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A novel scheme for the focusing of high-energy leptons in future linear colliders was proposed in 2001
[P. Raimondi and A. Seryi, Phys. Rev. Lett. 86, 3779 (2001)]. This scheme has many advantageous
properties over previously studied focusing schemes, including being significantly shorter for a given
energy and having a significantly better energy bandwidth. Experimental results from the ATF2 accelerator
at KEK are presented that validate the operating principle of such a scheme by demonstrating the
demagnification of a 1.3 GeVelectron beam down to below 65 nm in height using an energy-scaled version
of the compact focusing optics designed for the ILC collider.
DOI: 10.1103/PhysRevLett.112.034802 PACS numbers: 41.85.-p, 29.20.Ej, 29.27.-a

Designs for the next generation of energy-frontier lepton
colliders envisage the generation and collision of particle
beams into the TeV energy scale [1,2]. To deliver the
required rate of particle interactions to the detectors for the

planned physics program, one of the most challenging
technical aspects is the focusing and dynamic manipulation
of the colliding particle bunches. A prototype final focus
system (FFS) was constructed at the Accelerator Test
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Facility (ATF) at KEK, Japan, with the primary goal of
verifying a novel, so-called local chromaticity correction
design first proposed in [3] (one of the earliest reviews of
the chromatic compensation scheme can be found in [4]).
The new design has many beneficial features over designs
considered previously, the most notable being a consid-
erable reduction in length. Both the proposed International
Linear Collider (ILC) [1] and the Compact Linear Collider
(CLIC) [2] consider this scheme in their baseline designs,
although until now it has not been experimentally proven
to be practically realizable. We report here results from the
test accelerator ATF2 [5] taken during beam operations in
2012 and 2013. We have, on repeated occasions, reduced
the 1.3 GeV electron vertical beam size down to approx-
imately 70 nm and below, which has demonstrated the
design feasibility.
A schematic of the optics layout is shown in Fig. 1. The

complexity of the FFS is driven by the requirement to
correct the dominant aberration necessarily present in any
magnetic focusing optics: the chromaticity due to the strong
final focusing magnets. The novelty of this design is to
compensate for the chromaticity locally rather than using a
separate optical section as considered previously. This is
achieved by placing sextupoles (SD0 and SF1) adjacent to
the final doublet quadrupoles which focus the beam and
by intentionally introducing horizontal dispersion through

the FFS using dipole magnets. The parasitic second-order
dispersion is canceled by arranging for an appropriate
amount of residual chromaticity to leak from upstream
sections. Higher order geometric and chromogeometric
aberrations are corrected using additional upstream sextu-
poles andmanipulating the optical transfer matrices between
themagnetic elements according to the recipe outlined in [6].
Refinements to the initial design were performed using a
global optimization procedure as proposed in [7]. This latest
procedure uses a high-order transfer map using a polymor-
phic trackingcode to fully compensate secondand thirdorder
aberrations in the FFS in a semiautomated fashion.
The principal goal for ATF2 was to test the FFS design

relevant to ILC. To achieve this, we designed a scaled
version of the FFS optics that would present a level of
difficulty to “tune” the beam at the focus point comparable
to ILC. With magnet strength and focus length constrained
by other design considerations, the difficulty to tune the
beam is related to the level of demagnification demanded of
the magnetic optics, which sets the chromaticity. The beam
size at the focal point increases by an amount proportional
to the product of the chromaticity and energy spread of the
beam. This quantity is presented in Table I (fifth line) for
ILC, CLIC, and ATF2, where one can observe that FFS
designs with tighter focusing requirements (smaller focal
point betatron functions) lead to optics which enlarge the
beam size more due to chromatic growth and require tighter
control of these and other resulting aberrations. A test
facility used to demonstrate the previous focusing design
(FFTB [8]) is also shown for comparison. The tuning
difficulty manifests itself through the required precise
balancing of high-order terms in the magnetic transport
lattice. The precision required for the cancellation of
these effects increases with the chromaticity, which places
increasing demands on the placement tolerances of the
magnets as well as their magnetic field settings and quality.

FIG. 1. Schematic of a final focus system with local
chromaticity correction. Dashed components are not included
in ATF2 test.

TABLE I. Key FFS parameters for ILC, CLIC, ATF2, and FFTB. L� is the distance from QD0 to the focus point,
εy the vertical emittance, ξy the vertical chromaticity, σE is the rms energy spread, σy the rms vertical beam size,
and β� the focal point beta function. The “pushed” optics demonstrates the tightest focusing possible by the
ATF2 machine and is of future interest to show performance in conditions more applicable to the CLIC collider
design [10].

ILC (TDR 500 GeV) ATF2 FFTB ATF2 (pushed) CLIC (CDR 3 TeV)

L� (m) 3.5=4.5 a 1 0.4 1 3.5
εy (pm rad) 0.07 12 22 12 0.003
ξy ∼ ðL�=β�yÞ 7; 300=9; 400 a 10,000 4,000 40,000 50,000
σEð%Þ 0.07=0.12 b 0.08 0.1 0.08 0.3
Δσy=σy ∼ ðσE:L�=β�yÞ 5=9, 7=11b,a 8 4 32 150
σy (nm) design 5.9 37 52 23 1
σy (nm) measured - 65� 5 c 70� 6 - -
β�xðmmÞ 11 4 (40c) 10 4 4
β�yðmmÞ 0.48 0.1 0.1 0.025 0.07
aSiD/ILD ILC detector configurations.
bPositron/electron side of ILC.
cMarch 2013 results and configuration of ATF2 with bunch charge 80–130 pC.
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When one calculates these tolerances (as for ATF2 in [9]),
it is apparent that the tolerances are beyond our ability to
achieve through standard survey and magnet engineering
capabilities (with some magnets requiring submicron
placement and/or few parts-per-million field strength
settings). For the optics to work as required, we are reliant
upon a series of complex online beam tuning procedures
outlined below.
The ATF2 experimental FFS was constructed as a new

extraction beam line to the existing ATF damping ring (DR)
facility at KEK and was completed in December 2008. The
ATF DR is a ∼140 m circumference electron ring fed by
an s-band linear accelerator which is used to accelerate the
electron bunches produced by an rf gun to 1.3 GeV. In the
normal ATF2 mode of operation, the DR delivers bunches
of electrons with 1.6 nC charge at 3.12 Hz to the extraction
system with typically measured (corrected) emittances of
2 nm rad × 12 pm rad (horizontal and vertical dimensions,
respectively). ATF2 is also used as a general-purpose R&D
facility, with emphasis on the development of state-of-the-
art beam diagnostic devices applicable for use in the next
generation of linear colliders. Another noteworthy aspect of
ATF2 is the unique way it is managed and operated in an
international context: hardware construction, support and
operation, operations shifts, software controls, and data ana-
lyses were all achieved through a collaborative international
team spread across a globally diverse set of institutes.
The ATF2 beam line contains seven dipoles, three septa,

49 quadrupoles, five sextupoles, four skew sextupoles, and
25 corrector magnets. The quadrupoles and dipole bends
for the main part of the FFS were purpose designed and
built for ATF2, whilst the other magnets were reused from
the old ATF extraction line and from the FFTB experiment
at SLAC [11]. The beam line can be considered to consist
of two sections: the extraction line (EXT) and the FFS.
These are depicted in Fig. 2 which also shows the locations
of key diagnostic and correction systems. The EXT is used
for the extraction and manipulation of the beam out of the
DR and preparing it for injection into the FFS beam line,
i.e., for correcting residual energy dispersion, cross-plane
coupling, and any mismatch from design in the phase space
of the incoming beam.
The floor of ATF has been specially prepared, with

deep concrete piles, to be vibrationally stable and have a
good coherence length (∼4 m for relevant frequencies).
Additionally, work has been undertaken to ensure the

stability of the final doublet (FD: SF1, QF1, SD0, and
QD0) support table [12]. The FD elements are attached
to a rigid honeycomb block and bolted to the floor,
using a thin layer of beeswax between the steel plate
support at the base of the block and the floor to ensure good
mechanical coupling. Measurements were made demon-
strating the relative vibrations between QF1, QD0, and
the focal point were within tolerance (∼ < 10 nm). A new
design of high accuracy, high availability power supply
system was installed [13] to satisfy the main field toler-
ances for ATF2 magnets [9] and to test the high availability
requirements for future linear collider magnets. Each
quadrupole and sextupole magnet in the FFS was mounted
on a 3-axis mover system (horizontal, vertical, and roll
directions) [14]. This system is used to align the FFS using
the beam, to counter thermal drift, long-period ground
motion, etc., and to calibrate the attached cavity beam
position monitors (BPMs).
The beam orbit is monitored by a system of stripline

(EXT, resolution 1–5 μm [15]), c-and s-band cavity (FFS,
resolution 40–200 nm [16]) BPMs. Also, there is a doublet
of c-band cavities at the focal point with a demonstrated
resolution of < 5 nm [17]. The key properties of the BPMs
are high resolution, charge independence, and gain stability
(∼1% per run period).
The tuning process starts within the EXT [18]: During the

extraction process from the DR, the beam develops cross-
plane coupling as well as horizontal and vertical energy
dispersion that is outside the acceptance bandwidth of the
FFS. The energy dispersion is corrected using a pair of
quadrupolemagnets and a pair of skew-quadrupolemagnets
within the dispersive part of the EXT. Changes in incoming
beam phase space and cross-plane coupling are measured
using a system of four beam profile devices which measure
the optical transition radiation produced when the beam
passes through thinmetallic targets sequentially inserted into
thepathof thebeam[19].Thissystemiscapableofmeasuring
and correcting the incoming vertical emittance at the 10%
level. The phase space is corrected using an online beam
model to adjust nine quadrupole magnets in the beginning
section of the EXT. The coupling correction is especially
important given the high horizontal to vertical aspect ratio of
the beam (270∶1 at the FFS focal point). To correct the
coupling, the online model is used to compute a correction
using four skew-quadrupolemagnets in theEXT.The energy
dispersion is typicallycorrectedbelow5mmeverywhere and

FIG. 2. The extraction line and final focus section of ATF2 after extraction from the damping ring.
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the coupling corrected such that the measured beam ellipses
on the optical transition radiation screens are corrected at the
0.1 degree level, and the beam phase space (matching)
corrected to aBMAG [20]mismatch parameter of better than
1%. Simulations have shown this level of correction (the
process and accuracy is similar to the simulated correction in
the ILC beam delivery system) to be adequate for the FFS
tuning to be successfully applied.
The tuning of the FFS ([18,21]) starts with the process of

beam-based alignment. This utilizes the magnet movers,
correction dipole magnets, and BPMs to align the beam
close to the magnetic field centers of the magnets whilst
ideally maintaining a straight beam trajectory through the
whole system. It is especially important to have an orbit
initially close to the field centers of the sextupole magnets.
This is achieved by making use of the parabolic orbit
response to horizontal and vertical motion of the sextupole
magnets. Also of importance during the beam-based align-
ment procedure is achieving a beam orbit well centered
in areas of the beam line with discontinuities to minimize
wakefield effects. Careful steering was also important to
minimize background signals in the focal point beam
size monitor detectors. First-order correction for aberra-
tions remaining directly at the focal point are performed
by changing the field strength and rotation angles
of the FD quadrupoles. This coarsely corrects for offset
of the horizontal and vertical waist and energy dispersion at
the focal point, and also for coupling. Following the tuning
procedures described thus far typically yields a horizontal
spot size of around 10 μm, close to the design value, and a
vertical size of between 1 and 3 μm at the FFS focal point.
At this stage, the focal point beam size measurements are
performed using a carbon wirescanner (diameter ∼5 μm).
Monte Carlo style simulations of the complete tuning

process, including the final spot size tuning described
below, have been performed by multiple people independ-
ently using different simulation programs to verify the
tuning process. The simulations have demonstrated that the
FFS should be tuneable following the procedures that are
outlined here. Descriptions of the simulation process which
also further describe the various tuning steps can be seen
in [21,22]. Similar simulation efforts have been performed
for the ILC and CLIC colliders [23]. It is through these
simulations that confidence in the ability of this FFS design
to generate the desired beam conditions in future collider
facilities is reached. Therefore, the ongoing efforts to use
the data from ATF2 to validate these simulations are
considered important.
Before final tuning, the vertical beam size is dominated by

the linear aberrations of waist shift (the focal point displaced
longitudinally), energy dispersion, and coupling of the
particle’s horizontal angle at the focal point to vertical
position. We also expect, and observe, second-order cou-
pling and chromatic coupling terms to be present. Tuning
knobs devised to remove the expected sources of linear beam

size aberrations are constructed using deliberate horizontal
and vertical moves of the FFS sextupole magnets to con-
struct orthonormal knobs. Four skew-sextupole magnets
were added to control second-order terms and loosen
the tolerances on higher-order field terms in the quadrupole
magnets.
To perform the final tuning of the vertical spot size at

the focal point from Oð1 μmÞ down to the design 37 nm,
we use a unique beam size measurement device, referred to
as a Shintake Monitor [24]. This is installed at the ATF2
focal point and is a highly improved version of the original,
first used at FFTB [8]. It forms a vertically-orientated laser
interference pattern at the electron beam focal point, which
is scanned across the beam by altering the path length of
one arm of the laser interferometer to scan the phase of
the interference pattern. The beam size is inferred from the
modulation of the resulting Compton scattered photon
signal detected by a downstream CsI calorimeter-type
photon detector. The modulation depth (M) of the signal
is written as a function of the laser crossing angle and
electron beam spot size:

M ¼ Cj cos θj exp½−2ðkyσyÞ2�;
ky ¼ π=d; d ¼ λ

2 sinðθ=2Þ ;
(1)

where λ is the laser wavelength, θ is the laser crossing
angle, and d represents the fringe pitch which determines
the beam size range that can be measured. The correction
factor C is included to express any contrast reduction of the
laser fringe pattern due to mismatch of the laser overlap,
distorted laser profile, etc. Multiple possible error sources
inherent to the Shintake Monitor measurement process can
also be included into this correction factor.
There are three possible collision modes for the Shintake

Monitor (made available by adjusting the crossing angle
between the interfering laser beams): 2° to 8° (continuously
variable), 30°, and 174°. Mode switching is possible
remotely and allows for continuously tuning the electron
beam from a few micrometers down to a theoretical
minimum of about 20 nm. An example modulation scan
performed after beam tuning, in the 174° mode of oper-
ation, is shown in Fig. 3.
The results from three separate attempts to tune the

beam in the ATF2 FFS beam line are summarized in Fig. 4.
The entries in the histograms have unity C correction
factors and represent an upper limit on the achieved vertical
beam size [25]. As shown by these results, we demonstrate
a capability for repeated tuning of the vertical beam size to
around 70 nm and below using iterations of the tuning
techniques described above. This should be compared with
a calculated beam size of 450 nm without the use of
sextupoles for local chromaticity correction. Rescaled to
the nominal ILC beam energy of 250 GeV, these results
correspond to a vertical beam size of about 5 nm (below the
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baseline ILC design criteria). This confirms the practical
operability of this optics design and the associated tuning
procedure.
Studies are ongoing to identify the systematic effects

contributing to the remaining∼30 nm of reduction required
to reach the betatron limited beam size given by the optics
design of 37 nm. We single out our two major contributing
systematic effects here: wakefields and jitter effects in
the Shintake Monitor. The beam is especially sensitive to
wakefields (an order of magnitude more than expected at
ILC) due to the long bunch lengths at ATF2 (6–10 mm)

and considerably lower beam energy. We express the
wakefield contribution to the measured beam size as
σ2y ¼ σyð0Þ2 þ w2q2, where σyð0Þ is the zero-charge (no
wakefield effect) beam size, w the wakefield contribution,
and q the bunch charge in nC. We have measured wakefield
contributions of between 100–140 nmnC−1 [18]. To min-
imize the effect on the beam size we operated at the lowest
possible charges: between 80 and 200 pC. Work is ongoing
to identify the wakefield sources and engineer solutions to
mitigate them [26]. The beam size calculation is subject
to systematic errors associated with the Shintake Monitor
measurement and the complex interplay between these
systematic effects and the beam tuning procedure. Error
sources considered include those arising from phase jitter
between the Shintake Monitor fringe pattern and the
electron beam. This can be due to position jitter of the
incident electron beam as well as spatial and temporal
jitter sources within the laser system itself. Vertical jitter
(statistical errors, background fluctuation, and laser timing
errors, etc.) and horizontal jitter (where the signal is
attenuated by varying power levels in the laser fringe)
are present, with the latter responsible for degradation of
the modulation depth. For a full treatment of Shintake
Monitor error sources, see [25]. The relative phase jitter
between the fringe pattern and the electron beam has been
estimated by comparing measurements and simulations:
this could account for about 10 nm in the beam sizes
measured in 174° mode.

FIG. 4 (color online). Ten consecutive beam size measurements for each of the run periods: December 21, 2012 (left),
March 8, 2013 (center), March 14, 2013 (right). The measured modulation depths shown on the top row are: 0.23� 0.05,
0.31� 0.04, and 0.30� 0.04 which correspond to beam sizes of: 73.2� 5.2, 64.9� 3.5, and 65.2� 4.0 nm, respectively (these
represent upper limits: no systematic error correction applied). The measured beam charges for these data taking periods were < 200,
100–130 and 80–100 pC, respectively.

FIG. 3 (color online). Vertical beam size measurement
(14th March 2013). Compton photon signals are measured as
a function of the Shintake Monitor fringe phase with a crossing
angle of 174°. The phase between the maxima of 2π corresponds
to 266 nm. The beam size is 64.4 nm from the modulation
depth (M ¼ 0.314) without any systematic error correction
applied.
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