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ABSTRACT

The SLAC Linear Collider (SLC) is the first example of
an entirely new type of lepton collider. Many years of effort
were required to develop the understanding and techniques
needed to approach design luminosity. This paper discusses
some of the key issues and problems encountered in
producing a working linear collider. These include the
polarized source, techniques for emittance preservation,
extensive feedback systems, and refinements in beam
optimization in the final focus. The SLC experience has
been invaluable for testing concepts and developing designs
for a future linear collider.

I. INTRODUCTION

As accelerators have become the main tool for exploring
elementary particle physics over the last forty years,
electron and proton machines have developed in parallel as
complementary techniques for revealing the fundamental
forces and particles of nature. The first major electron
accelerator was the SLAC linac which began operation in
the mid-1960s. This was followed by successive
generations of electron-positron storage rings, from the
early small ADONE and SPEAR rings at Frascati and
SLAC with 1-2 GeV per beam, to the large LEP collider at
CERN, now at nearly 100 GeV per beam. The concept of an
electron-positron linear collider was proposed in the late
1970's as a way of reaching higher energy than was feasible
with conventional storage ring technology. To limit energy
loss due to synchrotron radiation, the bending radius of an
electron storage ring must increase approximately linearly
with energy and thus the size and cost increase as the
energy squared. The LEP tunnel is already 27 km long so a
storage ring of even twice the energy would require 100 km,
making it impractical. The size and cost of a linear collider
should scale only linearly with energy.

The SLAC Linear Collider (SLC), built upon the existing
linac, was proposed as an inexpensive way to explore the
physics of the Z° boson while demonstrating that this bold
new technology could work [1]. Both goals turned out to be
much more difficult to achieve than anticipated, with the
SLC only now reaching- near design luminosity. By the
1980s, storage ring technology was well understood and
few surprises were encountered even with an enormous
project such as LEP. As the first of an entirely new type of
accelerator, the SLC required a long and continuing effort
to develop the understanding and techniques required to
produce a working linear collider. At the same time, there
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has been a parallel international collaborative effort to
design an electron-positron linear collider to reach an
energy of 1 TeV [2]. Both projects have benefited from a
close interaction. The SLC has drawn on the ideas and
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Figure 1: Schematic of the SLC showing the upgraded
SLAC linac with the SLC damping rings, positron
source, collider arcs and final focus. The double
arrows indicate the orientation of the electron
polarization as it travels through the accelerator.
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Figure 2: SLC luminosity history from 1989 to 1997
plotted on a log scale. The design luminosity was
6.0x103Ocnr2sec-'.

knowledge developed for the future machine while the
collider design has been heavily influenced by the
experience gained with the SLC.

E. BRIEF HISTORY

Design studies and test projects for the SLC were begun
in 1980. Construction began in October, 1983 and was
completed in mid-1987, with many upgrades in succeeding
years. After two difficult years of commissioning, the first
Z° event was seen by the MARK II detector on April 11,
1989. The SLD detector was brought on line in 1991 with a
brief engineering run. SLD physics data taking began the
next year with a polarized electron beam. More than 10,000
Z°s were recorded with an average polarization of 22%. In
1993, the SLC began to run with 'flat beam' optics with the
vertical beam size much smaller than the horizontal, unlike
the original design where the beam sizes were nearly equal
[3]. This provided a significant increase in luminosity and
SLD logged over 50,000 Z°s. The polarized source had
been upgraded to use a 'strained lattice' cathode which
provided polarization of about 62% [4]. For the 1994-95
run, a new vacuum chamber was built for the damping rings
to support higher beam intensity and the final focus optics
was modified to produce smaller beams at the Interaction

Point (IP) [5]. A thinner strained lattice cathode brought the
polarization up to nearly 80%. Over 100,000 Z°s were
delivered in this long run. For the next runs, the SLD
experiment was upgraded with an improved vertex detector
with better resolution and larger acceptance. In 1996,
operations were limited by scheduling constraints and
50,000 Z°s were delivered. The major physics run with the
upgraded SLD detector began in 1997 and will continue
through mid-1998. Improvements have led to a significant
increase in luminosity, currently 2-3 times higher than
achieved in previous years (Figure 2). More than a quarter
million additional Z° events are expected by the end of the
run.

m. OVERVIEW

Built on the existing SLAC Linac, the SLC is a 'folded'
version of a linear collider where both electron and
positron bunches are accelerated in the same beam pipe to
about 50 GeV [6]. The SLC cycle begins with two electron
bunches stored in the north damping ring and two positron
bunches stored in the south damping ring. On each pulse,
one positron bunch followed by both electron bunches are
accelerated in the linac. Thesecond positron bunch remains
in the damping ring for an additional damping cycle to
reduce the large incoming emittance. Two thirds of the way
along the Linac, the second electron bunch is extracted onto
a target to produce a new pulse of positrons. The leading
positron and electron bunches are separated by a bend
magnet at the end of the Linac, bent around two roughly
circular transport lines, the Arcs, and brought into collision
at the Interaction Point (IP). In the last 150 meters of beam
line, the Final Focus, the beams are focused to micron size
for collision. They then travel back through the opposite
Final Focus and are extracted onto high power beam dumps.
At the same time, two new bunches of electrons are
produced by the polarized source and accelerated to 1.19
GeV into the north damping ring. The new positrons are
transported back to the beginning of the linac where they
are coaccelerated with the electrons and injected into the
south damping ring, joining the positron bunch from the
previous pulse. This cycle repeats 120 times a second.
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IV. POLARIZATION

The SLC polarized electron source produces two bunches
of 4.5-5.0x10'° particles per pulse into the damping ring
with a polarization of about 80% (Figure 3). Circularly
polarized light from two YAG pumped Ti:Sapphire lasers
strikes the photocathode producing a longitudinally
polarized beam [7]. The polarization is rotated into the
horizontal direction in the bending magnets of the linac-to-
ring transfer line and then into the vertical by means of a
solenoid spin rotator. The vertical spin is then preserved in
the damping ring. Two additional spin rotators are installed
in the ring-to-linac transfer line and at the entrance to the
linac. These, coupled with the rotation of the transfer line,
allow the spin to be oriented in an arbitrary direction in the
linac. The spin is preserved in the linac, and then precesses
through the bending magnets of the arcs to arrive
longitudinally polarized at the IP. In 1992, tests with the
first polarized electron beams revealed that the spin
orientation was extremely sensitive to minor orbit changes
through the arcs, due to a spin-betatron tune resonance. This
problem was quickly turned into a 'feature', and since 1993,
closed vertical bumps in the arc orbit have been used to
orient the spin direction [8]. This allows operation with the
additional two spin rotators off which was necessary to run
'flat beams', as the solenoids would couple the horizontal
and vertical emittances. The polarization is measured
continuously by a Compton polarimeter just downstream of
the IP [9] (Figure 4).

Many years of development were required to overcome
the technical challenges and produce a robust, reliable, high

polarization electron source. A critical component is the
strained lattice cathode development. In a conventional bulk
GaAs photocathode, the laser light excites electrons from
two degenerate energy levels. The electrons from these two
levels have different polarizations which partially cancel,^
giving a maximum achievable polarization of 50%. For the
strained lattice, a 100-300 nm layer of GaAs is grown on a
GaAsP substrate. Because the GaAs layer is thin, its lattice
distorts to match the GaAsP lattice. With long wavelength
laser light (typically 865 nm), only one of the two energy
levels is excited and polarization up to 90% is possible. The
first strained lattice cathode used at the SLC had a 300 nm
layer of GaAs and produced 60% polarization. In 1994, this
was replaced with a thin 100 nm layer cathode, with
polarization up to 80% (Figure 5). To prevent
contamination of these fragile cathodes and preserve high
quantum efficiency, an ultra high vacuum load-lock arid
cathode transfer system were developed to permit the
processing and changing of cathodes under vacuum. For
120 Hz operation, the system requires two YAG lasers
running at 60 Hz each, which pump two high power
Ti:Sapphire lasers to produce the two electron bunches.
Numerous feedback systems are used to stabilize the beam
intensity and laser steering, and for performance
monitoring. The polarized source has proven very reliable
with over 95% availability during several years of
operation.

V. LUMINOSITY

In a linear collider, the luminosity depends on the beam
intensities, transverse beam size, and repetition rate.
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Figure 5: Polarization as a function of wavelength for
different cathode materials. The SLC polarized source
first used bulk GaAs, then 0.3 |im strained GaAs/GaAsP,
and finally 0.1 (im GaAs/GaAsP with polarization-of
about 80%.

where L is the luminosity
/ is the repetition rate
N+ /" is the number of positrons/electrons per

bunch
"Lx/y is the horizontal/vertical beam overlap size
Ed is the disruption enhancement

For small, intense, oppositely charged beams, there is an
additional enhancement due to their attractive force which
causes each beam to be focused by the field of the other.
This phenomenon, called disruption or pinch effect, has
been seen to increase the luminosity by more than 50%. To
produce physics results, the collider must deliver high
integrated luminosity. Operating efficiency depends not
only on hardware availability but also on the speed and
effectiveness of tuning techniques and on control of
detector backgrounds. Improvements in SLC operating
efficiency required development of precision diagnostics,
robust tuning algorithms, and extensive feedback systems
throughout the machine.

At the SLC, the repetition rate is 120 pulses per second.
Only a single electron and positron bunch are accelerated
each pulse. To increase the luminosity, one must either
increase the beam intensity or decrease the beam size. The
SLC designers assumed that the easiest path to higher
luminosity was simply higher beam intensity. The SLC
experience is exactly the opposite. Almost all of the
luminosity gains in ten years of operation have come from
progress in reducing the beam size. Each attempt to increase
the beam intensity has uncovered numerous problems with
stability and with emittance dilution due to wakefields.

Even today, typical operating intensities are 3.5-4.0x1010,
about half of the design value of 7.2x10'"This lesson was
incorporated early on into the design of future e+/e- linear
colliders all of which specify bunch intensities of about
1010.

VI. BEAM INTENSITY

The most significant limitation on the stable operating
intensity of the SLC has been instabilities in the damping
rings. In 1991, the intensity was limited by a Tt-mode
instability which caused the two bunches to undergo
synchrotron oscillations out of phase [10]. This was cured
the next year by the installation of idling cavities, allowing
the next problem, a microwave bunch lengthening
instability, to receive full attention. This particular
instability took several years to identify and diagnose and
provides an illustrative example of the process of learning
about a new type of accelerator. As early as 1989, during
the Mark-II experiment, attempts were made to raise the
intensity from 2.5 to 3.0xl010. This proved unsuccessful
because occasional errant pulses, then called 'flyer' pulses,
would be produced with such an abnormal energy or orbit
that they would flood the detector with backgrounds and

,,,. trip off the sensitive subsystems, requiring several minutes
to recover. By 1991, in an effort to track down what caused
these pulses at high intensity, it was observed that the phase
of the beam on injection into the linac was correlated with
its energy error. If one plotted phase versus energy for a
large number of pulses, the points lay on a circle with the
center completely depopulated. This was promptly
nicknamed the 'doughnut' effect and generated much
theoretical speculation.

Finally in 1992, a new diagnostic allowed a measurement
of the peak current in the bunch on each turn while the
beam was stored in the damping rings. This signal, which is
inversely proportional to the bunch length, quickly revealed
the source of the problem. During the cycle, the bunch
length decreases as the beam damps until a critical threshold
is reached where an instability causes the bunch length to
suddenly increase. The instability is self-limiting because
once the bunch length is long enough, it becomes stable and
begins to a damp again. This cycle would typically repeat
several times before the beam was extracted, giving a
'sawtooth' profile to the bunch length signal [11] (Figure
6). The exact number of cycles is a sensitive function of the
beam intensity so small fluctuations in intensity could cause
the beam to be extracted just at the peak of the instability.
These pulses would then enter the linac with the wrong
phase with respect to the accelerating RF. The severe
energy mismatch produced the infamous 'flyer' pulses. The
instability is caused by the interaction of the intense bunch
current with the wakefields generated by abrupt changes in
the chamber diameter. To raise the instability threshold,
new vacuum chambers were constructed for both damping
rings with smooth transitions between different diameter
pipes. These were installed in most of the rings for the 1994
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Figure 6: Illustration showing the evolution of bunch
length during a damping ring cycle. The bunch damps
after injection until the instability threshold is reached
where it rapidly blows up. The longer bunch is then
over threshold and begins to damp again.

run and the last few segments completed for 1996. The SLC
now operates routinely with about 4.0xl010 per bunch, with
the maximum beam intensity now limited by other
wakefield and stability problems

VH. EMITTANCE

Emittance preservation is the key to high luminosity in a
linear collider. To understand the issues, it is useful to
identify three different mechanisms causing growth in the
effective emittance of the beams. These can be
characterized as phase space dilution, pulse-to-pulse
instability, and phase space distortion. While the three
categories necessarily overlap, somewhat different
techniques are required to control each type of growth
mechanism. With phase space dilution, the inherent
emittance of the beam is increased irrecoverably, so these
must be attacked at the source. Pulse-to-pulse or rapid
fluctuations in the transverse or longitudinal properties of
the beam can increase the effective emittance when
integrated over an interval of time and must be minimized.
Phase space distortion describes mechanisms which
increase the projected emittance but in a correlated way
which can potentially be canceled if the appropriate
correction can be identified and applied. At the SLC,
progress in controlling or eliminating the various sources of
emittance growth has required the development of precision
diagnostics to clearly characterize each problem along with
appropriate correction techniques.

A. Phase Space Dilution
The most important sources of phase space distortion in

the SLC occur early in the accelerator if there is a mismatch
between the incoming beam and the optics of the beam line
lattice. The low energy beam has a significant internal
energy spread, and the lower energy particles will undergo

betatron oscillations faster than the higher energy particles.
If the beam is mismatched to the lattice, the slices of
different energy filament resulting in a larger final
emittance. This is important for injection into the electron
damping ring and into the linac. The electron damping cycle
is sufficiently short that a beam which filaments at injection'
will not have time to fully damp before extraction. At
injection into the linac, it is necessary not only to beta-
match the beam but also to cancel dispersion and
chromaticity, including second order correlations.

The key to correctly matching the beam was the
development of wire scanners which allowed a precise,
rapid, non-invasive measurement of the beam profile. The
first scanners were installed at the beginning and end of the
linac in 1990 [12]. Four scanners separated in betatron
phase provide a measurement of the beam emittance in a
few seconds. The wires scan across the beam during a
sequence of pulses scattering a small fraction of the
particles on each pulse. Downstream detectors measure the"
number of scattered particles at each step to map out the
beam profile. Wire scanners were absolutely essential for
matching the positron beam into the SLC linac since
invasive monitors like fluorescent screens would interrupt
the electrons needed to produce more positrons. Today over
60 wire scanners are distributed throughout the SLC from
the injector to the final focus to characterize the beam
transverse size and energy distribution. Many of these are
scanned routinely by completely automated procedures to
provide real-time monitoring and long term histories of the
beam properties.

To maintain the optical matching to high precision
required not only the development of the measurement
devices themselves but many iterations of refinements in
the data processing algorithms. Typically four wires are
used to provide a redundant measurement of the phase
space. Non-Gaussian distributions require different fitting
algorithms to parametrize the beam shape. Since a single
measurement requires many beam pulses, it is essential to
filter out errant data. Beam position monitors near the
scanners are used to fit the trajectory on each pulse afid
correct the expected position of the beam with respect to the
wire. Automated procedures require robust fitting
algorithms with careful error analysis. Lastly, appropriate
correction methods must be developed [13]. At the SLC,
additional skew quadrupole, sextupole or octupole magnets
were required in many places to provide the necessary
correction tools. Future linear colliders have included
precision diagnostics and correction elements in the design.

Another source of phase space dilution occurs when the
beam passes off axis through the magnets of the lattice.
Dispersive or chromatic correlations in the beam can
filament like an initial mismatch. A variety of beam-based
alignment techniques needed to be developed to find the
magnetic centers to the required precision, typically tens to
hundreds of microns. In general, these procedures are
invasive and are used at the beginning of a run to set up the
beam lines. Particularly challenging is the optical matching
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and alignment of the beam through the 1.2 km long collider
arcs which transport the beam from the linac to the final
focus. Due to physical constraints, the arcs are terrain-
following (non-planar), making coupling a significant
problem. Novel techniques for measuring and matching this
complicated system were first developed in 1990 and
continue to be refined. In addition to matching the optics
and dispersion at the end of the arcs, a critical issue is the
emittance growth due to synchrotron radiation, which only
in 1997 has been reduced to near design values [14].

B. Stability
Pulse-to-pulse or short time scale fluctuations in the

beam also cause growth in the effective beam emittance.
Linear colliders are inherently less stable than storage rings
and a variety of sources can cause variation in the beam
properties on short time scales. Feedback systems are used
extensively throughout the SLC to stabilize the beam, but
they do not have the bandwidth to damp high-frequency or
pulse-to-pulse changes. These variations can be caused by
different sources such as collective instabilities in the
damping rings, mechanical vibration, power supply
regulation or wakefields. A technique suggested by
Balakin, Novokhatsky and Smirnov, called BNS damping
or autophasing, has been used successfully to reduce the
sensitivity to these fluctuations at the SLC [15]. A
correlated energy spread is introduced into the beam at the
beginning of the linac such that the tail of the bunch has
lower energy than the head and is overfocused by the
lattice. Without BNS damping, the wakefield from the head
of an off-axis bunch produces a kick on the tail which
amplifies an incoming oscillation. Even with BNS damping,
pulse-to-pulse jitter remains a problem.

Techniques were developed for correlating pulse-to-pulse
fluctuations throughout the machine and tracking them back
to their source. Collective effects such as Pi-mode or
microwave instabilities in the damping rings cause pulse-to-
pulse jitter in the beam and must be eliminated in the rings.
Orbit oscillations in the 8-10 Hz range were caused by
mechanical vibration of the quadrupole magnets in the SLC
linac, and improved supports were required [16]. The
pumps used for cooling water can induce vibrations near 59
Hz if not properly balanced and isolated. Poorly performing
feedback systems have been seen to oscillate in the range of
1-2 Hz.

A particularly interesting problem was seen in 1995
when the rebuilt damping rings allowed higher beam
intensity. Pulse-to-pulse trajectory jitter nearly equal to the
beam size was seen on the electron beam by the end of the
linac. Many possible mechanisms were considered
including long range wakefields from the leading positron
bunch. Calculations had predicted that this should not be a
problem for the SLC parameters so the idea was initially
rejected. However, measurements showed that the linac
amplified incoming jitter by a factor of six, that the positron
and electron jitter were correlated, and that the electron
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jitter decreased by a factor of two if the positrons were not
present. These observations led to an experiment to actually
measure the long range wakefields by observing the effect
on the electron trajectory caused by an induced oscillation
in the positrons. The result was dramatic (Figure 7). A 1
mm positron trajectory oscillation was reduced to 0.3 mm
by the end of the linac due to BNS damping but caused an
equal size oscillation in the electrons. New calculations
quickly confirmed the observed effect. A partial solution
was to modify the lattice so that the horizontal and vertical
phase advance were not equal. Since these are interchanged
for opposite sign beams, the electron and positron phase
advance were no longer resonant, reducing the coupling by
30-50% [17]. This emphasizes the value of experience on
an operating accelerator to complement theoretical
simulations.

Another important lesson from the SLC experience is the
crucial importance of feedback to reduce the inherent
instabilities of a linear collider. Several generations of
development were required to produce the flexible feedback
systems used throughout the SLC [18]. Feedbacks control
the beam energy and trajectory, stabilize the polarized
source, and maintain and optimize collisions. The SLC has
more than 50 feedback systems controlling over 250 beam
parameters. These systems are essential for reliable
operation of the accelerator and provide several less
obvious benefits. Feedbacks compensate for slow
environmental changes such as diurnal temperature drifts or
decreasing laser intensity and provide a fast response to
changes such as klystrons cycling. They facilitate smooth
recovery from any interruption to operation. Feedbacks
improve operating efficiency by providing uniform
performance independent of the attention or proficiency of a
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particular operations crew. They also free the machine
operators from routine tasks so they can concentrate on
more subtle problems. An important benefit is that the
feedbacks decouple different systems so that tuning can
proceed non-invasively in different parts of the machine
while delivering luminosity. Because they run continuously,
they also provide a very powerful monitor of many aspects
of the machine performance. Much of the SLC progress has
come from using feedback to automate as many routine
tuning operations as possible.

C. Phase Space Distortion
Perhaps the most interesting class of emittance growth

can be described as phase space distortion where a
correlation in the transverse or longitudinal phase space of
the beam increases the projected emittance. Such
correlations can, in principle, be corrected. The technique is
to introduce an error which produces an opposite
correlation, thus canceling the first error. A similar method
of using an error to correct a residual error is also used for
precision matching of the beam into the linac or rings. For a
linear collider, one important mechanism for phase space

distortion is wakefields. If the beam passes off-axis through
the accelerating structure, the asymmetric wakefields from
the leading particles cause a deflection in the trajectory of
the later particles. BNS damping reduces the amplitude of
the oscillation, but there is a residual correlation of
transverse position along the length of the bunch.
Simulations indicate that even when the beam is centered on
the position monitor readings, wakefields from typical
structure misalignments will increase the projected
emittance by 100-600% if uncorrected [19].

The technique used at the SLC is to introduce a
deliberate betatron oscillation to generate wakefield tails
which compensate for those due to alignment errors [20].
Wire scanner measurements of the beam profile are used to
characterize the wakefield tails, and then an oscillation is
created by one of the linac trajectory feedbacks which is
closed by the next feedback. Since 1991, this method has
been applied with reasonable success using wires in the
middle and near the end of the linac. One problem is that
careful tuning is required to find the optimal phase and
amplitude for the oscillation. The cancellation is also very
sensitive to the phase advance between the source of the
wakefield and the compensation so any change in the optics
requires retuning. Simulations also showed that significant
emittance growth could occur in the 200 m of linac
downstream of the last wires. For the 1997 run, a different
strategy was adopted. Wire scanners at the entrance to the
final focus are used for tuning out wakefield tails to ensure
that the entire linac is compensated. In addition, the induced
oscillations are now made nearer the end of the linac where
the higher energy beam is less sensitive to optics changes,
making the tuning more stable.

VIE. OPTIMIZATION AT THE INTERACTION
POINT

Another example of canceling phase space distortion is
the final tuning of the beams at the interaction point (IP). At
the IP, the tool for measuring the convolution or overlap of
the two beam sizes is the beam-beam deflection scan [2>\]
(Figure 9). Individual beam sizes can be measured by
carbon wires located near the IP. They are used for initial
tuneup with very low intensity beams, but they are too large
to measure the submicron vertical beam size and too fragile
to sustain full intensity. In a deflection scan, one beam is
scanned across the other much as a wire is scanned across
the beam. When the beams pass near each other, the
attractive force between them causes a change in their
trajectories which is proportional to the separation.
Precision beam position monitors located near the IP
measure the incoming beam position and angle and the
deflection angle. A fit to the deflection angle as a function
of separation gives an estimate of the overlap size of the
two beams together, but not the individual beam sizes.
Many iterations were required to refine the fitting
algorithms, improve rejection of errant data, and devise a
technique for correcting the effect of beam jitter on the
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Figure 9: Beam-beam deflection scan measurement of less
than 1 micron vertical beam overlap size. Individual beam
sizes are 0.6 microns.

measurement. For very small beams, the disruption, which
is the focusing of one beam by the other, changes the
deflection angle and must be taken into account. A simple
fit assuming rigid beams would overestimate the beam size
by 10-20%.

The beam-beam deflection angle is an extremely
sensitive function of the distance between the beams and
can also be used to keep the beams in collision. For typical
beam sizes, the deflection angle changes by almost a
milliradian per micron of beam separation. This provides a
measurement of the inter-beam distance to a precision of
tens of nanometers. It was anticipated that bringing the
beams into collision and keeping them colliding would be
one of the most difficult challenges of the SLC, but the
resolution of the beam-beam deflection made the problem
easy. Feedback measures the deflections on every pulse and
maintains collisions. The signal is strong enough that the
feedback can reestablish collisions even if the beams are
separated by more than 100 microns. Typically, operator
intervention is needed only after a significant hardware
modification or extended downtime.

To achieve the smallest possible beam size in collision,
all longitudinal and transverse correlations must be
removed. Parameters to be optimized include the position of
the focal point or waist, coupling, dispersion and
chromaticity. A total of ten parameters, five for each beam,
are scanned routinely. It is essential that the optimization of
these parameters be orthogonal for the procedure to
converge. The correction schemes have evolved over the
years with the addition of new devices to help ensure this
orthogonality. Since the earliest SLC collisions, an
automated procedure has been used to minimize the beam
size as a function of each of the possible corrections [22].
This was adequate for many years, but it is slow and not
sufficiently precise for optimizing very small beams. For
the 1997 run, a new optimization feedback algorithm was
developed which varies each parameter over a small range
and then measures a large number of beam pulses,
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Figure 10: Distribution of incremental changes in the vertical
waist position over a three month period (a) during the 1996
SLC run; (b) in the fall of 1997 with optimization feedback.

maximizing a signal proportional to the luminosity. Because
of the better statistical sampling, the resolution has
improved by more than a factor of two [23] (Figure 10).

One shortcoming of the beam-beam deflection as a
diagnostic is that it measures only the overlap size of the
two beams, making it difficult to identify which beam is too
large. It is possible to estimate the individual beam sizes by
fitting the distribution of the energy loss of both beams
during a deflection scan [24]. To provide a more direct
measurement of micron-size beams at nominal intensity, a
laser wire beam size monitor was installed in 1996 [25].
This device places an optical scattering center inside the
beam pipe 29 cm from the SLC IP. Light from a high power
pulsed laser is brought to a focus of 400-500 nm on an
optical bench at the laser IP. The e+ or c beam is scanned
across the laser spot and its shape reconstructed from the
number of scattered particles at each step. The project was
particularly challenging because of the inaccessible location
inside the SLD detector. With no possibility of repair, great
care was needed to prevent optical damage from the high
power laser. In addition, the transport line and IP are in
extremely cramped regions near and inside the detector,
complicating design and construction. Early tests of the
laser wire achieved a focus of 0.5-1.0 micron, but laser and
beam jitter degraded the precision of the measurements. It is
difficult to keep the sub-micron laser and beam colliding
without the resolution of the beam-beam deflection, and
more work is needed. The laser wire is a prototype beam
size monitor which could be used for the micron-size beams
in the main linacs of a future linear collider.

In the 1997-8 run, a significant luminosity enhancement
due to disruption has been demonstrated for the first time
(Figure 11). Some evidence for disruption was seen in
earlier runs, but the results were inconclusive. As the beams
collide, each beam is focused by the field of the other beam,
causing the transverse size to shrink. If the focal length is
shorter than the bunch length, the average transverse size
seen by the other beam decreases, thereby increasing the
luminosity. The magnitude of the disruption enhancement
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depends very sensitively on the bunch length as well as on
the beam intensity and initial transverse size. Care must be
taken to establish the optimum bunch length in the linac and
to avoid energy correlations which cause the bunch length
to be compressed in the arcs. There was evidence that poor
control of the bunch length in 1996 resulted in a positron
beam which was too short for optimal disruption. An
additional bunch length diagnostic installed near the IP has
allowed tighter control of this critical parameter, and a
luminosity enhancement of 50-100% has been observed.

EX. SUMMARY

More than ten years of SLC operation has produced
much valuable experience for future linear colliders.
Because it lacks the inherent stability of a storage ring, a
linear collider is a much more difficult machine, at least for
this generation of control systems. Significant progress has
been made on precision diagnostics for beam
characterization and on flexible, intelligent feedback
systems. New techniques for optical matching, beam-based
alignment, and wakefield control have been developed and
refined. The beam-beam deflection has become a powerful
tool for stabilizing and optimizing collisions. Important
lessons have also been learned on background control and
collimation and on many other issues not discussed in this
paper. Both the SLC and future collider designs have been
enhanced by the intense exchange of ideas and experiments.
The dramatic increase in luminosity during the last year
demonstrates that the SLC remains on a steep learning
curve and has not yet exhausted its potential.

The most enduring lesson from the SLC is undoubtedly
that any new accelerator technology will present
unanticipated challenges and require considerable hard
work to master. Once a technology becomes routine, it is
easy to forget the initial effort that was required. At the SLC
as elsewhere, the most difficult problems were almost

always those which were not expected. It is also clear that
the experience gained on an operating accelerator is
complementary to that from demonstration projects. The
discipline of trying to produce physics forces one to
confront and solve problems which are not relevant
otherwise. The SLC now operates at near design luminosity
due to the creativity and dedication of a large number of
people over many years who deserve the credit for this
success.
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Figure 11: The ratio of luminosity measured by the SLD
to the luminosity calculated from beam sizes and
intensity alone, assuming no disruption
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