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The luminosity of the SLAC Linear Collider (SLC) has been increased by
more than a factor of three during the 1997-98 run. Improved alignment and
emittance tuning techniques throughout the accelerator resulted in minimal
emittance growth from the damping rings to the final focus. In particu-
lar, a revised strategy for wakefield cancellation using precision beam size
measurements at the entrance of the final focus proved effective for opti-
mizing emittance. The final focus lattice was modified to provide stronger
demagnification near the interaction point and to remove residual higher-
order aberrations. Beam sizes as small as 1.5 by 0.65 microns were achieved
at full beam intensity of 4 10'° particles per pulse. With these parameters,
the mutual focusing of the beams in collision becomes significant, resulting in
a further increase in the luminosity. Recorded SLD event rates confirmed the
theoretical calculations of the disruption enhancement which was typically
50 to 100%.
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The luminosity of the SLAC Linear Collider (SLC) has 300000 | === L Y A
been increased by more than a factor of three during the | [~ 1994/5

1997-98 run. Improved alignment and it&nce tuning 250000 -1 —-—-=- 1093 fremmmmemmoomooooofoeeeeee

techniques throughout the accelerator resulted in minimal
emittance growth from the damping rings to the final focus.

In particular, a revised strategy for wakefield cancellation
using precision beam size measurements at the entrance of
the final focus proved effective for optimizing emittance.
The final focus lattice was modified to provide astger
demagnification near the interaction point and to remove
residual higher-order aberrations. Beam sizes as small as
1.5 by 0.65 microns were achieved at full beam intensity b= 000000
of 4 10'° particles per pulse. With these parameters, the s 8 KR 8 8 8 8 ¥
mutual focusing of the beams in collision becomes sig- Week in run

nificant, resulting in a further increase in the luminosity._ ) ) 0

Recorded SLD event rates confirmed the theoretical calcfigure 1: History of integrated SLZZ™ events from 1992
lations of the disruption enhancement which was typicalljhrough 1998, showing the steep increase in 1997-98.
50 to 10%.
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and the beam intensity is limited by wakefield effects and

1 LUMINOSITY OVERVIEW instabilities to &out4 1010 particles per bunch. The only
During the 1997-98 run, a total of 350,000'Zwere OUte 0 significantly higher luminosity is by reducing the
recorded with an average electron beam polarization g!fectlve beam size. US'F‘Q the definition Qf emittance as
74%. This was nearly double the total sample of eventd® Product of the beam size and angular divergeficg)(
from all previous SLD runs and reflected a substantial infev = 9.yfa.y, ONE May reexpress the luminosity as
crease in luminosity of more than a factor of three. The 0,0
peak luminosity delivered was 300&per hour o8 103° Lo ——“Hy. )

cm2s7! with a record of more than 5300°Zevents . o € <
recorded in 24 hours. The luminosity steadily increasef®" higher luminosity, the basic strategy was to decrease

throughout the run bringing the SLC to within a factor of '€ émittance and increase thegalar divergence. Any re-

two of design [1]. The improvement was due almost en(_juction in beam size strengthens the disruption, or mutual

tirely to changes in tuning procedures and reconfiguratiofﬁ’cusmg of the beams, and further increases the luminosity.
2 EMITTANCE TRANSPORT

of existing hardware with no major upgrade projects.
A variety of new techniques were used to minimize the

The luminosity of a linear collideL is given by
emittance growth from the damping rings to the final focus.

In the ring-to-linac transfer lines where the bunch length
4 ) is compressed, the horizontal beam size is large and fills
whereN= are the number of electrons and positrons at thg,e ayajlable aperture, causing emittance dilution and beam
interaction point (IP)f is the repetition frequency,. , aré |55 Ballistic beam-based alignment minimized disper-
the average horizontat) and vertical {) beam sizes, and i generated in the strong matching quadrupoles. A new
H, is the disruption enhancement factor which depends Qfhtics with a larger momentum compaction factor better
the beam intensities and on the transverse anditudinal  51ched the beam size to the apertures and reduced losses
beam sizes. Atthe SLC, the repetition frequency28Hz 51 ghielding sleeves were also added to reduce wakefields

*Work supported by the Department of Energy, contract DE—ACO3generate(:j by the be”F’WS inthe bgamlme. .
76SF00515 In the linac, a new implementation of two-beam disper-
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beams to follow the same trajectory, minimizing dispersion 3 FINAL FOCUS IMPROVEMENTS
and wakefields. Once established, the trajectories were sﬁ]—

ble over several months, with only occasional resteering rC—u s (FF) was the understanding that for non-Gaussian beam
quired. A stronger focusing tce [4] improved the damp- distributions, the beam sizes 0 in Eq. 1 must be cal-

ing of incoming oscillations while ensuring compatibility culated from, the integral ovewche be?a{m overlap distribu-
with PEP-II (the SLAC B-factory) operation. This also al- d not f thg i RMSp distribu-
lowed a reduction in the beam energy spread introduc%k‘i)nS and not from the root mean square ( ) distribu

for BNS damping which helped minimize chromatic emit-1o"N- The upper curve in Fig. 2 shows the RMS beam s_ize
tance growth. Known sources of jitter from vibrations inds a function of angular divergence for the 1996 FF optics.
\g‘cause the RMS is dominated by tails containing only a

e key to improving the performance of the SLC final fo-

the mechanical systems near 10 Hz and in the water cooli . L . ;
y nall fraction of the beam, itincreases after an optimum di-

systems near 59 Hz were reduced by stiffened supports, lue. Th d h the effective b
graded water pumps [5], and special high-speed feedbac grgence vaiue. The second curve shows the efiective beam
ize when the integrals are properly evaluated and predicts

Another important improvement was the development gf. S ) i
P P b her luminosity for increased angular divergence. The

a fast, accurate procedure for phasing the rf accelerati . ;
b b 9 ird curve demonstrates the gains from a different FF op-

voltages. All of the 30 linac subboosters, each of Whic{bcs used for this run where the final demagnification was
drives 8 klystrons, could be phased in about 2 minutes . . ; .
y P oved closer to the interaction point (IP). With these op-

an accuracy of 1-2 degrees. This provided a stable, w . . . . .
understood energy profile throughout the run [6]. Ics, the dlvergence,_ beam size, and predicted disruption en-
] ) L hancement (assuming a 1 mm bunch length) were changed

In the collider arcs, emittance growth is inevitable dugom g = 350 urad,o, = 2.0 um, Hy; = 1.3 t0 4, = 470

to the emission of synchrotron radiation in the be”din%ad,c}w = 1.5 um, Hy; = 2.0. This was still less than

dipoles. In addition, the non-planar geometry of thesg,q optimal values of, = 530 urad, o, = 1.3 um, and

beamlines can cause transverse coupling. In this run, t?ﬁ, —99. ’ ’

optical properties of the arcs were more precisely opti-

mized and maintained. First the beam trajectory was care- 2.2

fully centered through the magnets to reduce wakefields.

Then the emittance growth was constantly monitored and 2
minimized using refinements of the techniques first devel- 2r
oped in 1990 [7]. The realization that the final focus dis- 19l
persion matching quadrupoles strongly coupled the beam &

led to the development of new methods for matching dis- ? 18

persion in the arcs themselves. 17+
Most importantly, the strategy for global optimization of

the linac emittances was changed significantly. S, re J

the SLC has used closed betatron oscillations early in the 15} S

linac to cancel wakefield tails caused by residual structure 144 , T
misalignments [8]. Studies showed that where the energy h
spread is large, dispersion dominates the emittance growth. 3300 350 400 450 500 550
Oscillations used to cancel dispersion may generate addi- 8, [urad]

tional wakefield tails. At low energy, the optics is also

extremely sensitive to small errors in the energy profile. ] )

Tuning further downstream in the linac where the energfigure 2: Horizontal beam sizs, at the SLC IP as a func-
spread is small, produced more stable, reproducible result®n of angular divergencé,. Curves (solid), RMS, and

In previous runs, emittances were optimized using Wir&dashed), with proper integration, are for the 1996 optics.

scanners located near the end of the linac at about tH&€ dot-dashed is for 1997 optics.

90% point. Measurements in 1997 indicated that signifi- . . .
cant emittance growth can occur in the last 200 meters, as™t the SLC, the maximum achievable angular divergence

predicted by simulations [9]. The solution was to use wiréS imited primarily by backgrounds in the SLD detector.
scanners early in the final focus for the global optimizall Préparation for the 1997 run, changes were made to

tion. To provide high precision measurements during lumi’¢ FF collimation and to the masking near the IP. Col-
nosity running, several upgrades were required. Thin cafmators from the FF were moved to the arcs and rotated
bon wires were installed to allow measurements while thgY 45° to allow for ‘round" cdiimation. In addition, for
SLD detector was logging data. New optics improved th80St collimators£60 jaws in total), a new technique en-
phase space coverage and high resolutier (zm) beam sured that they were properly centered on the beam to mini-

position monitor electronics allowed precision correctiorfiZ€ Wakefield kicks. Later, offline studies using upgraded

for pulse-to-pulse orbit fluctuations. The revised optimizal@cking codes revealed that part of the detector back-

tion strategy produced not only a smaller emittance, biounds were generated by higher order chromatic terms
also much less variability wiput anomalous sources of (~ 9°), SpecificallyTss and Th» in transport notation.
emittance growth. Most significantly, for the first time, theBaS€d on these results, permanent magnet sextupoles were

emittance transport was qualitatively and quantitatively urinStalled just after the end of the linac and additional sex-

derstood and controlled. tupoles were energized in the FF to cancel these contribu-



tions. the resultant focal length is shorter than the bunch length,
In addition to the new optics mentioned above, severdhe average beam size seen by the other beam decreases,
other upgrades to the FF were implemented during the rwhich increases the luminosity. The magnitude of the dis-
to reduce the emittance growth due to synchrotron radiasption, or pinch effect, depends on the transverse beam
tion and to cancel residual higher order aberrations. Trsize, the bunch length and the beam intensities. For this
additional FF sextupoles not only reduced backgroundsyn, along with the significant reduction in beam size, the
but also reduced the contribution to the vertical beam sizsinch length was carefully monitored and set to the opti-
from two third-order aberration$/324¢ and Uss44, gener-  mum value [12]. In addition, the beam currents were main-
ated by the interleaved sextupoles. At the end of 1997ained at record levels partly due to bunch precompression
the average bend radius in the FF was increased by us-the damping ring [13]. Fig. 3 shows the ratio of lumi-
ing offset quadrupoles and steering dipoles. This reducewsity as recorded by SLD to that calculated from the mea-
synchrotron radiation emittance growth in both planes. laured beam parameters assuming rigid (i.e. undisrupted)
February, permanent magnet octupoles were installed b@ams. The data are in agreement with the theoretically
further cancel th&;s46 andUss44 vertical aberrations. The calculated disruption enhancement. At the highest lumi-
observed decrease in the vertical beam size was abtut 15nosity, the enhancement was more than%00
Finally, in May the strength of the final quadrupole near-
est the IP was increased to further raise the horizontal an- 2-°
gular divergence. The horizontal and vertical beam sizesg {
achieved were, = 1.5 ym ando, = 0.65 pm, which to-
gether yield a beam area which is a factor of 3 smaller thang ié
the SLC design value.
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4 LUMINOSITY OPTIMIZATION - "

To achieve and maintain the minimum beam size at the,

SLC IP, 5 final corrections are routinely optimized for each

beam. These include centering of theandy beam waist

positions, zeroing of the dispersiep and,, and mini-

mization of amx —y coupling term. Since the first SLC col-

lisions, an automated procedure has been used to scan the

beam size as a function of each parameter and set the opti-

mal value. The beam size was measured with a beam-bear : N

deflection scan but this technique lacked the resolution rg@ure 3 Ra“? ,Of Ium|n05|'ty mea'sured. by SLD to that

quired to measure micron-size, disrupted beams. It w&&/culated for rigid beams without disruption.

estimated [10] that poor optimization causetla— 30%

reductlion in !umlinosity during the 1996 run. For 1997, a 6 SUMMARY

novel 'dithering' feedback was implemented which opti- ] . o

strahlung signal) as a function of small changes in each p@t operation demonstrates that the SLC remains on a steep

rameter [11] By averaging over thousands of beam pu'ség,arr“ng. curve and has far from exhausted its potentjal for

it was possible to improve the resolution by a factor of 10further improvements and for a deeper understanding of
The feedback was configured to cycle through each dfi€ar colliders. The sicess of the 1997-98 SLD run was

the 10 parameters automatically, typically every hour ofué to the hard work and dedication of many groups and

two. In contrast, the old, slower, more invasive procedurdividuals. In particular, we acknowledge the outstand-

was typically implemented only a few times per day. Bemglefforts of the operations crews and_the engineering and

cause of the improved resolution, it was possible to aligif@intenance staff as well as the physicists from SLD and

the FF sextupoles and new octupoles much more accuratéiig Accelerator Research departments.

and to develop new methods for calticg all of the sec-

ond order chromatic and geometric aberrations. An added 7 REFERENCES
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