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1. Introduction
1.1 ENERGY AND LUMINOSITY GOALS

Past and present colliding beam machines have
provided us with spectacular views of the inter-
actions of quarks and leptons at center of mass
energies from a few GeV up to the masses of the
gauge bosons that mediate the electro-weak forces
of nature. Experiments have confirmed that the
Standard Model of these interactions provides an
accurate description of particle physics in this en-
ergy domain. Qur confirmation of this model,
however, is incomplete until we have determined
the nature of the breaking of the exact SU(2) X
U(1) symmetry that is at its base. It is widely be-
lieved that to accomplish this goal, it will be nec-
essary to explore particle physics at center of mass
energies well above the masses of the W and Z
bosons. In the regime s >> m% where these par-
ticles become “light”, it is expected that the true
source of the symmetry-breaking will be found.
Either new particles must appear, the simplest
possibility being a single neutral Higgs scalar, or
the weak interactions between gauge bosons must
begin to become ever stronger until some new
physics emerges to control the behavior of these
forces.

A thorough discussion of the physics oppor-
tunities provided by ete™ colliders with center
of mass energies at the TeV scale is given in an-
other section of these proceedings[l]. Searches
for neutral scalars and studies of their spectra,
studies of the top quark, and detailed examina-
tion of the three-gauge-boson vertex can be done
with excellent precision with a collider operat-
ing at a center of mass energy of 500 GeV. Such
a machine would also be sensitive to some phe-
nomena, such as the properties of neutral gauge
bosons, with mass scales above 1 TeV. Data sam-
ples of 5 fb~! are sufficient to begin these studies,
while full exploitation of this machine will require
the accumulation of 50 fb~! or more. This ma-
chine should, therefore, be able to reliably deliver
> 3 x 10%2e¢m™2s~! shortly after turn-on, and be
able to reach ~ 3 x 1033 cm™2s~! after several
years of operation. It is important for much of
this physics program that the energy spread of the
beam-beam collisions be kept below a few percent.

Additional physics may be found at still higher
center of mass energies, and we consider it imper-
ative that the design of the NLC be such that the
beam energy can be increased over time to reach
Ecn = 1.5 TeV. Such a machine will provide an
energy reach approximately equivalent to that of

the SSC. An ete™ collider is an ideal instrument
for the study of the electroweak interactions at
high energies. Production of new particles is eas-
ily observed, and their spectra and decay proper-
ties can be studied in detail. Deviations of, for
example, WW scattering cross sections from ex-
pected values can be precisely determined. The
experimental program of a 1.5 TeV collider will
require data samples of ~ 30fb~! for initial suc-
cess, and samples of several hundred fb~! will
be required to fully explore the physics. Con-
trol of the energy spread of the beam-beam in-
teractions is not so important for the physics pro-
gram in this energy range, and considerable beam-
strahlung can be tolerated if backgrounds from
low energy photons and electron-positron pairs
created in the collision can be eliminated by ap-
propriate masking.

1.2 DESIGN PHILOSOPHY[2 — 5]

A factor of 5-10 energy increase beyond the
SLC can be obtained in two ways: by increasing
the collider length to 10-20 times that of the SLC
(3 km), or by increasing its accelerating field to
5-10 times the SLC gradient (20 MV/m). The
present consensus is that we should first increase
the accelerating field by about a factor of 5 — up
to about 100 MV/m. To limit the RF power re-
quired, this field should be provided by structures
similar to those used in SLC but at a higher RF
frequency of 10-30 GHz. At SLAC and KEK, the
frequency choice for the NLC is 11.4 GHz, or four
times the present SLC frequency. INP is pursuing
a design with f.y = 14 GHz; CERN is working on
CLIC, a two-beam design at 30 GHz; and DESY
and Darmstadt have recently teamed up to revisit
2.8 GHz, the SLAC frequency, for application to a
0.5-TeV design. At fixed RF frequency, the trade-
off between collider length and accelerating field
1s governed by the overall cost. A broad optimum
occurs at the point where the linear costs (acceler-
ating structure, magnets, tunnel, etc.) equal the
cost of providing the RF power. The choice of
technology to obtain the energy will also be gov-
erned by cost and the potential for upgrading the
energy from 0.5 TeV to 1.5 TeV.

The choice of luminosity range also greatly
influences the design of the linear collider. In prin-
ciple, one could increase the luminosity simply by
raising the repetition rate of the accelerator, but
the wall-plug power increases in direct proportion.
In areasonable design, the wall-plug power should
fall in the range 100-200 MW. Given this con-

straint, the best way to increase the luminosity is
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Fig. 1. NLC Layout

to shrink the beam size at the interaction point
(IP). In addition, the beam cross section must
be kept flat at the IP in order to minimize the
amount of “beamstrahlung” radiation emitted as
energetic electrons or positrons interact with the
electromagnetic field of the opposing bunch.
The luminosity can be further enhanced by

accelerating several bunches on each machine cy-
cle. A single bunch of particles can in practice
extract only a few percent of the energy available
in the accelerating structure, without introducing
an intolerable energy spread in the bunch. With
additional bunches we get both greater luminos-
ity and higher efficiency of energy transfer to the
beam. The number of particles in each bunch, an-
other factor that directly affects the luminosity,
is limited by the RF energy that can be stored
in the accelerating structure and by the amount
of beamstrahlung radiation that can be tolerated.
The obvious solution is to generate trains of suc-
cessive bunches, each with fairly moderate num-
bers of particles.

Given these goals and constraints, we can
now sketch a rough design of a linear collider able
to achieve both the desired energy and luminos-
ity. A possible layout is shown in Fig. 1. There
are two complete linear accelerators, one for elec-
trons and the other for positrons. Each linac is
supplied with particle beams by a damping ring
followed by a pre-acceleration section consisting
of two bunch compressors and a pre-accelerator
linac. After passing through the main linacs and
final focus system, the beams collide at a small
crossing angle inside a large particle detector like
the present SLD.

To illustrate the basic features of the NLC op-
eration, let’s follow some electron bunches through
the collider. A sequence of 10 bunches or so is cre-
ated at the source and accelerated up to about 1.8
GeV in a pre-accelerator. This “batch” of bunches
is then injected into a damping ring that serves
to reduce the transverse and longitudinal phase
space occupied by the electrons in each bunch. At
the proper moment, these bunches are extracted
from the ring and then compressed along their di-
rection of motion by a bunch compressor, after
which they are accelerated in a conventional linac
and compressed in length a second time just prior
to injection into the main, high-gradient linac.
The entire batch is carefully steered and focussed
as the electrons are accelerated up to full energy
in the linac. Precision magnets in the final fo-
cus system squeeze the bunches down by about
a factor of 300 just before they collide at the IP
with similar bunches of positrons. Except for the
fact that they were created differently (from the
shower of particles that occurs when a beam of
electrons from a special linac hits a metal target)
these high-energy positron bunches have followed
a similar evolution. After the beams collide, their
debris is channeled out of the detector area and
into shielded dumps.
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In the remainder of this paper, we begin with
a review of SLC performance. This is followed by
a section detailing how the energy of the collider
is obtained. The next section discusses those is-
sues which contribute to the luminosity. Finally,
we present a brief outlook. In all sections we have
attempted to select a representative, but not ex-
haustive, set of references.

2. SLC Performance and
Fundamental Limits

The Stanford Linear Collider[6] (SLC) was
successfully brought into operation in 1989 and
has completed the first round of accelerator physics
and particle physics experiments. The SLC is the
first scientific prototype of a new breed of colliders
which will collide beams from two opposing linacs.
The second round of experiments on the SLC is
to begin in the fall of 1991. A continuing acceler-
ator improvement program[7] is underway to pro-
duce a sizable luminosity with polarized electrons
in 1991. The new particle physics detector, SLD,
will be installed. Accelerator studies of small spot
sizes, low emittances, and high currents will be
done.

2.1 PROJECTED PERFORMANCE

The performance level of the SLC has in-
creased steadily since construction was completed
in 1987. The present performance uses bunch
intensities up to 2 x 10'° e~ spot sizes on the
order of 3 pm at 120 Hz repetition rate. The
peak luminosity is 3 x 10?8 cm™2s71. The pro-
Jected performance for the fall of 1991 will dou-
ble the intensities, reduce the spot size to around
2 pm and achieve a luminosity on the order of
6 x 102 cm~2s~1.

The present four (major) practical limitations
are detector backgrounds, unscheduled downtime
(30%), positron yield (0.5 of desired), and dif-
ficulties of the injector chain to produce stable
electron beams above 4 x 10’ e~ /bunch. Ma-
jor improvement programs are underway to sig-
nificantly reduce these limitations and also pro-
vide polarization. The projects include polariza-
tion equipment, nondisruptive emittance moni-
tors, better accelerator protection systems, global
fast feedback systems (correction every pulse), im-
proved automatic tuning, and improved reliability
of power supplies and kickers. These projects are
well advanced.

2.2 FUNDAMENTAL LIMITS

During the planning, construction, and oper-
ation of the SLC, many practical and fundamental
limits were addressed. In this section, the fun-
damental limits and issues which affect the next
linear collider are discussed.

Longitudinal and transverse wakefield eflects
have been observed and controlled. The wake-
field effects agree with the predictions indicating
that calculations for the NLC should hold. New
controls and cancellation methods (BNS damp-
ing) for transverse wakefields have been success-
ful. Recently-discovered methods will likely pro-
vide improved control, e.g. autophasing[8, 9], dis-
persion-free trajectory correction[10] and harmon-
ic linac movers[11]. Also, the acceleration of three
bunches (e*, e7, e7) on each RF pulse has been
very successful. The energies of the three bunches
are kept stable to about 0.2% by active feedback.
The energy spectra are also stable at 0.35%. Rea-
sonable control of a small number of bunches in
the NLC is thus expected.

Pulse-by-pulse feedback systems (corrections
made every RF pulse) for beam energy, position,
and angle work very well. These systems regain
the stability lost when colliders changed from cir-
cular to linear. Feed-forward systems to compen-
sate beam properties on the same RF pulse are
coming into use. Both feedback and feed-forward
systems will be vital to the NLC and should work
well if carefully planned. Application software,
like feedback, is essential for linear collider com-
missioning and operation and must be a major
initial activity.

Trajectory measurement and correction are
now routine, allowing, for example, the SLC linac
trajectories of both et and e~ to be simultane-
ously reduced to below 100 pm rms. Lattice mod-
els describing many betatron wavelengths need
special attention for phase mismatches. Beam-
based alignment methods using magnet strengths
and beam trajectories[12] have been shown to pro-
vide corrections of position monitor and quadru-
pole errors to below 100 pm. Component vibra-
tions can cause real-time changes of beam trajec-
tories. Present vibration[13] is controlled to about
0.1 um. Feedback systems can reduce these effects
up to frequencies of about 1/6 the pulse rate. Be-
yond that, passive or active vibration isolation is
needed.

Finally, RF deflections of beams in linacs can
be significant for trajectory and emittance con-
trol. Potential deflections in the NLC will place
constraints on RF structure design.
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Polarized beams are required for certain phys-
ics studies[14]. Work is required on reliable, high
intensity, high polarization, long lifetime photo
cathode sources.

Emittance preservation at the level of Aye =
1 x 107% m has been demonstrated during accel-
eration by a factor of 42. Damping ring designs
seem adequate. Bunch lengthening and multi-
bunch effects, however, need attention. Flat beam
studies in the existing linac are needed to verify
our understanding of the NLC.

The production of small spots in the final fo-
cus 1s now routine, fixing incoming dispersion, be-
tatron, and chromatic effects. The NLC designs
are reasonable extensions of the SLC design. Ef-
forts to reduce the setup time through automatic
procedures are needed.

Profile monitors are essential for good col-
lider operation. Both two-dimensional intercept-
ing monitors (screens) for halo studies and projec-
tion monitors (wires) for core studies are needed.
Because of the small sizes in the NLC, new initia-
tives are needed for profile monitor designs.

Reducing detector backgrounds is a contin-
ual process at the SLC. The backgrounds come
from far off-axis particles which either strike the
vacuum chamber near the detector, make syn-
chrotron radiation near the IP, or produce muons
in the final focus collimators. Clean betatron and
energy collimation is important to remove these
off-axis particles. The sources of these particles
include bunch generation in the damping ring,
bunch compression, linac wakefields, edge scat-
tering from primary collimators, and, to a small
extent, beam-gas scattering. A multi-faceted col-
limation/masking system has been developed at

SLC.
2.3 CONCLUSIONS

The parameters of the SLC are constantly be-
ing improved. Polarized collisions at sizable lumi-
nosity is expected in the SLC in early 1992 after
a. two-year period of major upgrades.

Experience at the SLC indicates that beam
diagnostics, emittance control, tolerances, and au-
tomated tuning procedures need special attention

for the NLC.

3. Obtaining the Energy in an NLC
3.1 LENGTH vS. GRADIENT

In the Introduction, the energy and luminos-
ity goals of the NLC were defined and the phi-
losophy of design was described. For this discus-

sion, we will assume that the linear collider will
begin operation with a center of mass energy of
0.5 TeV and will later expand its energy reach by
a factor of three. This expansion in energy would
necessarily need a luminosity which increases as
E? and could be realized as a gradual continuous
upgrade of the facility or as discrete steps with
major changes to the accelerator complex.

The accelerating gradient which one chooses
for an NLC is a parameter which impacts on al-
most every other parameter in the design. It is
important in determining the necessary RF power
sources, the overall size of the accelerator, its ex-
pansion capability and the cost. Over the past few
years, there have been studies of designs with ac-
celerating gradients ranging from 20 to 200 MeV
per meter, using RF frequencies between 3 and
30 GHz. The lower gradient and frequency cor-
respond to existing technology, e.g. the SLC,
and the higher values are the subject of exten-
sive worldwide research and development activi-
ties. The possible limits and problems with these
parameters are more fully described below, but
the present choice in the US, Europe, Japan and
the USSR is for gradients less than or equal to 100
MeV per meter. The RF frequencies are now cho-
sen to be at or below 14 GHz except for two-beam
accelerator schemes which are discussed later in
Section 3.4.

Let us now examine several approaches to the
design of an accelerator complex which has an ini-
tial goal of 0.5 TeV in the center of mass, and
which has an energy expansion capability of at
least a factor of three. This forces a choice be-
tween three different strategies which make differ-
ent assumptions in technology development, ac-
celerator physics, time frame, and cost.

First let us consider an extension of today’s
technology. Two extended SLC-type linacs (3 GHz
and 17 MeV/meter), each 20 km in length, could
achieve the desired first-stage energy, but there
are problems with beam stability and total power
consumption. These are not impossible to design
around and, using existing designs for damping
rings and final focus systems, a satisfactory lumi-
nosity could be achieved. To expand the energy,
one would either have to increase the length of
the accelerators or increase the gradient, both of
which would increase the power consumption and
cost to extreme values. An alternative would be
to upgrade the accelerator, using the as-built con-
ventional facilities and many support systems, by
replacing the RF systems and accelerator struc-
tures with higher frequency and higher gradient



units. This long low-gradient approach has sev-
eral difficulties, including cost, schedule and the
delay in gaining experience with the new acceler-
ator technologies. It has the advantage, however,
that it could be built using existing power sources.

An alternate but still conservative strategy,
which takes into account the considerable progress
over the last few years with higher frequency RF,
would be to build a long, low gradient—but high
frequency—collider. For example, two linacs, each
5 km in length operating at 12 GHz, could achieve
the initial energy of the NLC with low gradients
and expand into the TeV range without exceed-
ing a 100 MeV per meter gradient. The initial
demand on the peak power required from the RF
sources is modest and the energy extension would
be adiabatic as these sources were further devel-
oped. Here, as in all designs, the challenge is the
luminosity in the initial stage. A low-gradient
long accelerator has problems with beam insta-
bilities and emittance control. If these are con-
trolled, then as the gradient is increased, the reg-
uisite luminosity increase comes relatively easily.
This comes about because in addition to the de-
crease in absolute emittance with increasing beam
energy, the current per bunch can increase while
maintaining constant the fraction of the energy
extracted from the structure; the higher the gra-
dient, the higher the stored energy in the struc-
ture.

The third strategy is to build a shorter ver-
sion of the TeV collider, then increase its length.
Several studies have shown that this is a viable ap-
proach, where one increases the length of the high
gradient accelerator without significant changes
in the injection, damping ring, or final focus sys-
tems. This is a folded-back design with all of
the above in a central complex. Moderate en-
ergy damped beams are transported to the be-
ginning of the main accelerator where they are
accelerated back towards the central complex of
this facility (see Fig. 1). Energy extension then
involves extending the length of the accelerator
and conventional facilities, tunnels, utilities, etc.
away from the center. With this approach, one
attacks the technologies of high power RF gener-
ation and high gradient acceleration in stage one.
One would learn much about the problems of go-
ing to higher energies. There is, of course, the risk
of tackling too many new problems at once.

The correct strategy will probably be a judi-
cious choice combining the above ideas. A moder-
ately conservative accelerating gradient, built-in
expansion capability in energy as a design crite-
rion in all systems, and a high-luminosity param-
eter set for the initial lowest operating energy.

3.2 LIMITS ON ACCELERATING GRADI-
ENT

Consider the copper surface of an accelerator
structure prior to the application of an RF field.
The surface will depart from an ideal smooth-
ness due to topographic features such as machin-
ing marks, microprotrusions and discontinuities
at crystal grain boundaries. The surface will de-
part from chemical purity due to exposed pock-
ets of solid impurities (typically at grain bound-
aries), adsorbed gases, and layers of condensed
dielectric contaminants. The RF field can be en-
hanced in localized areas by a factor of a hun-
dred or more, due both to these geometric per-
turbations and to the layers and patches of sur-
face contaminants[15]. The RF fields that can be
reached at such a surface without breakdown are
initially about 80 MV/m. In a procedure known
as “RF processing,” the field level can be raised
gradually as the surface becomes smoother and
cleaner as surface contaminants are “scrubbed”
away by electron and ion bombardment. The
rate at which the cavity or structure processes
to a high field level can vary widely, depending
on the quality of the original copper, its mechani-
cal treatment (machining, polishing), its thermal
history (annealing, brazing), the chemical clean-
ing procedures used, and its vacuum history.

The ultimate surface electric field that can
eventually be reached does not seem to be too
sensitive to the details of surface smoothness and
purity, but there is evidence that the rate at which
this level can be approached is definitely faster
if one starts with a smooth and highly-polished
surface. In a series of measurements using short
standing-wave sections of disk-loaded structure in
the 3-10 GHz frequency range, Loew and Wang
[15, 16] have found that the maximum surface elec-
tric field as a function of frequency that can be
attalned after processing follows the relation

Eox(MV/m) ~ 195[f (GHz)]?.

Since this is the peak surface field (usually near
the tip of a loading disk), the actual accelerat-
ing gradient is obtained by dividing this num-
ber by a factor in the range 2.0-2.5 for a typi-
cal travelling wave structure. Furthermore, since
the field emission current increases exponentially
as the surface field approaches Epy, there may be
too much “dark current” to be tolerable, even at
fields somewhat below the breakdown level. Here
again, there is some evidence that the ultimate
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field-emitted currents below the breakdown level
can be reduced if one starts with a reasonably
smooth and pure surface.

At 11.4 GHz, assuming also a peak to average
field ratio of 2.3, the above relation predicts an ac-
celerating gradient at breakdown of 280 MV /m.
Measurements on short resonant structures, how-
ever, may not give a true indication of the perfor-
mance of an actual travelling wave structure on
the order of a meter in length. In recent experi-
ments at KEK, a gradient of 85 MV/m has been
attained at 2.85 GHz. This is just over one half
of the breakdown gradient expected on the ba-
sis of the above expression. Already at this field
level, a dark current beam of close to 20 mA was
measured. There is hope that changes in the de-
sign of the structure and couplers can reduce this
value. In an experiment at 11.4 GHz, the output
of the SLAC/LLNL relativistic klystron was used
to drive a structure 25 cm in length to a gradi-
ent of 84 MV /m without breakdown. Some field
emission current was evident (= 30 pA), but the
structure was not well processed. In summary,
measurements to date indicate that a gradient of
100 MV/m at 11.4 GHz can probably be reached
without breakdown. More experiments on real-
istic accelerating structures must be done to see
whether the background current from field emis-
sion can be held to a tolerable level.

3.3 RF SOURCES, STRUCTURE, COM-
PRESSION

3.3.1 RF Sources for Linear Colliders

The next linear collider will likely operate at
an X-band frequency (e.g. 11.4 GHz) since this
gives a reduced accelerator length and reduced
average power consumption compared with lower
frequencies. Compared with higher frequencies,
the development risk of the required microwave
tubes is reduced, and the tubes could likely be
developed within two to three years.

We choose to use a microwave pulse com-
pression system after the microwave tubes (e.g.
SLED-II, which compresses the pulse length 16x
and multiplies power by 8-10x). Producing the
required power level directly in each microwave
tube would imply a tube voltage 21 MYV, and
would require excessively expensive power sup-
plies. Required performance parameters of the
X-band microwave amplifier tubes, assuming the
use of pulse compression, are as follows:

Peak power = 50-150 MW
(0.5-1.5 GW available after pulse compression)

Pulse duration 7 =~ 1.6 us
(assuming 16x pulse compression will be used)
Gain = 50 dB
Repetition rate ~ 120-180 Hz
Efficiency =& 40%
(the higher the better)
Voltage < 600 kV

The combined peak power and pulse dura-
tion requirement are beyond the capability of con-
ventional X-band klystron designs because of RF
breakdown in the output cavity gap. Modified
klystron configurations or new tube concepts are
called for. A summary of X-band microwave am-
plifier development projects with 7 & 1 us is pre-
sented in the following paragraphs.

A development program at SLAC is presently
aimed at producing a 100 MW X-band klystron
amplifier. In initial experiments with a single gap
in the output cavity, output power has been lim-
ited to about 20 MW at 7 = 1 us. A subse-
quent klystron with a double output gap produced
about 35 MW(17,18]. Further studies aimed at
achieving the full design power will include testing
additional tubes with multiple-gap output cavi-
ties and perhaps tubes in which the output cavity
is replaced with a short travelling-wave section.
The successful operation of a travelling-wave out-
put section at powers above 100 MW, albeit with
short pulses (<100 ns), has been demonstrated in
joint SLAC/LLNL/LBL experiments, in experi-
ments at MIT on a Haimson Research klystron
(see below), and also at other laboratories (e.g.,
Cornell University, and the Institute of Applied
Physics in Gorky, USSR). In connection with con-
struction of the VLEPP collider at Protvino in the
USSR, a development program is underway which
aims at realizing 130 MW klystron amplifiers op-
erating at 14 GHz; initial experiments have pro-
duced power ~50 MW. Klystron development is
also underway at KEK (Japan) and at Haimson
Research (USA). Recently, a Haimson Research
klystron[19] with a travelling wave output struc-
ture has achieved a 100-MW output power at a
FWHM pulse width of 50 ns with an efficiency
of about 45%. In general, klystron efficiencies of
about 50% can be expected with further develop-
ment.

An alternative approach to klystrons is em-
bodied in tubes such as the gyrotron and mag-
nicon which exploit coherent cyclotron emission
and require no small cavity gaps with high peak
surface fields. This approach is being explored at
the University of Maryland[20, 21,22] and at the
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Institute of Nuclear Physics (Novosibirsk). The
Maryland program is presently aimed at produc-
ing a 30-50 MW, X-band gyrotron amplifier (i.e.
a gyroklystron). Recent operation of this device
has produced output power of 20 MW at 30% ef-
ficiency with a gain of 26 db at a pulse length of
1 ps[23,24]. Improvements are in progress which
are expected to increase both the power and effi-
ciency. The design efficiency of 42% is somewhat
smaller than expected for a klystron. Scaling of
the X-band gyroklystron design to the 100-MW
level may be feasible, and use of a depressed col-
lector would enhance efficiency. Work at Novosi-
birsk is centered on developing a 7-GHz, 60-MW
magnicon (which injects a rotating pencil beam
into a gyrotron-like output cavity); magnicon ef-
ficiency is predicted to be 60% and the device is
in the fabrication stage.

Linear colliders in the 3-5 TeV range will re-
quire higher RF frequencies, perhaps & 20 GHz.
The gyroklystron has potential for operating in
this frequency range, for example, by operating
the output cavity at the second harmonic of the
cyclotron frequency. Other tube concepts which
may be well matched to high frequency opera-
tion include the cluster klystron and some form of
sheet beam amplifier (e.g. sheet beam klystron).
The two-beam accelerator configuration, which is
discussed below in Section 3.4, would eliminate
separate microwave tubes and is also a candidate
concept for a 3—-5 TeV linear collider.

3.3.2 RF Pulse Compression

RF pulse compression is a means for increas-
ing the peak power from an RF source at the ex-
pense of a reduced pulse width. Assuming that
the output pulse width of the compression system
is equal to the filling time, T}, of the accelerating
structure, then the peak power after compression
Is

P = Pene(Th/Ty).

Here P, and T} are the peak power and pulse
width of the klystron (or other RF source), and
7. 1s the compression efficiency. Since the typical
output pulse width of a klystron driven by a pulse
modulator is, in general, considerably larger than
the structure filling time, the power gain from a
pulse compression system can in principle be quite
large. :

The SLED scheme[25], currently in use at
SLAC, is one method of RF pulse compression. In

the SLED method, energy is stored in high Q res-
onant cavities over a relatively long period(T; =
3.5 ps) and released during the relatively short
structure filling time (75 = 0.8 ps). The com-
pression efficiency of SLED is 62%, giving a power
gain of about 2.7.

A new method of RF pulse compression, the
Binary Energy Compressor[26] (BEC), is currently
being tested at SLAC. In this method of pulse
compression, the low level RF input drive pulses
to two klystrons are divided into 2" time bins,
where the width of each bin is equal to the desired
output pulse width and n is the number of com-
pression stages. A phase modulation of 0 or 180°
is then applied to each bin, following a specified
modulation pattern for each of the two klystron
inputs. At each stage of the compression, a 3 db
directional coupler acts as a switch. Triggered
by the phase coding, the coupler shunts the first
half of the combined input pulses into a delay line
so that they become coincident in time with the
last half of the combined pulses at the output of
the line. At the final output of the system, all
of the time bins are, in effect, stacked on top of
each other to give a power gain of (2")n., where
the compression efficiency 7. takes into account
losses in the delay lines and other components.

The system undergoing testing at SLAC is an
11.4 GHz three-stage BEC, with all components
designed for high vacuum and high power, deliver-
ing about a 50 ns flat-top output pulse. The gain
at low power has been measured to be 5.8, giving
a compression efficiency of 5.8/8 = 73%. Recent
measurements at high power (25 MW input, 120
MW output) show a power gain of about five,
although more work remains to be done to opti-
mize the phase tuning and pulse flatness[27]. This
compression system, driven by two such klystrons
with an output power of 30 MW, will deliver suf-
ficient power to drive a 1.5-m long accelerating
structure to a gradient of 100 MV /m.

The original SLED method is limited by the
fact that the output pulse shape i1s a sharply-
decaying exponential which varies by a factor of
two or more over the structure filling time. Not
only is this pulse shape undesirable in itself for
driving an accelerating structure, but it has the
consequence that stages of SLED cannot be ganged
effectively to produce still higher power gains. This
difficulty is overcome in a refinement of the SLED
concept in which the resonant cavities are replaced
by lengths of low loss delay line. In this SLED-
IT scheme[28], a single stage can reach a power
gain of about four with a compression efficiency
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of about 70% (100 ns output pulse at 11.4 GHz).
As a typical example of a two-stage system at 11.4
GHz, a 1.6 us pulse can be compressed to 100 ns
with an efficiency of about 55% (power gain of
8.8).

)One criticism of both the BEC and SLED-
IT compression systems is the awkward lengths
of the delay lines. For example, the longest de-
lay line in the two-stage SLED-II system men-
tioned above is about 40 m long. Using loading
irises, however, it appears feasible to reduce the
group velocity and hence the line lengths by a fac-
tor of ten or so, with only a modest increase in
loss and some degradation in pulse rise time and
flatness. A pulse compression system related in
concept to SLED-II is under development for the
VLEPP project at Protvino[29]. Instead of two
parallel loaded delay lines attached to the output
of a 3 db hybrid coupler, this scheme employs a
single chain of coupled high-Q “open” resonators
with an azimuthally rotating mode.

3.3.3 Accelerating Structures

The accelerating structure for a next-genera-
tion linear collider is expected to be similar to
the well-known 27 /3-mode disk-loaded structure
as used in the present SLAC linac, except (as
will be discussed later) for modifications to damp
higher-order modes. The key parameter which
determines the performance of such a structure is
the ratio of the radius of the iris opening to the
wavelength, a/A. A low value for this ratio gives
better structure performance (more accelerating
gradient per unit of stored energy), but unfortu-
nately also stronger longitudinal and transverse
wake potentials. The longitudinal wake poten-
tial determines the energy spread within a sin-
gle bunch and the bunch-to-bunch energy change
in a bunch train. The longitudinal wake scales
roughly as (a/A)~2. The transverse wake poten-
tial determines the head-to-tail emittance growth
within a single bunch, and leads to beam breakup
in a multibunch train. The transverse wake scales
roughly as (a/A)~3.

The value of a/A for the present SLAC struc-
tureis 0.11. A value this low, however, would lead
to an intolerable single bunch energy spread and
emittance growth in a next linear collider. Values
for a/A in the range 0.14 to 0.20 are presently be-
ing considered in various collider parameter lists.
To calculate some specific parameters, we take
a/A = 0.175 as representative. This results in
a significant performance loss compared to the
SLAC structure (20% more RF energy per unit
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length is required to reach a given accelerating
gradient), but wakefield effects are greatly reduced.

For a/A = 0.175, the group velocity i1s 0.06¢.
The length of the structure must then be ad-
justed to make efficient use of the RF power. At
11.4 GHz this results in a structure length per RF
feed of 1.5 m, a filling time of 83 ns and a peak
power requirement of 220 MW /m for an accelerat-
ing gradient of 100 MV /m. These parameters will
be used in the RF system example in the following
section. Scaled to another frequency at the same
gradient while keeping a/A constant, the filling

3
time and structure length would vary as w™2, the

1
peak power requirement as w™ 2, and the stored
energy per unit length as w™2.

A simple SLAC-type disk-loaded structure,
but with the larger a/A, would work fine for accel-
erating single bunches in a collider. For a train of
10 or 20 bunches, however, the long-range wake-
fields would produce unacceptable energy and
transverse emittance differences between consec-
utive bunches. These long-range wakefields are
mainly due to a dozen or so higher longitudinal
modes, and the lowest few dipole modes. Vari-
ous structures having appropriate slots and aper-
tures for damping these unwanted modes, and
some radically different “open” accelerating struc-
tures, are under consideration at both KEK and
SLAC[30]. The damping must be strong enough
so that the wakefields decay significantly between
successive bunches for both the longitudinal and
transverse modes. Another way to say this is that
the Q’s for the modes must be reduced to the or-
der of 20 (for the lowest dipole mode) to 50 (for
lower-order longitudinal modes), while leaving the
accelerating mode substantially unaffected. Cal-
culations and measurements on models have shown
that this can be achieved. A practical structure
design, however, must take into account many
other considerations such as ease of fabrication,
tolerances (will tuning of each individual cell be
required?), mechanical support, and adequate vac-
uum pumping. As implied in Section 3.2, the
need to control field emission and dark currents
may also influence the structure geometry and
the required surface finish, and may necessitate
a strict protocol for subsequent surface treatment
and cleaning procedures.

An alternate method for reducing the effect
of long-range wakefields is to introduce a spread
in the frequencies of the unwanted modes, while
maintaining a constant accelerating mode frequen-
cy. Initial calculations[31] indicate, for example,
that a 15% spread in the frequency of the lowest



dipole mode is almost sufficient to reduce multi-
bunch emittance growth to a tolerable level. Prob-
ably a mix of the two techniques, some mode
damping and some mode detuning, will be used
in the final structure design.

3.3.4 Example of an 11.4-GHz RF System

In this section we combine results from sev-
eral preceding sections to give rough RF system
parameters for an 11.4 GHz linear collider. We
assume that klystrons having a microperveance
of 1.2 can produce 150 MW of RF output power
at an efficiency of 50%. Two 75-MW klystrons
could, of course, be used if a single klystron could
not produce this much power. We assume that
the klystrons are powered by a modulator with
a 25:1 turns ratio pulse transformer, producing
575 kV at the klystron cathode for 1.6 us. The
klystron in turn drives a two-stage SLED-II pulse
compression system with a power gain of 8.8, an
output pulse length of 100 ns and a compression
efficiency of 55%. The peak output power after
compression of 1.3 GW is sufficient to drive four
accelerating sections, each 1.5 m in length having
a/X = 0.175, at a gradient of 100 MV /m.

The modulator, klystron and RF pulse com-
pression system, together with the four accelerat-
ing structures, comprise one RF module. A 1-TeV
collider would require 10 km of active structure
length and 1667 such modules.

An important question is the efficiency of the
RF system in converting wall plug power to power
delivered to the accelerating sections. Although
the structure filling time is 83 ns, we have assumed
a 100-ns pulse length to allow for switching time
in the pulse compression system and for timing
errors. The energy in the RF pulse is thus 220
MW/m x 6 m x 100 ns = 132 J. The modu-
lator efficiency is estimated to be about 55% for
a 1.6-us pulse, using the 25:1 pulse transformer
mentioned previously. The overall RF efficiency
is then

nrs = 0.50 (klystron) x 0.55 (modulator)
x0.55 (pulse compression) = 0.15 .

The energy per pulse per RF modulator at the
wall plug is therefore 132 J/0.15 = 880 J. For
a repetition rate of 120 pps, the average power
per module is 105 kW. This times 1667 modules
gives a total wall-plug power of 175 MW. Adding
on a 20% overhead to allow for multibunch op-
eration, correction of the BNS damping energy
spread, etc., we arrive at a total linac length of
about 12 km and a wall-plug power of 210 MW.
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For a center-of-mass energy of 0.5 TeV, the ac-
celerating gradient is reduced to 50 MV /m, the
klystron power to 40 MW and the wall-plug power
to about 50 MW.

The collider energy could be increased to 1.5
TeV by increasing the linac length (corrected for
overhead) to 18 km, and the number of RF mod-
ules to 3000. However, the wall-plug power would
also increase to 315 MW. For the long-range fu-
ture, it is possible to foresee multiple-beam RF
sources (e.g. cluster klystron) or extended beam
sources (e.g. sheet beam klystron) which oper-
ate at a lower voltage and higher efficiency. The
lower voltage allows the use of a lower turns ra-
tio pulse transformer in the modulator, which in
turn leads to a faster pulse rise time and hence
better modulator efficiency. Such sources would
also be capable of higher peak RF output power
and hence would allow a pulse compression sys-
tem with lower power gain and better efliciency.
The RF system efficiency is then estimated to be

7y = 0.70 (modulator) x 0.60 (klystron)
x0.60 (pulse compression) = 0.25 .

The wall-plug power now becomes a more reason-
able 190 MW.

In summary, the initial 0.5-TeV accelerator
could be powered by a standard SLAC-type mod-
ulator and an X-band klystron under development
at several laboratories. The SLAC version has
already delivered close to the required 40 MW,
although many engineering refinements still re-
main to be made. A new lower-voltage, extended-
beam (or multiple-beam) RF source must be de-
veloped to power the 1.5-TeV extension. How-
ever, this is further down the road and sufficient
time remains to do the necessary R&D. A 1.5-
TeV, 18-km collider is, however, near the end of
the line for 11-GHz technology. Extending the
length could provide only a slightly higher en-
ergy at great expense, assuming a 200-MW limit
on wall-plug power is maintained. To go to still
higher energies, a higher RF frequency is required.

3.4 Two-BEAM ACCELERATORS

The design of linear colliders at TeV ener-
gies has concentrated on scaling the structure to
high frequencies (10-30 GHz). At X-band, one
can probably employ multiple power tubes plus
RF pulse compressors to power the collider at an
acceptable capital and operating cost. Two-beam
accelerators (TBA) seek to offer superior perfor-
mance or similar performance at a substantially
lower cost.
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In TBAs, the kinetic energy of a high peak
current drive beam accelerated with an induc-
tion linac or a superconducting RF accelerator
is transformed to high peak power microwaves
at 10-30 GHz with a free electron laser (FEL)
amplifier[32] or with travelling wave transfer cav-
ities[33], respectively. The TBA concept stems
from several observations:

1. RF-power flow in the collider must be in
the range of ~150 MW/m (@ 30 GHz) to
~250 MW/m (@ =10 GHz); therefore, the
drive electron beam must have a power flow
of several GW.

2. FELs operating at 35-140 GHz have demon-
strated conversion efficiencies >35% and
peak powers >1000 MW.

3. Unlike transfer cavity converters, the power
flow in the FEL is independent of RF-wave-
length.

In another variant[34] most suitable for X-
band, the relativistic electron beam from the in-
duction linac excites klystron-like transfer cavi-
ties. An experimental study[35] of such relativis-
tic klystrons by a SLAC/LLNL/LBL collabora-
tion has demonstrated high gradients of approxi-
mately 100 MeV/m, but also suggests that either
travelling or standing wave transfer cavities tend
to destabilize the low voltage drive beam rapidly
as the drive beam current is increased beyond sev-
eral hundred amperes. To surmount these difficul-
ties one may revert to the FEL converter[36] or
raise the drive beam energy to a few GeV[33] as in
the superconducting variant discussed below. For
FEL converters the beam-to-microwave conver-
sion efficiency may be raised from demonstrated
levels of &~35% to ~70% or more, if induction
cells can re-accelerate the beam that has passed
through the wiggler or klystron converter cavity.
Re-acceleration of a bunched beam in induction
modules raises questions[37] requiring both theo-
retical and experimental study. These issues, un-
der experimental study at Pulse Sciences, Inc.,
include 1) parasitic loss of RF-power into the in-
duction gaps and 2) destablization or degrada-
tion of the drive beam by longitudinal and trans-
verse wakefields increasing the emittance during
the deceleration-acceleration cycle (and degrading
the FEL performance).

Because the induction structure is indepen-
dent of the drive beam current, induction linac
driven TBAs will have unacceptably high capi-
tal and operating costs[37, 38] unless a) the beam
current can be raised to a few kiloamperes, b)
the size of the induction modules are reduced,
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and c) the induction system is operated heavily
beam loaded. Heavy beam loading makes volt-
age and current regulation in the induction linac
a challenging and expensive task[39] and is under
extensive study at LLNL. Without such improve-
ments, it will be difficult for TBAs using induc-
tion linacs to compare favorably with more con-
ventional power sources for the next linear collider
that are projected to operate at moderate gradi-
ents 50-100 MeV/m at frequencies in the range
of 10-15 GHz.

The third and rather different variant of the
TBA[33] is being studied at CERN under the name
of CLIC, CERN linear collider. For CLIC the
drive beam is given an energy of several GeV and
is periodically re-accelerated with CW supercon-
ducting cavities operating at a few hundred MHz
after power is extracted from the beam with trav-
elling wave transfer cavities. The high energy
of the drive beams eliminates the difficulties of
phase stability and phase shifts of the RF-power
and permits a single drive beam to run along the
entire high gradient linac. The superconducting
re-acceleration cavities can be grouped into re-
acceleration stations spaced by several hundred
meters. Therefore, a large fraction of this TBA
variant will consist of beam transport and pas-
sive structures only. This scheme has three basic
problems.

1. The generation of a suitably intense and
tightly bunched drive beam is somewhat
beyond the present state of the art. A de-
monstration test facility is under construc-
tion at CERN.

2. A low-impedance transfer structure with ac-
ceptable wakefield properties must be de-
veloped. This work is ongoing and appears
promising.

3. The somewhat extreme choice of 30 GHz
for the high gradient structure is now man-
datory to limit the stored energy in the
system. The attendant problems of wake-
fields, fabrication and alignment tolerance
for the high gradient structure are also un-
der study. A first prototype of a 30 GHz
structure has been produced and an align-
ment system with sub-micron reproducibil-
ity have been developed in the ongoing stud-
ies at CERN.

We conclude that two-beam accelerators will
require a level of research and development be-
yond that which is needed for high gradient ac-
celerators with multiple power sources. The TBA
in any of the three variants may, therefore, not
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be ready in time for the next linear collider. The
prospects of using TBAs to drive linear colliders
are brighter for colliders with energies >2 TeV,
which may require gradients >200 MeV/m and
operate at frequencies well above X-band in or-
der to keep size and power consumption within
reasonable limits.

3.5 SUPERCONDUCTING LINACS[40]

Making the main linacs superconducting would
seem to be an ideal solution in several ways. Since
the superconducting cavities can store electromag-
netic energy at very low loss, the peak power prob-
lem is completely eliminated. The high conversion
efficiency permits very high values of beam power
with corresponding relief of the final focus. More-
over, since relatively low frequencies (3 GHz or
less) can be employed without loss of efficiency,
wakefield effects will be small.

Unfortunately, reliably achievable average ac-
celerating gradients (including dead space between
cavities) are limited to values clearly below 10
MV /m at present, and the cost is high, reflecting
the extreme care required in the manufacturing
process. Much higher gradients have been ob-
tained in laboratory tests but were, so far, lim-
ited to very short samples of structure and were
not always well reproducible. A record surface
field of up to 130 MV/m has been obtained[41].
This would, potentially, correspond to roughly
half that value for peak acceleration but was, in
fact, limited to less than a square centimeter sur-
face in a test cavity not directly useful for accel-
eration. Also, a six-cell 1.5 GHz structure has
reached 17.5 MV /m actual accelerating gradient
(M. Tigner, private communication).

In addition, quality factors will have to be
increased to operational values of 10° or more
if gradients substantially above 10 MV /m should
become possible at tolerable cryogenic power. Even
so, the linacs have to be slowly pulsed in order to
reduce the power loss and the implications of this
remain to be studied.

The fact that superconducting linacs present
potentially the ideal solution is more than suf-
ficient justification for a continued and vigorous
effort of research and development in this area.
This work should aim at bridging the large gap
which now exists between record performance in
small cavities and fully-engineered storage ring
cavities operating at 5 MV/m at best. For the
time being, it appears impossible to predict wheth-
er and when a fully-superconducting linear col-
lider may become a realistic possibility.
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4. Obtaining the
Luminosity in an NLC

The luminosity can be calculated from the
beam characteristics at the collider IP,

Ne+ Nc—frepanD
droyoy '

L=

In this formula, N+ (N._) denotes the number of
positrons (electrons) in a single bunch; f,¢p is the
rate at which the accelerator is cycled, the repeti-
tion rate; ny is the number of bunches accelerated
on one cycle (i.e., in a single “batch”); Hp is an
enhancement factor due to the mutual focusing of
the beams at the interaction point; and o, and oy
are the horizontal and vertical gaussian rms beam
sizes at the interaction point.

The bunch size at the interaction point can
be further separated,

o =+/Be

where ¢ is the emittance of the beam and (3 is the
depth of focus of the focusing system.

In the next few sections, we discuss constraints
and limitations on each of the various terms in the
luminosity formula. The emphasis is to increase
those terms in the numerator while decreasing
those in the denominator in a consistent fashion.

4.1 SINGLE-BUNCH INTENSITY AND REP-
ETITION RATE

The single bunch intensity in a linear col-
lider is intimately related to the allowed wall-plug
power:

ENEfrep = nrfanwall

where N is the number of particles per bunch,
E is the center-of-mass energy, frep is the repeti-
tion rate, 7, is the efficiency of wall-plug to RF
power, 1 is the fraction of energy extracted by a
single bunch. 7,5 is about 20% for conventional
RF sources. 7 is limited by the allowed spread in
bunch energies in the final focus. It is typically a
few per cent (we take 2% for our example).

The repetition rate has a lower bound due
to the vibration of the ground. Since the ampli-
tude of ground motion falls rapidly above 10 Hz,
and since we need another factor of six to sam-
ple that motion for feedback, the lower bound on
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frep 1s ~ 60 Hz. Designs tend to be a factor of
two or three higher than this number, with the
exception of CLIC which is an order of magni-
tude higher. For our example, we take 180 Hz.
Higher values have a large impact on the source
and damping ring. The energy of the beam we
take to be 0.5 TeV. Having specified these quan-
tities, the number of particles per bunch is deter-
mined. In this example, it is 2 x 10'° for a total
wall-plug power of 150 MW.

This number is entirely independent of the
method of acceleration; it is an upper bound on
the charge per bunch given the above limitations.

If the repetition rate is increased, then the
intensity of the bunch must decrease given the
power limit. Viewing this trade-off in isolation
from the other limitations, the largest luminosity
comes from a low repetition rate and high single
bunch current.

Positron production can be accomplished via
several methods. A scaled conventional “SLC”-
type source is workable if adjustments are made
to accommodate the higher pulse intensities (10
bunches x2 x 101%/bunch) desired. A higher-
acceptance positron collection system combined
with an additional pre-damping ring is an attrac-
tive improvement over existing sources. This
would likely mean larger aperture, lower frequency
(1 GHz) accelerator sections combined with strong
focusing magnets. The higher beam energies in
the NLC open other interesting possibilities. Posi-
trons are usually made by pair production (nu-
clear beta decay has also been considered as an
alternative), with a variety of potential ways to
produce the photons. Synchrotron radiation from
a beam of energy 150 GeV or higher provides pho-
tons adequate for positron-electron pair produc-
tion. If generated from a helical undulator mag-
net, circularly polarized photons are obtained and
give longitudinally polarized positrons. This ca-
pability may improve the analyzing power in an
experiment. Other possibilities such as Comp-
ton back-scattered lasers or photons produced by
channeling are also under consideration as an al-
ternative to the usual electromagnetic cascade
shower. While a challenge, adequate positron pro-
duction is likely obtainable by several different
techniques.

4.2 EMITTANCE PRODUCTION/PRESER-
VATION(33,42 — 46]

The most important factor in increasing the
luminosity in the NLC is the reduction of the
beam sizes. Part of the size reduction comes from
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reduced emittances generated by damping rings
with natural emittances about an order of mag-
nitude below the SLC. In addition, many designs
make use of the naturally flat beams produced by
damping rings. It is generally agreed by experts in
the field that the damping rings to produce these
emittances (ye; ~ 3 x 107, v, ~ 3 x 1078)
are straightforward and are rather similar to syn-
chrotron light sources now under construction.

To prepare the bunches for acceleration in a
high gradient linac, it is also necessary to com-
press the bunch length and to pre-accelerate the
bunches at some longer RF wavelength to about
5-15 GeV. Both the bunch compression and pre-
acceleration are straightforward extensions of pres-
ent techniques.

After the bunches enter the main linac, there
are many effects which conspire to dilute the emit-
tance. To begin with, the optical functions, dis-
persions, beta functions, etc., must be matched
to those of the linac transport system. If this is
not done, filamentation due to the finite energy
spread can dilute the emittance.

One of the dominant sources of emittance
dilution and beam sensitivity i1s the transverse
wakefield. This couples the head and tail of the
bunch and can cause the tail to grow. This effect
can be compensated by a technique called BNS
damping (or autophasing for very strong wake-
fields). BNS damping uses a correlation between
energy spread and bunch length to make use of
the energy-dependent focusing of the linac to can-
cel the wakefield effects. This technique has been
tested at the SLC where it dramatically decreases
the sensitivity to wakefields.

However, even with BNS damping, due to the
lack of complete cancellation at the local level,
and due to the uncorrelated energy spread, there
can be emittance dilution due to the sequence of
dipole kicks by misaligned magnets and steering
magnets. If left uncorrected, this can result in
alignment tolerances which range from one to 10
pm depending upon the design. Fortunately, new
trajectory correction techniques which have re-
cently been studied can increase these tolerances
well above the 100-pm range[10,47]. If wakefields
are weak by design, then the accelerator align-
ment tolerances are no worse than the quadru-
pole/BPM alignment tolerances;, however, some
designs have very large wakefields—comparable, in
fact, to the external focusing force. In these de-
signs, accelerator alignment is critical. A new
technique of harmonic linac structure movement
may significantly relax these alignment tolerances.
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It is also necessary that upon exiting the linac,
the bunch position be stable from pulse to pulse.
It is possible to feedback on motion which occurs
at frequencies less than about f.,/6. For higher
frequencies, the bunch must be passively stable to
values less than the beam size. Fortunately, it is
the local beam size that sets the scale for mag-
net vibration tolerances because the beam cen-
troid motion is demagnified along with the size,
provided that motion is induced upstream of the
final focus system.

The tolerances for random vibrations of quad-
rupole magnets from pulse to pulse are a small
fraction of the beam size in the linac. For flat
beam designs, they are ~ 40 nm. Fortunately, at
frequencies of 30 Hz and above, natural ground
motion is far below this value. Active and passive
control will be needed for low frequencies.

4.3 MULTIPLE BUNCHES[48 — 50]

Extracting the energy from a linear acceler-
ator is a rather inefficient process with a single
bunch. This is due to the coupling between the
energy extracted and the resulting energy spread
induced in the bunch. It is possible, however,
to extract a significant portion of the RF energy
while maintaining good beam quality with the use
of a train of bunches. This has the additional ad-
vantage of increasing the luminosity. Presently,
the SLC makes use of this concept by accelerat-
ing both the electron and positron bunch on the
same cycle of the SLC linac, as well as the electron
bunch used to make positrons.

For the NLC, however, it is desirable to have
many more bunches (~ 10) to extract a signifi-
cant fraction of the RF energy. To obtain a use-
ful train of bunches in this case, it is necessary to
control both the bunch-to-bunch energy and the
transverse stability of the bunch train.

The transverse stability can be destroyed by
multibunch beam breakup. This must be con-
trolled by providing RF structures in which the
transverse wakefield decreases rapidly behind a
bunch. This can be accomplished either by damp-
ing the higher order modes using external waveg-
uides, or by providing a large cell-to-cell frequency
change so that the higher order modes interfere
destructively (see Section 3.3.3). Both of these
techniques have been tested: Qs as low as 10 have
been measured at SLAC in model structures[51].

Multiple bunches also impact the design up-
stream and downstream of the linac. In partic-
ular, one must assure the stability of the train
in each system of the linear collider. The train
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of bunches places a special emphasis on the time
stability of magnetic components in the system,
especially kickers. New controls and monitors are
needed to handle closely spaced bunches.

4.4 FINAL Focus AND CROSSING AN-
GLE[52 — 56]

4.4.1 Final Focus Issues

All final focus systems under consideration
for NLCs have the same structure as the Final Fo-
cus Test Beam facility now under construction at
SLAC. The FFTB systemn has been carefully an-
alyzed over the last two years, and together with
experience with the SLC final focus system, these
systems are becoming well understood.

The NLC designs proposed by K. Oide and
D. Helm are roughly twice as long (300 m) as the
FFTB; they have system quadrupoles of about
twice the strength, and a final quadrupole of about
six times the strength. A final quadrupole with
these specifications (0.5 mm half aperture, 1.4
Tesla pole tip field) has been built and measured
at Protvino, USSR.

The main aberrations which control the de-
sign are the chromaticity, strong-long sextupole
aberrations, and the chromo-geometric aberration
coming from the chromatic failure of the minus I
transform between sextupoles. Having chosen a
design of length sufficient to control these aberra-
tions, one must insure that feeddown aberrations,
such as dispersion, normal and skew quad, and
chromatic skew quad, are either compensated or
minimized by controlling beam position at crucial
points within the system. It is these feeddown
aberrations which determine the alignment and
stability tolerances of the system.

Recent analysis indicates that mechanical
alignment tolerances can be quite generous (100
micron) as well as “BPM-center-to-element-center”
tolerances (50 micron). What is required for the
main diagnostic are BPMs located at maximum
beta points throughout the system which are sen-
sitive to changes in orbit position. When used
in pairs located = apart, the sum signal of these
BPMs can be used to adjust the linear system and
position the beam at critical elements. When the
linear system is tuned, BPM sum readings will not
depend on upstream changes of the beam. For the
250 GeV NLC, if the BPMs have a scaling accu-
racy of about 1%, are free of cross-talk between
the horizontal and vertical channels to about 1%,
and can detect orbit changes of three microns,
then the spot size will be within a factor of 10 of
the design spot size and the final tuning can be
readily accomplished with correctors.
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To carry out final tuning, which is based on
observation of final spot size, previous corrections
must remain stable. Stability could be monitored
by the BPM pairs, if a stable sensitivity to changes
of 0.3 microns is obtained. Presently, BPMs in the
SLC have the required scaling and cross-talk tol-
erances, however their relative motion sensitivity
is limited to about five microns. FFTB sensitiv-
ity is specified to be one micron. A smaller NLC
beam pipe diameter will be helpful, but further
BPM improvements are needed.

At the SLC, the beam-beam interaction pro-
vides a distinct signal to determine beam offsets
and spot sizes. This signal is expected to be
present throughout the NLC parameter domain.
The stability of the beam centroid at the IP is
maintained by feedback from this beam-beam sig-
nal to steering coils adjacent to the final quads.
The most sensitive tolerance required to maintain
beam collision comes from the final quads. They
must not move relative to one another by more
than the final spot size (2 nm). Since the feed-
back signal can be expected to suppress motion
at frequencies below 20 Hz, the support struc-
ture of the final quad must be rigid at frequencies
above 20 Hz. At these frequencies earth motion
is typically a few nanometers or less.

For linear colliders of higher energy and small-
er emittance, one can say roughly that the final
focus system length will scale linearly with energy,
and that BPM sensitivity will scale with beam
size in the final focus system. The minimum spot
size achievable with a final focus system is lim-
ited by synchrotron radiation in the final quad.
This limit, the Oide limit, is a simple function of
the beam emittance. It appears that systems can
always be designed to achieve the Oide limit.

In summary, it appears that final focus sys-
tems can be built to perform as required in the
NLC regime; however, we still need some BPM
precision improvements and a method for deter-
mining the beam spot size of a single beam at the
IP to aid the tuning process.

4.4.2 Crossing Angle

Because of beam blowup at the IP, an exit
path of larger diameter than the final quad aper-
ture is required. Hence the beams must cross at
an angle, which lies somewhere between 10 and
50 mr. Above 10 mr, a crab cavity must be em-
ployed to twist the bunch as it travels to the IP.
Simulations of masking and tests of crab cavity
performance in the FFTB facility will determine
the optimal choice of this angle for the contem-
plated range of NLC energies.
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4.5 BACKGROUNDS & MASKING[57 — 61]

Experience with the SLC has shown that the
problems associated with detector operation at
ete™ linear colliders are quite different from those
encountered at storage rings. The pulse rate at
linear colliders (~ 10% Hz) is many orders of mag-
nitude less than the repetition rate of a circular
machine, but the beam is created anew on each
pulse, so the extremities of the beam momentum
and betatron phase space are continuously repop-
ulated. These beam “tails” create backgrounds
that disrupt data acquisition and later analysis.

The detector is vulnerable to backgrounds cre-
ated in several ways. Synchrotron photons are
emitted by beam particles as they are bent onto
the final straight trajectory leading to the I[P, and
as they are focused to a waist by the final quadru-
pole lenses. The energies and numbers of photons
that are emitted depend critically on the demag-
nification of the final focus optics, and on how well
the beam tails are removed by the upstream col-
limation system. Even with good collimation and
beam control, it is necessary to shield the detector
from synchrotron photons with carefully designed
masking.

Particles that are lost from the beam at points
upstream of the detector will shower in the mate-
rials that make up the apertures of the beam line,
and create debris that contributes to the back-
ground in the detector. A fraction of these sec-
ondary particles eventually strike apertures nearer
to the detector and can create tertiary backgrounds.
Even a single high-energy particle striking the
aperture of the final quadrupole lens or synchro-
tron masking per pulse can render the machine
useless.

Bethe-Heitler production of energetic muons
also occurs in the showering process started when
particles are lost from the beam. Once produced,
these penetrating secondaries are difficult to stop.

It is necessary to properly collimate the beams
at points well upstream of the final focus in order
to bring these backgrounds under control. Col-
limation of small-emittance high-power beams is
not easily achieved. Beam particles will scatter
from the edges of the collimating surfaces, and
will repopulate the tails of the beam phase space
so that repetitive collimation must be done. The
use of conventional collimating devices is prob-
lematical because wakefields that can disrupt the
bunch profile are generated by the collimating sur-
faces as the beam passes. Furthermore, the bunch
is sufficiently intense that it is capable of destroy-
ing the collimator if it is targeted entirely onto
the material of the device.



.

A new kind of background will appear at the
collision point of future ete™ colliders. These
machines will focus the beams to densities that
are high enough that the particles in one beam
will interact sufficiently strongly with the collec-
tive field of the opposing beam to produce “beam-
strahlung” photons and low-energy electron-posi-
tron pairs. It is necessary to include these parti-
cles in considering the masking of the detector.

4.5.1 Interaction Region Masking

A successful Interaction Region (IR) mask-
ing scheme necessarily results from a delicately
balanced compromise between the following (par-
tially contradictory) requirements:

1. Prevent synchrotron radiation photons, pro-
duced either in the last bending magnet,
or in the final quadrupole lenses, from en-
tering active regions of the particle detec-
tor. The most sensitive detector element is
probably the tracking system. Here, relic
synchrotron photons carry energies in the
range 0.01-10 MeV, and a few percent of
these will be absorbed in the gases in the
wire chambers and produce free electrons.
The masking must be designed to reduce
the occupancy in the detector to acceptable
levels, thereby limiting the tolerable pene-
trating photon flux to several thousand per
crossing (depending on their energy spec-
trum).

2. Intercept beamstrahlung-induced ete
pairs (or their shower debris) before they
can penetrate active regions of the detec-
tor. This point is discussed in some detail
in Section 4.5.2.

3. Maximize the beam stay-clear apertures
close to the detector, so that the number of
intercepted synchrotron radiation photons
or high energy stray beam particles is kept
to a bare minimum, as such hits become
powerful re-radiating sources on their own.

Calculations combining charged particle track-
ing through the final quadrupole fields, and EGS
simulations of photon rescattering and electro-
magnetic showering off masks are used to evaluate
the amount of debris traversing various parts of
the detector. Preliminary results indicate that as
in the SLC case, the primary synchrotron flux,
for a given magnetic configuration, is extremely
sensitive to beam tail populations: upstream col-
limation at the 4-5 sigma level reduces the flux by
about 4 orders of magnitude, and the mean criti-
cal energy by about a factor of 30. Beam centering
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on the quadrupole axis is similarly critical, at the
level of 1 sigma (50-100 microns). Radiation from
the last (soft) bending magnet hits primarily the
final quadrupole bore and face; rescattering ef-
fects and tolerance levels remain to be evaluated.

A large fraction of the primary photons hit
either the bore of the quadrupoles themselves, or
(in the case of radiation produced in the penulti-
mate quadrupole) the upstream face of the last
lens. The necessity to prevent transmission of
this intense flux, transversely to the beam direc-
tion, through the quadrupole bodies and into the
detector, implies the magnets may have to be en-
closed inside an absorbing photon shield, which in
turns complicates the IR layout and may limit the
minimum achievable IP-to-quadrupole distance.

However, and in contrast to present experi-
ence, the large outgoing beam aperture already
imposed by the safe disposal of the disrupted beam
reduces the contribution of rescattered synchrotron
energy (dominated by Compton scattering and
atomic fluorescence) from the face and bore of
the downstream quadrupoles to a negligible level.
Synchrotron radiation which hits onto, and is re-
scattered from, the beam pipe inside the detector
can also be neglected provided the pipe can be
kept larger than about 1 cm. The problem would
of course become much more severe if physics re-
quirements dictated the installation of a very small
radius (a few mm) vertex detector.

A potentially devastating source of back-
grounds lies in high energy beam particles hitting
the vacuum pipe or the quadrupole bore within a
few meters of the interaction point (IP), thereby
creating an intense high multiplicity electromag-
netic shower that saturates the readout and pat-
tern recognition capability of the detector. Such
stray electrons can arise, for instance, from im-
perfect upstream primary collimation, from sec-
ondary particles generated on the edges of colli-
mators, or from beam-gas beamstrahlung in the
straight section between the last bending dipole
and the IP. EGS simulations as well as SLC ex-
perience indicate a rate as high as one hit per
crossing to be unacceptable. The best remedies
known to date consist in the combination of a rel-
atively large (10-15 sigma) beam stay clear in the
final quadrupoles, supplemented by a carefully-
sized absorbing mask that precisely shadows the
quadrupole bore.

In summary, successful synchrotron radiation
masking schemes appear achievable for beam cross-
ing angles ~10 mr that are necessary for the ex-
traction of the disrupted beams. The sensitivity
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to tail population imposes stringent requirements
on upstream collimation, which must efficiently
suppress all phase space beyond about five sigma.
Stay-clear apertures of 10 sigma are required to
reduce hits of high energy stray beam particles to
the required level of much less than one per cross-
ing. Finally, as discussed below, synchrotron ra-
diation masking will also shield the detector from
most particles produced in the beam-beam inter-
action.

4.5.2 Beam-Beam Backgrounds

The beam-beam interaction (between bunch-
es) will produce beamstrahlung photons in addi-
tion to radiative Bhabha events (arising from in-
dividual ete™ interactions). These photons can
turn into ete™ and p*pu~ pairs during collision.
The generally low-energy particles will be strongly
deflected by the same collective field of the op-
posing beam and could be a potential source for
backgrounds.

When the collective field of the opposing beam
is sufficiently intense, it will interact “coherently”
with a photon and turns it into a pair. This pro-
cess, although the dominant channel of pair pro-
duction if the beamstrahlung parameter is larger
than unity, can nevertheless be exponentially sup-
pressed by properly adjusting the beam parame-
ters such that the field intensity is below a cer-
tain level. This is indeed attainable for NLC at
0.5to 1.5 TeV center-of-mass energy. When this is
achieved, the incoherent Breit-Wheeler and Bethe-
Heitler processes become important by compar-
ison. In addition, pairs can also be produced
through virtual photons both coherently and in-
coherently.

Theoretical calculations on beamstrahlung are
now fairly mature[57,58,62]. There has also been
general agreement on the yield of coherent pairs.
Further investigation of the energy and angular
distributions of the pair particles is in progress.
Initial results show that nearly all secondary par-
ticles are contained in the very forward cone and
carry very little energy. However, this qualita-
tive assessment will have to be evaluated in much
greater detail to yield a realistic design of the IP
beam pipe, and, in particular, of the minimum
tolerable vertex detector radius.

Complete modelling with EGS on the effects
of these particles on detectors is presently in prog-
ress. From initial calculations it appears that
masking designed to shield the detector from syn-
chrotron radiation will also shield the detector
from the vast bulk of the particles produced from
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the beam-beam interaction. Backscattering of par-
ticles into the detector is negligible, and the en-
ergy that is deposited in forward luminosity mon-
itors is well below the signal level expected from
Bhabha-scattered beam particles. These calcu-
lations will continue, and will be refined as more
accurate models of the beam-beam interaction be-
come available.

4.6 DBEAM COLLIMATION AND MUON CON-
TROL

4.6.1

Recent calculations on scraper design have
shown that wakefields (fields induced by the bunch
acting back on the bunch) can be made small by
having very small taper angles (1-10 mr) from
the beampipe radius to the scraper gap. A single
bunch train of 10!' 250 GeV electrons, however,
contains 4000 Joules of energy. Since the beam
radius will be 50 microns or less, even one mis-
steered train striking a standard collimator will
melt a small core region and create a damaging
thermal shock.

A collimation system, similar in character to
the final focus system, with sextupoles or octu-
poles placed at m phase apart, with a scraper lo-
cated midway between, may provide a solution to
the collimation problem. The non-linear elements
blow up the beam size, which is then collimated,
and then returned to its original size at the second
non-linear element. This has the advantage that
if the beam is indeed off axis in the first sextupole,
it is sufficiently blown up that it will not damage
the collimator. The disadvantages of this system
are that it must be very long (all beam phases
must be collimated) and has alignment tolerances
similar to final focus systems.

Laser (Compton) collimation has also been
proposed. An intense photon beam is focused at
the edge of the beam. The particles there interact
with the photons and are sufficiently degraded in
energy that they can be scraped from the beam
downstream.

More research work is required on collimation
systems.

Beam Collimation[63]

4.6.2 Muon Control[61]

Muons are created profusely at collimator lo-
cations, and a series of 10 m long magnetized iron
toroids must be installed around the beampipe to
deflect these muons and prevent them from reach-
ing the detector. Detailed design of these systems
has just begun. Initial simulations show that only
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three muons with energies greater than 50 GeV
reach the detector from 1,000 produced at the
collimator. Toroidal arrangements aimed at con-
trolling and diverting higher momentum muons
are expected to improve this attenuation to the
required value of 1 in 10,000. The small bend an-
gles within the final focus designs are sufficient to
insure that even the highest energy muons enter
a toroid at some point.

4.7 RELIABILITY, TOLERANCES & FEED-
BACK

4.7.1 Reliability

The linear collider availability for physics and
accelerator studies is required to be at least 90%.
Every system with its constraints must meet this
combined goal. In the case of the accelerator RF
systems, a small fraction of the RF stations will
be held in standby mode, ready to be switched
in to replace any other nearby system that fails.
This mode of operation causes minimum pertur-
bation to the beam trajectory and energy, and
results in only a short downtime. The number
of magnetic and RF components is of the order of
5000, to be compared to SLC (2100), the Tevatron
(2200), and the SSC (18000). Thus, the compo-
nents in the NLC must be two to five times more
reliable than those in existing machines. Unlike
pp and pp machines, there is no accumulation or
refilling time in the case of a lost “fill.” However,
the circular colliders can coast through an injec-
tor problem. There does not appear to be any
single system in the NLC that is not expected to
meet the reliability requirements.

4.7.2 Alignment and Tolerances

Alignment tolerances are of the order of 30
to 100 pm for most components. This appears
to be achievable using presently available survey
and alignment techniques[64]. The beam must be
aligned within a few tens of microns of the cen-
ter of the RF structures to prevent head-tail ef-
fects. Magnetic elements must be aligned to a few
tens of microns to prevent emittance dilution due
to the chromatic phase advance (betatron oscilla-
tions combined with energy spread)[44]. Because
the beam itself can be used as an alignment refer-
ence, the mechanical alignment tolerances can be
relaxed.

Vibration and ground motion are potentially
very problematic, but because their frequencies
are normally below about 10 Hz, operating with
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repetition rates over 100 Hz allows making pulse-
to-pulse closed-loop feedback correction with av-
eraging times short compared to the period of the
motion. Earth tides, water table variations, di-
urnal effects, power supply drifts, all can be cor-
rected using beam feedback.

In general, the pulse-to-pulse beam centroid
position must be stable to the order of the rms
bunch size in order not to adversely affect the lu-
minosity. Because beam sizes are the order of
o = 10 — 20 pm and oy = 1 — 2 um in the
linac, pulse-to-pulse jitter exceeding these values
can lead to loss of luminosity. It is therefore de-
sirable to have beam position monitors (BPMs)
with resolution and accuracy in the range of 1 pm
and 10 pm respectively. For a BPM with a half-
aperture of 5 mm, this corresponds to +0.02%
and £0.2% of the half-aperture, about a factor of
five better than has been obtained with 11 mm
half-aperture stripline BPMs at SLC[65].

Mechanical tolerances do not scale with aper-
ture, however, so new pickup geometries with more
easily controlled mechanical tolerances are desir-
able. One possibility is slot-coupling (four slots)
through the beam pipe wall to four separate trans-
mission lines outside the beam pipe[66]. Because
the coupling strength is determined by small holes
in the beam pipe wall, the mechanical tolerances
are considerably improved.

In order to achieve the 0.2% accuracy, it is
necessary to measure the relative BPM signal am-
plitudes to about +0.6%. Because of cable atten-
uation disparities and electronics offsets, it will
be necessary to excite the BPM itself with a cal-
ibration signal, probably by sequentially exciting
each slot and recording the output response from
the others. This may attain the needed accu-
racy. The fundamental limit to resolution is set
only by the signal-to-noise ratio. A 1000:1 (60
dB) signal-to-noise ratio should yield resolution
of about £0.02%.

A fundamentally different approach for a BPM
design is for the beam to excite higher order TM
modes in small rectangular resonant cavities[67)].
Two disadvantages of this are the possibility of
excessive wakefields, and the fact that the signal
amplitude is proportional to both the beam dis-
placement and the beam current. In the latter
case, the normalization would have to be done in
the electronics using a known beam intensity sig-
nal.

4.7.3 Feedback and Control

Whereas storage rings involve magnets and
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RF cavities with some inertia due to their in-
ductance and @, and feedback-stabilized power
sources, linear colliders generate their accelerat-
ing fields each pulse and are subject to pulsed
kicker magnet fluctuations. Because of this, the
type of beam diagnostic and control equipment
needs to be somewhat different. For example, a
frequency spectrum analyzer which is very use-
ful in storage rings is of limited use at a linear
collider. On the other hand, using feedback on
the beam is an important tool to achieve stable
collisions.

A linear collider is (or should be viewed as)
one big feedback loop, with many sensor inputs
and control variables. The sensor inputs come
from the beam pickups (intensity, position, angle,
size, tails, etc.). Control variables are steering
magnets, RF drive and phase, source intensity,
and possibly quadrupole and other magnet set-
tings. A linear system would have a matrix which
gives the change in each control setting for a set
of error signals from the sensors. The dimension-
ality of this matrix would be large since the beam
parameters would need to be stabilized at several
locations. While it would be desirable to have
several small loops, one at each location which
run independently, this is difficult since up-beam
controls will affect most down-beam pickup sen-
sors. Even with separate beams from separate
linacs, the feedback loops for each would get cou-
pled together at the final focus interaction point
in order to keep the beams in collision. One tra-
ditional method for decoupling loops which oth-
erwise are coupled is to let each have its own fre-
quency space. For example a slow, low frequency
loop would work outside a fast, AC coupled loop.
This might be useful if the machine repetition rate
is high enough, but for most designs, there is lit-
tle frequency space to split. To achieve the best
performance, sampling, averaging, and correcting
at the machine repetition rate would be desirable.
The feedback control system should be built to al-
low an efficient (easy to set up and modify) global
fast beam feedback system. The SLC machine is
an excellent laboratory to develop such a feedback
system.

RF system amplitude and phase must be con-
trolled to a fraction of a percent and a few psec
respectively. Damping ring systems, including the
injection and extraction kicker amplitude and tim-
ing, also require tight tolerances. Based on the
successes at SLC, there do not appear to be any
technological barriers.
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Feedback loops using the beam position mon-
itors will keep the beam on axis via z and y cor-
rectors at regular intervals. Beam energy (pulse-
to-pulse) stability of about 0.01% will be accom-
plished using BPMs placed in high dispersion ar-
eas between the linac and the final focus. For
example, the dispersion after a 2 mrad bend is
probably of the order of 25 cm, thus requiring
several BPMs with resolution of about 10 ym to
measure the rigidity.

5. Example Designs
and Future Potential

Exploring the ultimate potential of linear col-
liders is more difficult than for the SSC, FNAL,
or even a B-factory, because there 1s not an ini-
tial starting point. In addition, one can explore
both energy and luminosity upgrades. To sim-
plify the situation we will consider only designs
that have a luminosity such as to give the same
event rates, independent of energy (i.e. we will as-
sume that the luminosity must rise as the square
of the energy, and we will start from the values
suggested for “full exploitation” in the Luminos-
ity Goals section). For instance, we can consider:

C of M

Energy Luminosity

(( TeV ) cgs
NLC1 0.5 2 x 1033
NLC2 1.0 1x 103
NLC3 1.5 2 x 103
NGC1 3.0 1x 103
NGC2 6.0 4 x 1035

It should not be surprising to find that the
technical difficulty of achieving the very high lu-
minosities is more severe than that of simply in-
creasing the energy. What is surprising is that
self-consistent designs for such machines are, even
now, possible. Many innovations are needed and
their practicality is not yet known, but it is en-
couraging.

We will briefly discuss how one might achieve
each of the above requirements.

Next Linear Collider, Phase 1 (NLC1)

As an example of a possible approach to a
0.5 TeV collider, we give a parameter set of the
type being considered now at SLAC and KEK.
The idea is to design an upgradable machine, which
would initially use a relatively low gradient (50
MeV/m), a modest repetition rate (120 Hz), X-
band (11.4 GHz), and low initial wall power con-
sumption (40 MW, assuming a 20% RF power
source efficiency).



Table I

Example Designs for Linear Colliders

NLC1 NLC3 NGC1 ZFAC
Energy 0.5 TeV 1.5 TeV 3.0 TeV 0.1 TeV
Luminosity (cm~2s71) 2x10% 2 x 10% 1 x10% 1x 103
Linac Length 13 km 13 km 32 km 2.2 km
Accel. Gradient 50 MeV/m 50 MeV/m 100 MeV/m 50 MeV/m
RF Frequency 11.4 GHz 11.4 GHz 30 GHz 11.4 GHz
# Particles/Bunch:
Linac 1.2x10° 13x10° 0.14x10° 0.6 x 10'°
# Bunches, n; 10 28 150 120
Repetition Freq. 120 Hz 120 Hz 330 Hz 360 Hz
Wall-Plug Power 40 MW 170 MW 180 MW 50 MW
RF Source Eff. 20% 40% 40% 20%
IP Beam Size: oy 3.6 nm 1.2 nm 0.5 nm 7.0 nm
Oz 160 nm 130 nm 16 nm 180 nm
o 100 pm 50 pm 40 pm 140 pm

To achieve the required luminosity of 2 x 1032
cm~ 2571, this example employs multiple (10), rel-
atively small bunches (1.2 x 10 particles).

Next Linear Collider, Phase 2 (NLC?2)

The NLC1 design could be upgraded to 1 TeV
by simply increasing the RF power (by a factor
of four) and thus the gradient by a factor of two.
The luminosity rises by the required factor of four

almost automatically, but the wall power rises by
the same factor to 140 MW.

Next Linear Collider, Phase 3 (NLC3)

A further upgrade along the same lines would
increase the wall power requirement to 300 MW.
It is not unreasonable to assume, however, that a
more efficient power supply will become available
(e.g. 40%). One could then achieve the required
luminosity at 1.5 TeV and 150 MeV/m accelerat-
ing gradient. This assumes, of course, that such a
gradient does not generate excessive dark current
or breakdown, which is yet to be determined. If
such high gradients are not attainable, it would be
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possible to increase the length by 50% to obtain
the increase in energy.

It may also become necessary, in order to con-
trol the beamstrahl- ung, to increase the number
of bunches, and decrease the fraction of energy
each removes from the structure by each bunch
(n = 0.6%). This requires a damping ring with
rather high frequency RF and very short bunches.
Such a ring, although its performance has been
predicted by extrapolation, remains to be designed.

Next Generation Collider, Phase 1 (NGC1)

In order to move to a higher energy and lu-
minosity, we need a more radical approach. In
order to get more luminosity without increasing
the wall power, we need more efficient coupling of
power to the beam. In the above designs, using
short trains of bunches, the RF to beam efficiency
would be only about 15%. Far higher efficiencies
are possible in continuous wave (CW) operation
of a linac. One could thus consider such operation
with the structure operated for a few fill times at
each pulse.
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If such long pulse operation were used at X-
band at an energy of 3 TeV, then the stored en-
ergy would be very high, and the repetition rate
would become very low, causing problems in the
detection of vibration for feedback. The conclu-
sion is that one must go to a higher RF frequency,
for instance, 30 GHz (as studied at CERN). A
reasonable initial accelerating gradient would be
100 MeV/m (again as proposed by CERN).

The example given in the table achieves the
required luminosity with reasonable beamstrahl-
ung and other parameters. As in the later phase
NLC, it would employ a very large number of
small bunches. The damping ring must have even
higher frequency RF, and will clearly require some
use of combined function magnets to increase the
horizontal partition function and lower the longi-
tudinal.

Next Generation Collider, Phase 2 (NGC2)

Upgrading the energy of the above NGC to
6 TeV might be possible by increasing the gra-
dient to 200 MeV/m, or it could be done by in-
creasing the length. In either case, achieving the
required luminosity of 4 x 10%* cm~2s~! would re-
quire another significant innovation. There seem
to be two possibilities.

One approach would be to significantly im-
prove the damping ring performance. The use
of Robinson Wigglers could significantly increase
the transverse damping, and radically decrease
the longitudinal. This, in combination with a fur-
ther decrease in the horizontal-vertical coupling,
would seem to achieve the required performance.
Clearly, no such ring has been designed.

The other idea is to use “super-disruption”.
In this case, a larger weak bunch is accelerated a
few hundred microns ahead of each main bunch.
These precursor bunches contribute little to the
luminosity, but after passing through one another
they act to strongly focus the main bunches. As
the main bunch is focused by the precursor, it
will synchrotron radiate, and thus focus less ef-
fectively (this effect gives rise to the Oide limit).
But at these energies, and with a short precursor,
the radiation is in the quantum regime, and thus
suppressed. The details of such a scheme are far
from understood, but it would seem to provide
the needed luminosity improvement.

To conclude this section, the energy range
from 0.5 to 1.5 TeV seems attainable with con-
sistent luminosity and an RF frequency of about
11 GHz. The higher-energy accelerators rely on a
higher frequency (30 GHz) and also require more
bunches to achieve the necessary luminosity.
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A Z-Factory Postscript (ZFAC)

It must also be noted that the application of
some of these ideas to lower energy colliders has
not yet been studied in much detail. A high lumi-
nosity linear Z-factory should be looked at again.
For example, the use of the long pulse in an X-
band collider, combined with some damping ring
innovation, would seem to give a Z-factory with a
luminosity of 1034, which would have considerable
physics interest.

6. Outlook

6.1 TECHNOLOGY LIMITATIONS AND RE-
SEARCH PROGRAMS

To review the technology limitations in lin-
ear colliders, it is convenient to follow the beam
through the subsystems which make up the accel-
erator complex. The generation of suitable beams
of electrons is relatively straightforward, but the
production of intense positron beams encounters
technological problems. Positrons are produced
by pair production on a target and here we have
problems in both the peak and average power that
the target can handle. There are several solutions
being studied including multiple targets, liquid
metal targets, accumulator storage rings and sys-
tems which use very high energy incident beams
of photons (> 100 GeV) impinging on thin tar-
gets. This is not seen as a hard technology limit,
but rather one of cost and reliability optimization.

The beams are then damped to small emit-
tances in damping rings which are well under-
stood. In fact, the damping rings are not un-
like the storage rings being built today as low
emittance synchrotron light sources. The limits
on performance of these types of rings is in the
physics rather than technology. Again, the issue
is cost or complexity, as multiple stacked rings can
overcome almost any difficulties including assist-
ing the above positron production problem.

After initial acceleration and further bunch
length compression, the particles enter the main
linear accelerator. Here we must confront several
technological problems. We want a high acceler-
ating gradient, not only to get high energy, but
to optimize luminosity. The maximum gradient
that one can achieve 1s limited by dark current,
i.e. field emission inside the accelerating structure
which loads down the accelerator and could pro-
duce intolerable backgrounds. There are several
programs around the world which are studying
this problem and trying to define a practical limit.
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It is based on this continuing research that present
designs do not exceed gradients of 100 MeV per
meter.

To achieve high gradients and luminosity we
need high peak power RF generators at high fre-
quency. There are many R&D programs world-
wide exploring various technological approaches
to this issue. Much of this work is collaborative as
there are many ideas to be explored. They range
from conventional klystrons pushed to higher pow-
er, through new technology generators, to two
beam accelerators. This has been discussed in
Chapter 3. These research programs are making
rapid progress and again the selection of the best
approach will depend on cost, efficiency and reli-
ability. Because the cost and electrical efficiency
of RF generators is such a fundamental design pa-
rameter for linear colliders, we see these research
programs continuing beyond the next linear col-
lider.

The control of the emittance of high current
multi-bunch trains of particles during acceleration
introduces several technological problems. They
include accelerating structures which damp wake-
fields, high precision alignment techniques, high
precision beam instrumentation, and beam con-
trol systems. Much of the research in the acceler-
ator physics of linear colliders is directed towards
defining and minimizing tolerances on the param-
eters which impact the above. We now feel that
these problems are difficult, but not impossible
with today’s technology. Furthermore, the con-
tinuing experience being gained from the SLC de-
velopment program is invaluable in pushing tech-
nology forward on a variety of fronts.

Experience with the SLC has shown that dur-
ing acceleration, the beams can develop signif-
icant tails in both energy and transverse phase
space. To control backgrounds, these tails must
be removed by some collimation system in the
linac and the early part of the final focus. With
the high power and low emittance beams of TeV
linear colliders, this presents technological prob-
lems. In a fault condition, any conventional col-
limator can be damaged by a single errant beam
pulse. This is also true of many other accelerator
components. Machine protection system design
will be complex and new approaches to collima-
tion will be required. Many ideas, including non-
linear magnetic fields or laser beams, are actively
under study. .

The final focus systems which reduce the beam
size by typically a factor of several hundred are

well understood, but a few of the final compo-
nents are limited by alignment and vibration con-
trol technology. The international collaboration
building the Final Focus Test Beam at SLAC is a
research program which addresses these technol-
ogy questions and will be used to test solutions to
these problems.

6.2 ACCELERATOR PHYSICS QUESTIONS/
RESEARCH

A key feature in many designs for Next Lin-
ear Colliders is the acceleration of many bunches
on each fill of the accelerator. This bunch train
impacts the design of every subsystem from the
source to the final focus. Studies have shown that
the train can be kept stable in all these subsys-
tems; however, this requires special RF structures
which damp the wakefield strongly in the main
linac.

Although the emittances seem to be straight-
forward to generate, the small beams induce spe-
cial requirements on the measurement systems to
achieve good optical matching. Much progress
has been made on the study of emittance preser-
vation in the linac. There are now designs emerg-
ing in which the emittance can be preserved with
conventional alignment tolerances for all compo-
nents in the linac, provided that BPM resolution
is in the micron range. Future studies must en-
sure that this can be accomplished in the face of
all errors present in a real linac and in the face
of the expected motion of all components (both
slow drifts and fast jitter).

The RF power source for the Next Linear
Collider is itself a complicated dynamical system.
For two-beam accelerators, the stability of the
drive beam needs careful study. For more con-
ventional power sources, such as klystrons, theo-
retical studies show that designs should produce
about 100 MW with about 50% efficiency. Other
designs which use gridded cathodes and/or per-
manent magnet focusing, however, may have lower
costs or higher efficiency and must be investigated.

The final focus for the Next Linear Collider is
similar in spirit, but different in detail from that
of the SLC. Optical designs are now being studied
with regard to tunability and stability. This effort
is coupled closely to the Final Focus Test Beam,
where these ideas can be experimentally tested.

The SLC has shown that in order for a linear
collider to operate with high reliability, it must
have an appropriate feedback network. This is a
key feature of linear colliders; they must be sta-
bilized during tuning and colliding beam opera-
tion. The feedback necessary for each system in



the collider needs to be specified together with
the interaction or coupling of feedback between
systems.

Many of the effects just discussed have been
under extensive theoretical study. Indeed, dur-
ing the past few years, a general theoretical foun-
dation has been laid for the Next Linear Col-
lider. This has been supported by actual experi-
ence with the SLC and extensive technical progress
on RF power sources and structures.

We believe it is now possible using this foun-
dation to specify in fair detail the design of a
Next Linear Collider. This, however, must be
supported by ongoing experimental tests at the
SLC to verify key features of the design. Pro-
vided that technical efforts are successful for an
RF power source, and provided that there is suffi-
cient support, a conceptual design of a Next Lin-
ear Collider could be completed in the mid-1990s.
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