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A B S T R A C T 

In the SLC Final Focus System, all components of trans
verse phase-space and the couplings between them must be con
trolled to minimize the beam size at the interaction point. After 
summarizing the experimental algorithm and the on-line tuning 
programs, we present a consistent set of measurements and de
scribe our present understanding of the various contributions to 
this beam size. 

I N T R O D U C T I O N 

The Final Focus System1 (FF5) is the last section of beam-
line in the Stanford Linear Collider (SLC) before the interaction 
point (IP). Its main function is to maximize the luminosity by 
focusing the beam to the smallest possible size. Because the 
beam has a finite emittance and energy spread, a nominal beam 
size of 2 pm at the IP can only be achieved with elaborate optics 
where higher order aberrations are carefully minimized.2 In op
eration the FFS must also be tunable to absorb focusing errors 
accumulated in the transport lines upstream and in the FFS 
itself.3 Effects from such errors manifest themselves primarily 
as linear mismatches between the transverse phase-space of the 
injected beam and the FFS optics, and must be corrected be
fore the final focusing works properly. An experimental tuning 
algorithm has been developed1 to achieve these corrections, and 
extensive operational experience has been acquired.4 

Initially it was thought that this tuning would be used as 
an overall correction for mismatches accumulated in the entire 
SLC, or at least in the Arcs: except for a few special cases, it is 
possible in principle to absorb optical distortions of up to a fac
tor of four.3 It was AIBO thought that variations would be tuned 
continuously in the FFS. Neither appears to be feasible. Elimi
nation of backgrounds' in the detector from electromagnetic de
bris and muons produced when beam-tails strike aperture limits 
upstream of the matching elements requires a nearly matched 
phase-space at injection. Thus, major mismatches must be cor
rected upstream, and in practice only small adjustments are 
made in the FFS. The main limitations to continuous optical 
feedback are lack of orthogonality in the corrections and the fact 
that the only place available to diagnose all the distortions is the 
higher order corrected focal point at the IP. As a result of non-
orthogonality, even modest variations in the incoming phase-
space can require extensive re-tuning. These weaknesses result 
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MASTER 
from adding-on the optical and background tuning strategies to 
a design where the basic architecture was already fixed, and 
suffered from severe space limitations. 

Operationally, the optical tuning has evolved towards de
termining a stable set-up. Partly because the Linac emittance 
prnently exceeds the design value by a factor of about three 
in the horizontal plane,6 the optics must be configured with 
a larger than optimal S-function at the IP (8'), in order to 
reduce backgrounds generated in the last quadrupoles by the 
beam tails. The larger /3* and Linac emittance limit the at
tainable luminosity. Phase-space parameters are monitored rou
tinely to distinguish stable changes from spurious ones, and to 
base corrections on time-averaged quantities. After reviewing 
the optics, the tuning strategy and the on-line programs used, 
we describe measurements made with the electron beam in the 
last run (September 1988). Similar results have been obtained 
with the positron beam. 

SUMMARY O F O P T I C S 

The FFS consists of four telescopic modules (Fig. 1). Opti
cal demagnificatiou is achieved in the first and final telescopes, 
which Btraddle a chromatic correction section where the intrinsic 
first-order chromaticity of the beam-line is compensated. The 
Arc lattice <f and ^-functions are matched in the ij-match sec
tion and in the first telescope, respectively. 

The optimization of tbe chromatic correction is the central 
point of tbe design.2 The Chromatic Correction Section (CCS) 
consists of two —/ telescopes, combined with dipoles at the foci, 
to generate significant energy dispersion at the quadrupoles. 
Sextupoles, where the focusing strength varies linearly with ex
cursion, are put near the quadrupoles to provide additional fo
cusing proportional to energy. This allows cancellation of the 
intrinsic first-order chromaticity. Additional first-order pertur
bations to the imaging produced by each sextupole are made to 
cancel over the length of the CCS by appropriate symmetries. In 
this way, all residual perturbations are pushed to second-order. 
The effective 0' can thus be written; 

J*t Pcff~P+K]-JL+Kl^ + Kl-^ (1) 

where ici,2,a measure the magnitudes of the residual second-order 
chromatic and geometric perturbations, E is the emittance, and 
6g is the fractional energy spread. 

The effect of the chromatic correction is to broaden the en
ergy band-pass over which rays are imaged to the same IP focal 
point. The width of this band-pass scales roughly as JW (if 
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Fig. 1. Schematic of tin Final Focus. The four 
quadrupoles used for dispersion corrections are 
shown cross-hatched, and the six quadrupoles used 
for bttatron corrections are shown shaded. 

only the term in *j from (1) is used).2 Defining it quantitatively 
as the band of energy deviations for which # / , < 1.250", it is 
±0.5Vf for 3m = 16 mm, and ±0.22% for 0* = 4 mm. With
out chromatic correction, il is less than ±0.05% in both cases 
iFig. 2). 

emittanees from correcting oaly these lea distortions, is close 
to 4r/(l + r ) 2 , where r is the ratio of the smaller to the larger 
emittance.8 The reduction can become severe for r < 1/4. 

The distortions are best characterized by what matters phvs 
ically at the IP: 

1. Five correlations of positions to angles and energy: 
o"2i.<r«i "32 = —<r<i. It and rj,, corresponding resper 
tively to longitudinal offsets of the waists in both planes at 
the IP (we refer to these as offsets of the in-plane waistsj. 
cross-plane coupling (by analogy we refer to this as an off
set of the out t/-p/anc waist), and residual spatial disper
sion. The waists must be positioned to within some frac
tion of the depth of focus 0' of the demagnifying optics. 
and the dispersion n must be tuned to less than y/t0*/bE 
to avoid dominating the final spot size. 

2. Five terms affecting the angular spread at the IP: a^,"n-
o~3i — ?42i fc' And i7p't determine the band-pass of the 
optics. This is illustrated in Fig. 3, which shows the lu
minosity L versus 0' for an energy spread of 0.002 (1//5' 
is taken as a measure of the overall angular spread)1. If 
the band-pass is larger than the energy spread, linear op
tics dominates and L drops as 1/0*. If it is smaller. L 
is dominated by second order chromatic and geometric 
perturbations and drops rapidly with decreasing 0* [see 
Eq. (1)]. The optimum occurs when the band-pass and 
energy spread are matched. For energy spreads of 0.002 
now achieved10, /3"pI ar 4 nun. This defines the optical 
limit to the luminosity. 

Correction elements for the above ten distortions are shown 
in Fig. 1. The waists are corrected with trim windings on two 
of the last quadrupoles just before the IP, and with a skew 
quadrupole just upstream. The betatron angular spread is con
trolled with one skew and two upright quadrupoles in the first 
telescope. These, combined with the waist controls, form an ef
fective zoom-lens. Spatial and angular dispersions are corrected 
by perturbing the ij-match with two pairs of upright and skew 
quadrupoles.11 
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CORRECTION SCHEME 

We describe the four-dimensional transverse phase-apace 
with the usual7 beam-matrix a, where o\y = < XjXj >. The 
matrix a has eight free terms if the emittances «, and < ( are 
set. With the four dispersion functions ij r , r/r., t), and if,<, we 
thus need twelve parameters to describe an arbitrary optical 
mismatch. For the SLC, equal omittances cx = c* are speci
fied. In this ease, two of the four cross-plane coupling corre
lations — <rn,0-41,<r)2.0-4] — are redundant.8 With the condi
tion B2\ - 043 = 0 at the IP, this redundancy takes the form 
ff3i — <?42 a n d o"32 = —041 . 

The tuning strategy is designed for this case and thus in
volves ten corrections. It can be Bhown that the maximum lu
minosity reduction factor, which results in the case of unequal 

TUNING STRATEGY 

The flow diagram in Fig. 4 summarizes the experimental al
gorithm. Because each correction is coupled to the ones down
stream, they must be applied sequentially. 

After matching the input dispersion, the core of the program 
is to bring the beam to a focus at the IP in a condition such that 
the phase-space parameters can be correctly measured at that 
point. Therefore, the initial set-up has a purposely enlarged 0* 
of 30 mm, with the sextupoles tuned to suppress the first-order 
chromaticity. In addition to reducing backgrounds, this helps to 
avoid having the beam size at the IP dominated by the second 
order chromatic and geometric perturbations. It is also a guess 
of the most probable direction for the angular spread correction. 
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P*3- 4- Flow-diagram summarizing the applica
tion o] the 10 linear optics adjustments required 
to minimize the IP spot. 

In order to decouple the final in- and out-of-plane waist 
adjustments (one of the angular spread corrections) the min
imization of the cross-plane oa correlation ia applied first.12 

Then the beam is brought to an initial focus by correcting the 
in-plane waists. This, if residual angular dispersion is present. 

and if the 0-42 correlation has been imperfectly minimized, helps 
to diagnose residual spatial dispersion and cross-plane CT3,, and 
an correlations in the IP beam size. It thus reduces the num
ber of iterations of waist and dispersion corrections needed to 
minimise the beam size. In the case of unequal emitlances. the 
two cross-plane correlations cannot in general be simuitaneously 
madezero. In this case, it is advantageous to set the out-of-plam 
waist correction to minimize the beam size in the plane with 
the smaller emittance (typically the vertical plane). Finally, to 
maintain the minimization of the first-order chromatirity. I)H-
sextupoles are refitted after each major optical adjust tnent 

After this, and unless the angular spread at the IP is ton 
large in spite of the /)' = 3 cm configuration, scans of the iri-
plane waists can be used to measure phase-space parameters al 
the IP. Inferred values of 0' are used to calculate angular sprt-aii 
corrections, and of c to compare with measurements in the rest 
of the machine. 

ON-LINE MATCHING PACKAGES 

An on-line modeling and fitting package is required for dis 
persion and betatron angular spread corrections.13 

For dispersion matching, the input consists of vx and n„ 
measured at chosen strip-line beam position monitors, and, up-
tionally, at the wire targets14 which arc used to diagnose the 
beam at the IP. The data are obtained by recording beam mo
tion correlated with varying the energy in the Linar. The n, and 
n% values consistent with the model are determined from a fit to 
the measurements and give rj,, r;r., n„ and T)V' at the entrance to 
the FFS. The strengths of the four correction quadrupoles in the 
n-match section are then varied to minimize the four dispersion 
terms at the end of the first telescope or at the IP. 

For corrections to the betatron angular spread, the waist 
measurements at /?* = 3 cm are used to specify an initial di
agonal beam cr-matrix at the IP. The c-matrix at the entrance 
to the FFS is calculated from the model. The six quadrupole 
strengths of the zoom-lens are then varied in a fit to give a new 
diagonalized a-matrix with the desired S* at the IP. To help 
convergence, considerable flexibility is incorporated, including 
multistep fitting and choice or which a- and V?-malrix elements 
to include in the %z function to be minimized. 

The waists are also adjusted through automated proce
dures, which record beam profiles measured with the wire-
targets at the IP, while stepping orthogonal combinations of the 
two trim windings on the last quadrupoles, or the nearby skew 
quadrupole.15 Estimates of 3' and t are obtained by fitting 

" = </»' + -hAf ('-') 

to the in-plane waist data, where A / is the displacement of tlii-
waist at the IP along the beam direction. Because the squares 
of the beam sizes vary parabolically, the optimal correction is 
found, by symmetry, even if the minimum beam size is less than 
the wire size. 

I N P U T DISPERSION MATCH 

Figure 5 shows measurements of the lattice dispersion, mea
sured in the n-matcb, First Telescope and chromatic correc 
tion sections, before and after correction. Variations serve 
to diagnose changes in the set-up of the Arc and are usiially 
correctable.16 In this Figure the horizontal (upper figures) and 
vertical (lower figures) dispersion is shown before (left) and af
ter (right) correction, using an example of data taken during 
the 1987 SLC commissioning. Note the changes in scale. In 
each figure the error bars on the solid curve show the results 
of simultaneous dispersion measurements on the electron beam 
using BPMs in the SLC North Arc and the n-Matching. First 



Telescope and Chromatic Correction Sections of the North Final 
Focus. The solid curve is a series of straight lines joining these 
measurement point j . The dotted curve is a series of straight lines 
joining points showing the corresponding value of the design dis
persion at the location of each of the BPMs. After correction 
the measured dispersion in the n-Matching and First Telescope 
sections is very close to the design values. Such measurements 
are performed routinely to monitor the match. They aic usually 
repeated to average out trajectory fluctuations during the mea
surement which can mimic dispersion mismatch. The match has 
been observed to be stable over periods of days to weeks. 
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Fig. 5. The First Telescope dispersion correction. 

CROSS-PLANE COUPLING CORRECTION 

Figure 6 shows the correction for the tilt in the spot on a 
phosphor screen near the Final Triplet (ST4 in Fig-1). A tilted 
spot at that point corresponds to a finite 0-42 correlation at the 
IP. This is done manually by adjusting the skew quadrupole in 
the first telescope. The correction is difficult to set accurately 
and reproducibly because of changing beam tails and saturation 
effects on the screen. A fit of the a\3 correlation coefficient using 
the digitized profile may improve this. The available correction 
range is large, but the practical range is severely limited by 
perturbations caused to the trajectory of the opposing outgoing 
beam, which must pass off-axis through the skew quadrupole be
fore reaching the final beam dump. A procedure for controlling 
cross-plane coupling within the Arc has been developed, which 
mitigates this problem substantially.17 Such control has reduced 
coupling in the lattice to about 50% and has brought the FFS 
skew corrections to acceptable values, although this is not fully 
stable and depends on the ratio o.f emittances at the Linac exit, 
as described above. 

WAIST ADJUSTMENTS AT THE IP 

Figure 7 shows an example of a waist Bean (in the vertical 
plane). Such scans are done routinely, allowing minimum beam 
sizes of 3 to 5 fira to be attained. 

DISPERSON CORRECTIONS AT THE IP 

There can be significant residual dispersion in the IP beam 
size, even after the input dispersion has been matched, due to 
imperfections in the FFS lattice or in the beam trajectory, or 
from energy-position correlations in the phase-space at the end 
of the Linac. Dispersion from the FFS can be measured by 
the online package described earlier. Corrections with the four 
quadrupoles in the i)-match section are practical for moderate 
dispersions (njp < 2 mm). Larger dispersions, however, can 
require extreme corrector strengths which, in turn, also distort 
the betatron phase-space. 

1-89 
Fig. 6. Approximate correction of cross-plane cou
pling in the IP angular spreads, looking a\ the till 
in the beam shape on a screen at the htgh-p point 
in the system. 
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A complementary scheme for empirically minimizing resid 
ual spatial dispersion at the IP makes use of closed steering 
bumps in the chromatic correction section. Such orlVit distur 
tions generate spatial dispersion at the IP. through the first 
order chromaticity of this section. For the range of inter
est, second-order chromatic and geometric perturbations remain 
small. AD example of successfully applying this method to nun 
imize the spot at the IP is shown in Fig. 8. In combination with 
the lattice dispersions measured in the first telescope and at [he 
IP, this method has allowed separation of lattice dispersion gen 
crated in the Arcs and in the FFS. Since the spatial dispersion 
introduced by this bump to minimize the spot size has roincided 
with the previously measured lattice dispersion at the II'. it has 
been possible to put an upper limit on beam dispersion at the 
end of the Linac. 

BETATRON PHASE-SPACE DIAGNOSTICS AND 
ADJUSTMENTS AT THE IP 

History plots of c and /?*, estimated from in-plane waist 
scans performed after iterating the waist and dispersion rorrei • 
tions to minimize the spot at the IP, are shown in Fig. 9. 

The emittances tx and tv were mostly larger than nominal 
and reflected, in most cases, larger than nominal values in the 
Linac. The 0* values were larger than the expected optimum 
of j9* | s; 4 mm needed to optimize the luminosity, and resulted 
from requiring a small enough angular spread fen minimize beam 



Fig. 8. Correction of residual dispersion at the 
IP, by minimizing the spat size with a closed 
dispersion-generating trajectory bump in the CCS. 
The parameter t'KICK is the magnitude of the 
kick applied by a steering dipole located at the up-
strtam end of the CCS. A corresponding dipole at 
the downstream end is used to close the bump. 
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Fig. 9. History plots of the tmittancts and 0-
functions inferred from in-plane vjaist-scans at the 
IP. The effect of an initial attempt towards reduc
ing the vertical ^'function is indicated. As can be 
seen, at the end of the run, emittance measure
ments performed simultaneously at the end of the 
Linac and at the IP gave consistent results. 

tail-induced backgrounds in the last quadrupoles. ID Home cases, 
larger than nominal effective t and 0' values were also obtained 
because of an imperfectly corrected phase-space at the IP. The 
data in Fig. 9 are therefore generally upper limits of actual val
ues. 

A first attempt to enlarge the (vertical) betatron angular 
spread is indicated by an arrow in Fig. 9(d). The effect from 
this was clear but smaller than expected, and may have been 
partially offset by an upstream variation. Such adjustments will 
have to be iterated in order to reach the expected optimum value 
of 9'cpl ~ 4 mm. 

The last values in the plot were obtained in the final run 
'before the September 1988 shutdown. Dispersion at the IP gen
erated by trajectory errors and misalignments was measured and 
minimized with the bump technique described above. This, and 
several iterations of the waist corrections, resulted in omittances 
close to the design value in the vertical plane and too large in the 
horizontal by a factor of three. This was consistent with mea
surements performed simultaneously at the end of the Linac,6 

showing that the final beam sizes at the IP were not dominated 
by chromatic effects, and that the residual cross-plane coupling 
from the Arc did not significantly enlarge projected emittances. 
At that time, the linear phase-space at the IP was thus correctly 
estimated from these measurements. 

CONCLUSION A N D PROSPECTS 

The experimental algorithm developed (or the FFS has en
abled beams focused at the IP with 3 to 6 |im transverse sizes to 
be attained, and the various contributions to the residual beam 
size to be diagnosed. 

The residual beam size is presently limited by the larger 
than optimal 0' (dictated by detector backgrounds) and by the 
somewhat larger than nominal Linac emittance. The reduction 
in luminosity from this is about an order of magnitude In ad
dition, a small loss in attainable luminosity arises from not fully 
correcting the cross-plane coupling in the case of asymmetric 
emittances. This loss can be up to about 25%, with the current 
emittancB ratio of one to three. 

In the next run, a new collimation system will be available at 
the end of the Linac which, combined with the existing slits and 
with additional muon shielding that has been installed in the 
FFS tunnel, will enable beam tails to be cut more efficiently. 
This, coupled with progress in maintaining a nominal phase-
space at the injection to the Arcs, and in reducing the 8-function 
at the IP, should enable the optical limit to the luminosity to be 
reached. 
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