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Abstract
The Accelerator Test Facility 2 (ATF2) at KEK is a pro-

totype of the final focus system for the next generation of
Future Linear Colliders(FCL). It aims to focus the beams to
tens of nanometer transverse sizes and to provide stability at
the few nm level. Achieving these goals requires modelling,
measuring and suppressing of the transverse beam halo be-
fore the interaction point (IP). This paper presents a beam
tail/halo generator based on realistic model and the investi-
gation of vertical and horizontal beam tail/halo distribution
at ATF2.

INTRODUCTION

As a proof-of-principle facility for FLC, ATF2 aims to
demonstrate the 37 nm beam size at Interaction Point (IP)
and its stability at nanometers level [1]. Beam loss due to
beam halo hitting the beam pipe is the main source of back-
ground affecting themeasurement of the nm scale beam sizes
using a laser interferometer beam size monitor (Shintake
monitor [2]).
In order to investigate the formation and behaviour of

beam tail/halo, theoretical analysis, simulation and measure-
ment have been performed. Theoretical calculation suggests
that the elastic beam gas scattering, which is dependent on
the damping ring (DR) vacuum, should be the main source of
beam halo at ATF [3,4]. To estimate the beam halo behaviour
along ATF2, particle tracking and realistic modelling based
on the measurement are used. These studies require an in-
dependent 4 dimensions distribution (x,x ′,y, y′) based on
a realistic model. To study beam tail/halo sources at ATF2,
several devices are developed including the Wire Scanner
(WS), YAG:Ce screen and OTRs [5, 6]. They can measure
the beam core and beam tail/halo quickly but with a limited
dynamic range. With great sensitivity (sensitive to single
electrons) and high dynamic range (∼ 106), an in vacuum
Diamond Sensor (DS) has been developed and installed [7].
Recently, the vertical beam halo has been measured using
YAG screen and DS at ATF2 [5, 7]. However, no system-
atic studies are performed to investigate the formation of
both vertical and horizontal beam tail/halo at ATF. In this
paper, a beam halo generator based on realistic model is
introduced at first. Then, the experimental investigations
of beam halo distribution and formation in the vertical and
horizontal plane are presented.
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Figure 1: Transverse phase-space distributions with realistic
model.

REALISTIC BEAM HALO GENERATOR
In 2005, the first measurement of beam halo at the EXT

line of ATF was performed using a WS [2]. Assuming a
Gaussian distribution for the beam core (< 3σ), the beam
tail/halo distribution could be parameterized as

ρH = 2.2 × 109X−3.5 (1)

ρV =



2.2 × 109X−3.5 3 < X < 6
3.7 × 108X−2.5 X > 6

(2)

where ρH and ρV are the horizontal and vertical distribu-
tions, X = x/σx is the number of sigmas. We define the
normalized variables x̃ = x√

β
and x̃ ′ = dx̃

dφ =
√
βx ′ + x α√

β
.

The Courant-Snyder invariant can be expressed as

x̃2 + x̃ ′2 = γx2 + 2αxx ′ + βx ′2 =
ε

π
(3)

The x̃ and x̃ ′ are independent and with the same distribu-
tion function. For simplicity, we assume the vertical tail/halo
distribution to be same as the horizontal one, see Eq.(1). Due
to circular symmetry, the distributions of (x̃, x̃ ′, ỹ, ỹ′) will be
independent and share the same shape. The 4D distribution
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Figure 2: Schematic of ATF2 beam line with diagnostic devices.

can be described as

f (r) =



N√
2πσr

e
− r2

2σ2
r |r | ≤ 3σr

NK1 · r−3.5 3σr < |r | < 40σr

(4)

where r =
√

X̃2 + X̃ ′2 + Ỹ 2 + Ỹ ′2, N is the quantity of par-
ticles and K1is a matching factor.

The generating procedure is the following: firstly, decide
the number of particles in beam core and beam halo regions
according to the measurement; secondly, generate the beam
core and beam halo particles r j respectively, as normalized
coordinates using a Monte Carlo algorithm; thirdly, assign
each r to (X̃, X̃ ′, Ỹ, Ỹ ′)j randomly; and last, convert the nor-
malized distributions (X̃, X̃ ′, Ỹ, Ỹ ′) to the physical phase
space distribution (x, x ′, y, y′). The beam distributions gen-
erated with the above method are independent and without
any coupling between (x, x ′) and (y, y′) planes, as shown
in Fig. 1.

BEAM HALO MEASUREMENT
The ATF2 beam line consists of three sections: the Ex-

traction Line (EXT), the Final Focus System (FFS) and the
Post-IP line. The location of the devices used to study the
beam halo are shown in Fig. 2. An vertical YAG:Ce screen is
installed in EXT line as described in Ref. [5]. In the Post-IP
line, there are 2 wire scanners and 2 DS detectors installed
recently. During the experiments period, BX10BY1 optics
(the nominal βy and 10 times the nominal βx) was used with
0.1×1010/pulse beam intensity.

Vertical Beam Halo Measurement at ATF2
A YAG:Ce screen, which has a 1 mm slit in the center

to allow the beam core to go through with little interaction,
has been developed to visualize the beam halo distribution
at the EXT line. Only the beam halo hits the screen and the
fluorescent light is observed by a CCD camera. Higher beam
tail /halo level was observed clearly when the DR vacuum
increased from 5.2×10−7 Pa, 9.6×10−7 Pa to 15.5×10−7 Pa
with low beam intensity, as shown in Fig. 3. The beam
tail/halo measured has the same magnitude as the theoreti-
cal expectation based on beam-gas elastic scattering [5, 8].
Especially for the 9.7e-7 Pa case, the shape and distribution
agree well with theoretical predictions.
In the Post-IP, a WS with more than 104 dynamic range

is located downstream of the IP. The vertical beam profile

Figure 3: Beam halo distribution at EXT line.

agrees well with the tracking results, as shown in Fig. 4.
The tracking is performed using MAD-X based on an initial
distribution described in Eq.(4) with the full optics of ATF2,
including higher order multipoles. It indicates that the dis-
tribution of vertical beam tail/halo at the Post-IP location
is mainly determined by the extracted beam from the DR.
There is no significant enhancement of beam tail/halo along
ATF2.

Figure 4: Beam profile imaged by WS at Post-IP (the edges
on the two sides are cuts by a vertical collimator).

With the in vacuum diamond sensor, which has a high
dynamic range (∼ 106), we investigated the vertical beam
profiles in the Post-IP line with different DR vacuum levels.
The beam tail/halo is higher than the tracking result, however
it does follow the DR vacuum, as shown in Fig. 5. The
reason could be the imperfect horizontal alignment of the
beam with respect to the center of DS during the vertical
scanning. It will induce some enhancement of the beam
tail/halo distribution, see Fig. 5. The edges on the left and
right sides are cuts by the aperture of the bending magnet
before the DS.
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Figure 5: Upper: vertical beam profile measured by DS;
Lower: vertical beam profile with horizontal misalignments.

In addition, the beam profile with different beam intensi-
ties is also measured using DS, as shown in Fig. 6. Beam
size increases corresponding to beam intensity due to intra-
beam scattering [9]. However, beam tail/halo are consistent
for different beam intensities after normalizing to the same
intensity.

Figure 6: Vertical beam profile with different beam intensi-
ties.

Horizontal Beam Profile Measurement at Post-IP
The horizontal beam profile is only measured using the

DS for various DR vacuums levels, as shown in Fig. 7. The
beam profile can be normalized to the number of sigmas and
fit to

f (X ) =



N√
2π

e−
X2
2 0 < X < 4

NKxX−4.5(−4.2) X > 4
(5)

where X = x/σx , N is the total charge signal, Kx is the
matching factor. The boundary of beam core and tail/halo is

4σx which is defined by comparing the beam profile with the
Gaussian beam core distribution. The beam tails/halo on the
left and right sides are fit with different exponents -4.5 and
-4.2 because of an asymmetric distribution. A good agree-
ment of beam tail /halo in magnitude is observed between
the measurement and tracking result. But the beam tail/halo
didn’t increase obviously as a function of the vacuum level
in the DR, which indicates that the main source of horizontal
beam halo at ATF2 might not be the beam-gas scattering.

Figure 7: Horizontal beam profile at Post-IP.

CONCLUSION AND PROSPECTS
A realistic beam halo generator was developed to get the

4D distribution. Following this method, we can generate an
independent distribution without coupling between (x, x ′)
and (y, y′) plane.
In ATF2, the beam tail/halo distribution is being investi-

gated with several devices. Vertically, the beam halo distri-
butions measured in the EXT line using a YAG:Ce screen
and at the Post-IP using a DS are functions of the DR vac-
uum level. From the comparison of the measurements with
the theoretical predictions we can conclude that the verti-
cal beam tail/halo distribution is mainly due to the elastic
beam gas scattering in the DR. In the case of the measure-
ments done with the DS, the beam tail/halo is higher than
expected. One possible reason could be an imperfect hori-
zontal alignment of the beamwith respect to the center of the
DS. Horizontally, the beam halo is only probed by the DS at
the Post-IP. The measurements correspond to the tracking
results but the increase of beam tail/halo as a function of DR
vacuum level isn’t observed.

In the future, more detailed experimental studies of beam
halo at ATF with different DR and beam conditions are
proposed. Theoretical studies of beam halo formation in
ATF DR are also suggested.
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