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ABSTRACT

There are important goals in particle physics to be
addressed by a TeV-scale electron-positron linear collider.
Recent developments in accelerator physics and
technologies aimed for the realization of such a collider are
discussed in this paper.

1. THE ENERGY FRONTIER IN PARTICLE
PHYSICS

For the past 25 years accelerator facilities with
colliding beams have been the forefront instruments used to
study elementary particle physics at high energies. Both
hadron-hadron and electron-positron colliders have been
used to make important observations and discoveries.
Hadron accelerators can create high collision energies, and
therefore significant discovery reach. Direct observations
of the W* and Z° bosons at CERN, and investigations of
the top quark at Fermilab are examples of physics done at
hadron colliders. Electron-positron colliders provide well
controlled and understood experimental environments in
which new phenomena stand out and precise measurements
can be made. Discoveries of the charm quark and x lepton
at SPEAR, discovery of the gluon and establishment of
QCD at PETRA and PEP, and precision exploration of
electroweak phenomena at the SLC and LEP are highlights
of the body of results produced by experiments at electron-
positron colliders. The ability to view nature from these
two distinct vantage points has proven essential to the
advancement of our understanding of particle physics, and
will remain so as the field moves forward along the energy
frontier.

The present generation of colliding-beam accelerators
was built to find and study the massive carriers of the weak
force, the W^ and 7P gauge bosons. The next generation of
colliders must open the frontier from multi-hundred GeV to
TeV energies — ten times that of the present generation.
The (Main Injector) upgrade of the luminosity of the
TEVATRON hadron collider at Fermilab, and the (LEP II)
increase of the energy of the Large Electron Positron
collider at CERN will provide first glimpses at the next
thresholds of the energy frontier, but more powerful collider
facilities will be required to fully explore this new territory.

* Work supported by the Department of Energy, contract
DE-AC03-76SF00515.
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The Large Hadron Collider (LHC) is the descendant of the
Tevatron and earlier proton colliders at CERN that will
come into operation in the next decade, and will provide
unique opportunities for the world-wide community of
particle physicists for decades beyond that.

Studies of physics goals and requirements for the next
generation electron-positron collider began formally in
1987-1988 with workshops held regionally in the United
States (Ahn, et al., 1988; Snowmass 88; Snowmass 90),
Europe (LaThuile, 1987; DESY, 1990), and Japan (JLC I,
1989; JLC II, 1990). These have become a series of
internationally organized workshops (Finland, 1991;
Hawaii, 1993; Morioka, 1995) from which has emerged a
broad picture (Figure 1) of a collider with initial center of
mass energy approximately 500 GeV and luminosity in
excess of 1 0 ^ cm'^sec'*, built to be expandable to 1 TeV
and beyond with luminosity in excess of 10™ cm'^sec"'.
Expandability is an important requirement for a future
collider. It must be able to eventually address* energies of
1-1.5 TeV. Experiments performed at this collider will have
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Figure 1. Physics goals for a TeV-scale e+e' collider.
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Figure 2. The pioneering Stanford Linear Collider and
the Next Linear Collider.

unique windows to discovery and opportunities for study
that will extend and complement experiments done at the
LHC.

2. THE STANFORD LINEAR COLLIDER AND
THE NEXT LINEAR COLLIDER

The Stanford Linear Collider (SLC) was conceived and
built to study particle physics at the 100 GeV energy scale
and to develop the accelerator physics and technology
necessary for the realization of future high-energy colliders.
The SLC was completed in 1987 and provided a first look
at the Z^ in 1989. In time, the luminosity provided by this
machine has grown steadily and is now reaching toward its
design goal (N. Phinney, this Symposium). A wealth of
accelerator physics has emerged from this pioneering
facility, and it has been used to carry out important particle
physics studies.

The Next Linear Collider (NLC) is being developed to
meet the demands of particle physics research at the TeV
energy scale. Shown in Figure 2, this facility will be a
factor ten larger than the SLC and poses challenges that
require the development of new technologies and place
stringent demands on the performance and reliability of
existing technologies. This paper will discuss the research
and development program being carried out at SLAC and
elsewhere to address this new frontier in linear accelerators.

3. COLLIDER ACCELERATOR
TECHNOLOGIES AND THE CHOICE OF X-

B A N D

The basic components of any linear collider are those
already incorporated in the SLC. Trains of bunches of
electrons and positrons are created, condensed in damping
rings, accelerated to high energy, focused to small spots,
and collided to produce a brightness given by,

L =
nN2Hf

(1)

where n = number of bunches per rf pulse
N = number of particles per bunch
H = enhancement factor due to beam disruption
f = machine repetition rate,

and <j* and aZ are t r i e horizontal and vertical beam
dimensions at the collision point. Equation (1) can be
written as

L = -
1

4TCE

NH P
i • — (2)

where P is the average power in each beam. The energy. E
is specified by particle physics goals. The factor, NH/a ,
determines the number of beamstrahlung photons emitted
during the beam-beam interaction, and since these photons
can create backgrounds in experimental detectors, this
factor is highly constrained. It is only the last ratio that can
be addressed by accelerator technology; high luminosity
corresponds to high beam powers or small beam spots. These
two parameters pose different, and in many cases contrary,
challenges to the accelerator physicist, and several
technologies are presently being pursued that represent
differing degrees of compromise between beam power and
spot size. Table I summarizes the mainstream design
choices (G. Loew, this Symposium).

The need to study particle physics at energies of 1 - 1.5
TeV and our experience with the SLC guide our choices of
technologies for the NLC. Construction and operation of
the main linac are the major factors in the cost of the
collider complex, so the accelerator technology and design
must be chosen to minimize the length of the accelerator
while still meeting the demands for particle physics
research. A natural match to the TeV energy region is
made with a choice of X-Band microwave components at a
frequency (11.4 GHz) four times that used in the existing
SLAC linear accelerator. This approach requires the
development of 50-100 MW klystrons and advanced rf
pulse compression systems, but offers the possibility to use
accelerating gradients of 50 - 85 MV/m. The requirement
(Table I) that beam spots of several nanometers be created
and collided is a most significant challenge. The main
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Table I. Linear Collider Design Parameters (E c m = 500 GeV)

SuperC

S-Band

X-Band

2-Beam

RF
Freq

(GHz)
1.3

3.0

11.4

30.0

RF
Grad

(MV/m)
25

21

50

80

Total
Length
(km)

30

30

16

9

Beam Power

(MW)
8.2

7.3

4.2

2.7

ay

(nm)
19

15

5.5

7.5

Luminosity

(1033cm~2s~')
6

5

6

5

linac of the NLC must accelerate trains of bunches to high
energy without diluting the beam emittance and must
control the energy spectrum of the particles within each
bunch and the energy difference between bunches. The
technical risk of a machine built with X-Band technology
will be greater than that incurred at S-Band, but the capital
costs of initial installation at 500 GeV and the cost to
upgrade the machine will be lower. The use of a more
complex technology,- such as a two-beam accelerator, is
not warranted for this energy range.

4. THE X-BAND ACCELERATOR FOR THE
NLC

The accelerating structures of conventional room-
temperature linacs are disk-loaded cylindrical waveguides
typically several meters in length. Microwave rf power is
generated in klystrons and transported to the structure
through a series of waveguides. A technique of pulse
compression to transform the klystron rf output into a
shorter pulse of higher peak power is used in the rf system
of the SLAC linac, and a similar technique will be used at
higher energy. A conceptual picture of an X-Band rf
system with pulse compression is shown in Figure 3. The
duration of the compressed rf pulse, the peak rf power, the
efficiency with which ac power is converted from the AC
power grid into beam power, and the capital cost of the
system are the simplest figures of merit. Goals for rf
systems are summarized in Table II (G. Loew, this
Symposium).

4.1 Rf Power Systems and Beam Acceleration

Progress in development of X-band rf power sources
has been impressive in recent years (G. Caryotakis, 1993
and R. Phillips, 1997). Solenoid-focused klystrons (Figure
4) that produce 50 MW pulses of 1.5 |isec duration are now
in routine operation and tubes have reached power outputs
as high as 90 MW in test runs. This meets the initial
requirements for the NLC and provides good confidence
that robust klystrons that generate still higher powers can
be developed. A significant step has been made to reduce

costs to construct and operate high-power klystrons by the
introduction of periodic permanent magnet (PPM) focusing
to the tube design (Figure 5). This technique, previously
used in lower-power CW klystrons but never before in
pulsed high-power tubes, replaces the costly solenoid
focusing coil with a stack of permanent magnets that
require no power for operation. A first prototype PPM X-
band klystron has recently been built and tested with
spectacular success. The performance of the PPM tube
replicates to 50 MW that of the XL-4 design and
fabrication of a second-generation PPM tube, designed to
reach 75 MW output power, will soon be completed.

Structures are characterized in Table II by the gradient
expected to be used, and by the size of the aperture through
which the beam passes. The accelerating gradient that can
be utilized is limited by high-voltage breakdown and the

AC Line
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"Shielding , I

2-96
8047A169Accelerator Structures

Figure 3. Microwave system for a collider
based on X-Band rf power.
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Table II. Goals for RF Systems ( E c m = 500 GeV)

Technology

SuperC

S-Band

X-Band

2-Beam

Klystrons

Peak Power

(MW)

7.1

150

50

NA

Pulse Length

(US)

1300

2.8

1.5

NA

Compression

Power Gain

None

None

3.6

None

Efficiency

Pb/Pac

(%)

21

10

6

1.6

a

(cm)

3.5

1.0-1.5

0.4-0.5

0.2

Structure

Gradient

(MV/m)

25

21

50

80

Unloaded gradient.

Combiner

XL-4 Klystron Test, 2/1/96
Efficiency 47.5%
Gain 53.6 db

Output
Power

75.3 MW

Beam Voltage
450 kV

I I I I I

5-96
8047A602

0.5 us/div

Figure 4. (a) Schematic of the XL-4 solenoid-focused
X-Band klystron, and (b) pulse characteristics of XL-
4 tubes.

"dark current" created when electrons are drawn from the
surfaces of the linac structures and become captured on the
accelerating rf wave. To become captured an electron
emitted (generally at rest) from an iris in the structure must
be sufficiently accelerated so as to pass into the
neighboring cell before the rf voltage reverses sign. For a
given rf frequency, there is a well-defined gradient beyond
which electrons emitted at rest will always be captured and
accelerated to relativistic velocities. The capture gradient
at S-Band is about 16 MV/m, and scales to 64 MV/m at X-
Band. These are not the actual limits to gradients that can
be utilized in an accelerator since much of the charge is
swept aside by the focusing quadrupoles of the machine
lattice, but the dark current will grow rapidly above these
values, and beam loading, radiation, and wake fields
caused by this current will quickly reach unacceptable
levels. Gradients somewhat above the capture field are
likely to be useful in practice, but the operational limits are
not well known. Expected thresholds of dark currents in S-
Band and X-Band structures have been confirmed (Figure

Flower-petal mode converter
from TEjo rectangular waveguide
toTEot circular waveguide

Interaction cavities & focusing structure

1.7 m

Figure 5. Schematic of a periodic permanent magnet
(PPM) focused klystron.
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Figure 6. Processing of X-Band accelerator
structures to high voltage.

6, J. Wang, 1994). ' A very pretty set of studies
(Matsumoto et al., 1995) have shown that dark current is
predominantly caused by impurities left on and in the
surfaces of the accelerator structure during manufacture and
that significant reductions in dark current can be made by
using pressure treated copper and maintaining modest
clean-room practices during the fabrication process.

4.2 Beam Dynamics and the Design of Accelerator
Structures.

A charged particle generates an electromagnetic
wakefield as it passes through the structures of an
accelerator (Figure 7). There is a longitudinal component
of this field, and if the particle is not centered in the
axially symmetric structure, then a component of the field
is generated transversely to the beam axis as well. A
particle traversing the structure will experience the force
created by the sum of the externally applied microwave
accelerating field and the wakefield generated by all
particles that precede it through the structure. The
presence of a longitudinal wakefield will result in a net
acceleration which is not the same for each particle. This
creates a finite spread in the energies of the beam particles.
Transverse components of the field in the accelerating
structures will deflect particles from the desired trajectory,
and since the amount of the deflection is not the same for
all particles, such wakefields will result in a dilution of the
phase space occupied by the beam. It is necessary to
control the effect of the unavoidable longitudinal
wakefields, and it is imperative that transverse wakes be
minimized and their effects mitigated.

Control of the dilution of the beam phase space
(emittance) by transverse wake forces is a difficult task.
The phenomenon of "bunch breakup" was observed early as
the SLAC S-Band linac was brought into operation, and
more detailed studies of the effects of transverse wakefields
have been carried out with the recently available low-

i i r i i i i I i i r
i i i i i i i i i i i

(b)

Wi

JM.
7332A5

Figure 7. Longitudinal and transverse wakefields .
(retarded electromagnetic fields) in a linear
accelerator.

emittance beams from the SLC damping rings (Figure 8).
It has proven necessary to not only align the physical
structures of the accelerator with good precision and control
the trajectory of the beam with great care, but also to
"detune" the individual cells of the accelerator to prevent
coherent build up of the wakefield forces. The detuning
process was accomplished in the SLAC linac by dimpling
the radial dimensions of each cell so that the frequencies of
the lowest dipole components of the wakefields vary
slightly from cell to cell. This "delicate" correction was
applied to the as-build accelerator with hand-held
hammers!

Increasing Energy »
Bunch Tail Bunch Head

Vertical
Position

Beam Direction ft

UjJJJL

Dipole Dipole Positive

— u p | l V i
y • ' *

MH"M| j f lMT! f T1

Dipole Negative
1-95 58S3AS

Figure 8. Distortion in the shape of an intense bunch of
particles that passes through the length of the SLAC linac.
The bunch shape is shown on the left for three different
trajectories through the accelerator. The middle case is
for a well-steered trajectory, and the upper and lower
cases are the result of deliberately launching the beam
into the linac onto orbits with large betatron amplitudes.
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Figure 9. A damped X-Band accelerator cell. Nearly two
million of these cells are required for the completion of
the NLC main accelerator.

The electro-mechanical design of the X-Band
structures for the NLC are chosen to minimize both short-
range and long-range wakefields (R. Miller, et al., 1993).
Short-range transverse wakes are controlled by deliberately
detuning the dipole frequencies - it is not planned to repeat
the in-situ operation used to detune the SLAC linac. Long-
range transverse wakes are eliminated by the use of
"damped" structures that suppress the amplitude of
wakefields by coupling nonaccelerating rf modes through
waveguide slots to external lossy loads. The damping slots
are readily apparent in the photograph of a single damped
X-Band accelerator cell shown in Figure 9. Two hundred of
these cells are bonded into a single 1.8 meter long
accelerator structure. Small variations in the radial
dimensions of each of the cells in a structure provide the
detuning of dipole modes needed to suppress short-range
components of the wakefields. Direct measurements have
been made of the transverse wakefields left by particles as
they pass through a structure fabricated with damped and
detuned cells (C. Adolphsen, 1995). These have shown
excellent agreement with the theoretical expectations
(Figure 10) and provide good confidence that low-
emittance beams can be accelerated to high energy in the
NLC X-Band accelerator.

4.3 The Next Linear Collider Test Accelerator
Much work remains to be done on X-Band

technologies, but with prototype rf components now in
hand, tests of completely integrated systems have begun.
A prototype test accelerator (the Next Linear Collider Test
Accelerator NLCTA) has been constructed at SLAC to
allow optimization of rf systems and provide experience
with beam operations at X-Band frequencies (R. Ruth, et
al., LC95, 1995). The NLCTA is a 40-meter long section of
six 1.8-meter X-Band structures powered by 50 MW
klystrons to an accelerating gradient of 50 MV/m. It is
designed so that further upgrades will allow operation to
gradients of 80-90 MV/m with a doubling of the number of
klystrons and future increases in the power delivered by
each. This is a pattern that is also planned for the
implementation of the NLC itself.
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Figure 10. Measurement of transverse wakefields excited
in a damped and detuned X-Band accelerator structure, (a)
The ASSET Facility in the SLAC linac. (b) Comparison of
measured data and theoretical prediction.

An important goal of the NLCTA is to demonstrate not
only high-gradient acceleration, but also the ability to
control the spread in energies of the accelerated particles.
The energy spread of the particles must be maintained to

NEXT LINEAR COLLIDER TEST ACCELERATOR
(NLCTA)

DUICIOR CHJCWE SreCTKOMEIW

Figure 11.
Accelerator.

The Next Linear Collider Test
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Figure 12. Beam loading compensation of the bunch train
in the NLCTA.

within several tenths of a percent to minimize chromatic
dilutions in the final focus system. (See below.) The
single-bunch energy spread caused by the intrabunch
longitudinal wakefield can be compensated by timing the
injection of each bunch into the accelerator with respect to
the peak of the externally applied rf field. This is done
routinely in the SLAC S-Band linac, but will require a
more precise control of the rf phase of each klystron in the
higher frequency NLC X-Band linac. The problem is made
more difficult by the fact that, to improve the overall
energy efficiency of the collider and deliver the high
luminosity demanded by the particle physics goals, the
NLC is designed to accelerate nearly 100 bunches during
each pulse of the rf system. The bunch-to-bunch energy
variation must also be maintained to within a few tenths
percent even though each bunch is removing a fraction of a
percent of the applied rf power. Compensation for this
beam loading is done by carefully shaping in time the
applied microwave power through control of the phasing of
the source klystrons. This technique has been successfully
used in the NLCTA to produce a bunch train with full
energy spread within 0.3% (Figure 12).

5. Final Focus and Interaction Region
Spot sizes listed in Table I all represent significant

extrapolations from those achieved at the SLC. An
experiment has been performed by the Final Focus Test
Beam Collaboration1 to demonstrate that such systems can
be built and operated (D. L. Burke, 1994). The Final Focus
Test Beam (FFTB) is a prototype beamline installed in a
channel located at the end of the SLAC linac at zero
degrees extraction angle (Figure 13). The FFTB lattice (K.
Oide, 1989) produces a focal point at which the beam
height is demagnified by a factor of 380, so that the low-
emittance (yey = 2 x 10"^ rad*m) SLC beam is reduced to

1 The FFTB Collaboration consists of scientists and
engineers from BINP(Protvino), DESY, Fermilab,
KEK, LAL(Orsay), MPI(Munich), and SLAC.

PEP

Sextupoles

\ /A
6-96

6700A2Quadrupoles Dipoles Final Quads'
Figure 13. Layout of the Final Focus Test Beam at the

end of the SLAC linac. The FFTB is a prototype final
focus for a future collider suitable for use with- any
accelerator technology.

a size smaller than 100 nm. The demagnification factor of
the FFTB beamline is in excess of that needed for the
NLC.

The FFTB optics are chromatically corrected to third-
order in the beam energy spread (Figure 14), and careful
attention was given to alignment and stabilization of
beamline components. New laser-referenced alignment
techniques were used to position components with
accuracies of 60 microns or better, and all magnetic
elements mounted on precision stages that can be remotely
positioned with step size of = 0.3 micron. Hardware
systems and beam-based techniques were used to monitor
changes as small as 1 micron in component alignments that
occur over short time intervals (hours). New state-of-the-art
instruments were developed and used to measure the FFTB
beam positions and spot sizes (J. Buon, et al., 1991; T.
Shintake, 1992)

Following a brief shake-down run in August of 199-3,
data were taken with the FFTB during a three-week period
in April and May of 1994. Beam demagnifications of 320
and spot sizes of 70 nm were controllably produced during
this period (V. Balakin et al., 1995). Measurement of these
beams is shown in Figure 15. Continued experimentation
with the FFTB has demonstrated that the detailed
chromatic and geometric properties of the beamline are
well understood, and new techniques have been developed
to streamline and improve the accuracy of the tuning of the
system. These include refinement of beam-based lattice
diagnostics and alignment strategies, as well as
development of robust microwave monitors able to measure
beam motions with resolutions of a few tens of nanometers.
These will all be important in the implementation of the
final focus system for the NLC.
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system.

6. PROSPECTS FOR THE NLC

The SLC is successfully reaching toward its design
luminosity and prototype X-Band technical components are
now meeting performance specifications for the NLC.
Major test facilities, the FFTB and NLCTA at SLAC and
the ATF Injector Complex at KEK (J. Urakawa and L.
Yoshioka, ed., 1992), are providing hands-on experience
with the subsystems that make up the NLC design. First
comprehensive studies, the "Zeroth-Order Design Report for
the Next Linear Collider" (T. Raubenheimer, ed., 1996)
and the "JLC Design Study" (N. Toge, ed., 1997), of X-
Band accelerator designs have been completed. These all
provide confidence in the choice of the X-Band technology
and in the feasibility of the NLC design to provide the
energy and luminosity requirements set forth by the physics
of the TeV energy scale.

The technical R&D program for the NLC is now being
directed toward opportunities to optimize performance,
reduce costs, and increase the reliability of accelerator
components and subsystems. Efforts made now will have
the greatest leverage on the quality and cost of the final
project. Klystron and power handling equipment is being
redesigned to reduce complexity and simplify manufacture,
new electrical designs are being examined that promise to
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Figure 15. Measurement of 70 nm beam spots with a laser-
Compton beam size monitor in the FFTB. (a) The rate of
Compton scatters from a laser interference pattern is used
to determine the beam size. In this case 73 nm. (b)
Repeatability of spot measurement over periods of several
hours.

increase the shunt impedance of the accelerator structure
with little tightening of manufacturing tolerances, options
for remote placement of intelligent control systems are
being developed that may substantially reduce the volume
of control cables needed for the complex, and the overall
topology and infrastructure of the collider design is being
reviewed with a critical eye to cost and reliability.

The NLC is ready for the next step - the so-called
Conceptual Design - the creation of a baseline design and
cost estimate for a possible construction project.

It has been recognized from the beginning that the
construction and utilization of a TeV-scale electron-
positron collider will be an international effort similar in
scope to the LHC in Europe. The linear collider R&D
program has been formulated as an international one from
the outset and we are working to build and prepare for
international involvement in the final' design of the collider.
Final discussions over siting and construction
responsibilities for a facility will be difficult, but with
appropriate patience and understanding, such things are
possible.
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