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The KEK Accelerator Test Facility (KEK-ATF) was constructed to develop technologies for
producing a low-emittance beam which will be required by future linear colliders. The KEK-ATF
consists of an injector linac, a damping ring, and a beam extraction line. The basic optical structure
of the damping ring is a FOBO lattice, which reduces the horizontal dispersion at the center of the
bending magnets and, as a consequence, can produce an extremely small emittance beam. To verify t
performance of such a unique, low-emittance lattice, it is crucial to measure the horizontal emittance.
The horizontal emittance was measured using wire scanners in the beam extraction line. Since the
horizontal beam position was not stable, we established a method to correct the measured beam siz
for position fluctuation (“jitter”) and we succeeded in the observation of the so far smallest horizontal
emittance in any accelerator. The measured horizontal emittance was1.37 6 0.03 nm at a beam energy
of 1.285 GeV and a bunch population ofs3 5d 3 109, in agreement with the design value of 1.27–
1.34 nm at the beam energy and the bunch population. [S1098-4402(99)00026-9]

PACS numbers: 29.27.Eg, 29.27.Fh, 41.75.Ht
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I. INTRODUCTION

Third generation synchrotron light sources with sm
emittances have been constructed for use in physics a
cations involving synchrotron orbit radiation. The ba
optical structure of such accelerators is either a dou
bend achromat lattice, for example, at ELETTRA, ESR
APS, and SPring-8, or a triple-bend achromat lattice, in
at ALS and BESSY II. The natural emittance of the ES
is 3.0 nm (for a low-emittance operation ), that of the A
is 3.4 nm, and those of the others are slightly larger (
Table I). The emittance is defined as

´x ­
q

kx2l kx02l 2 kxx0l2 , (1)

where the bracket indicates an average over all of the
ticles and the natural emittance is the steady state emitt
in the ring. However, future linear colliders [1,2] will re
quire even smaller emittances than these synchrotron
sources in order to achieve the design luminosity. T
damping ring of the KEK Accelerator Test Facility (KEK
ATF) has been constructed to develop the technologies
producing such beams of unprecedentedly low emitta
[3]. The beam operation of the KEK-ATF damping rin
began in January, 1997. The KEK-ATF damping ring e
ploys a FOBO lattice with defocusing combined functi
bending magnets, in order to reduce the horizontal dis
sion at the radiation source. The optics of a normal
cell is shown in Fig. 1 [4]. The principal parameters of t
KEK-ATF damping ring are listed in Table II. The desig
1098-4402y99y2(2)y022801(10)$15.00
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natural emittance of the damping ring is 1.12 nm, whic
significantly smaller than that of the third generation s
chrotron light sources listed in Table I. It is crucial to r
liably measure the horizontal emittance in order to ve
the performance of such a unique, low-emittance lattic

It has been reported that a small beam emittance
measured at several light sources using synchrotron
diation. For example, at the ESRF horizontal and v
tical emittances of 3.5 and 0.04 nm, respectively, w
measured with an x-ray pinhole camera [11]. It is d
ficult to accurately measure the horizontal emittance
utilizing the synchrotron radiation in the damping ring b
cause energy spread and dispersion can contribute si
cantly to the horizontal spot size at the location of
synchrotron light monitor. The KEK-ATF, however, h

TABLE I. Natural emittances for the third generation sy
chrotron light sources of the world. Lattice type DBA mea
double-bend achromat lattice and TBA means triple-b
achromat lattice.

Accelerator Lattice Beam Design
name type energy ´x

ELETTRA (Italy) DBA 1.5–2.0 GeV 7.0 nm [5]
ESRF (France) DBA 6.0 GeV 3.0–7.0 nm [6
APS (USA) DBA 7.0 GeV 8.2 nm [7,8]
SPring-8 (Japan) DBA 8.0 GeV 5.5 nm [9]
BESSY II (Germany) TBA 1.7 GeV 5.0 nm [10]
ALS (USA) TBA 1.3–1.9 GeV 3.4 nm [7]
© 1999 The American Physical Society 022801-1
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FIG. 1. Normal FOBO cell of the KEK-ATF damping ring
QF2R and BH1R are the main focusing quadrupole mag
and the combined function bending magnet. QF1R is
quadrupole magnet to adjust the defocusing component of
BH1R. The initials “S” and “Z” denote the sextupole magne
and the steering magnets, respectively.

a beam extraction line, whose purpose is to examine
properties of the beam. The beam diagnosis in the
traction line started in November, 1997. In the followin
sections, we will discuss the emittance measurement
paratus and technique and cures for several types of
tematic measurement errors. Finally, we will evaluate a
discuss the measurement results.

II. KEK-ATF EXTRACTION LINE

Figure 2 depicts the layout of the KEK-ATF extractio
line, which consists of five bending magnets and
quadrupole magnets. The double kicker system, in wh

TABLE II. Design parameters of the ATF damping ring.

Parameter Symbol Value

Beam energy Ebeam 1.285 GeV
Ring circumference LC 138.6 m
rf frequency fRF 713.996 MHz
rf voltage VRF 283.6 kV
Harmonic number h 330
Synchrotron frequency fs 10.65 kHz
Momentum compaction aM 2.141 3 1023

rf momentum acceptance sspypdRF 0.01246
Natural emittance ´x 1.122 nm
Natural bunch length sz 5.211 mm
Natural momentum spread sEyE 5.434 3 1024

Average beta functions kbxl 3.869 m
kbyl 4.459 m
022801-2
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the kicker magnets are separated by a horizontal p
advance of 180±, was chosen to study the suppression
beam position jitter by such a kicker system [12]. At t
end of the extraction line there is a beam diagnostic sec
The system was designed such that the dispersion is
in this diagnostic section.

An integrating current transformer (ICT) and 14 sing
path strip-line-type beam position monitors (BPMs)
beam current and beam position measurement are lo
in the extraction line. Clipping circuits [13,14] are us
to read out the signals from all the BPMs, resulting
a position resolution of approximately20 30 mm. The
BPM resolution was estimated from the noise of
readout electronics. The resolution of20 30 mm was
verified in the beam diagnostic section by repeate
measuring the jitter-free vertical orbit.

In order to measure the beam size and to evaluate
beam emittance, we installed four wire scanners. E
wire mount is placed at a 45± tilt angle to the horizonta
plane, as shown in Fig. 3. Both the horizontal and vert
beam sizes were measured by sliding the wire mo
along its axis and detecting theg rays that are scattere
on the wires parallel to the vertical and horizontal pla
respectively. The wire position is read out by measur
the wire mount position using a digital position gauge w
a resolution of5 mm. This corresponds to a horizont
beam position of approximately3.5 mm. Assuming the
beam profile is a Gaussian distribution of rms sizesreal,
the measured beam sizesmeas is given by

smeas ­

vuut
s

2
real 1

√
dwire

4

!2

, (2)

where dwirey4 is the second-order moment of a roun
shaped wire with a diameterdwire. Since each wire scann
consists of a50 mm diameter tungsten filament, the co
tribution of the wire thickness to the measured rms be
size is12.5 mm. The minimum beam size for all emi
tance measurements was approximately30 mm, 3 times
larger than the wire contribution to the beam size m
surement. Theg rays scattered from a wire scanner a
detected by an aiřCerenkov detector followed by a phot
multiplier (PMT), developed at the Stanford Linear Acc
erator Center (SLAC). The aiřCerenkov detector is fairly
immune to the effects of the background photons, since
detector’s threshold energy is set to be 21–22 MeV, w
the critical energy of the synchrotron radiation produc
by the bending magnets in the extraction line is very l
at approximately 1 keV.

All of these beam monitors are read out on a sin
beam passage with analog-to-digital converter (AD
CAMAC modules and the readout signals of each mo
tor are simultaneously recorded in the VSYSTEM [1
database, thus enabling us to examine any correla
between these monitors.
022801-2
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FIG. 2. Layout of the KEK-ATF extraction line. The initial “Q” shows the quadrupole magnets, “MW” the wire scanners
“ML” the strip-line-type BPMs.
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III. HORIZONTAL DISPERSION CORRECTION

The general expression for the horizontal beam sizesx

is

sx ­

vuut
´xbx 1

√
hx

sp

p

!2

, (3)

with ´x the horizontal emittance,bx the horizontal
beta function, hx the horizontal dispersion function
and spyp the relative momentum spread. All wi
scanners are located in the dispersion-free diagno
section mentioned above. However, because the K
ATF damping ring is a test accelerator, magnet streng
especially those of steering magnets, are often cha
for various beam studies. This results in changes of
horizontal dispersion in the damping ring as well as in
extraction line. Since the residual horizontal dispersio
the beam diagnostic section contributes to the meas
beam size and the longitudinal beam oscillation gives
to additional horizontal position jitter proportional to th

50µm 
Tungsten Wire

Wire mount

Wire scanner chamber

Guide Stage

Pulse Motor Stage

Digital Position Gauge
( MagneScale)

Front ViewSide View

FIG. 3. Schematic figure of wire scanner used in KEK-AT
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dispersion, we must correct the horizontal dispersion p
to any beam diagnosis in the extraction line.

The horizontal dispersion function in the extracti
line is evaluated by measuring the orbit differences
different damping ring rf frequencies. When a beam
injected into the damping ring, the damping ring rf mu
be synchronized with the linac rf. However, between t
successive injections the damping ring rf frequency can
changed, in order to measure dispersion function. The
quency shift changes the energy of the extracted beam

Dp
p

­ 2
1

aM

DfRF

fRF
, (4)

with aM the momentum compaction factor andfRF the rf
frequency of the damping ring cavities. The horizon
orbit difference is proportional to the magnitude of t
energy shift as

Dx ­ hx

√
Dp
p

!
­ 2

hx

aM

DfRF

fRF
(5)

ignoring higher-order effects such as second-order dis
sion. Therefore, we can evaluate the horizontal disper
as

hx

aM
­ 2fRF

Dx
DfRF

. (6)

Equation (6) demonstrates that the resolution of the
persion measurement is determined by the position r
lution, due to orbit jitter and BPM readout resolution, a
by the magnitude of the rf frequency change. A large
frequency change improves the resolution of the disp
sion measurement even when the BPM readout resolu
is poor or a large position jitter exists. The magnitude
the rf frequency change is limited by the vacuum cham
diameter of 24 mm and a large horizontal dispersion w
022801-3
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a maximum value of approximately 2.5 m. To allow t
beam through a vacuum chamber without beam loss in
large dispersion region, the rf frequency change mus
smaller than64.7 kHz. In addition, a linearity range o
3 mm for the BPM readout electronics [13,14] further
stricts the useful range of rf frequencies to approxima
62 kHz. Abandoning the dispersion measurement in
large dispersion region would improve the resolution
the dispersion measurement at other BPM locations b
factor of 2 or more. However, the dispersion measu
ment resolution forDfRF ­ 62 kHz is 11 mm, even if we
assume the beam position jitter of200 mm and 30 times
data taking, and it corresponds to a beam size of6.8 mm.
This is adequate for the dispersion correction because
typical horizontal beam size in the beam diagnostic s
tion is30 100 mm. Therefore, the maximum rf frequenc
change for the horizontal dispersion measurement was
ited to62 kHz.

The horizontal dispersion measurement and its cor
tion were carried out as follows. First, the beam orb
for five rf frequency offsets,12 kHz, 11 kHz, 0 kHz,
21 kHz, and22 kHz, were measured randomly by th
BPMs pulse by pulse to reduce the systematic error
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FIG. 4. Horizontal dispersion (a) before the dispersion c
rection, (b) after the dispersion correction, and (c) at the w
scanner location (after the dispersion correction). The po
show the measured dispersion for each BPM position and
lines show the fitted results.
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tween the measurement with each offset such as o
drift. The position was measured approximately 30 tim
for each rf frequency offset. We then evaluated the slo
DxrampyDfRF by linear fitting using aMINUIT [16] soft-
ware package and obtained the horizontal dispersion
each BPM position applying Eq. (6). The horizontal d
persion at the wire scanner locations was evaluated
fitting for the two parametershx , h0

x at the entrance o
the extraction line. For the fit, we utilized a linear opti
model of the extraction line, which includes the effect
finite magnet thickness. Finally, we calculated the m
net settings required to suppress the horizontal disper
in the beam diagnostic section and changed the stren
of some quadrupole magnets accordingly. An exampl
the measured horizontal dispersion before and after
rection is shown in Fig. 4. After the correction, the val
of the horizontal dispersion is reduced within65 cm.

IV. POSITION JITTER CORRECTION

Since one of the extraction kickers suffered from d
charges, the horizontal beam position of the extracted b
was not stable. Because the magnitude of the orbit fluc
tion of 50 200 mm was comparable to the typical hor
zontal beam size of30 100 mm, we applied a position
jitter correction method to infer the real beam size. T
position correction was not carried out using all BPMs
the extraction line since the resolution obtained with t
BPMs was adequate and allowed for a fast calculatio
the on-line control system. In a dispersion-free sect
the horizontal beam offset at an arbitrary positionx3 is cal-
culated from the horizontal offsets at two other positio
x1, x2 as follows:

x3 ­
R12ss3, s1d
R12ss2, s1d

x2 2
R12ss3, s2d
R12ss2, s1d

x1 . (7)

Here, R12ssj, sid is a transfer matrix component fromsi

to sj . The transfer matrix elements were obtained us
the measured magnetic field strengths. As the horizo
beam offsets at more than two positions are measure
BPMs, we can estimate the beam offset at any posit
The expected position resolutionsx3 depends upon th
BPM readout resolutionsx,BPM as

sx3 ­

vuut√
R12ss3, s1d
R12ss2, s1d

!2

1

√
R12ss3, s2d
R12ss2, s1d

!2

sx,BPM

­ fss1, s2, s3dsx,BPM . (8)

While any set of two BPM readouts can be used forx1, x2

in Eq. (7), the set of BPMs should be chosen to minim
the resolution factorfss1, s2, s3d for each relevant loca
tion s3.

In preparation for the position correction of the bea
size measurement using Eq. (7), the quality of the posi
estimate was tested by applying the estimate to
022801-4
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TABLE III. The list of resolution factors for each monito
located at the beam diagnostic section. BPM1, BPM2 are
set of BPMs for minimum resolution factors. The monitor ty
BPM stands for a beam position monitor and WS means w
scanner.

Monitor name Type BPM1 BPM2 fss1, s2, s3d

ML10X BPM ML14X ML8X 0.634
ML11X BPM ML12X ML14X 0.293
ML12X BPM ML14X ML8X 1.249
ML13X BPM ML8X ML12X 0.196
MW1X WS ML11X ML10X 0.758
MW2X WS ML12X ML10X 0.432
MW3X WS ML12X ML9X 0.868
MW4X WS ML10X ML11X 0.370

BPM location, where it could be compared with
direct BPM measurement. The set of BPMs used
the position estimation and the corresponding resolu
factorfss1, s2, s3d for each BPM is listed in Table III. The
BPMs used for the position correction were chosen so
to obtain the best resolution. Using Eq. (7), we defin
quantityXss3d as

Xss3d ­ x3 2

√
R12ss3, s1d
R12ss2, s1d

x2 2
R12ss3, s2d
R12ss2, s1d

x1

!
. (9)

Xss3d would ideally be zero for all BPM locations, bu
an off-center beam orbit at a quadrupole magnet betw
s1 ands3 might cause a finite value forXss3d, due to the
kick of the quadrupole magnet. The fluctuation ofXss3d,
however, should be given by

sX ss3d ­
q

1 1 f2ss1, s2, s3d sx,BPM (10)

even if a huge position jitter exists. Figure 5 sho
a typical result of the position estimation at a BP
location. The individual BPM readout fluctuation w
50 200 mm, while the measuredsXss3d’s of 30 40 mm
for all BPMs were in good agreement with the expec
20 30 mm fluctuation of the BPM readout. Note th
some deviations from Eq. (10) are explained by nonz
dispersion at two of the BPMs used for position correct
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FIG. 5. Result of a performance test of position prediction
BPMs located at a beam diagnostic section. The circles s
BPM readout fluctuations and the squares showsXss3d defined
in Eq. (10).
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at the BPM locations. For correcting the beam positi
at the wire scanners, only dispersion-free BPMs are be
employed.

Next, we applied the position estimation method to t
beam size measurement with wire scanners. The se
BPMs used for determining the beam position and
corresponding resolution factorfss1, s2, s3d for each wire
scanner is also listed in Table III. As mentioned above,
horizontal beam position at the wire scanners fluctua
pulse by pulse. We can derive the beam position w
respect to the wirexWS by using the position estimation
of Eq. (7)

xWS ­
xDGp

2
2

√
R12ssWS, s1d
R12ss2, s1d

x2 2
R12ssWS, s2d
R12ss2, s1d

x1

!
,

(11)

with sWS the wire scanner position andxDG the digital
position gauge readout on the wire scanner, which was
vided by

p
2 to account for the 45± tilt (see Fig. 3). A

typical ADC readout of airČerenkov detector PMT sig
nals is shown in Fig. 6(a) as a function of the uncorrec
digital gauge readout positionxDG indicating that PMT
signals fluctuate over a wide range. Figure 6(b) sho
PMT signals as a function of the calculated beam posit
with respect to the wirexWS, demonstrating that our cor
rection algorithm worked well. Figure 6 shows the resu
demonstrated with the wire scanner MW1X.

The rms size obtained from the Gaussian fit to the PM
signals as a function of the beam position with respec
the wire xWS was taken to be the beam size at the w
scanner location. Since other contributions of system
errors were negligibly small, the error of the Gaussian
was used as an estimate of the measurement error, w
typically was1 5 mm.

V. HORIZONTAL EMITTANCE EVALUATION

The measured horizontal beam size is determined
only by the horizontal emittance and horizontal beta fun
tion sxb , but it also contains contributions from the finit
wire diameter, as shown in Eq. (2), and from the resid
horizontal dispersion at the wire location. The compon
of the horizontal beam size arising from emittance and b
function is obtained as

sxb .

vuut
s2

x 2

√
dwire

4

!2

2

√
hx

sp

p

!2

, (12)

with dwire the wire diameter andsx the measured horizon
tal beam size. The corresponding error is expressed a

Ds2
xb .

"
sx

sxb

Dsx

#2

1

"
hxsspypd2

sxb

Dhx

#2

1

"
h2

xsspypd
sxb

Dsp

p

#2

, (13)
022801-5
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with Dsx the error of beam size measurement,Dhx the
error of horizontal dispersion function, andDsspypd the
error of momentum spread. Since the deviation fr
the estimated wire contribution asdwirey4 is negligibly
small for the measured beam size, the contribution of
wire diameter correction can be ignored. The mom
tum spread of the extracted beam was measured w
screen monitor MS3X located at a position with appro
mately 1.7 m dispersion. The result of the moment
spread measurement is shown as a function of beam in
sity in Fig. 7. The momentum spread at zero current,
spyp ­ 5.5 6 0.2 3 1024, agreed well with a design
value of 5.43 3 1024. However, the momentum sprea
increased with beam intensity. During the emittance m
surement, the beam intensity changed pulse by pulse,
a typical bunch population ofs3 5d 3 109. Therefore, we
assumed that the momentum spread at the time of the
zontal beam size measurement was6.0 6 0.3 3 1024.

Two different methods are used for evaluating
horizontal emittance: one is the waist-scan method,
the other is the four-wire method. In the waist-sc
method, the beam emittance is determined by measu
the beam size with a single wire scanner while chang
the strength of a quadrupole magnet located upstr
of the monitor. We performed the waist scans on
three wire scanners MW1X, MW2X, and MW3X. Th
waist-scan method was not carried out for MW4X beca
the horizontal beam size at MW4X was insensitive to
strength change in the upstream quadrupole magnet.

The spot sizes measured at each wire scanner du
the waist scans had both betatron and dispersive co
butions, since a small residual dispersion still remain
at the wire scanner locations even after dispersion cor
tion. (In Sec. III we demonstrated that the residual disp
sion was less than65 cm, which corresponds to30 mm
of beam size.) In order to remove the dispersive co
ponent from the measured spot sizes at each wire s
ner, we measured the residual horizontal dispersion at
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typical quadrupole strength. After that, we calculated
dispersion at the other quadrupole strength from the m
sured dispersion at the beam position monitors loca
upstream of the quadrupole magnet with the linear
tics model. We then subtracted the dispersive compo
from the measured spot sizes using Eq. (12) and the
mated horizontal dispersion (see Table IV). In all cas
the dispersive part of the spot size was less than one-
of the betatron size for wire scanner MW1X, and less th
one-fourth for wire scanners MW2X and MW3X. By su
tracting the contribution of the residual dispersion acco
ing to Eq. (12), we determined the beam size compon
due to beta function and emittance. Figures 8(a)–8
show the square of this betatron beam size for MW1
MW2X, and MW3X as a function of quadrupole streng
The horizontal emittance values inferred from the pa
bolic fits are summarized in Table V.

A second method to evaluate the beam emittance is
four-wire method. By measuring the beam sizes with f
independent wire scanners, and fitting the result to an
tics model, the Twiss parametersax, bx and the horizonta
emittance can be obtained. A measurement result for
horizontal emittance is shown in Fig. 8(d). The ellip
represents the beam distribution in phase spacesx, x0d at the
entrance of the extraction line. Four lines show the m
sured beam size boundaries converted to the same p
space. The corresponding horizontal emittance valu
also listed in Table V. For all horizontal emittance me
surements, both the waist-scan and four-wire meth
agreed within 2 standard deviations. An average horiz
tal emittance of1.37 6 0.03 nm was obtained.

The fitted Twiss parameters were used to verify e
horizontal emittance evaluation. A mismatch fac
Bmag,x [17,18] is defined as

Bmag,x ­
1
2

"
bx2

bx1
1

bx1

bx2
1 bx1bx2

√
ax1

bx1
2

ax2

bx2

!2#
(14)
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(a)

FIG. 7. Results of momentum spread measurement by
screen monitor MS3X. (a) The measured momentum spr
which is evaluated to bes5.5 6 0.2d 3 1024 at zero current
and6.0 6 0.3 3 1024 at the bunch population ofs3 5d 3 109.
A scaling error from the charge-coupled device pixel to t
beam size of35.4 6 1.6 mmypixel contributes to the large
momentum spread error. (b) Vertical axis is changed to
measured beam size at the screen monitor. The curve show
expected momentum spread, which is assumed to be incre
by the intrabeam scattering while keeping a constant emitta
ratio ´xy´y ­ 2.31%. (c) Expected horizontal emittance at th
emittance ratio of 2.31%.

for two different sets of Twiss parametersax , bx. The
beam emittance was evaluated by assuming the tran
matrix from the quadrupole magnet to the wire scanner
the waist-scan method and assuming the transfer ma
022801-7
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between the wire scanners for the four-wire meth
We checked the optics error and the consistency
evaluated emittances by usingBmag,x . In the calculation
of Bmag,x , each measurement was used as one set of T
parameters, and an average Twiss parameter for the
three measurements weighted by their errors was use
the second set. That allBmag,x were close to unity show
that the different horizontal emittance measurements w
consistent with each other. The extracted values
Bmag,x ’s are also shown in Table V.

VI. DISCUSSION

During the emittance measurement, an intensity dep
dence of the momentum spread was observed. One
sible source of the momentum spread enhancement i
microwave instability [19,20]. However, the threshold
the microwave instability for 1.3 GeV beam energy w
calculated to be a bunch population of1.3 3 1010 [21].
Since this threshold is 3 times higher than the bunch po
lation during the experiment, it is not a probable reas
for the energy spread enhancement.

A more likely reason would be the multiple Tousch
effect (intrabeam scattering), which was investigated
Bruck and Le Duff [22,23], in order to explain differenc
between the measured beam lifetime and the lifet
expected from the single Touschek effect, and general
by Piwinski [24]. They showed that small momentu
transfer from a transverse to a longitudinal direction d
not contribute directly to particle losses but acts as
additional excitation source on the momentum spre
As a consequence, they showed it produced a new st
state of the momentum spread. Since the bunch vol
in the KEK-ATF damping ring is extremely small, it i
expected that an effect of the intrabeam scattering h
strong influence on the momentum spread enhancem
[25]. Therefore, we regard it as the main source of
observed momentum spread enhancement. In additio
affecting the momentum spread, the longitudinal mom
tum impulse at a dispersive position affects the beta
oscillation and transverse equilibrium emittances are
expected to increase with the beam intensity through
intrabeam scattering process. The effect in the KE
ATF damping ring was evaluated by theSAD computer
code [26] self-consistently taking into account both
momentum spread and the emittances. The calcul
momentum spread enhancement was compared to
measured one shown in Fig. 7(b), and the measured in
sity dependence on the momentum spread correspon
the bunch volume with2.31 6 0.68% emittance coupled
beam. The curve in Fig. 7(b) shows the moment
spread, which is assumed to be increased by the intrab
scattering while keeping the constant emittance r
´xy´y ­ 2.31% through all the beam current. Fu
thermore, the corresponding horizontal emittance
expected to be1.27 6 0.04 nm at the bunch populatio
022801-7
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TABLE IV. The list of measured beam sizes and dispersions and estimated betatron beam sizes.

(a) MW1X waist scan

QF5X current Measured beam sizesx Dispersionhx Estimated betatron beam sizesxb

10.69 A 164.81 6 1.50 mm 0.58 6 1.01 cmb 164.30 6 1.51 mm
12.69 A 128.53 6 0.93 mm 0.75 6 0.52 cma 127.84 6 0.94 mm
14.69 A 87.70 6 0.58 mm 0.91 6 0.31 cmb 86.63 6 0.60 mm
16.69 A 56.60 6 0.40 mm 1.07 6 0.69 cmb 54.83 6 0.64 mm
18.69 A 39.85 6 0.48 mm 1.24 6 1.19 cmb 37.11 6 1.51 mm
20.69 A 65.42 6 0.66 mm 1.40 6 1.70 cmb 63.66 6 1.51 mm
22.69 A 101.12 6 1.43 mm 1.57 6 2.22 cmb 99.90 6 1.92 mm
24.69 A 137.25 6 2.26 mm 1.73 6 2.74 cmb 136.28 6 2.60 mm
26.69 A 178.31 6 1.22 mm 1.89 6 3.27 cmb 177.51 6 1.75 mm

(b) MW2X waist scan

QD7X current Measured beam sizesx Dispersionhx Estimated betatron beam sizesxb

5.18 A 115.91 6 1.69 mm 1.43 6 2.26 cmb 114.91 6 2.07 mm
9.18 A 88.02 6 1.04 mm 1.41 6 2.22 cmb 86.71 6 1.68 mm

13.18 A 63.74 6 0.48 mm 1.39 6 1.82 cmb 61.95 6 1.55 mm
17.18 A 38.49 6 1.77 mm 1.36 6 1.43 cmb 35.47 6 2.76 mm
21.18 A 40.80 6 0.23 mm 1.34 6 1.04 cma 38.00 6 1.34 mm
25.18 A 60.18 6 0.15 mm 1.31 6 0.68 cmb 58.34 6 0.57 mm
29.18 A 86.79 6 0.77 mm 1.29 6 0.44 cmb 85.54 6 0.82 mm
33.18 A 116.98 6 0.38 mm 1.26 6 0.53 cmb 116.06 6 0.44 mm
37.18 A 149.31 6 1.45 mm 1.24 6 0.86 cmb 148.60 6 1.48 mm

(c) MW3X waist scan

QF6X current Measured beam sizesx Dispersionhx Estimated betatron beam sizesxb

13.85 A 177.00 6 1.24 mm 4.50 6 2.04 cmb 174.48 6 2.28 mm
15.85 A 151.35 6 0.32 mm 4.14 6 2.28 cmb 148.77 6 2.32 mm
17.85 A 114.78 6 0.13 mm 3.93 6 2.57 cmb 111.63 6 3.27 mm
19.85 A 86.08 6 1.82 mm 3.43 6 2.91 cmb 82.64 6 4.75 mm
21.85 A 88.03 6 1.07 mm 3.07 6 3.28 cma 85.16 6 4.40 mm
23.85 A 111.84 6 0.73 mm 2.71 6 3.66 cmb 109.94 6 3.33 mm
25.85 A 143.65 6 0.58 mm 2.35 6 4.05 cmb 142.41 6 2.48 mm
27.85 A 189.68 6 0.67 mm 2.00 6 4.46 cmb 188.89 6 1.83 mm

(d) Four-wire method

Monitor name Measured beam sizesx Dispersionhx Estimated betatron beam sizesxb

MW1X 128.53 6 0.93 mm 0.75 6 0.52 cma 127.84 6 0.94 mm
MW2X 40.80 6 0.23 mm 1.34 6 1.04 cma 38.00 6 1.34 mm
MW3X 88.03 6 1.07 mm 3.07 6 3.28 cma 85.16 6 4.40 mm
MW4X 55.50 6 0.48 mm 23.98 6 4.83 cma 48.52 6 13.70 mm

aMeasured horizontal dispersion.
bEstimated horizontal dispersion from the dispersion with a linear optics model.
te
re

th
re
it

ely
ing
the
tely
ine
ice.
ts in
ce
n
nce
ek
of 3 3 109 and 1.34 6 0.05 nm at 5 3 109 by the mul-
tiple Touschek effect [see Fig. 7(c)]. Thus the expec
horizontal emittance at the beam intensity was in ag
ment with that of1.37 6 0.03 nm inferred from the beam
size measurements.

VII. CONCLUSION

The KEK-ATF has been constructed to develop
technologies for producing the low-emittance beam
quired by future linear colliders. The design natural em
022801-8
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tance in the damping ring is extremely small, nam
1.12 nm. The basic optical structure of the damping r
is a FOBO lattice, with a small horizontal dispersion at
center of the bending magnets. It is crucial to accura
determine the horizontal emittance in order to exam
the performance of such a unique, low-emittance latt
From the position corrected beam size measuremen
the extraction line, we inferred a horizontal emittan
of 1.37 6 0.03 nm. This value is slightly larger tha
the design natural emittance. However, the differe
of 15%–20% can be attributed to the multiple Tousch
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TABLE V. The results of horizontal emittance measuremen
“Average” is the data average weighted by the errors.

Emittance
Method Monitor (nm) Bmag,x

Waist-scan MW1X 1.47 6 0.06 1.03 6 0.07
Waist-scan MW2X 1.27 6 0.06 1.00 6 0.03
Waist-scan MW3X 1.38 6 0.05 1.02 6 0.05
Four-wire All monitors 1.29 6 0.11 1.06 6 0.34

Average 1.37 6 0.03 ax: 3.83; bx: 6.77

effect. For a bunch population of3 5 3 109, the hori-
zontal emittance is expected to be 1.27–1.34 nm, in ag
ment with the measured values. It was verified that
FOBO lattice is a valuable lattice for the generation of e
tremely small emittance beams.
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