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ATF2 Final Goal
Ensure collisions between nanometer 

beams; i.e.  luminosity for ILC experiment     

FACILITY
construction,
first result

ATF2/KEK; 1.3GeV
2005-08-13?

FFTB/SLAC; 47GeV
1991-93-94

Optics
Local chromaticity 

correction scheme; very 
short and longer L*

(β*y=100μm, LFF=30m)

Non-local and dedicated 
CCS at upstream;  high 
symmetry in x, y ; i.e. 
orthogonal tuning 

(β*y=100μm, LFF=185m)

Design 
beam size

2.8μm / 37nm,  aspect=76
(γεy=3 x 10-8 m)

1.92μm /52nm, aspect=37
(γεy=2 x 10-6 m)

Achieved ? 70nm   ( FD jitter remains !)

Reduction of Risk at ILC Optics and  bean tuning
Stabilization
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FFTB 200m 
from end 
of Linac
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Parameter (units) SLC FF Actual FFTB Design NLC FF Proposed

Beam Energy (GeV) 45.6 46.6 250–750

Energy Spread (%) 0.15 0.3 0.3

0: x a; (pm x nm) 2.0 x 400 1.7 X 60 0.25 X 2.5

~; x ~~(mm x pm) 6.7 X 2800 10.0 x 100 10x 100
Demagnification 72 380 380

~c. (meter. radians) 6.0 X 10-5 3.0 x 10-5 5.0 x 10-6
11 1 1

I ~cV(meter. radians) II 6.0 X 10-6 I 3.0 x 10-6 I 5.0 x 10-8 I
Aspect Ratio 5 28 100

Bunch Population 3.5 x 1010 1.0 x 1010 (0.75 – 1.0) x 1010

Repetition Rate (Hz) 120 30 120-180

Table 2.1: Comparison of IP beam parameters for SLC Final Focus, FFTB, and
NLC Final Focus.

of linear collider final focus design. The Final Focus Test Beam (FFTB) is designed

to be a scaled version of a TeV-scale linear collider final focus. The goal of the FFTB

is to produce focused beams of size a: x a; = 1.7 pm x 60 nm, corresponding to

~~ = 10 mm, ~~ = 100 pm. Table 2.1 gives the relevant parameters of the SLC Final

Focus, the FFTB design, and the expected NLC design. Note that the FFTB’s verti-

cal demagnification is identical to that of the NLC Final Focus, and that the betatron

functions are also identical. This was done to ensure that the FFTB’s aberration con-

tent and tolerances will match as closely as possible those of the NLC Final Focus.

The design aspect ratio is an intermediate value between the SLC’s (which was unity

at the time of the FFTB design) and the NLC’s (which is 100). This parameter de-

termines the tolerances on cross-plane effects such as magnet roll, sextupole vertical

alignment, and roll angles in diagnostic devices such as beam position monitors and

wire scanners.
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FFTB is 350 meters, and the distance from the first optical element to the FP is 185

meters. The FFTB uses the electron beam as delivered to the SLC IP, with relatively

minor adjust ments. Because of synchrotron radiation losses in the SLC arcs, the linac

energy is 1.0 GeV above the SLC IP energy, and thus the FFTB energy is 46.6 GeV

and not 45.6 GeV.

2.1 Optica l Modu le s

The Final Focus Test Beam can be divided into five optical regions, or modules, with

distinct functions and optics. Each of these modules is described briefly below. The

optics and tolerances of the modules have been examined in detail by Roy[6], and

shall not be overmuch discussed here.

2 .1 .1 Beam Swit ch Yard (BSY)

BPM30 BPM50

50Q1 50Q2 50Q3 50B1 A4DY PC90

Figure 2.2: Schematic layout of the Beam Switch Yard. Normal
quadruples are shown as lenses, bend magnets as large wedges, steering
magnets as upright (xcor) or inverted (ycor) small wedges. Pre-existing
BPMs are shown as open circles, FFTB BPMs as closed ones.

The SLAC Beam Switch Yard is not technically an optical module of the FFTB;

however, the BSY contains both FFTB-specific and pre-existing components which -

have an impact on FFTB operations. These are shown in Figure 2.2. The elements of

principal interest are: the quadruple triplet which is common to SLC and FFTB; the

SLC bending magnet 50B1, which must be degaussed at the beginning of FFTB runs;

BPMs 30 and 50, which reconstruct the incoming position and angle of the beam in x

fixed collimator
switched off 
for FFTB

L*  (m) 0.4@IPBSM 1.5-2.5 : Chromaticity ~L*/β*y

Beam Switch Yard
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tune the magnets in the chromatic correction sections to their design values and leave

them fixed, so that changing the beam size at the IP never requires changing these

quads and potentially losing the cancellation of sextupole aberrations. In addition,

the two skew quads allow independent adjustment of two of the coupling degrees

of freedom of the incoming beam. As discussed in Appendix A, there are only two

degrees of freedom which affect the vertical beam size at the FP; since the vertical

size is so much smaller than the horizontal, it is much more susceptible to coupling

dilution. The two coupling terms which affect vertical focused size are therefore the

ones we typically seek to correct.

Finally, in order to match the incoming beam parameters properly it is first nec-

essary to measure them. This is done by measuring the beam size on a wire scanner,

known as WS1, which is located in the beta match. In order to perform the measure-

ment (described in Chapter 3), it is necessary to focus the beam to an RMS size of a

few microns in each plane on WS1. For this measurement, therefore, the beta match

quads are tuned to a special optics, and the beam is stopped before the first CCSX

sextupole.

2 .1 .3 Horizontal Chromat ic Corre c t ion Region – CCSX

BO1 BO1

I
QM3 QN3 QN3 QN2 QN1

SF1 I SF1
ST62 1- -1

Figure 2.4: Schematic layout of the CCSX region. Chromatic Correc-
tion sextupoles are indicated by hexagons. Also shown is the movable
stopper, ST62, which is inserted for incoming beam reconstruction.

Figure 2.4 shows the arrangement of magnets in the CCSX region. The first bend

magnet and subsequent quadruple provide the required dispersion at the first sex-
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tupole; the five quadruple magnets between the first and second sextupoles create

the geometric –1 transformation, while the bend magnets on either side of QN1 are

used to set the dispersion equal at the two sextupoles. During normal operations,

the betatron functions in both x and y pass through a minimum in the center of

QN1, and the horizontal betatron functions are at a maximum in the center of the

SF1 sextupoles; aZ = ay = O at both of these locations. In addition, the horizontal

dispersion is at a maximum at the two sextupoles, corresponding to q; = O.

In order to correct primarily the horizontal chromaticity, the optics are adjusted

such that ~z >> ~V at the SF1 ‘s, and the phase advance from the sextupoles to the

FP is ~ in both planes. The phase advance between the center quadruple, QN1,

and the FP is an integer multiple of T. In order to correct the chromaticity without

introducing unwanted sextupole aberrations, the stability tolerances on quadruple

and sextupole strengths in the CCSX are between 5 and 10 parts in 104. These

tolerances, and many others, have been computed in exquisite detail by Roy [6]. A

brief discussion on the meaning of

2.1.4 Be ta Exchange r

tolerances is in Section 2.3.3.

TV
~... *

WS2

QT1 QT2 M QT3 QT4

4 *
n – Module

Figure 2.5: Schematic layout of Beta Exchanger region. Because of
strength limitations, the “QT2” magnet is in fact a pair of quadruples
set at the same strength with a separation of only a few centimeters.
The optics contains a horizontal waist at the WS2 location and a ver-
tical waist at the WS3 location.
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B02

*

QM3
SD1

QM1 QM2
SD1

QM3QM1

Figure 2.6: Schematic layout of CCSY region. The CCSY is opti-
cally identical to the CCSX, with the exception that the dipole and
quadruple polarities are reversed from one to the other.

2 .1 .5 Vert ic al Chromat ic Corre c t ion Region – CCSY

After the beam has been adjusted in vertical and horizontal size by the beta exchanger,

it enters the CCSY. Here the large vertical betatron functions ensure that the SD1

sextupoles will primarily affect the vertical chromaticity. This separation of the CCS

sections allows the two chromaticities to be tuned independently by simply adjusting

the strengths of one pair or the other. The CCSY is constructed identically with .

the CCSX, with the exception that all magnet polarities are reversed: horizontally

focusing quads in the CCSX become horizontally defocusing quads in the CCSY,

and vice versa, and the bend magnets bend to the geographic South in the CCSX

and to the geographic North in the CCSY. The quadruple polarity change has an

interesting side effect: although q: = O at the SD 1 magnets, the actual maximum of

q, occurs in the center of the QM1 magnets. Like the CCSX, ax = av = O in the

sextupoles and the center quadruple.

Because the vertical betatron functions are so large in the CCSY sextupoles, the

tolerances here are significantly tighter than in the CCSX. Magnet strength stability

tolerances go as low as 1.7 parts per 104.

2 .1 .6 Final ~ans form er and Focal Po in t Region

Once the beam has passed through the last CCS sextupole, all that remains to be

done is to restore the horizontal dispersion to zero and focus the beam down to the

I
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COMPTON WS6 FLIGHT (W MICRON)
BSM (4 MICRON) BSM

Figure 2.8: Arrangement ofdiagnostic devices atthe FFTB Focal Point.

the nominal FP (1*) is 40 centimeters, significantly smaller than the 1.5 – 2.5 meters

planned for the NLC. The Laser-Compton Beam Size Monitor (Section 2.5.4) is set -

at this location. Approximate ely 25 centimeters downstream of this location is a wire

scanner with 4pm carbon fibers, capable of measuring horizontal and vertical beam

sizes. Following this after another 26 centimeter is the Gas-Ion Time of Flight Beam

Size Monitor (Section 2.5.4). The optics of the Final Transformer can be adjusted

to put the waist at any of these locations. Finally, there is a conventional wire

scanner (1 fork, 3 wires at 0°, 90°, 45° from horizontal, 34pm wires). This location

is sufficiently downstream of the FP that the beam size here is totally dominated

by the FP angular divergences. Since this region is a drift space, WS6B gives a

model-independent measure of the FP angular divergence.

2 .1 .7 Extrac t ion Line

Once the beam has been focused and measured, the only remaining difficulty is to

dispose of it safely. This is a potentially daunting problem: because the beam is
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B02Soffbend

* * IP

QC5 QC4 QS3QC3 QC2 QX1QC1

Figure 2.7: Final Transformer between the CCSY and the Focal Point.
Small hexagons are sextupoles are for correction of residual geometric
sextupole aberrations in the line.

the smallest spot possible. This is all accomplished in the Final Transformer. The

dispersion is cancelled by an additional bend magnet identical to the CCSY bends,

and a soft bend (B03 by name) which introduces a small angle between the beam and

the synchrotron radiation from the preceding hard bend. This small angle ensures

that the synchrotron radiation and the electron beam are spatially separated enough

to mask off the synchrotron radiation before the FP. Three horizontally defocusing

quadruples enlarge the beam in x before it enters the Final Doublet. The Final

Doublet does the main work of reducing the beam size at the FP, and is also the .

primary source of chromatic aberration in the FFTB. Note that the FFTB’s Final

Doublet actually consists of three physical magnets. This is done because of aperture

problems: in order to make the final lens strong enough, its aperture radius is a mere

6.5 millimeters; this is too small to give adequate clearance to the incoming beam,

which has just passed through the QC2 magnet and is quite large in the vertical.

Thus, a short, strong magnet (QX1) with a larger aperture is used to “pre-focus”

the beam to a size which is capable of passing through the aperture of the main

vertically-focusing quadruple, QC 1. The Final Transformer also contains 4 geomet-

ric sextupoles, which may be used to eliminate residual sextupole aberrations; such

aberrations could come from imperfect cancellation of the CCS sextupole aberrations,

or from small imperfections in the construction of the quads. There is also a skew

quadruple to compensate the effects of small roll angles in the Final Doublet.

Figure 2.8 shows the positioning of beam size measuring devices around the FFTB

Focal Point. The design free length from the last quadrupole’s downstream face to

CCSX

Beta exchanger

CCSY

Final transformer

Focal point;  L*=0.4m at IPBSM
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and y; corrector pairs A3DX/Y and A4DX/Y, which are usedby the launch feedback

to correct the orbit measured by BPMs 30 and 50; and PC-90, a fixed collimator

which pre-dates the FFTB and which defines the de facto line from the BSY into

the FFTB, usually called the FFTB’s “Massimo Criterion” 1. Each of these elements

shall be discussed in greater detail in later sections, and are shown and described here

to orient

2 .1 .2

the reader.

Be ta Match

Beam

QSM1 Q5 Q6 QAd QA1!QSM2QA2

Figure 2.3: Schematic layout of the Beta Match region. Notation is as
before, with the addition of diamonds to represent skew quadruples.
Also shown are the locations of the beam reconstruction wire scanner,
WS1, and the 16 meter muon shielding wall which permits access to
FFTB during SLC running.

The first optical module of the FFTB proper is the beta matching region. The

magnets in this region are used to match the parameters of the incoming beam to

those of the desired beam at the FP, or elsewhere in the FFTB line. As shown

in Figure 2.3, the beta matching region consists of five normal quadruples, and two

quadruples rolled by 45° (“skew quadruples”). While primarily used for adjusting to

changes in the incoming beam’s Twiss parameters, these quads also allow considerable

freedom in changing the overall demagnification of the system: betatron functions

from 1 meter x 1 meter to the design have been produced at the FP. Because of the -

tremendous flexibility of the beta match region, it is possible to use these quads for

all adjustment of the incoming beam needed for tuning. This in turn allows us to

1Named for M. Placidi of CERN, who resolved a problem with a similar aperture
in the SLC Final Focus.

Beta Matching

;β*x/y from 1m/1m to designed values

muons

wire scanner

stopper

Changes βx >>βy  at SF1  to  βy >> βx at SD1, i.e. the horizontal 
and vertical magnifications are 0.395 and 6.15, respectively.

max
βx

max
βx

max
βy

max
βy

ηx=0
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Figure 2.10: FFTB beam optical functions. Shownare~~12 (dashes),
~~12 (solid), andqz (dot-dash). Thevertical dispersion function, qV,
has a design value of zero everywhere.

2.2 Opt ica l ~nct ions

Figure 2.10 shows the optical functions from the 50B1 magnet in the BSY to the

FFTB FP.

2.3 Aberrations

As mentioned in Chapter 1, the first and most significant aberration encountered in a

linear collider final focus system is chromaticity, which is corrected by the introduction

of sextupoles and dispersion. Once this correction is applied, there are additional

aberrations which come into play. These include tunable corrections due to misaligned

30

or mispowered elements in the beam line, and untunable corrections which come from

high-order fabrication errors and other sources.

2 .3 .1 Chromat ic it y

As we saw in Figure 1.4, the chromaticity cancellation of a lattice like the FFTB’s can

be characterized by comparing the linear beam size, the uncorrected (chromaticity-

dominated) size, and the corrected size. Figure 2.11 shows such a comparison for the

FFTB, at the design energy spread of ~ = 0.3%.

,0-5

10-6

10-8
1:-6 ‘

I I
“;~-5 ‘

I I 111111 I I I I I I I I I 11111

104 “1’.-3 ‘ “;~.2 ‘ “;’&-l ‘ 10°

~ * (m)
Y

Figure 2.11: Chromatically-corrected (dashes) and -uncorrected (solid)
beam sizes in the FFTB as a function of @~. The linear monochromatic
size is shown (dot-dash) for comparison.

Figure 2.11 shows that, a t the design ~~ of 100 ~m, the linear spot size and the

achievable spot size have begun to diverge, due to higher-order uncorrected aberra-

Eb=46.6GeV, δEb=0.3%, L*=0.4m
εy=32pm, β*y=100μm, σ0=57nm

CCSX

CCSY

IP
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Parameters unit ATF2 ILC CLIC S-KEKB
(LER/HER)

Beam Energy GeV 1.3 250 1500 4/7

L* m 1 3.5-4.5 3.5 0.47/1.3
γεx m-rad 5x10-6 1x10-5 6.6x10-7 2.5/3.3x10-5

εx nm 2 1.0 (DR) 0.1 (DR) 3.2/2.4
γεy m-rad 3x10-8 4x10-8 2x10-8 1.0/1.2x10-7

εy pm 12 2(DR) 1(DR) 13/8.4
β*x mm 4 21 6.9 32/25
β*y mm 0.1 0.4 0.07 0.27/0.41
η’ rad 0.14 0.0094 0.00144
σE % ~0.1 ~0.1 ~0.3 0.08/0.06
Chromaticity L*/β*y ~104 ~104 ~5x104 1.7/3.2x103

σ*x μm 2.8 0.655 0.039 10.2/7.8
σ*y nm 37 5.7 0.7 59/59
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Large βy

removed
,but  2 QBPMs 
on the mover 
at MREF3
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Parameters at ATF2

* 1x109/bunch/bunch, ** 5x109/bunch
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30!

35!

40!

1/1/11! 4/1/11! 6/30/11! 9/28/11! 12/27/11! 3/26/12! 6/24/12!

ey(XSR)[pm]! ey(EXT-OTR)[pm]!

Ver$cal	  emi+ance	  at	  DR	  and	  EXT

Big	  Earthquake
3.11	  2011


Test	  opera$on

Emittance in DR is 
around 10-12 pm
On-‐going	  R&D	  

 Laser	  wire	  measurement
New	  BPM	  calibra;on
	  concept	  (K.	  Kubo,	  A.	  Wolski)

Emittance growth 
at the EXT
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2009 2010 2011 2012

Major works in summer:
installation and removal  
of fast-kicker system

FD alignment, installation 
of IP-wire, IPBPMs and 
M-OTRs, new stripline 
BPM electronics, new 
EXT kicker control
BS3X rolled ~4mr (Mar.)

installation of 1 skew 
sextupole and removal of 
2nd kicker(Jan.)
alignment of DR and EXT

Upgrade of IPBSM, 
installation of 3 skew 
sextupoles and removal of s-
band BPMs of QD0,QF1 and 
2 reference cavities@largeβ
replacement of QF1
alignment of DR (Dec.)

Major accidents:
2/16	  fire@modulator#0

3.11	  earthquake	  M9.0

no	  air-‐condi$oning@DR
modulator#2	  trouble	  (Nov)
12.7	  earthquake	  M7.3

Optics:
β*x/y=8cm/1mm till Mar.
β*x/y=4cm/1mm

β*x/y=4cm/1mm till Oct.

β*x/y=4cm/0.1mm
β*x/y=4cm/0.1mm

β*x/y=4cm/0.1mm

β*x/y=4cm/0.3mm in Feb.

IP beam tuning : 
commission of IPBSM-LW 
mode till Oct.
Commission of IPBSM 
fringe-scan modes

310±30nm@8deg. in May

280±90nm@6deg. in Dec.
commissioning of IPBSM-
LW at 30deg. (Jan-Feb.)

166±7nm@30deg. in Feb.

 (220nm@30deg. in June)

73±5nm@174deg. in Dec.

Remarks and issues:
commissioning of BPM 
system (res.0.2-0.4um)
for orbit measurement 
(BBA, dispersion....)

commissioning of M-OTR 
system  for emittance 
measurement

wakefield at the M-OTR
recovery of the earthquake

3Hz operation since Oct.  
Wakefield at the large 
vertical beta function region
Emittance growth at  EXT
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Figure 5.6: Laser-Compton beam size measurement performed in May
of 1994. The measured size is 77+7 nanometers.

the background-subtracted scan has a fitted size of 75 nm.

It is worth noting that while the same PMT is used for both signal and background

detection, the two inputs reach the computer through different GADC’S. A systematic

difference between the two is possible.

Result of Laser-Compton BSM ~ning

Figure 5.6 shows a 77 nm beam spot measured in the KEK BSM in May of 1994.

Figure 5.7 shows a histogram of the size measurements made over the course of several

hours during that run. The average measurement is 77 nm, with an RMS width of

7 nm. For the laser intensity available at the time, the 10% width is consistent with

the measurement uncertainty of the individual measurements.

The 77 nm beam size is known to be enlarged by 10% over the actual beam size
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Figure 5.7: Histogram of measurements made during the last 3 hours
of the May, 1994 FFTB run. Average size measured was 77 nm, with
an RMS of 7 nm.

by a systematic error related to the longitudinal size of the laser pattern. The RMS

size of the laser beam at the FP was known to be 50-60 pm from scans similar to

Figure 5.2. Because the electron beam has a ~~ of 100 pm, the laser interference.
pattern is long enough in space to sample the beam at locations where the beam is

not in focus. These tend to systematically enlarge the measured size, and the 60 pm

laser measurement was found to correspond to a 10% enlargement. The beam size

in May of 1994 is therefore believed to have been reduced to 70 nm. This systematic

was another motivating factor in retuning the laser to a smaller cross-section at the

FP, since the current 25 pm pattern causes an enlargement of less than 1%.

The 70 nm vertical size was reacquired in September of 1994; however, at no time

did any measurement show any sign that the beam had been reduced to a significantly

smaller size. At the time, the emittance was averaging approximately 2 x 10–llm . rad,

and the RMS energy spread was 5 x 10– 4; the linear beam size ~ expected for

rms of laser size = 50um -> M reduction of 10%
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Summary

1. IPBSM upgrade was done and commissioned at all degree modes.
2. ATF was quickly recovered troubles and earthquake.
3. New QF1FF was installed.
4. R&Ds are progressing towards the goal 2.
5. Present IP beam has M=0.23±0.05 at 174 degree mode of IPBSM, 
it corresponds to the vertical beam size of 73±5nm.
6. The beam size might be limited by the wakefield at large beta 
function region.
7. Another issue is  the large vertical emittance at EXT. 
8. We would like to mitigate these issues to achieve 37nm in 2013.

2013年 1月 23日 水曜日


