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1L INTRODUCTION

Because the SLC final IP spot is produced by an aberration-dominated o}
tical system®, all components and couplings between dimensions of transvers:
phase-space must? be controlled in the experimental tuning aigorithm. For equa

emittances ¢; = ¢, this amounts to ten linear optics a.djustments” . These
adjustments are coupled and depend non-linearly on phase-space parameters. A
ten-dimensional non-linear fitting program? is therefore used to match the lattice
in the Final Focus to the input beam. Local orthogonal “knobs™ are also defined
for fine-tweaking around the initial solution, although this is not always practical
because of steering from the lenses.

The three final waist corrections? are however fully orthogonal to the other
seven optical adjustments, This means that they do not cause any of the other
seven optical distortions. We refer to this as external orthogonality.

They can also be made internally orthogonal. This means that each one of
the three orthogonalized controls can be applied independently of the two others.
It also allows one to simultaneously correct and determine the phase-space at the
IP.

*Work supported by Department of Energy Contract DE-ACO03- 76SF00515.
t In the case of equal emittances these ten adjustments are grouped? in three sets:
1. Four correctious to minimize the spatial and angular dispersion in both planes,
2. Three corrections to the betatron angular spread at the IP, by controlling the mag-
nitude of < z'* > and of < v~ >, and by minimizing the < z’y/ > correlation,
and

3. Three adjustments to pusition the waists in both planes at the IP, by minimizing the
correlations between the positions z,y, and the angles 2!,y in both planes.

The ten variable quadrupoles used for these corrections are shown in Fig. 1. Because
each correcticn is coupled Lo Lhe ones downstream, they must be applied sequentially. A

flow diagram illustrating this sequential apphcauou is shown in Fig. 2.
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Both have been demonstrated to work experimentally®®, and form the basis
for the on-line tuning algorithm?. In this note, we show the orthogonality of the
corrections and outline the experimental procedure and its limits.

II. EXTERNAL ORTHOGONALITY OF WAIST CORRECTIONS

The three final waist corrections are designed to cancel the correlations be-
tween the positions z, y, and the angles z/, y' in both planes at the IP. The
< zz! > and < yy' > correlations” are minimized by combining trim windings
in two regular quadrupoles of the Final Triplet, one defocusing (QD2B}), and one
focusing (QF3). We refer to them as the in-plane waist adjustments. The < zy’ >
correlation, which at the waist and for €z = ¢, is equal® to < yz' >, is minimized
with a single skew quadrupole (SQ3) just upstream of the Final Triplet. This
one is referred to as the out of plane waist adjustment. The correction elements
are indicated in Fig. 1.

These final adjustments are normally decoupled from dispersion corrections
because the dispersion is nominally zero in the Final Triplet.

They are also close to decoupled from the angulfar spread corrections. To see
this, we consider for simplicity an uncorrelated (< zz' >=0) beam focused to a
waist by a thin lens in the horizontal plane. From linear optics, we compute (to
first order) the variation of the spatial beam size o; and of the angular beam size
oz as a result of varying the strength of the lens:

03 (bg) = 23(0) + &304,

boy =4 (1)
o T 1+ ;45 *

In (1), og is the beam size at the lens and ég is the fractional strength variation
of the lens.

For og large compared to the minimum beam size ¢;(0), small adjustments
are sufficient to change the size at the waist significantly, with only 2 small per-
turbation to the angular spread. At the Final Triplet, og is typically a thousand
times larger than 0:(0). The quadrupole adjustments need therefore be only a
few percent. Over that range, the change in angular spread is negligible.

Thus the three final waist adjustments are essentially orthogonal to the other
seven optical corrections. The opposite is not true: the other seven corrections

» In Transport® notation, < zz! >= 02,, < yy' >= 0,3, and 50 on...




are strongly coupled to the three final waist adjustments. The experimental
tuning algorithm is therefore sequential. It is summarized in the flow diagram in

Fig. 2.
111. INTERNAL ORTHOGONALITY OF WAIST CORRECTIONS

\We begin by considering the in-plane waist adjustments (i.e. the minimization
of the < zz’ > and < yy' > correlations}. A regular lens perturbs each plane
proportionally to the beain size at the lens in that plane. Since this beam size is
naturally larger in each lens in the plane in which it is focusing, QF3 and QD2B
can be combined to control the horizontal and vertical waists independently. The
coupling coefficients, found using TRANSPORT?, are:

' -1.89 0.70
(M‘) - (5‘?”), with C = (2)
Afy dq28 0.80 —1.37

In (2), the fractional quadrupole strengths §ga and égyp are in parts per thou-
sand, and the longitudinal waist motions A f; 4 are in centimeters.

The couplings in C are close to independent of input mismatch. This is
evident for a mismatch of the IP angular spreads from the form of (2). It is
also true in the case of a largely correlated input phase-space into the Final
Triplet (in-plane correlations), which the waist corrections are designed to cancel.
This can be seen by considering the nominal IP phase-space obtained after the
correction, and by back-tracking the beam into the lenses: since the changes in
the strengths of QF3 and QD2B required by the correction are small, the bcam
sizes are perturbed negligibly in the lenses. Since their effect is proportional
io this beam size, the couplings in C do not change significantly. The linear
combinations defined in (2) can thus be used for orthogonal control independent
of the mismatch of the input beam phase-space” .

In the case of the out of plane waist-adjustment, (the < zy' > and < y2’' >
correlations) using the skew lens SQ3, orthogonality to the in-plane corrections
is obtained by requiring an upright beam shape near the Final Triplet (i.e. <

= This is not the case for the other optical adjustments in the Final Focus, where the relative
settings must be calculated through a non-linear fitting program® and depend thus on
the initial condition. Since this initial condition must be obtained from measurements
with possibly large errors, the calculated solution can be significantly off as a result. The
correction can in this case require several iterations. This is especially the case for the
angular spread corrections. Operationally, some improvement is obtained by basing the
calculations on time-averaged gquantities.
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zy >= 0). Operationally, this condition is obtained by observing the beam on
a profile monitor {ST4) near the Final Triplet, and by adjusting a second skew
lens, SQ17.5, located in the First Telescope, which is part of the angular spread
corrections.

We show this by the following thin lens argument!?. Consider two lenses, one
regular and one skew, of strengths K and 8 respectively, with parallel to point
focusing to the waist. The change in angular spread at the waist is in this case
strictly zero. The combined effect of the two lenses on the beam is:

)
0

~K
-1
o = Re™R' with R=

0

Q QO O -
Q =~ O O

-1

where 0oy i, are the beam matrices® describing the four-dimensional phase-space
at the waist and in the lenses. From (3), the beam-size at the waist is, in the
horizontal plane:

o) = ol + olK P + 028 - 2<z' > K-2<yzr' > S+2<zy> KS, (4
T T x ¥

where the subscript in has been omitted on the right hand side. The coupling
between the two corrections cancels if the correlation < zy >= 0. This has been
verified independently in two simulations!!1? of the optical corrections for the
Final Focus System.

IV. EXPERIMENTAL PROCEDURE AND PHASE-SPACE DETERMINA-
TION AT THE IP

After the < zy > correlation has been minimized at ST4, by adjusting the
skew lens SQ3, the out of plane waist adjustment SQ3 and in plene controls A fz 4
defined in (2) form an orthogonal set of correctors. For minimization of the IP
spot, they can therefore be applied independently and in any order.

From (4) or from (1), we see that the beam sizes depend parabolically on the
controls. This enables one to find the optimal corrections by symmetry even if
the minimum of the parabola is not resolved instrumentally. This minimum is
not resolved for beam sizes smaller than the carbon filament target!? used for
diagnostic purposes (there are three wires, with diameters of 4,7, and 20 microns).
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In order to simultaneously measure the phase-space parameters at the 1P, we
first apply the SQ3 correction, to minimize the out of plane correlations. After
this, the beam sizes at the IP can be written as a function of the in-plane Final

Triplet orthogonal controls A fz,, as:

€
az,y = e?v-!lﬁ:.!f t ll!Af:."' (5)

ﬂ:.y

where ¢; 4 and f;,y are the emittances and the f-functions in each plane respec-
tively. Fitting a parabola to each measurement gives ¢zy and 8;y. Although

the angular spreads oz = ;g':-: are well determined from the branches of the

parabolas, the minimum linear beam sizes 3, = /ey B2,y are not if the mini-
mum of the parabola is not resolved. This lack of resolution can occur because of
the finite wire-target size mentioned above, and because of the following optical

reasons:

1. For unequal emittances, because the correlations < zy' > and < z'y >
are not® necessarily equal, there may be residual uncorrected cross-plane

coupling termu in the spot.

2. Before full implementation? of the seven other optical corrections, the size of
the third order chromatic aberrations can dominate® the linear component
of the beam size at the IP” .

In both cases, the linear variables 8;, and ¢;,, will be over-estimated. In
order Lo relieve the effects from 2., a detuned optical configuration, with purposely
small angular spreads, can be used, such that the third order aberrations are
negligible compared to the linear beam size. For the reason, such a configuration,
with 82y = 3 centimeters, instead of the nominal # = 0.75 centimeters, was used
in the initial commissioning phase.

Effects from 1. cannot be handled in the Final Focus with the present correc-
tion scheme, which is designed for equal emittances in both planes. Operationally,
it is therefore desirable to maintain equal emittances throughout the upstream
parts of the SLC.

* The second order abe,rations must also be cancelled by fitting the chromatic correction
sextupoles after each significant optical adjustment, to take into account the deviations
in the lattice caused by the optical matcking. This results from the fact that the six
quadrupoles uved ta correct the betatron phase-space straddle the chromatic correction.




ACKNOWLEDGEMENTS

I wish to thank K. Brown, A. Hutton, J. Haissinski and W. Kozanecki for
useful comments on this note. In addition, I would like to acknowledge the
contribution of D. Ritson, with whom 1 collaborated on these problems.

REFERENCES

(1) “SLC Design Handbook™ (December 1984).

(2) P. Bambade, “Beam Dynamics in the SLC Final Focus”, SLAC-PUB-4227
(June 1987),

(3) C. Hawkes and P. Bambade, “First Order Optical Matching in the Final
Focus Section of the SLAC Linear Collider”, SLAC-PUB-4621 (May 1988)

(4) J. Murray et al., “The Completed Design of the SLC Final Focus System",
SLAC-PUB-4219 (February 1988}

(5) P. Bambade, “Recent Progress at the SLAC Linear Collider”, SLAC-
PUB-4610 (April 1988)

(6) P. Bambade et al., “Operational Experience with Optical Matching in
the SLC Final Focus System”, To be published at the Particle Accelerator Con-
ference, in Chicago (March 1989).

(7) N. Phinney et al., “An Automated Focal Point Positioning and emittance
Measurement Procedure for the Interaction point of the SLC”, To be published
at the Particle Accelerator Conference, in Chicago (March 1989).

(8) P. Bambade, “Number of Dimensions of Optical Correction Space in the
SLC Final Focus System", Collider Note in preparation.

(9) K. Brown et ol., “TRANSPORT”, SLAC-91, Rev. 2 (May 1977).
(10} This argument was suggested by D. Ritson.

(11) D. Ritson and P. Bambade, private simulation.

(12) R. Servranckx and K. Brown, private simulation.

(13) C. Field et al., “High Resolution Wire-Scanner for Micron Size Profile
Measurements at the SLC”, SLAC-PUB-4605.




7 - Maiching Section
| -1 9]

| lo -1] ']
o SQ 0 50
e & [ !

B6 25 24 23 BS 222120 8B4

First Telascope
[ o 1

P 0% ””"33
v S B el

Dump &&& ‘ e
19 Septum 18 17 Kicker 16 15

Chromatic Correction Section

| 1o .l 1o
[ ] 0 -1 ] 0 -1
B3 14 13 12 11+ B2 10 8 8 7 B1
Soft Bend
Final Telescope
[™ o]
o -1
10-™
ST4
6 5B 5A 4 2B 2A
AN T4 3 1 [T

Fig. 1: Schematic of the SLC Final Focus System optica. The siz variable
quaarupoles used for adjusting the betatron phase-space are shown shaded. The
four quadrupoles used to correct the dispersion function are shown cross-hatched.
The profile monitor ST4 is located immediately upstream of the skew quadrupole
5Q3. The sequential application of these ten adjustments is summarized in the
flow-diagram in Fig. 2.
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Fig. 2: Flow-diagram summarizing the ten linear optics adjustments required to
minimize the beam size at the IP of the SLC. These adjustments are grouped
and applied sequentially as shown in the boxes. Some iteration of the waist and
IP dispersion minimization is usually performed. In addition, the sextupales are
refitted after each significant waist correction. The main correctors used at each
step are indicated in parenthesis. The full system is shown in Fig. 1.



