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Abstract

We applied three methods in order to measure the vertical
emittance of KEK-ATF. The first is a SR interferometer[1,
2], the second method is the emittance measurement by
using wire scanners at the beam extraction line. The last
method is emittance estimation by measuring an intensity
dependence of a momentum spread, which is caused by the
intra-beam scattering. The measured vertical emittance for
KEK-ATF is 0.02–0.06 nm, which is a few times larger
than the design target of KEK-ATF.

1 INTRODUCTION

The horizontal emittance damped in the KEK-ATF damp-
ing ring was precisely measured by using the wire scan-
ners at the beam extraction line. The measured horizontal
emittance was 1.37±0.03 nm[3] at the bunch population
of 3–5×109, which agreed well with the design value. On
the other hand, the design target of the vertical emittance is
0.01 nm, which corresponds to 1% of the horizontal emit-
tance. Due to the vertical dispersion, a betatron coupling
and other effects, it is hard to construct a damping ring with
this extremely small vertical emittance. Furthermore, it is
difficult to measure the vertical emittance itself due to the
corresponding small vertical beam size both in the damp-
ing ring and at the extraction line. Due to these effects, we
have currently not being able to measure the target value of
the vertical emittance.

2 EMITTANCE EXPECTATION

2.1 Vertical Dispersion

Alignment errors of magnet devices generate an additional
dispersion and a betatron coupling in a ring accelerator.
The vertical dispersion, as a consequence, generates an ad-
ditional vertical emittance component, which is generally
larger than an ideal theoretical emittance. In order to pro-
duce a beam with extremely low vertical emittance, it is
essential to reduce the vertical dispersion in the arc sec-
tion of the accelerator. The relation between the dispersion
and the emittance were simulated with the SAD code[4, 5].
The emittance has linear dependence with the square of the
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Figure 1: Simulation results for the vertical emittance of
KEK-ATF damping ring as a function of the square of the
vertical dispersion averaged over BPMs in the arc section.

vertical dispersion at the BPMs by

εy [nm] ≈ 0.0006
〈
η2

y,BPM [mm2]
〉
arc

, (1)

where the bracket means averaged over the arc section (see
Figure 1). Furthermore, it was found from the simula-
tion that the betatron coupling source does not create large
vertical emittance enhancement for a KEK-ATF alignment
accuracy[6]. Since the root mean square of the vertical dis-
persion was 4–9 mm, the vertical emittance is expected to
be 0.010–0.049 nm through 1998 November–1999 March
beam operation period.

2.2 Beam-gas Scattering

There are two scattering effects for increasing the verti-
cal emittance. One is beam-gas scattering and the other
is intra-beam scattering. Both effects are prominent for a
beam with low emittance and low energy, such as the KEK-
ATF beam. The effect of beam-gas scattering on beam
emittance was examined by deriving the beam distribution
function for linear collider damping rings[7]. For reason-
able vacuum pressures, the beam-gas scattering does not
have a large effect on the core of the beam, but only a
few particles are scattered to significant amplitudes. Fig-
ure 2 shows the effect of the beam-gas scattering on the
vertical emittance for the KEK-ATF damping ring. Fig-
ure 2(a) shows the beam distribution function with the ver-
tical emittance of 0.01 nm at severalCO2 partial pressure.
Figure 2(b) shows the corresponding vertical emittance as
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Figure 2: Effect of the beam-gas scattering. (a) Beam
distribution function for the KEK-ATF beam with verti-
cal emittance of 0.01 nm. (b) Corresponding vertical emit-
tance.

a function ofCO2 partial pressure. Since the vacuum pres-
sure of the KEK-ATF damping ring is less than10−6 Pa,
the emittance enhancement by the beam-gas scattering is
evaluated to be less than a few 10% of the emittance of the
unscattered beam.

2.3 Intra-beam Scattering

Intra-beam scattering is an effect of a small scattering
within the bunch, which are not sufficient to produce parti-
cle losses, but which nevertheless disturb the particle statis-
tical distribution (noise source)[8, 9]. A spontaneous mo-
mentum deviation induces an energy oscillation around the
nominal energy defined by the synchrotron radiation.

Since the bunch volume in the KEK-ATF damping ring
is extremely small, it is expected that the effect of the intra-
beam scattering has a strong influence on the momentum
spread enhancement, as the consequence, on the vertical
emittance enhancement. The effect of the intra-beam scat-
tering on the momentum spread and the vertical emittance
can be calculated by using a self-consistent equation for
the KEK-ATF damping ring beam as shown in Figure 3.
Since the intra-beam scattering is roughly proportional to
the beam charge density, the enhancements are significant
for higher beam intensities.

3 EMITTANCE MEASUREMENT

3.1 SR Interferometer

The SR interferometer is the beam size monitor by using
the spatial coherence (visibility)[1, 2]. This monitor has
some advantages compared with other methods, because
we do not have to pay attention to the field depth and the
deflection limit of the SR light. Furthermore, since the va-
lidity for the application of the van Cittert-Zernike theorem
to the beam in the KEK-ATF bending magnet field was
confirmed[2], the SR interferometer is used as one of the
most important emittance measurement tools in the KEK-
ATF damping ring, especially as an online beam size moni-
tor. The measured vertical beam size was 11–13µm, which
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Figure 3: Calculation of the intra-beam scattering effect.
(a) Effect on the vertical emittance. (b) Effect on the mo-
mentum spread.

corresponds to the vertical emittance of∼0.05 nm through
the 1998 November–1999 March beam operation.

3.2 Wire Scanner

In order to diagnose the beam properties, such as beam
emittance, the damped beam is extracted to a beam extrac-
tion line in KEK-ATF. The beam optics of the KEK-ATF
extraction line was designed to measure the vertical emit-
tance by five wire scanners. Therefore, the beta function at
each wire scanner was designed to be more than 5 m in or-
der to make a large vertical beam size. Also, the phase ad-
vance between each wire scanner should be more than 10◦

in order to measure with each individual monitor. A typical
emittance result of the wire scanner is shown in Figure 4. In
Figure 4(a), The circle represents the beam distribution in
Floquet phase space. Five lines show the measured beam
size boundaries converted to the same phase space. Fig-
ure 4(b) shows the measured beam size and expected beam
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Figure 4: Typical emittance evaluation by wire scanner. (a)
the measured beam size boundary at Floquet phase space,
(b) measured beam size and expected beam size at beam
diagnostic section.
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Figure 5: The intensity dependence of the momentum
spread on the intra-beam scattering. Circles show the mea-
sured momentum spread and curve shows the calculated
intensity dependence for the beam with the emittance ratio
of 2.0%.

size at the beam diagnostic section. The corresponding
emittance value is 0.04–0.06 nm at the bunch population
of 3–5×109 through the beam operation period.

3.3 Intra-beam Scattering

We applied one more vertical emittance estimation by us-
ing the intensity dependence of the momentum spread on
the intra-beam scattering. This intensity dependence of the
momentum spread was observed regularly during beam op-
eration. The effect of the intra-beam scattering on a mo-
mentum spread enhancement was evaluated in Section 2.3.
If we assume that the emittance ratioεy/εx is constant,
the measured beam intensity dependence of the momen-
tum spread corresponds to an emittance ratio ofεy/εx=
2.0±1.1% (see Figure 5). Since the horizontal emittance
is 1.37±0.03 nm at the bunch population of 3–5×109[3],
the emittance ratio measured above corresponds to a verti-
cal emittance of 0.027±0.015 nm at this beam intensity.

4 DISCUSSION

The measured vertical emittance for each measurement was
listed in Table 1. Each measured emittance was not far
from the expectation value estimated from the observed
vertical dispersion at the BPMs in the arc section of the
KEK-ATF damping ring, however, it shows a slightly larger
than the emittance expectation.

The results by SR interferometer and wire scanner were
within the range of 0.04–0.06 nm at the bunch population
of 3–5×109, and they were not reduced to less than 0.04
nm through the entire beam operation period, even when
the apparent vertical dispersion was well suppressed in the
arc section.

On the other hand, the vertical emittance evaluated by
using the intensity dependence of the momentum spread
is 0.027±0.015 nm at the same beam intensity, which was
consistent with the expectation value of the vertical emit-
tance, but smaller than the value found by the other meth-
ods. This difference has not been clarified yet. The dif-
ference might come from systematic errors of these mea-

Table 1: Summary of the vertical emittance in KEK-ATF.
Vertical Emittance Charge

Calculation 0.010–0.049 nm 0
0.020–0.059 nm 5×109

Measurement
SR Interferometer ∼ 0.05 nm 3–5×109

Wire Scanner 0.04–0.06 nm 3–5×109

Momentum Spread 0.027±0.015 nm 3–5×109

surement methods or come from the effect of the betatron
coupling (beam tilt).

5 SUMMARY

The evaluated emittance is 2–6 times larger than the tar-
get vertical emittance of the KEK-ATF. One source of the
large emittance was concluded as the vertical dispersion.
We must reduce the vertical dispersion to less than 4 mm
at the BPMs in the arc section of the damping ring in or-
der to achieve the vertical emittance of 0.01 nm. Further-
more, we need clarify the discrepancy between the emit-
tance measurement and the emittance evaluation from the
vertical dispersion measurement.
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