply and controller.
Only when the shutter was open, the continuous-wave laser
light through the shutter was detected by a Si p-i-n photo-
diode. The fast mechanical shutter opening time was esti-
mated by measuring the width of the signal of the
photodiode via an oscilloscope. Figure 8 shows the mea-
sured shutter opening time in the NORMAL mode as a
function of the input TTL pulse width. The measurement
was performed with 1 Hz repetition. The opening time is
given by the full-width half maximum of the measured
pulse width detected by Si p-i-n photodiode. The measured
shutter opening time follows the input TTL pulse width
down to 1 ms, but it is saturated at less than 1 ms TTL pulse
width. We then found that the minimum shutter opening
time of this new shutter was 1 ms in the NORMAL mode.
We also measured the shutter opening time in the HIGH
mode, and the 0.3 ms shutter opening time was obtained.
These values are consistent with the catalogue values of the
minimum shutter opening time in both the NORMAL and
HIGH modes. The NORMAL mode was mainly used in
beam-profile measurement, unless otherwise noted. We
note that this shutter performance was kept stable for at
least one day in this test bench.

E. X-ray pinhole mask

The background on the CCD image mainly consists of
the readout noise of the x-ray CCD circuit and the x-ray
beam transmitted through the FZPs, which is not focused at
all. The transmitted x rays through the MZP appear on the
x-ray CCD as a square of about 3 mm X 3 mm, reflecting
its MZP structure. Because the transmitted x ray depended
on the beam current, we needed to prepare background
data of each beam current in the old setup to subtract the
background component. In order to reduce the background
component of the transmitted x ray, an x-ray mask system
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FIG. 9. CCD images of the beam profile and background (A) before and (B) after insertion of the x-ray mask with a pinhole diameter

of 300 um.

with a pinhole was installed near the fast mechanical
shutter. The x-ray mask was made of stainless steel and
can be moved in the horizontal and vertical directions.
Figure 9 shows the CCD images before and after insertion
of the x-ray mask with the pinhole diameter of 300 pm.
The size of the background area was greatly reduced by
using this x-ray mask.

IV. MEASUREMENT OF THE ULTRALOW
EMITTANCE BEAM IN THE ATF DAMPING RING

A. Beam tuning and condition

We obtained a data set of the beam profile mainly for
three days with various damping-ring conditions after im-
proving the FZP monitor. In all cases the ATF ring was
operated at 1.28 GeV in single-bunch mode. Typical stored
beam current in the ATF damping ring is above 3.5 mA,
which corresponds to 1.0 X 10'? electrons per bunch, dur-
ing beam-profile measurements. Before the measurement,
the electron beam in the ATF damping ring was tuned as
follows. First, the closed-orbit distortion and vertical-
momentum dispersion were reduced as much as possible.
Second, the coupling between the horizontal and vertical
betatron oscillations was minimized by optimizing two sets
of skew magnets wound around two series of sextupole
magnets, respectively. This process, called ““skew correc-
tion,” is a key to production of a low-emittance beam [19].
In 2005, a study of the effect by damping wigglers set on
the two straight sections in the ATF damping ring was
started [20]. We also studied the effect of the damping
wigglers on the damping time by using the improved FZP
monitor. The measurement dates and beam conditions are
listed below.

(i) A skew correction was carefully carried out to make
the vertical emittance as small as possible. The damping
wigglers were turned off. We examined the basic perform-
ance of the upgraded FZP monitor and measured the beam
profile. The damping time was also measured (2005/4/8).

(i1)) The damping wigglers were turned on. A
skew correction was also carefully carried out. The damp-
ing time was measured with the damping wigglers
(2005/4/13).

(iii) The damping wigglers were turned off. The skew
magnets were toggled to measure the beam profiles on the
different coupling conditions after a skew correction was
carefully carried out (2005/6/1).

In order to show the beam conditions for these three days
in detail, we summarize the parameters of the ATF damp-
ing ring for three days in Table IV. The measurements of
only the relevant parameters will be briefly given. The B
function at source point of the FZP monitor, where x-ray
SR was emitted, was measured as follows. By changing the
strength of a quadrupole near the source point, we mea-
sured any change of the betatron tune with beam position
monitors (BPMs). This tune variation is related to the
function at the quadrupole magnet. We measured the 8
functions at three quadrupole magnets and these S8 func-
tions were used to evaluate the 8 function at the source
point with the help of a ring’s lattice model. Dispersions 7,
and 7, were measured directly by monitoring the change
of the beam image center related to the change of the rf
frequency. The measured vertical dispersions were less
than *=1.3 mm. The momentum spread o, /p was mea-
sured by observing the electron-beam size with a screen
monitor at the extraction line, where the dispersion was
very large [3]. Because of the worse beam tuning and
condition at the extraction line, we could not measure the
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TABLE IV. Summary of the parameters of the damping ring (measured value). The x (y) in the
second column of parameters denotes the horizontal (vertical) direction of each parameter (Tune,

B function, and dispersion function).

Parameters 2005/4/8 2005/4/13 2005/6/1

Energy (GeV) 1.28
rf frequency (MHz) 714
Harmonic number 330
Momentum compaction 2.14 X 1073
Tune X 15.186 15.217 15.177

y 8.540 8.585 8.553
B (m) at X 0.339 £ 0.012 0.327 £ 0.008 0.349 £ 0.005
FZP monitor y 4.05 = 0.09 3.87 =0.05 3.25 = 0.08
7 (mm) at X 49.4 = 0.5 42.6 £ 1.9 46.3 0.2
FZP monitor y 0.30 = 0.05 —0.75 £ 0.50 1.23 £ 0.12

momentum spread, except on 2005/4/8. The measured
momentum spread on 2005/4/8 was 8.5 X 10™* at the
beam current of 3.5 mA. The current dependence of the
measured momentum spread will be shown later.

B. Measurement of beam profiles by the improved FZP
monitor

1. Data taking procedures

Prior to a beam-profile measurement, the following
procedures were carried out to adjust the x-ray optics in
the monitor. First, in order to detect raw x-ray SR on the x-
ray CCD camera, the two FZPs and the fast mechanical
shutter in the vacuum were removed off from the optical
path. After that, a new alignment method was applied, as
described in Sec. III C. The fast mechanical shutter and the
x-ray mask were also inserted into on the optical path after
searching the beam image and adjusting the transverse
position across the x-ray beam line so that the measured
beam image would not be scraped off. The shutter timing
and opening time were optimized depending on the experi-
mental conditions. Finally, the longitudinal position of the
MZP was scanned in order to focus the beam image on the
x-ray CCD camera.

As the shutter opening time becomes shortened, the
background component becomes larger than the peak sig-
nal of the obtained beam image. In order to measure the
beam profiles precisely and analyze them in detail, we
carefully subtracted this background component from the
data of x-ray CCD, as follows. The transverse position of
the beam image is much more sensitive, by a factor of 200
of the magnification of MZP, than a transverse change of
the MZP. Thanks to the newly installed x-ray pinhole
mask, the area of the transmitted x ray, which is one of
the background, is drastically reduced. Therefore, by
changing the transverse position of the MZP by only a
few microns vertically, the beam image does not overlap
the transmitted x ray. The alignment error of this position
change of the MZP is too small to deform the obtained

beam image on the x-ray CCD by the effect of aberrations.
After changing the position of the MZP, the background of
x-ray CCD is subtracted. These procedures for background
subtraction allow us to measure the beam profiles easily
and precisely.

Figure 10 shows a measured beam image after back-
ground subtraction. The shutter opening time was fixed
with 1 ms. A clear beam image was observed on the x-ray
CCD camera. This beam image, as shown in Fig. 10, was
obtained by superposing 10 different beam images with the
same current and same trigger timing from beam injection
after background subtraction in order to gain the signal-to-
noise ratio. The horizontal and vertical beam profiles were
obtained by projecting the beam image to each direction. In

50 pm

FIG. 10. (Color) Typical beam image obtained by the FZP
monitor after the background was subtracted. Beam current
was a 44 mA in a single-bunch mode. The shutter opening
time was fixed to 1 ms. The horizontal and vertical bars of
50 wm show the scales at the source point.
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files with their fitted Gaussian curves. The shutter opening time
was fixed to 1 ms. Data are from 2005/6/1.

order to determine the horizontal and vertical beam sizes,
we fitted each beam profile to a Gaussian curve with four
parameters of its center, width, peak height, and offset. The
horizontal and vertical beam profiles and their fitted
Gaussian curves are shown in Fig. 11. The horizontal
axes in Fig. 11 show the beam positions, which were
converted to the scale at the source point by dividing the
magnification factor M = 20. The measured horizontal
and vertical beam sizes were about 50 um and about
6 um for three measurements.

2. Shutter opening time dependence of the measured
beam size

The measured beam size can be increased by mechanical
vibrations and/or jitter coming from electrical noises. In
order to study these effects, we measured the dependence
of the beam sizes on the shutter opening time prior to a
precise beam-profile measurement. Figure 12 shows the
measured horizontal and vertical beam sizes as a function
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FIG. 12.  Solid squares showing the measurement of the (a)

horizontal and (b) vertical beam sizes as a function of the shutter
opening time. The beam current was fixed at 4 mA in a single-
bunch mode. Data are from 2005/4/8.

of the shutter opening time. The beam current was fixed to
4 mA during these measurements. The error bar was
mainly due to the fitting error assuming a Gaussian, as
described in Sec. IVB1. We found that the measured
horizontal beam size was almost 50 pm, and was indepen-
dent of the shutter opening time. On the other hand, the
vertical beam size was changed from 9 to 7 um by short-
ening the shutter opening time from 4 to 1 ms or less. In
order to investigate this enhancement, we measured the
image center of the CCD as a function of the trigger time of
the fast mechanical shutter from beam injection with a
fixed opening time. Figure 13 shows the dependences of
the measured horizontal and vertical beam image centers
as a function of the shutter trigger time with 1 ms shutter
opening time. All of the data were obtained in the radiation
equilibrium of the ATF damping ring. We found the hori-
zontal and vertical oscillations of the beam position. Both
oscillations were well fitted to a sinusoidal curve with
100 Hz frequency. We note that the position oscillation
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to the shutter trigger time from beam injection when the shutter
opening time was fixed to 1 ms. Data are from 2005/4/8.

was also found at 400 ms after beam injection with the
same amplitude and the same phase of 100 Hz frequency.
Furthermore, when we measured the beam profiles 10
times with the same shutter trigger timing, this oscillation
was reproduced within these error bars. These results mean
that the image center was clearly oscillating with the
100 Hz frequency in the synchronization with the injection
timing. To translate the image center oscillation to the
beam oscillation, with amplitude A, the sinusoidal func-
tion was magnified with the magnification factor M = 20
of the FZP monitor. These beam oscillation amplitudes
were found to be A, = 14.9 = 1.6 um horizontally and
A, = 7.84 £ 0.45 pum vertically. The vertical beam oscil-
lation significantly affects the beam size because the ver-
tical oscillation is of the same order as the vertical beam
size. From these measurements, we concluded that the
vertical 100 Hz oscillation caused a vertical beam-size
enhancement.

This 100 Hz oscillation was also found from data taken
on 2 other different days with almost the same amplitudes
and phases. In order to eliminate the 100 Hz oscillation

from the measurement, we fixed the shutter opening time
to 1 ms and adjusted the shutter trigger timing to an
optimum phase condition of the 100 Hz oscillation in all
of the beam-profile measurements. We note that we did not
use the HIGH mode with a 0.3 ms shutter opening time
from the view point of increasing the signal-to-noise ratio.
Furthermore, whenever we measured the beam profiles by
the FZP monitor, we superposed ten beam profiles on the x-
ray CCD in order to increase the signal-to-noise ratio more.

In order to survey the source of 100 Hz oscillation, we
checked all of the components of the FZP monitor: two
FZPs, the Si crystal monochromator, and the x-ray CCD.
First, mechanical vibrations of the two FZPs, including
their folders, were measured at frequencies below 120 Hz
with a compact seismometer (VSE-15D Tokyo Sokushin
Co.). Figure 14 shows the measurement results of vertical
vibrations of the two FZP folders. The cumulative dis-
placement at each frequency is defined by a square root
of the displacement power spectrum integrated from the
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frequency up to 120 Hz. We found a 5 nm rms displace-
ment of the CZP and 4 nm rms displacement of the MZP at
100 Hz frequency, as shown in Fig. 14. The scaled dis-
placements at the source point due to the CZP and MZP
displacements of Ay, are expressed as (1 + 1/Mczp)Ay
and (1/Mczp)Ay, respectively. In our case (Mczp = 1/10
and My;zp = 200), they are 11Ay and 10Ay. Assuming the
observed vibrations, 55 and 40 nm beam oscillations are
expected by the CZP and the MZP, respectively. These
values are too small to explain the 100 Hz beam oscillation
with the vertical amplitude, A,, of 7.84 = 0.45 um, as
shown in Fig. 13. Therefore, the vibrations of the FZPs
are not the reason for the 100 Hz oscillation of the beam
center. Second, we doubted that the Si crystal monochro-
mator might vibrate at 100 Hz through its power supply of
the motor and goniometer. For a confirmation, we remeas-
ured the shutter opening time dependence when the power
supply of the stepping motor and goniometer attached with
Si monochromator were turned off. Figure 15 shows the

shutter opening time dependence of the vertical beam
sizes. The solid boxes (open circles) show the data when
the power supply was turned off (on). We found a vertical
beam-size enhancement by increasing the shutter opening
time on both cases, as shown in Fig. 12. No clear difference
between both conditions was observed. Finally, we mea-
sured the x-ray SR illuminated image of the CZP on the x-
ray CCD camera, as shown in the right picture of Fig. 5 by
changing the trigger timing of the x-ray CCD camera. If the
beam image oscillation is due to any vibration of the x-ray
CCD camera, itself, we will also see a similar oscillation of
the image of CZP because it does not follow the beam
motion without focusing. We found no image oscillation of
more than 1 pixel of the x-ray CCD camera horizontally
and vertically, in spite of changing the trigger timing every
1 ms from O to 20 ms with a 1 ms shutter opening time.

From these measurements, we conclude that the beam-
size enhancement, especially vertically, is caused by the
100 Hz oscillation; the FZP monitor, itself, is working
well, and electron beam might be oscillated with 100 Hz
frequency.

3. Data analysis and results

For data analysis, fitting with a two-dimensional Gauss
function was applied to the beam images. We set 7 free
parameters with horizontal and vertical centers, horizontal
and vertical widths, peak height, the tilt angle, and the
offset. The positive direction of tilt angle was counter-
clockwise to the electron-beam motion. The fitting results
of the horizontal beam size o, vertical beam size ay, and
tilt angle 6, are summarized in Table V for three different
days after the skew correction. The two sets of data (named
as “Ist” and “2nd”") were taken on 2005/6/1. The 1st data
were taken after first making a skew correction. To confirm
the reproducibility, skew magnets were turned off once,
and turned on again; 2nd data on 2005/6/1 were taken
under this condition. The shutter opening time was fixed at

TABLE V. Summary of the measured beam sizes, the tilt angles, and vertical emittances by the
FZP monitor. A skew correction was carefully carried out.

Beam current Beam size Tilt angle  Vertical emittance
1, o, oy 0, gy
Date (mA) (um) (um) (degree) (pmrad)
(2005/4/8) 3.8 50.7 0.6 6.50=*+0.07 1.15*+0.13 10.4 = 0.3
(2005/4/13) 3.0 425+0.7 6.60x0.12 221 *0.26 11.2+0.4
44 482+04 6.11 £0.07 0.70 = 0.09 1.5+ 0.4
(2005/6/1) 4.0 48.6 0.4 593+0.06 0.57%0.09 10.8 = 0.4
Ist 35 48104 594*=0.06 073=0.11 10.9 = 0.3
3.0 468 0.6 6.12+0.09 043 =*0.12 11.5+04
4.0 47704 6.03x0.07 0.88=x0.10 1.2+ 0.4
(2005/6/1) 35 464 +0.5 6.04+0.08 1.05=*0.12 11.2+0.4
2nd 3.0 452 *+0.5 6.00+008 0.77=0.13 11.1 = 0.4
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1 ms for all data. The beam size and the tilt angle errors
were mainly due to the fitting errors, so that the reduced- x*
was unity. All of the beam sizes by the two-dimensional
Gauss function fitting agree well with those of the one-
dimensional fitting on each projected direction, as de-
scribed in Sec. IVB 1. All of the data show a similar
current dependence, except for the data taken on
2005/4/13. The measured horizontal and vertical beam
sizes and tilt angles were distributed between 45 and
51 pum, between 5.9 and 6.6 um, and between 0 and
1.2°, respectively, when the damping wigglers were turned
off. When the damping wigglers were turned on, the tilt
angle became larger than that without the damping wig-
glers. This difference might suggest that beam tuning with
skew magnets was not well done when the damping wig-
glers were turned on.

One of our interests is to confirm the generation of the
low-emittance beam, especially vertical emittance in the
damping ring. The measured vertical beam size (o) and
the vertical emittance (g,) are related by

2
Bre, = (02 = (n, "), )
p
where B, and 7, are, respectively, the ring’s 8 function
and the dispersion function in the y direction at the source
point, and o,/p is the momentum spread. We note that,
from Table IV, the term 7,(c,/p) contributes less than
1 um, and that it can be neglected compared with the
measured beam sizes (o) of about 6 um, as shown in
Table V. Finally, we used Eq. (4) in order to evaluate &,; the
results are listed in the 6th column of Table V. From these
results, when low-emittance tuning was carefully done, the
measured vertical emittance was found to be about
11 pmrad for above 3 mA in the single-bunch mode.
Beam emittance in the ATF damping ring is dominated
by the intrabeam scattering effect [2]. In a high current of
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the single-bunch mode, the emittance increases as the
beam current become high, and the coupling ratio de-
creases. In order to estimate the coupling ratio of the
ATF damping ring and validate these measured beam sizes,
we compared the measured beam sizes with calculation
obtained by using the optics data of the ATF damping ring
in Table IV and the computer program SAD [21] including
the intrabeam scattering effect [22,23]. Figure 16 shows
comparisons of the measured beam size (boxes) and the
calculation (lines) on 2005/4/8. Figure 17 also shows the
data of the measured data (boxes and circles) and calcu-
lation (lines) on 2005/6/1. The horizontal axes show the
beam current of the damping ring in the single-bunch
mode, and the vertical axes are the measured and calcu-
lated beam sizes. These two measurements agree well with
the calculation when it is assumed that the coupling ratio is
(0.5 =0.1)% and are almost consistent with the other
measurement by the laser wire monitor in the ATF damp-
ing ring, described in Ref. [2]. In order to confirm the
assumption of coupling ratio, the energy spread was also
measured. Figure 18 shows the measured energy spread at
the extraction line on 2005/4/8. The errors of the mea-
sured momentum spread at higher beam current are mainly
caused by the measurement error of the dispersion function
at the screen monitor. On the other hand, the errors of the
momentum spread at lower beam current are mainly
caused by the statistical error because of the poor signal
of the screen monitor. As shown in Fig. 18, the measured
energy spread at the extraction line on 2005/4/8 also
agrees well with a calculation under the assumption of a
(0.5 = 0.1)% coupling ratio.

C. Measurement of the damping time

By changing the trigger timing of the x-ray CCD camera
from the beam-injection timing, a beam-profile measure-
ment during radiation damping could be carried out.
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FIG. 16. (Color) Measured beam size taken on 2005/4/8 by the FZP monitor vs beam current in the single-bunch mode. The lines are
from a calculation with intrabeam scattering, assuming coupling ratios of 0.4%, 0.5%, and 0.6%.
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FIG. 17. (Color) Measured beam size taken on 2005/6/1 by the FZP monitor vs beam current in the single-bunch mode. The lines are
from a calculation with intrabeam scattering, assuming coupling ratios of 0.4%, 0.5%, and 0.6%.

Furthermore, the improved time resolution by the newly
installed fast mechanical shutter allowed us to measure the
damping time. We then precisely measured the damping
time with/without damping wigglers by using FZP monitor
for the study of the damping wigglers.

Figure 19 shows the measurements of the damping time
with/without the damping wigglers. Damping phenomena
were clearly observed in the vertical direction. In order to
evaluate the vertical damping time, we use the following
function [24], described as

(1—e2/m), (&)

— 2 =2t/ 2
O'y \/o-inje vt a-ring

where ¢ is the elapsed time from injection timing. The
injection beam size (o), the beam size after complete
damping (0 ipe), and vertical damping time (7,) are used as

0.0009 x x x x : : :
0.00085
0.0008
0.00075
0.0007
0.00065

free parameters for fitting. By fitting this function to the
vertical beam-size measurement in Fig. 19, we obtained
that the vertical damping time (7,) without damping wig-
glers was (30.9 = 0.6) ms and with damping wigglers
(20.7 = 0.8) ms. A clear difference in the measured damp-
ing time between with and without damping wigglers was
observed. The design values of the damping time with/
without damping wigglers are 21.1 and 28.5 ms, respec-
tively. These values agree well with the damping-time
measurements.

D. Coupling dependence of the measured beam profiles

The coupling dependences were measured by changing
the currents of the skew-quadrupole coils wound on two
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FIG. 18. (Color) Measured energy spread at the extraction line
vs beam current in the single-bunch mode. The lines are from a
calculation with intrabeam scattering, assuming coupling ratios
of 0.4%, 0.5%, and 0.6%.

Time [ms]

FIG. 19. Measured vertical damping time with/without the
damping wigglers. The horizontal axis shows the elapsed time
from beam injection into the damping ring. The vertical axis
shows the measured beam size by the FZP monitor. The open
circles (black boxes) show the vertical beam sizes without (with)
damping wigglers.
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FIG. 20. (Color) Measured beam profiles when the skew correction was carefully carried out (A) and all of the skew magnets were
turned off (B). The data were taken on 2005/6/1 with a 4.4 mA current.
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are from calculations, assuming coupling ratios of 0.5% (3.0%).
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kinds of sextupole magnets. Figure 20 shows the typical
beam profiles when a skew correction was carefully carried
out [Fig. 20(a)] and all of the skew-quadrupole coils were
turned off on purpose [Fig. 20(b)]. As shown in Fig. 20, we
found that the vertical beam size increased and the mea-
sured beam profile was tilted when a skew correction was
not applied. In order to measure the coupling dependence
precisely, we measured the two sets of beam profiles at the
same beam current when a skew correction was applied
(hereafter called ‘“‘skew on” condition), and the skew-
quadrupole coils were turned off (called “skew off” con-
dition). Figure 21 shows all of the results of the two
conditions of skew on and skew off. As shown in Fig. 21,
the vertical beam sizes increased for all of the stored
currents under the skew off condition compared with those
under the skew on condition, while the horizontal one
decreased. In order to estimate the coupling ratio, we
also plot the calculation data including intrabeam scatter-
ing effect in Figs. 21(a) and 21(b). The data set of the skew
on (skew off) condition agree with the calculation assum-
ing the 0.5% (3.0%) coupling ratio. The absolute values of
the measured tilt angles of the skew off condition are (6 =
2) degrees, which is much larger than that of skew on
condition of (0.7 = 0.3) degrees.

V. CONCLUSION

In this paper, we have presented an improvement of the
FZP monitor and measurement results of the ultralow
emittance beam in the ATF damping ring under various
conditions. First, by thermally disconnecting the Si crystal
from the stepping motor, the position drift of the obtained
image was drastically reduced by a factor of 100, and fully
stabilized within a few um for one day. Second, we
modified the FZP folder for a more precise beam-based
alignment using x-ray SR. This avoids the effects of aber-
rations due to any misalignments of the FZPs. Third, the
newly installed fast mechanical shutter allowed us to mea-
sure a beam image within 1 ms. In addition, the x-ray CCD
was synchronized with the beam-injection timing. We
could measure the beam profile under the fully damped
condition in the normal operation mode. At last, installa-
tion of the x-ray pinhole mask system greatly reduced the
background of x rays passing through the MZP.

With the improved system, beam-profile measurements
were performed on three days. By using a fast mechanical
shutter, we could remove the effect of an unknown 100 Hz
oscillation, which enlarged the measured vertical beam
size, for the beam-profile measurement. We therefore
could perform precise beam-profile measurements with a
I ms shutter opening time. After carefully applying the
skew correction, the measured horizontal beam sizes were
about 50 um, and the vertical beam sizes were about 6 um
at above 3 mA stored current in the single-bunch mode,
which corresponded to about 11 pmrad of the vertical
emittance. The measured beam sizes were in a good agree-

ment with a calculation assuming coupling ratios of (0.5 =
0.1)%. In addition, the measured energy spread also agreed
well with the calculation. Thanks to the improved x-ray
CCD and shorter time resolution of the newly installed fast
mechanical shutter, we could also precisely measure the
damping time of the ATF damping ring when the damping
wigglers were turned on and off. The measurement results
of the vertical damping ring agreed well with the design
values. Furthermore, the coupling dependence of the beam
profiles was obtained. Not only the horizontal and vertical
beam sizes, but also the beam tilt angles, were measured
precisely under the two coupling conditions. From these
measurements, good performance of the improved monitor
was confirmed.

Finally, we note that the improved FZP monitor is now
routinely used and helps to produce and manipulate the
ultralow emittance beam of the ATF damping ring during
beam operation.
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