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Abstract

The beam experiments of Final Focus Test Beam(FFTB) started
in September 1993 at SLAC, and have produced a 1.7 pm x
75 nm spot of 46 GeV eectron beam. A number of new tech-
niques involving two nanometer spot-size monitors have been
developed. Several beam diagnosti c/tuning schemes are applied
to achieve and maintain the small spot. This experiment opens
the way toward the nanometer world for future linear colliders.

|. GOAL OF FFTB

A small spot size is the most important key to enhance the
luminosity of an et e~ linear collider. Up to now, most plans
of future linear colliders at 0.5+£1 TeV center of mass assume
a vertical spot size below 10 nm either as the standard or up-
graded design number. A very a beam with an aspect ratio
more than 100 will be favored to reduce various beam-beam ef-
fectsat thecollisionwhilekeeping theluminosity high. Thegoal
of FFTBJ[1] isto squeeze a high-energy electron beam down to
1 pum x 60 nm, whichisasuitableintermediate step to thefuture
machines. FFTB islocated at the end of the SLC Linac on the
straight line extended from the SLAC Linac, beyond the beam
switch yard. Thelength of the beam lineisabout 360 m from the
switch yard to the beam dump, and the ®nal focus section with
chromaticity correction is 185 m long.

A small spot requirestwo basic factorsta small emittance and
strong focusing (small s-functions). FFTB uses the 46 GeV
beam, accelerated by the SLAC Linac, withinvariant emittances
of ye, x vy = 30x 3 um?, whicharethesmallest among theex-
isting high energy electron beams. The 5-functions at the focal
point(FP) of FFTB are 37 = 3 mmand 3; = 100 um, which are
equal to future machines. Such small beta functions inevitably
induce high chromaticities in the ®nal lenses. If no chromatic-
ity correction is applied, the spot at the FP becomes 23 times
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bigger in horizontal and 34 timesin vertical for the design mo-
mentum spread of Ap/p = +0.4%. Thus specia focusing op-
ticswithapowerful chromatic correction systemarerequired[2].
Thechromaticity correction of FFTB isdoneby two-family non-
interleaved sextupol es, which has become the common base de-
sign of future®nal focus systems. This con®guration suppresses
the chromatic aberration as shown in Fig. 1, while canceling the
major geometric aberrations of the sextupoleswith the —I trans-
former between them. The system minimizes the residual aber-
rations caused by the ®nite thickness of the sextupoles and the
optical mismatch due to the synchrotron radiation in the dipole
magnets between the sextupoles and the ®nal lenses.
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Figure. 1. Thevertical spot sizeof FFTB asafunction of theg; .
The dashed/solid linesare with/without the chromaticity correc-
tion. At the design value 3; = 0.1 mm, the spot size becomes
nearly the minimum, since below that point, residual aberrations
start to dominate.

1. NEW INSTRUMENTATIONS

To achieve the design spot of FFTB, many new instrumenta
tions have been developed and applied. Since most of their fea-
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tureswill a so be necessary for future machines, the devel opment
of these devicesisan important part of the FFTB project.

A. Magnetsand power supplies

Since the s-function pesks at the ®na three quadrupoles
(8- = 26000 m, 8, = 11000 m), the nonlinear components of
these magnets should be minimized. The fabricationaccuracy of
the pole-faces of these magnets are made better than +2 ;m[3].
One of the®nal three quadrupol eshas a pol e-tip made of perme-
ndur to achieve the ®eld of 1.4 T. The stability criteria of mag-
net strengthin FFTB istypically 105 for the dipolesand afew
quadrupoleg4]. Thus the power supplies of those magnets are
carefully chosen to satisfy the condition. The air inthetunnel of
FFTB issimply sealed without air-conditioning. Sincethe power
consumption in the tunnel is small and also constant, thisis a
good choiceto avoid an arti®cial temperature change dueto the
air-conditioningitself.

B. Magnet supports

Quadrupoles except the ®nal three lenses are mounted on a
magnet mover supported by a pillar made of Anocast arti®cial
stone. This setting satis®es the long-term stability criteria of
the vertica motion of each quadrupole, Ay ~ 2 pm under
the expected temperature change of the tunnel. The heavy ®nd
three lenses are supported by a common table with a precision
mover[5]. The Laser-Compton monitor is attached to the table
to reduce the effect from the possible vibration.

C. Initial alignment

The initia alignment of each component is done in two
stepg6]. First, alignment of several #hinge points®isdone using
the alignment laser extended from Linac as the reference. Sec-
ond, each magnet is aligned from these hinge points by a laser-
tracker. The over-all accuracy of theinitial transverse alignment
isabout 200 xm throughthe FFTB beam line, whichiswithinthe
adjustable range of the magnet movers by the beam-based dign-
ment.

D. Wirealignment system

Thewire aignment system isa uniquetool in FFTB to detect
the transverse drift of each magnet. All quadrupoles and sex-
tupol es have three sensors attached on two invar platessit on the
median split plane (one on oneend, two on theother). The sensor
detectstherf signa applied onthewirelikeaBPM, and theres-
olution of thetransverse wire positionis 100 nm with adynamic
range of +1.5 mm. A pair of wires are stretched over quasi-
straight sections of FFTB, and the three sensors measure the «
and y displacements and therolls of each magnet. The stability
of the motion of the magnets detected by the system was typi-
cally lessthan +5um in the upstream end of the beam line, and
+15 pminthedownstream end, per 24 hours. Besidesaperiodic
day-night variation, a slow drift of 5 ym/day is observed. The
drift in the electronics and the wire itself were negligibly small.

E. Magnet movers

The magnet mover for the standard quadrupoles and sex-
tupoles is so designed as to match the requirement of the tun-
ing of the FFTB opticg 7]. It isused not only in the beam-based

alignment, but aso in the lattice diagnostics to create bump or-
bits, and in the tuning process of the spot size as the multi knob
with the sextupoles. This mover consists of three cam shaftsin-
dependently driven by stepping motors, and the magnet sits on
them with wedges. By the combination of the rotation angles of
these three cams, the transverse displacement and theroll in x-
y plane are controlled independently. The resolution of the mo-
tionis1/3 yumand 1 urad. The movable rangeis+1.8 mmin
z, 1.5 mminy, and &5 mrad inroll. The motionisalso moni-
tored by linear gauges, and thereisneither backlash nor hystere-
sis.

F. Beam position monitor

The beam position monitor(BPM) of FFTB is designed to de-
tect pulse-to-pulse z- and y- position with a resolution of 1 xm
at the intensity 1 x 10'° eectronsg/bunch[8]. Each BPM uses
four strip-lines embedded in the gaps of a quadrupole magnet.
Thus the BPM measures the beam position in the middle of
the quadrupol e, which provides an ideal situation for the beam-
based alignment. Each strip-linehas an independent circuit with
an rf booster ampli®er before the low-pass ®lter to reduce the
noiselevel. The calibration of the BPM isdone after installation
in the quadrupole, at the same time as the measurement of the
magnetic center of the quadrupole using a common singlewire.
The actua resolution of the BPM was veri®ed by the beam us-
ing the | attice-diagnosti cs technique described | ater, and the re-
sultwaso = 1.6 uma N = 0.7 x 10*°, whichisjust equa to
the design number.

G. Cavity beam position monitor

The detection of the beam position at the FP isextremely use-
ful in the diagnostics of FFTB. It has many usages: to mea
sure and adjust the R34 components of the transfer matrix from
awell-established pre-focus to the FP to adjust the waist at the
FP; to measure the vibration of the position at the FP to distin-
guish the position jitter and the spot size in the spot-size moni-
tor; to measure the correlation of the beam-jitter at the FP with
upstream or downstream BPM s to analyze the source of the jit-
ter, etc. Therefore a BPM with nanometer pulse-to-pul se reso-
[utionisrequired. The recently devel oped cavity BPM[9] which
detectsthe excitation of theT" A1, mode of asingle-cell choke-
mode cavity a C-band(5712 MHz) has such resolution of 1 nm.
ThisBPM will be fully commissioned in the next run of FFTB.

H. Wire scanners

The wire scanners are the essential tool to measure the beam
pro®leat dl locationsin FFTB. Even a the FPitisavery power-
ful tool to adjust thewaist in therange o, > 0.5 pm. Although
thewire scanners of FFTB are basically inherited from SLC[10],
several new arrangements were done. One of them is a set of
wireswithvery small tilt anglesinthez-y plane. A scanner with
ayokeof threewireswithangles—0.7°,0°,+0.7° isinstalledin
one of the pre-focus points where the aspect ratio of thebeam is
1:400. Thisscanner successfully reconstructed thebeam sizesin
z, y and thetip angle from three apparent spot sizes.
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I. Laser-Compton spot-size monitor

The Laser-Compton spot-si ze monitor[ 11] measures the mod-
ulation of the Compton-scattering rate across an interference
fringe of two laser lights produced at the FP. The depth of the
modul ation correspondsto the spot size at FP. The fringeis pro-
duced by a pulsed YAG-laser with 1.06 pm wavelength, 10 ns
pulse length, 200 mJ/pulse, and 10 ppsrepetition rate. Sincethe
pitch of the fringe pattern is so rigidly determined by the wave-
length of thelaser, the measurement of the size by thismonitoris
direct. This monitor can produce three different fringe patterns
with different measuring ranges: 0.8 ym < o < 4 gm, 150 nm
<oy <750 nm, and 40 nm < o < 200 nm.

J. lon-Scattering beam-size monitor

Thelon-Scattering beam-si ze monitor[ 14] measurestheinter-
action between the electron beam and ions created from the gas
injected at the FP. It consists of eight multi channel plates sur-
roundingthe FPthrough anarrow dlit whichisnecessary toreect
the ions outside the focal length of 37 = 100 um. This moni-
tor measures two quantities; thetime-of- ight and the azimuthal
distribution of the scattered ions. The former tellsthe larger di-
mension, and the latter the aspect ratio and the tilt angle of the
beam-spot at the FP. This monitor has an advantage in its very
wide dynamic range and the insensitivity to the position jitter.
Another aspect of thismonitor isthat the angular distributionin-
volves more information on the beam pro®le than its sizes such
as the beam-tail produced by the wake ®eld.

[11. BEAM TUNING TECHNIQUES
A. Beam-based alignment

In order to optimize the tunability and reduce the back-
ground for the monitorsin FFTB, it is hecessary to align strong
quadrupole and sextupole magnets with beam-based measure-
mentg[12]. Quadrupoles are aligned using a shunt technique,
with resolutions from 50 pm down to 0.7 pm. Sextupoles are
aligned by moving transversely, looking at the kicks of the or-
bit observed in the downstream BPMs. The resolution of the
residua misalignment of sextupoles by this method was 5 to
20 pm. All magnets were then moved into aligned positionsvia
the magnet movers with the sub-micron resolution. The beam-
based aignment was done in the beginning of every successive
run of FFTB.

B. Latticediagnostics

The amount of the strength error of focusing elements in the
FFTB opticsmust bewithinafew times0.1%, otherwisethe ma-
chineloosesthetunability to thedesign spot size. Thusthedetec-
tion of the strength error isan important subject prior to the tun-
ing of the machine. For this purpose, a lattice diagnostics with
bump orbitsis applied. A localy closed bump orbit is created
by combining three kicks at quadrupoles, generated by the mag-
net movers. Then the orbit data from the BPM s up/down stream
of the bump orbit contains the information of the strength error
of the quadrupoles used in the bump, as well as the calibration
errors of BPMs and movers, etc. To separate the strength error
from other variables, orbits with multiple bumps are taken and

multi-variable ®t is applied. This analysis was able to demon-
dtrate that the FFTB quadrupole strengths were uniform to the
required level of 0.1%.

C. Incoming beta match

Because of the limited space in the beam line, the measure-
ment and matching of the incoming phase space is done in
the matching section at the entrance of FFTB which has ®ve
quadrupoles and two skew quadrupoleg[13]. The measurement
isdone by varying quadrupol esagainst the beam sizes measured
by awire scanner with three wires «, y, and tilted u. It is pos-
sibleto determine al 10 parameters of the incoming beam with
thismethod. Thematchingisdonefor o, , 5., and two of z-y
coupling coef®cients, and the remaining twoz-y coupling terms
are lessrelevant to the ®nal spot due to the “atness of the emit-
tances and the spot size. The matching is con®rmed at two pre-
foci (one for each plane) in the middle of the chromaticity cor-
rection sections with the wire scanners. This con®rmation was
extremely important to tell whether the source of the error in the
®nal spot is, in the incoming beam or in the optics between the
pre-foci and the FP.

D. Tuning by multi knobs

After the beam-based alignment, lattice diagnostics, and beta
match, the tuning of the spot size is done by scanning severa
knobs looking at the spot size measured by the spot-size mon-
itorg[13],[2]. Sincethese monitorsare located at different focal
points, thetuning must be done separately for each monitor. The
tuningat one monitor, however, signi®cantly reduces the number
of stepsof tuning for another monitor. Usualy thetuningisdone
with a beam with reduced momentum spread, Ap/p < 0.1% to
avoid the mixing of linear and higher order effects. The knobs
for the linear terms, such as the waist position, dispersion, and
one of the z-y coupling (z’y’) are always effective to reduce the
spot, but its magnitude depends on the condition. Several itera-
tionsare necessary to reach the minimum. These knobsare built
by either changing the strength of magnets or combination of the
sextupole movers.

FFTB has four strong sextupoles for the chromaticity correc-
tion. Each sextupole has the high precision cam-shaft mover.
Knaobsfor thewaist motion and linear dispersionsin« and y, one
of thez-y coupling (x’y’ term) can be made by particular combi-
nations of these sextupole movers. According to the high preci-
sion, the repeatability, and the hysteresis-free nature of the cam-
mover, these mover knobshave advantages on asmall-range, re-
peated scan of the knobs. These knobs were frequently used in
the tuning, and after the value of the knob is optimized, their
motions were replaced with equivalent changes of the magnet
strengths of dipoles, quadrupoles, and skew quadrupol es.

Another effective set of knobs was the nonlinear multi knobs
which control four sextupole terms (=2, z'y'?, /%y, y'3) inde-
pendently by combining two norma and two skew trim sex-
tupoles.

V. OBSERVATION OF NANOMETER SPOT

FFTB has run for about seven weeks in four periods since
September 1993. The ®rst fringe pattern of the Laser-Compton
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Figure. 2. (&) Typical vertical fringe pattern seen by the Laser-
Compton monitor. This example corresponds to o, = 70 nm.
(b) Thedistribution of the measured in thelast 3 hoursof therun
in May 1994.

monitor was observed in the beginning of April 1994 in horizon-
tal. The small vertical spot around 70 nm was observed in the
middle of May 1994[15], [11]. Figure 2 showsthetypical fringe
pattern seen by the monitor, and also the distribution of the mea-
sured spot sizes during the last 3 hours of the run in May 1994.
This distribution shows that the beam line of FFTB has the sta-
bility of o = 70 4 7 nm including the possible uctuationsin

the monitor.

The lon-Scattering monitor was commissioned partly in May
1994, and more totally in September 1994[15], [14]. The spot
size determined from the time-of - ight and the azimuthal distri-
butionwas typically 1.6 ¢ x 80 nm, which agrees well with the
results of the Laser-Compton monitor. Figure 3 shows atypical
azimuthal distribution of the scattered ionsobserved by the mon-
itor. Taler peaks indicate the higher aspect rétio, i.e., smaller
vertical size.

The spot sizes above are obtained with a con®guration3’; =
10 mmand 3; = 100 pm with the incoming emittances around
vee = 30 um, ve, = 1 pmwiththemomentum spread Ap/p =
+0.1%. The horizontal focusing wasrelaxed to reduce the back-
ground signal of the monitor. Although the observed spot sizes
were aready close to the design number, it was aso true that
there were non-negligiblediscrepancies in the vertical sizes be-
tween the measured and the expected from the emittance and
B, . The discrepancy appeared similar in both spot-size moni-
tors. Figure 4 shows the squared vertical spot size measured by
the Laser-Compton monitor versus the incoming vertical emit-
tance. The linear ®t Fit+1 in Fig. 4 may suggest an existence of
an error source which give an offset to the measured spot size,
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Figure. 3. Azimuthal distributionof scattered Heion detected by
the lon-Scattering monitor in September 1994. Thisdistribution
correspondsto 1.6 ym x 80 nm spot.

at the origin (Fit+2), however, is also possible with the magni-
tude of the errors. Further experiment such as a measurement of
thevibrationjitter of thebeam using the cavity BPM isnecessary
to complete our investigation of the results of the spot size.
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Figure. 4. Vertica spot size (squared) versus the incoming ver-

tical emittance. Measured in September 1994 with the Laser-

Compton monitor. Fit+1(dashed) isthelinear ®t to the measured
data, Fit+2(dotted) is the linear ®t passing the origin, and the
solidisthedesign line.

V. CHROMATIC BEHAVIORS

The chromatic behavior of the FFTB optics is measured in
several ways. First we looked at the shift of the vertical waist
position at the FP by changing the incoming beam energy. The
energy spread of thebeam isset small, Ap/p < £0.1%. If the
chromaticity correction works properly as designed, the shift of
the waist is minimized within the design bandwidth. Its behav-
ior isshown in Fig. 5 as the solid curve. The shift of the verti-
cal waist position was measured by waist scans with the Laser-
Compton monitor in September 1994. First the results shown

such as avibration of the ®nal lenses. The ®t withtherestriction as squares in Fig. 5 were obtained, which signi®cantly deviate
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from the design curve. At that time the lattice diagnostics with
multi-bump had been performed and predicted the common cal -
ibration error of the quadrupolesrelative to the beam energy (to
the main dipoles) by -0.73%, i.e., the beam had higher energy
offset of +0.73%. The expected shift of the waist with the pre-
dicted the energy offset becomes the dashed line of Fig 5, which
now well agreeswith themeasured (squares). Then we corrected
the energy offset, and re-measured the waist position as shown
by crossesin Fig. 5. Theresults became closer to the design, but
gtill deviated from the design by a small amount. At that time
it was found that the vertical sextupoles had been trimmed by
about 3% stronger than the design. Thetrimmed sextupolesgive
the expected curve asthe dot-dashed linein Fig. 5, which agrees
with the measurement (crosses) quite well.

The second veri®cation of the chromatic behavior was the
measurement of the spot size by changing the momentum spread
of the incoming beam through varying the phase-ramp of the
Linac. We changed themomentum spread fromAp/p = £0.1%
to +0.5%, and the measured vertical spot size at the FP stayed
amost constant within the measurement error of about 10%.
Thisshowsthat the chromaticity correctionworks, sincethebare
chromaticity is so large as shownin Fig. 1.
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Figure. 5. Shift of the vertical waist position asafunction of the
momentum offset of the incoming beam, measured at the Laser-
Compton monitor. Squaresare measured beforethe correction of
the beam-energy offset. Dashed lineisexpected from the energy
offset of +0.73%. The crosses are measured after the correction.
The dot-dashed isexpected fromthetrimmed val uesthen applied
to the sextupoles. The design is shown by the solid line.
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