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THE NEXT LINEAR COLLIDER”

Ronald D. Ruth

Stanford Linear Accelerator Center

1. Introduction

There is now broad agreement in the high cnergy physics community that,

*e~ interactions, we will have to

to continue exploring the energy frontier in e
abandon circular colliders and adopt linear colliders. This realization has led
to active research throughout the world towards the next generation of linear
colliders. The past few years have seen great strides in our understanding of both
the accelerator physics and the technology of linear colliders. We are now at
the point where we can discuss in fair detail the design of such a “Next Linear

Collider,” or NLC.'™

The two key design parameters of the NLC are its energy and luminosity. A
broad consensus has emerged over the past couple of years that the energy should
be 0.5 TeV (total electron plus positron energy), upgradable to at least 1.0 TeV.
One reason for this choice of energy range is the great potential of such a collider
for significant high-energy physics research in the era of the SSC. Another is that
this energy range is a natural next step; it is a factor of 5 to 10 beyond that of the
present Stanford Lincar Collider (SLC). In order to obtain a sufficient event rate
to perform detailed measurements, the luminosity of the collider should increase
with the square of its energy. For an NLC in the TeV energy range, a luminosity

of 103 — 10™ ecm=2s~" is required.

A factor of 5-10 energy increase can be obtained in two ways: by increas-
ing the collider length to 10-20 times that of the SLC (3 km), or by raising its
accelerating field to 5-10 times the SLC gradient (20 MV/m). The present con-
sensus is that we should first increase the accelerating field by about a factor of
three to five-—up to about 50 10100 MV /. To limit the RF power required, this
field should be provided by structures similar to those used in the SLC but at a
higher RF frequency of 10-30 Gliz. At SLAC, the frequency choice for the NLC

is 11.4 GHz, or four times the present SLC frequency. Of course, the ultimate
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tradeoff between length and accelerating field is governed by the overall cost and
the upgradeability. A broad optimum occurs at the point where the linear costs
(accelerating structure, magnets, tunnel, etc.) equal the cost of the RF power

source.

The choice of luminosity range also greatly influences the design of the lin-
ear collider. In principle, one could increase the [uminosity simply by raising
the repetition rate of the accelerator, but the wall-plug power increases in direct
proportion. In a reasonable design, the wall-plug power should fall in the range
100-200 MW. Given this constraint, the best way to increase the luminosity is 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 “beam-
strahlung” 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 cycle. A single bunch of particles can, in practice, extract only a
few percent of the energy available in the accelerating structure. With additional
bunches, we get both greater luminosity and higher efliciency of energy transfer
to the beam. The number of particles in each bunch, another 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 successive bunches, each

with a fairly moderate number 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 luminosity. A possible
layout is shown in Fig. 1. There are two complete linear accelerators, one for
electrons and the other for positrons. Each linac is supplied with particle beams
by a damping ring followed by a preacceleration section consisting of two bunch
compressors and a 16 GeV 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 SLD.

To illustrate the basic features of the NLC operation, let’s follow some electron
bunches through the collider. A sequence of 10 bunches or so is created at the
source and accelerated up to about 1.8 GeV in a preaccelerator. This “batch” of

bunches is then injected into a damping ring that serves to reduce the transverse
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Iig. 1. Schematic diagram of the NLC.
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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 direction of motion by a bunch compressor, after which they are accel-
erated up to about 16 GeV and compressed a second time just prior to injection
into the main, high-gradient, linac. The entire batch is carefully steered and fo-
cused as the electrons are accelerated up to full energy in the linac. Precision
magnets in the final focus 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 bunch of electrons 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.

1.1 NLC PARAMETER OPTIONS

The parameters for an NLC are not definite yet; however, over the past few
years we have narrowed down the range of possibilities considerably. At SLAC,
we have recently reviewed several options for an NLC which has an initial energy
of 0.5 TeV in the CM and an upgraded energy of 1.0-1.5 TeV. Table 1 lists three
parameter options: the first two columns are for 0.5 TeV in the CM, while the
final column is for 1.0 TeV. In Option 1, a short linear collider is constructed with
the full acceleration gradient of 100 MV/m. This can be upgraded to Option 3
by doubling the length of the linac while keeping the injection system fixed. In
Option 2, a long linear collider is constructed with a reduced acceleration gradient
of 50 MV/m. This can be upgraded to Option 3 by the addition of power sources

to the linac. In both upgrade paths, the final focus must be modified somewhat.

Option 1 is quite short and may be less expensive than Option 2, but we are
required to face all the problems of the high acceleration gradient and the required
high peak power RF sources. In Option 2, we relax the requirements for RF power
by a factor of four and begin with a reduced acceleration gradient. The price is

an initially longer accelerator with the increased conventional construction.

We have found in the design process that it is very important to realize that
the intensity and emittance at the final focus are quite different, than those in the
damping ring. To model this, the intensity has been allowed to decrease as shown

in Table 1. In addition, the emittance at the final focus is assumed to be diluted
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Table 1. NLC Parameter Options.

Option 1 2 3
Energy % + % TeV % + % TeV % + % TeV
Luminosity 2x10% | 2x10% | 1x10™
Linac Length 7 km 14 km 14 km
Accel. Gradient 100 MV/m | 50 MV/m | 100 MV/m
RF Frequency 11.4 GHz | 11.4 GHz | 11.4 GHz

# Particles/bunch:DR| 2 x 10'° 1x10'® | 2x10°
Linac| 1.8 x 10" | 9 x 10° | 1.8 x 10%*
FFl15%x10% | 7x10° | 1.5x10%
# Bunches, n; 10 10 10
Repetition Freq. 120 Hz 180 Hz 180 Hz
Wall Plug Power 66 MW 50 MW | 200 MW

IP Beam Size: oy 4 nm 4 nm 2.5 nm

[ 320 nm 200 nm 220 nm

o] 100 um 100 um 100 pm

by about 65%.

To discuss the NLC in more detail, we divide the problem into the two primary
parameters: the energy and the luminosity. In the next section we discuss how to

obtain the energy in an NLC.

2. The Energy

As discussed in the Introduction, the energy of the linear collider is obtained

through a combination of length and acceleration gradient,

E=¢£L, (1)

where £, is the acceleration gradient and L is the length of the linac. This re-

lation is over-simplified, for reasons which we discuss later, in that the average
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acceleration gradient may differ from the peak and the length may include space
for focusing magnets, etc.

The acceleration is obtained with the use of radio frequency (RF) structures
as shown in Fig. 2. The structure shown is a travelling wave structure. It is
basically a long copper cylinder periodically interrupted by disks with holes along
L}.le center line. Every so often (every 1.5 m or so), the structure is interrupted by

a feed for fresh RF power and a load to remove the depleted upstream power.
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Fig. 2. Diagram of a travelling wave RFE structure.

Load

The RF power is provided by the RF source and is transported to the accel-
erating structure in a copper waveguide. The structure is designed as a travelling
wave structure and, as sucli, has a characteristic phase velocity and group velocity.
The phase velocity is designed to be the speed of light. In this way, if a relativistic
electron enters the structure at the correct phase for acceleration, then it will be
continually accelerated as it traverses the entire structure. The group velocity vy
is the rate at which the structure is filled with energy; it is the velocity of the
envelope of the RF pulse as it traverses the travelling wave structure. If Ly is the

length of the structure, then the time to fill the structure Ty is given by

Ty == 2)

For cases of interest, the group velocity is somewhat less than one tenth of the
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velocity of light.

2.1 THE EXTRACTION OF ENERGY

The energy gain of a test particle at the head of a bunch traversing a structure

Fr
of length L, 1s

AE = &, Lycosyp (3)

where ¢ is the phase on the RF wave. The trailing particles see not only the field
supplied by external sources, but also the field induced by the bunch itself, the lon-
gitudinal wakefield. The bunch charge induces fields in all the synchronous modes
of oscillation of the accelerating structure. The field induced in the fundamental

accelerating mode is

Ewake = =2k g cos(wzfc)e™* | (4)

where k is called the loss parameter, ¢ is the charge in a bunch which is short
compared to the wavelength of the RF, w is the RF frequency, z is the distance
behind the point-like bunch, and A is the decay constant due to losses in the
structure walls. The wakefield ahead of a speed-of-light bunch vanishes due to
causality. The total wakefield induced consists of a sumn over all the synchronous

modes of the structure; the dominant term is given in Eq. (4).

This field induced by the particle bunch causes problems which must be dealt
with. The particles at the head of the bunch feel the full acceleration, while those
at the tail feel an accelerating field reduced by 2kq. If the particles are being
accelerated on the crest of the RF, this causes a reduction of the average energy

gained by the bunch, and it also causes an energy spread:

Alype = (gz - kq)Ls

5
(AE)sprwd = il”qu . ( )

These effects are due to the extraction of energy from the RF wave. The field

induced by the bunch reduces the electric field in the structure an amount which



corresponds to the energy extracted by the bunch of particles. The fraction of

energy extracted from a full structure by a bunch at the crest of the RF is

', — 2kq)? ‘
,,Ozl_(_f__@;l)_
: v ®)
~ —é—'—]- for small ng .

The reduction of the average value of the energy gain can be compensated
either by increasing the accelerating field &; or by adding more accelerator sections
to make up the lost enetgy. The spread of energy in a bunch can be compensated
for by shifting the phase of the bunch on the RF wave. In this way, with very
little loss of acceleration, it is possible to obtain a slope sufficient to cancel the
variation induced by the bunch wakefield. For a uniform particle distribution with
a full width Ay, the phase offset is

singg = Z%o% . )

Provided that the phase offset is small, this compensation technique works
well. In order to achieve a small phase offset, the bunch can be lengthened or the
intensity reduced. With very long bunches, the curvature of the RF must be taken
into account and can, in fact, be used to provide compensation of the nonlinear
variation of energy along the bunch. With short bunches, only the linear variation
can be cancelled, which leaves a residual nonlincar energy variation. This residual

must be kept smaller than the energy acceptance of the final focus system.

2.2 MuLTl-BuncH ENERGY COMPENSATION®

In the Introduction, we discussed the acceleration of a short train of bunches in
order to improve the luminosity by extracting more energy from the RF structure.
From the analysis of the previous section, the second bunch must have an energy

which is lower by

AEy = ~2kqly, . (8)

Once again, this is simply due to the extraction of energy from the RF wave.
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This problem can be solved by changing the effective structure length for
the two bunches. If the structure is partially filled when the first bunch passes
through, and if the additional energy entering the structure prior to the passage
of the second bunch matches the energy extracted by the first bunch, then the
second bunch will have the same energy as the first. This is illustrated in Fig. 3;
the cross-hatched areas of the external field and wakefield must match in order
to compensate the energy difference. This technique is used at the SLC to adjust

the relative energy of the positrons and electrons.
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Fig. 3. The electric field profile in the structure (a) just before
passage of bunch one and (b) just before passage of bunch two.

2.3 MULTIBUNCH BEAM BREAKUP

Let us assume that we can match the energy of a short train of bunches as
described in the previous section. There are still other problems caused by the
wakefield induced by a bunch of particles. If the bunch is offset in the structure,
then it induces a deflecting force behind it which is proportional to the offset of
the bunch. This transverse wakefield is similar in form to the longitudinal and

consists of the sum of many modes which cause deflection,
Wi(z) =" Whsin(wnz/c)e ", (9)
n

where W, is the strength of a particular mode, z is the distance behind a short
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bunch, w, is the is the mode frequency and A, is the decay constant for mode
n. The transverse wakefield differs from the longitudinal in that the transverse is

sine-like while the longitudinal is cosine-like.

The transverse wakefield can cause an instability known as beam breakup.”
It is caused by the combination of the coupling from bunch to bunch and also by
a resonance effect. To see this, consider just two bunches. If these two are offset
coming into the structure, the magnet focusing causes them to oscillate with a

wavelength 27 3. The first bunch oscillates freely down the linac according to

o 0 10
& teE=Y (10)

The second bunch is also focused but, in addition, is deflected by the leading

bunch's wakefield

d*zy a3 _ Ne*W, (1)

y + =5 E T, (11)

where N is the number of particles in bunch one and E is the energy of the bunches.
The deflecting force is proportional to the position of bunch one. Because bunch
one oscillates in the focusing system, the force on the right hand side of Eq. (11)
oscillates and bunch two is driven at resonance. Therefore, the amplitude of the

second bunch grows linearly down the accelerator.

The effect is similar for many bunches: bunch three is driven on .resonance by
bunch one and bunch two and so on. The result is that the bunches at the end of
the train can reach large amplitudes unless something is done to ameliorate the
problem. The solution is to eliminate, to the extent possible, the force coupling
the bunches together. This can be done by a special design of the RF structure

and is the subject of the next section.
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2.4 ACCELERATING STRUCTURES

As discussed earlier, the job of the RF structure is to accelerate the beam.
As such, it is usually optimized to provide the greatest acceleration for the lowest
RF power. In addition, the design can have a large impact on the stability of a
single bunch (to be discussed in Section 3.6.2) and on the stability of a train of
bunches. To assure the stability of a train of bunches, we would like to reduce the
deflecting field induced by a bunch as much as possible before the passage of the

next bunch.

This can be accomplished in two ways (see Fig. 4). In the first method, shown
in Fig. 4(a), the cavity design is altered so that the deflecting fields are strongly
coupled to external waveguides. After a bunch passage, the fields in the cavity
die out quickly as they are propagated out the waveguide into a matched load.
The design shown in Fig. 4(a) shows radial waveguides coupled via slots cut in

the irises of the accelerator’

The second technique, shown in Fig. 4(b) relies on the cancellation of the
deflections from cell to cell. If the cells in a single short structure are designed
so that the deflecting modes oscillate at different frequencies, then the average
deflection over the structure effectively damps due to the decoherence of the var-
ious cell wakefields. The initial decoherence time is just the inverse of the spread
in frequency. This technique is illustrated in Fig. 4(b), where the change in fre-
quency is accomplished with three radial slots of varying depth cut into the irises

of the structure.

Damped structures similar to that shown in Fig. 4(a) have been constructed
at SLAC and have achieved a quality factor Q ~ 8 for the dominant higher-order
mode’™" This damping is completely sufficient to eliminate the beam breakup

. . . . 7.8
discussed in the previous section.

The second technique of detuning is an alternative, and possibly simpler,

technique which is presently under investigation at SLAC.
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Fig. 4. Two methods of wakefield damping: (a) radial waveguides
transmit the energy out of the structure; (b) variation of cell con-
struction causes decoherence and effective damping.

2.5 RF PowER SOURCES

To achieve the desired acceleration gradient for the Next Linear Collider, RF
power sources must be provided which give the required peak power and pulse
length at the desired frequency. In the designs in Table 1 we find acceleration
gradients of 50-100 MV /m at an RF frequency of 11.4 GHz. To achieve the larger
gradient, it is necessary to provide about 350 MW of peak RF power in a pulse
of about 100 ns in length to be fed into‘a structure about 1.5 m in length.

In the SLC, the acceleration is accomplished with 2.8 GHz accelerating struc-
tures 3 m in length. Each of these is fed by a 40 MW pulse about 1 us long
which yields an acceleration gradient of about 20 MV/m. In order to increase the
acceleration gradient in such a structure to 100 MV/m, it would be necessary to

increase the RF peak power and the stored energy by a factor of 25.
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At the higher frequency of 11.4 GHZ, the energy density must once again
increase by a factor of 25; however, the cross-sectional area drops by a factor of
1/16. Thus, the energy per unit length in the RF structure only changes by a
factor of two, provided the higher frequency is utilized. Although the energy is
changed very little, the structure of the RF pulse is very different from that at the
SLC. The necessary RF pulses are higher in peak power, but shorter in duration
and feed a shorter accelerator structure. The primary challenge for the RF power

system is to provide a source with the characteristics described above.

There are basically two approaches to this problem as outlined in Fig. 5.
The first approach, shown in Fig. 5(a), uses RF pulse compression. With this
technique, a modulated power pulse of ~ 1 pus is provided by a conventional
pulsed power transformer, a modulator. This pulse is converted to an RF pulse
of the same duration by some device such as a klystron. After the RF is created,
it can be compressed by RF pulse compression to the desired pulse length with a

correspondingly higher peak power.

(a) RF Pulse Compression

Klystron Compress
L e e

—
Modulator RF RF
Pulse

(b) Magnetic Compression

Magnetic Relativistic
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L —_—
Modulator RF
Pulse sro0ms

Fig. 5. Two methods of producing short high peak power RF pulses.

The second technique, magnetic compression, begins with the same modulated
power pulse and then compresses this pulse using a technique called magnetic
pulse compression; the time structure is achieved before the creation of RF. After
this stage, RF can be created by a device such as a relativistic klystron or by an

array of multiple power sources driven in parallel. This second technique has been



under experimental investigation by a collaboration of SLAC, LLNI., and LBL.
The relativistic klystron achieved a power output of 330 MW with a 20 ns pulse’
This technique, however, is presently not considered a candidate for the power
source due to inefficiency and cost. The remainder of this section is devoted to
the first alternative.

>

2.5.1 The Klystron

A block diagram of the RF power system with RF pulse compression is shown
in Fig. 6. The modulator power supply is conventional and is similar in most
respects to those used at SLAC for the SLC. Therefore, we will begin the discussion
with the klystron.
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Fig. 6. Block diagram of RF power system with RF pulse compression.

A schematic diagram of a klystron is shown in Fig. 7. Put very simply, a
klystron is a narrow-band, high-gain radio frequency amplifier. To achieve this
amplification, an electron beam is created by the voltage induced by the modulator
across the cathode and anode. The electrons are accelerated to an energy of about
400 KV with a current of about 500 A; they are transported down a narrow tube
with a solenoid magnet providing the focusing. A small amount of RF power
applied to the input cavity (< 1 kW) modulates the beam energy at the RF

frequency. Due to the induced velocity difference, the faster electrons catch up to
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Fig. 7. Schematic diagram of a klystron.

those that were decelerated. This creates a small density modulation of the beam

as it enters the first gain cavity.

This cavity is resonantly excited by the RF electric field of the modulated
beam to a field of approximately 10 times that in the input cavity. This field
acting back on the beam provides much deeper bunching by the time the beamn
reaches the second gain cavity. This process continues until the final gain cavity,
where the energy of the beam is modulated by as much as 30% of its value. This
modulated beam bunches strongly in the final drift region, is further compressed
by the penultimate cavity and then enters the output structure. This may be one
or more standing wave cavilies, or it may be a travelling wave structure. The
beam induces a field in the output structure; however, this structure is designed
so that the phase of the RF field is such as to decelerate the sequence of bunches
entering it. This deceleration extracts the RF energy in the bunches and transfers
it to the cavity fields which are coupled to an external waveguide. The RF power
flows out the waveguide and can be transported for further use. The beam is
deposited in a water-cooled collector with approximately one half of its energy
removed by this process. With the parameters given above, the klystron produces
about 100 MW of RF power.

Klystrons similar in all respects to the one just described have been built at
SLAC and have achieved 75 MW in short pulses and 50 MW in long pulses as
of this writing.” The design goal is to achieve a 100 MW klystron at 11.4 GHz



with a pulse length of about 1 us. This pulse length is much too long to be used

directly in the acceleration process; we need RF pulse compression.
2.5.2 RF Pulse Compression

The object of RF pulse compression is to convert a long RF pulse of moderate
power into a short RF pulse with high power. Ideally, a factor of five decrease in
pulse length could yield a factor of five increase in peak power. Due to inefficien-
cies, the factor is always somewhat less. The RF pulse compression system SLED
(SLAC Energy Doubler) is presently used at SLAC to boost the klystron power
by about a factor of three before powering the SLAC linac. This system uses
storage cavities to allow the RF to build up. A phase switch from the klystron
effectively releases the energy. Unfortunately, this system gives a pulse shape
which is sharply spiked due to the exponential decay of the fields in the storage
cavities. For an NLC it is useful to have a flat-top pulse to control multibunch

energy spread.

This flat-top pulse can be obtained by two different methods. The first
method, called binary pulse compression (BPC), uses delay lines to delay the
leading portion of an RF pulse so that it is coincident in time with the trail-
ing portion. This yields an RF pulse which is one half as long, but with nearly
twice the power. This process can be repeated in a sequence to achieve more and
more multiplication. Due to losses in components and waveguides, the method is

limited to about three compressions.

Figure 8 shows a schematic diagram of a two-stage BPC system which was
constructed at SLAC."""®

which combines two power inputs into one or another output port depending upon

The 3db hybrid shown in Fig. 8 is a four-port device

relative phase. In this way phase shifts can be used as high power RF switches.
A three-stage system of analogous design has been constructed at SLAC and has
achieved a multiplication factor of 5.5 while reducing the pulse length by a factor
of eight.” This system, together with two 100-MW klystrons, would produce RF
power sufficient for a 5-m long acce]erat,‘or with an acceleration gradient of about

100 MV/m. High-power tests of this three-stage system are continuing,.

One disadvantage of the BPC method of pulse compression is that it uses
rather long delay lines. The waveguides which are used have a group velocity very

close to the speed of light, and they are only used once as transmissive delay lines.
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Fig. 8. Schematic diagram of a BPC system.

This problem has led to the development of a new pulse compression scheme called
SLED I1."" The system as shown in Fig. 9 is similar to the SLED system at SLAC
except that the cavities for storing the RF are replaced by resonant delay lines.
Each of these delay lines has a round-trip delay time equal to the output pulse
length. A resonant buildup of energy stored in the lines takes place during an
input pulse length which is an integral number of delay periods, typically in the
range of four to eight. A phase reversal of the input pulse effectively releases the
stored energy to produce a flat-top output pulse during the final delay period. An
example of a SLED II pulse compression by a factor of four is shown in Fig. 10.
Measurements from a low-power SLED II system with a power gain of four have

shown excellent agreement with theory.

. K = Klystron
Resonant Delay Lines 3db Hybrid
— .
§750A14 Accelerator

Fig. 9. A block diagram of SLED IL

Comparing SLED II with BPC, the amount of waveguide delay line to achieve
a similar compression is reduced by more than a factor of five. This is due to the
reflective nature of the scheme; the delay lines are used repeatedly as the RF wave

builds up. In addition, this method can be staged by placing the SLED II systems
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Fig. 10. SLED II pulse compression.

in series to provide even larger compressions if necessary. A high-power SLED II
pulse compression system will be constructed at SLAC in 1991 to investigate this

promising technique further.

3. The Luminosity

In the first two sections, we discussed the basic layout and how to obtain the
energy in a linear collider; in this section, we discuss how to obtain the luminosity.
Although the luminosity depends upon beam properties at the interaction point,
those properties depend upon beam dynamics throughout the entire linear collider;
therefore, we must trace this influence throughout the collider. Before doing that,
however, let’s examine the luminosity formula. Luminosity for a linear collider
is the same as for a circular collider except that there is an additional term, an
enhancement factor due to the mutual pinching of the beams. The luminosity is

given by

_ N+N—frepnb

4moL Ty

c Hp , (12)

where Ny is the number of positrons/electrons per bunch, frcp is the repetition
frequency, np is the number of bunches accelerated on each cycle of the accelerator,

Hp is the pinch enhancement factor, and finally, o, and oy are the rms beam size
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of the gaussian spot at the interaction point. Each bunch is assumed to collide
with only one other bunch in the opposing bunch train.

25=1 for the energy

The object is to increase the luminosity to 103103 ¢m~
range % to 1 TeV. To do that we must increase the numerator of Eq. (12) and
decrease the denominator as much as possible. For the numerator, we have at our
disposal the number of particles per bunch, the repetition rate, and the number
of bunches on each cycle, but we must satisfy the constraint that the wall-plug
power is in the range of 100200 MW. For the denominator, we can decrease the
cross-sectional area by decreasing o; and oy, but to do this we must keep the

beam flat to control beamstrahlung.

In the next few sections we discuss each term in the luminosity formula. The
discussion of beam size is subdivided into several sections. In the next section we

begin with the numerator of Eq. (12).

3.1 INTENSITY AND REPETITION RATE

First let’s discuss the single bunch intensity N1 and the repetition rate frep.

From conservation of energy, we must have

eNEcmeCp = ﬂrfﬂwaall s (13)

where 7,¢ is the efficiency for converting wall-plug power to RF power, n; is the
fraction of the energy extracted by a single bunch, and P,y is the total wall-plug
power supplied to the linacs. The wall-plug-to-RF efficiency, 5,5, is about 20%
for the projected RF system. This is a fairly realistic estimate including all of the
factors in the power system which were discussed in the first section. There are
new ideas which could raise this to perhaps 30-40%, however, with the system

shown in Section 2.5, 7,y is about 20%.

For somewhat different reasons, the single-bunch extraction efficiency is lim-
ited to about 2%. In Section 2.1, we discussed the single-bunch energy spread
which is induced by longitudinal wakefields. Although the linear part can be
compensated by shifting the RF phase to obtain a linear slope, the higher order
effects are difficult to compensate. This limits single bunch energy extraction to

a few percent.



For the purpose of this discussion, let’s select a wall-plug power of 150 MW
for an E., =1 TeV.

Because the required bunches have a very small transverse dimension, it is
necessary to control their offset pulse-to-pulse with a feedback system. In order
for this feedback system to work efficiently, the sample rate must be at least six
times the rate at which the beam centroid is changing. Because ground motion is
an important source of bunch motion, and because the spectrum drops off rapidly
above 10 Hz, the repetition rate of the accelerator must be greater than 60 Hz.
In order to have it sufficiently greater, we set the repetition frequency to 180
Hz. It could be dropped as low as 120 Hz; however, 60 Hz is probably too low.
Substituting the previous parameter values in Eq. (13), we find that the maximum

number of particles per bunch is Ny ~2 x 100,

3.2 'THE NUMBER OF BUNCHES

As discussed in the Introduction, the designs for the NLC include the accel-
eration of many bunches on each cycle of the collider. The purpose of this is,
of course, to increase the luminosity linearly with increasing number of bunches.
If there were no constraints, the largest luminosity would be obtained by plac-
ing all the charge in the bunch train into one bunch because in this case there
is quadratic gain with increasing intensity. As discussed in the previous section,
the single bunch intensity is limited by the amount of energy it can extract while
retaining a small relative energy spread. It turns out that this intensity is also
consistent with transverse stability (Section 3.6.2) and with beam-beam effects
(Section 3.7.1). Thus, the quadratic gain is stopped by these bounds; however,
since there is about 98% of the energy left in the structure, it is possible to continue

to gain linearly by increasing the number of bunches.

A large number of bunches brings along a host of other complications. Some
of these were discussed carlier. The bqnches must be stable transversely which
means that the structure must be designed in a special way (Sections 2.3 and 2.4).
The energy spread bunch-to-bunch must be controlled. Although the solution
presented in Section 2.2 does keep the energy spread small, only about 20% of
the energy can be extracted without introducing more complicated compensation
techniques. This limits the number of bunches to about 10; although the single

bunch intensity can be traded off somewhat with the number of bunches.
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The RF pulse must be of rather high quality. Systematic phase and amplitude
variations over the bunch train must be less than about 2% (such tolerances are
not unrealistic with the power sources discussed). Because a significant fraction of
the fields felt by the trailing bunches are due to the leading bunches, the intensity
of the bunch train must be controlled with a precision less than 2%. The damping
rings which produce these trains of bunches must be able to accelerate them
without instability. If small position or energy changes occur, a compensation
system must be developed to assure that the bunches enter the final focus system
on the same trajectory and with the same energy. The final focus system must
be designed so that the distant crossings of bunches do not disrupt the primary

collisions at the interaction point.

Although the addition of many bunches appears to be “free” in that we simply
use energy that would normally be wasted, it introduces complexity into every
subsystem of the entire collider. The benefit is an order of magnitude increase in

the luminosity.

3.3 THE BEAM SiZE

The transverse size of a beam in an accelerator is determined by two basic

parameters: the emittance ¢ and the beta function g,

o= V. (14)

The emittance is a parameter that is proportional to the area occupied by the

beam distribution in transverse phase space (z,pz). It is defined by

1
€ = —[< 2t ><pl > — < ap, >}, (15)
Po

where z is the transverse position, p, is the corresponding transverse momentum,
and pg is the central momentum of the bunch of particles. The angle brackets in
Eq. (15) indicate an average over the distribution of particles in a bunch. Because
the quantity in the square brackets is an adiabatic invariant (in the absence of
synchrotron radiation), the emittance decreases inversely with the momentum of

the bunch in a linear accelerator.



The longitudinal emittance is defined in a similar way,

1 ; 0.1
e,—:p—[< 2 ><Ap® > - < 2Ap Y7, (16)
0

where z is the longitudinal deviation from a central position within the bunch,
and Ap is the deviation of the particle momentum from a central momentum.
Once again, the quantity in the square brackets is an adiabatic invariant, which
causes ¢, to decrease inversely with the beam momentum in a linear accelerator.
In the special case of a high-energy electron linac, the longitudinal distribution
and the bunch length are fixed because the particles all travel at essentially the
speed of light. In this case, the fractional momentum spread varies inversely with

the beam momentum.

The beta function B was first introduced by Courant and Snyder in their
description of the alternating gradient focusing of particle beams.” The parameter
not only determines the particle beam size through Eq. (14), it also determines the
instantaneous wavelength of the oscillations of particles within the beam envelope

as they traverse the focusing magnets (wavelength = 27 4).

The beta function also plays an important role at the interaction point. In a

magnet-free region, it has the particularly simple form

(s = s0)

B(s) = ~"+d—. ,

(17)
where 3* is the minimum value of J(s) and sy is the location of that minimum,
the IP in this case. According to Eq. (14), the bcam size near the interaction

point is therefore

. .t ;
gﬂ”:hj+§ﬂs—mf‘ (18)
From this form, it is obvious that .3°* is the depth of focus because the beam size
increases by v/2 when s — sp = 3'. Thus. the beta function plays two important

roles at the IP—it determines botl the spot size and depth of focus.
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3.4 THE DAMPING RING

The damping ring serves to reduce the emittance of the bunches of particles
in all three degrees of freedom. It is an electron storage ring similar in all essential
features to the storage rings used for colliding beams or synchrotron light produc-
tion. The particles in an electron storage ring radiate a substantial fraction of
their energy on each turn—energy that is restored by RF accelerating cavities. In
the process of radiation, the particles lose energy from all three degrees of free-
dom, but it is restored only along one, the direction of motion; the proper amount
is supplied at a single RF phase for a particle with the design energy, which leads
to damping in all three dimensions. The fact that radiation is emitted as dis-
crete quanta, however, introduces stochastic noise that causes diffusion of particle

trajectories.

The competition between these damping and diffusion effects leads to an equi-
librium value for the emittance of an electron storage ring. Damping rings are
designed to enhance the damping effects using strong magnetic fields (such as
those in wiggler magnets), while limiting the diffusion by the special design of the
transverse focusing in the ring. In addition, there is a unique feature of electron
storage rings that can be used to advantage. Due to the lack of vertical bending,
the vertical emittance of the beam is much smaller than the horizontal —typically
two orders of magnitude smaller. Such naturally flat beams are a key feature of

many NLC designs.

One possible design for a future damping ring is about a factor of five larger
and operates at an energy 50 percent higher than that of the SLC damping rings
{see Fig. 11). The final emittance of the beam is more than an order of magnitude
smaller than that of the SLC beams, which leads to much smaller sizes. In fact,
the vertical extent of a beam emerging from this damping ring would be a few

microns, or about equal to the final spot size at the SLC interaction point.

Another key diflerence is the simultaneous damping of many batches of bunches.
In the SLC, at most two bunches are damped simultaneously, whereas this NLC
ring will damp 10 batches of 10 bunches all at once. This feature allows a longer
damping time for any given bunch, because we can extract the “oldest” batch and
inject a new “young” batch while leaving thosec in their “adolescence” to continue
damping undisturbed.
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Fig. 11. A design of an NLC damping ring.

Because the bunches forget their origins in the damping ring, their conditions
upon emerging are entirely determined by their behavior in the damping ring.
This places special emphasis on the stability of the magnets in the damping ring

and extraction system.

3.5 BUNCH COMPRESSION /PRE- ACCELERATION "™

Although the longitudinal emittance obtained in the damping ring is small
enough, the bunch is still much too long for acceleration in a linac. In the SLC
and NLC, this problem is solved by a technique called bunch compression, which
shortens the bunch while increasing its energy spread. Each bunch passes through
an RF accelerating structure phased so that the trailing particles emerge with
lower energy than the leading particles. Then the bunch passes through a sequence
of magnets that disperses the beam so that particles of different momenta travel
on different paths. Particles with higher momentum (at the head of the bunch)
travel a longer path than those of lower momentum (at the tail). The tail of the
bunch can therefore catch up with the head, producing a shorter bunch—but at

the cost of a greater energy spread.

This type of bunch compression has been used routinely in the SLC, where
bunches 5 mm long are compressed to 0.5 mm for acceleration in the linac. Much
shorter bunches will be required in the NLC. Short bunches will suffer less from

transverse wakefields in the linac, and they permit a smaller depth of focus at the
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IP (about 100 microns for the NLC). In principle, another order of magnitude
in compression could be obtained in a single stage; in practice, however, this
approach would lead to other deleterious effects due to the large energy spread
that would be induced in the beam. For this reason, the extra compression is

provided by a second bunch compressor operating at a higher energy.

In the NLC, the bunch is first compressed as in the SLC to 0.5 mm in length,
after which the beam is accelerated to about 16 GeV. The longitudinal spread
of the beam is unaffected by this acceleration, but the relative energy spread
decreases linearly with energy. The compression is then repeated, resulting in a
bunch length as low as 50 microns. By separating the compression process into

two discrete steps, we can keep the relative energy spread small throughout.

3.6 LiNAC EMITTANCE PRESERVATION'

The linac is the heart of the linear collider. As the beam is almost continuously
accelerated, it is also focused transversely. During this process various effects
conspire to dilute the emittance unless special care is taken. Because the linac
is so vital and the potential for emittance dilution and beam size increase is so

great, we will discuss various contributing factors in the next few subsections.

3.6.1 Injection Errors

After the bunch is compressed in length and as it enters the high-gradient
linac, the bunch is about 2 gm high, 20 um wide and 100 um long. To obtain the
necessary luminosity, the beam must be demagnified to the size shown in Table
1, oy X 0, = 4 nm x 320 nm. All of the offsets or angular kicks of the beam
which occur upstream of the final focus system, however, get demagnified right
along with the beam size. This means that the local beam size sets the scale for
any offset and the local beam divergence sets the scale for any angular kick. If
we examine the beam at some location along the accelerator, and if the beam
motion from pulse to pulsev is large compared to the beam size, then the beams
will miss at the interaction point. In order to avoid this problem, these pulse-
to-pulse offsets must be small compared to the local beam size. Equivalently, if
a particular magnetic component has a varying amplitude, the variation of the

angular kick must be small compared to the beam divergence at that point.



+

The emittance can also be destroyed by initial errors in beam size at the
entrance to the linac. The beam size in an accelerator was discussed in Section 3.3.
If there is bending or if the beam is offset in quadrupoles, the beam is dispersed
with different momenta occupying different positions. In this more general case,
the beam size is

ol =B+ D6, (19)

where D is called the dispersion function and § is the momentum variation in
the beam prior to the bending field. For example, at the end of the compression
section, 6 ~ 0.01. At the entrance to the linac D should vanish. If not, this error
in beam size results in emittance dilution in the acceleration process. For typical

flat beam parameters the tolerance on dispersion D given by

Dy < 0.2 mm
(20)
D, <2mm.

The dilution caused by residual dispersion is additive. There are also multi-
plicative effects due to the mismatch of the beta function of the magnetic focusing
lattice. If the beam were mono-energetic, these mismatches would not filament
and could be compensated at any point along the linac. Since there is a signifi-
cant energy spread, this mismatch must be avoided. For a small error in 3 at the
entrance to the linac, and provided the filamentation is complete, the emittance

dilution is given by

Ac 1 [AB\?
=43

For incomplete filamentation, the emittance dilution will be somewhat less.
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3.6.2 Wakefields and BNS Damping

Wakefields are a key problem not only for linear colliders, but for all accelera-
tors and storage rings. The standard solution to this problem is to first reduce the
wakefield forces until they are small compared to the applied external fields. Then
compensation can be used, either feedback or modification of beam parameters
or we can simply live within the limits by keeping the number of particles in the

bunch sufficiently small.

In Sections 2.2 and 2.3 we discussed the effects of the long range wakefield.
The multibunch beam breakup can be controlled by damping the undesirable
modes in the RF structure; this reduces the long range wake at the second bunch
but has little effect within the first bunch. Now we examine the effect of the short

range wakefield on the stability of a single bunch.

The short range wakefield can be expressed again as a sum of modes; however,
in this case it is necessary to include modes at very high frequency. A typical
short range wake is shown in Fig. 12. It rises from zero, has a large peak and
then oscillates with a frequency determined by the dominant mode. The bunches
which will be in an NLC are so short that they fall on the initial rise of the
wakefield. This is sometimes approximated as a linear rise (shown as the dotted *
line in Fig. 12).

The transverse wakefield increases rapidly with increasing frequency. If all

dimensions are scaled, then

3
Wu4=(%)vﬂwnuh (22)
|

where A is the scaled wavelength and A, is a reference waveler;gth. The initial slope
varies inversely with the fourth power of the wavelength. Most of this variation
comes only from the proximity of the irs hole to the beam. (By causality the
short range wakefield must be independent of the distance to the outer wall of
a structure.} It is, therefore, possible to reduce the short range wakefield by
increasing the iris hole size relative to the wavelength. This reduces the short
range transverse wakes, but it also decreases the effectiveness of the accelerating
structure. Therefore, one must balance the transverse benefit of increasing the iris
size with the increased RF power necessary to achieve a given acceleration field

with the larger iris size.
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Fig. 12. The short range transverse wakefield at the SLC. The upper
graph shows a detail of the behavior 5 mm behind a point bunch.

Even with the reduced wakefield within the bunch, there is still an instability
induced within a bunch due to the coupling of the head and tail by the wakefield.
The situation is completely analagous to that for multibunch instability discussed
in Section 2.3; the same two-particle model suffices. In this case the head of the
bunch, particle one, drives the tail of the bunch, particle two, on resonance. The
growth is initially linear with distance but becomes exponential as the simple

model breaks down.

Fortunately, there is a technique, called BNS damping, which can be used to
compensate the instability”” The problem and solution are illustrated in Fig. 13
where a two particle model is shown. If the two particles are offset to one side of
the structure, the wakefield force deflects the tail particle away from the axis. We

add to this the external fields due to the focusing magnets; on the average there is a

focusing force in the opposite direction. If we reduce the energy of tail of the bunch
by inducing an energy correlation along the bunch {this occurs naturally and is
controlled by the phase offset discussed earlier), then the tail particle experiences
a stronger force than the head particle. Finally, if the additional force can be
adjusted to cancel the wakefield force, then the two particles, the head and tail,
move coherently together, and the growth is completely eliminated. The BNS

correlated energy spread is given by

AE ENW (0.)8]
— =édpNg = ———20
( 7 )BNS BNS iE. , (23)

where N is the number of particles in a bunch, W, (0,) is the transverse wakefield

evaluated at o,, and B, is the B-function at energy E,.
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Fig. 13. lllustration of BNS damping. The additional focusing force
on the lower energy trailing particle (dotted line) exactly cancels the
wakefield force of opposite sign.

If the wakeficld is large, then one can still satisfy Eq. (23) by using RF focusing

rather than energy variation to vary the focusing strength. In this case, however,
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trajectories can filament rapidly. To avoid emittance dilution with strong wakes,
the alignment and trajectory tolerances are less than the beam size. This leads
to 1 um alignment tolerances’* As we shall see in the next sections, these tiny
tolerances can be avoided by keeping the wakefields weak. With weak wakefields,

tolerances are dominated by chromatic effects.

In the weak wakefield regime, BNS damping has been tested at the SLC
linac™ In this case the tail growth due to a coherent oscillation was reduced by an
order of magnitude. BNS damping has since been adopted as the normal running

.

configuration for SLC.
3.6.3 Chromatic Effects

Upon injection into the linac, the compressed bunch has about a 1% uncor-
related energy spread. As the beam is accelerated, this relative spread decreases
inversely with energy. At the same time a correlation between energy and bunch
position is introduced due to the longitudinal wake and the curvature of the RF.
Thus, the distribution in phase space becomes a wavy line which, when projected
on the energy axis, yields an effective energy spread. At any location along the
accelerator, the overall energy spread is a combination of the damping injected
energy spread and the variation of energy along the bunch. After the bunch emit-
tance is sufficiently damped, the relative energy spread remains constant unless
deliberately increased by phase changes. For this reason it is useful to consider two
models; one with constant energy spread and one with damping energy spread.
In all cases considered below, we give not only the formula but also the value for

the first design from Table 1 with energy 0.5 TeV in the center of mass.

The first chromatic effect to consider is that of a coherent betatron oscillation.
If the variation of the phase advance with momentum {chromatic phase advance}
is much greater than unity, the oscillation filaments. In this case the oscillation
amplitude must be less than the beam size to avoid emittance dilution. If the
chromatic phase advance is small (64,4, < 1), then the tolerance on a coherent

oscillation of size Z, is

- ag gg 2
Ty < = -—,

50¢'tot 5o¢cell Nq (24}
Z, < 208,

where 6§, = 2x1073 is the constant relative momentum, e and Yo, are the phase
advance per cell and total phase advance respectively, and N, is the number of

quadrupoles. For the case of a damping energy spread with initial value é; = 0.01,

. og 2 (7f>
o< —2 [ L),
® 7 Sibeen Np \ i

in<50ﬁ.

the tolerance is

(25)

For the case of a corrected trajectory let us consider the model of a sequence
of random trajectory bumps. In this case the tolerance on the trajectory or

alignment 1s

1/2
og 3 )
Az ms < T rYa ]
(B)ems < e (Nq (26)
(AZ)ms < 30um

for a constant energy spread §,. For an initial damped energy spread §;, we have

o8 1\Y2 fyp\ ¥4
(Az)rms < ——{ = - ,
Sitbeent \ Ny % (27)

(Az)rms < 30pm .

3.6.4 Misaligned Accelerator Sections

BNS damping only cures the growth and filamentation of coherent oscillations
in the linac; it is an average compensation rather than a local one. In an actual
linac, the wakefield kicks are not cancelled locally by adjacent quadrupoles. This
leads to an incoherent growth of wakefield tails due to the random sequence of
misalignments between the trajectory and the accelerator structure. If we pa-
rameterize the strength of the wakefield kick by dpns as defined in Eq. (23), the

tolerance on random accelerator misalignments is given by

1/2
og 3
AZguructure _9 (3N
( Tstructur )rms < 5BNS’(/)CCU (Nq) (28)
(Axsnucture)rms < 25um ,

for gng = 2.5 x 1073, From Egs. (26) and (28) above, we see that the structure

tolerances and quadrupole alignment tolerances are comparable provided that



bBNs ~ 6o, that is, provided that the energy correlation needed for BNS damping

is equal to the minimum energy spread in the linac.
3.6.5 Compensation of Chromatic/Wakefield Effects

" The alignment tolerances shown above assume that the trajectory is a random
sequence of bumps. There is no particular reason that it has to be random. Let us
for the moment neglect wakefields. Then it is possible to measure the trajectories
for particles of different energy and choose a trajectory which yields a small dif-
ference. Such a difference trajectory can be generated by scaling all the magnetic
fields in the linac by a small amount so that the entire beam has an effective
energy which is changed. By choosing the corrector sequence to minimize this
difference trajectory {as well as the actual trajectory), the dispersion generated

by misalignments is cancelled locally.

This technique is called dispersion-free correction. Provided that the beam
position mouitors have a precision the order of 1 um, it is possible to essentially de-
couple the quadrupole misalignments from the dispersive effects’”* This increases

the tolerances given in Eqs. (26) and (27) by an order of magnitude.

When we include wakefields, the coherent motion is BNS damped and the
incoherent motion gives rise to a random tail growth which can be controlled by
tight tolerances. All that really matters for this effect is the value of the offset
of the bunch within the structure. The offsets can be caused by two effects:
misalignments of structures and trajectory offsets in structures. The trajectory
is under our control; therefore, it is possible to use a trajectory which cancels
the wakefield effects locally. Recently, it has been shown that by modifying the
dispersion-free trajection technique, we can obtain a trajectory which cancels both

the wakefield effects and the energy variation of the trajectory.

Finally, we are left with the misalignments of accelerating structures. The
most straightforward technique is to simply align the structure to the beam by
using a BPM which is geometrically linked to the structure center. Such a BPM
could consist of simply measuring the transverse wakefields induced by the beam!”
One can use this information to either move the structure or move the trajectory
to minimize the wakefield effects. Alternatively, for weak wakes, it is possible to
deliberately move the beam or the structure to add a wakefield which cancels the

effect of the rest of the accelerator.”
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3.6.6 Beam Tilt

If there are RF kicks due to construction errors in the accelerator sections, the
tail of the beam receives a different kick than the head. This can give a tilt to the
beam. If we assume a random uncorrelated sequence of RF kicks, and compensate

the center of the bunch with dipole correctors, the tilt tolerance is given by

1/2
(erms){ﬂo < sin ¢y >rms ’ilf \/]Vs (lt) } < g_y , (29)

¥ [

where G 15 the rms RF kick angle for a beam with energy «,, N, is the number
of accelerator sections, ¢, is the phase angle of the transverse kick relative to the
bunch, and o, is the bunch length. For the parameters for collider number one in

Table 1, we have

Orms < 2prad . (30)

If such a kick is caused entirely by the systematic tilting of irises in an accelerating
section (the bookshelf effect), then the tolerance on the systematic tilt angle of

all the irises is given by

Ojhis < 0.3 mrad . (31)

3.6.7 Jitter and Vibration: Motion Pulse to Pulse

Feedback is essential to handle the “slow” drift of z,’z',y,y', E. In practical
cases it is possible to feedback at f < %52 This sets the scale for what we consider
slow. Time variation has many sources in linear colliders, for example: damping
ring kicker Jitter, power supply variations and ground motion. The jitter of the
kicker in the damping ring must be kept small compared to the natural divergence
of the beam at the kicker. Tolerances in power supply variations are also set in
many cases by the beam divergence. The effects of ground motion depend upon
the design and assumptions for the motion. If the wakes are weak and chromatic
effects are kept small, there is no filamentation, and the beam moves coherently
from pulse to pulse. If wakes are strong, and there is a large spread of betatron
wave number, there is filamentation so that the beam size varies from pulse to

pulse with a smaller centroid motion.



If we assume coherent motion, then for random magnet-to-magnet jitter the

1/2
ogF (3

(Ar“lte ) ms < —— (_) )
jitter Jr ﬂ Nq

(AIjitter)[ms < (004)0ﬂ ,

tolerance is

(32)

where F is the focal length of a lens. If, on the other hand, there is magnet-
to-magnet correlated motion of amplitude Az, then the dominant effect occurs
when the wavelength A is equal to the betatron wavelength. However, since in the
planned designs the betatron wavelength changes o« 7172 the resonance is only

temporary. If 278; < A < 2xfy, then the tolerance is given by

/2 1/2
; ’Yj)l ( 2 )
o (1) (2)" |
g ﬂ(”d’cell)l/z v Nq (33)

Ary < (0.1t00.4)0g,

where 7 is the energy at which 278 = A.

3.7 Tue FiNaL Focus™ ™
At the end of each linear accelerator is a final focus system whose purpose is

to compress the tiny bunches to sub-micron dimensions. To obtain the luminosity
desired, the cross-sectional area of each bunch must be only a few hundred square
nanometers. In addition, we must focus it to the shape of a flat ribbon (rather than
a string) in order to minimize the radiation emitted as the particles in the bunch
encounter the intense electr.omagnetic field of the opposing bunch. These goals
are accomplished by the use of a complex magnetic focusing system analogous (in
reverse) to an optical telescope used to magnify distant objects. This system uses
quadrupole magnets as focusing elements in a unique combination that provides

a very large demagnification.

A major problem is the so-called “chromatic” effect of the final quadrupole
magnets. Two parallel electron beams with different momenta entering a perfect
quadrupole magnet are brought to a focus at slightly different longitudinal posi-
tions because the lower energy beam is bent slightly more than the higher energy
beam by the magnetic field (see Fig. 14). For it not to affect the spot size, this
shift of focal point must be smaller than 3*, the depth of focus of the beam. Due
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Fig. 14. The “chromatic” effect of the final quadrupole focusing
magnet. Particles of differing energy are focused to different loca-
tions.

to the requirement of flat or ribbon-shaped beams, this depth of focus is about

100 microns in the vertical dimension.

Such a small depth of focus makes the chromatic effects particularly serious.
The chromatic correction of the final quadrupoles is in fact the key to the final
focus. Upstream of these quadrupoles, a combination of bending magnets that
disperse the beam combined with nonlinear sextupole magnets ensures that higher
energy particles get a bit more focusing than lower energy particles. When a bunch
arrives at the last quadrupole, the chromatic effect of the magnetic field upon it

is exactly canceled.

The basic principles of the chromatic correction for particle beams have been
known for about 30 years. Their first application in a lidear collider was in the
SLC, where the beams are demagnified by about a factor of 30, yielding spot
sizes of about three microns. Because the demagnification necessary in the NLC
is about a factor of 300, however, the design of its final focus system will be
substantially different from that of the SLC.

In order to test such a next-generation final focus experimentally, an inter-
national collaboration including SLAC, INP, KEK, Orsay and DESY has been
formed to design and construct a Final Focus Test Beam (FFTB) at SLAC.™
This facility will use the SLC beam emerging straight ahead from the linac as its

source of electron bunches.



igure 15 shows a schematic of the location and layout of the FFTB. It is
a scaled version of an NLC final focus, and as such, is qualitatively similar to
NLC designs. A special feature of the design is that the chromaticity-correcting
sextupoles are grouped in separate pairs, one for the horizontal dimension and one
for,the vertical. This pair of magnets is arranged so that the nonlinear aberrations
introduced are cancelled, while the chromatic effects add. The bends shown in
Fig. 15 horizontally disperse the different momenta in the beam so that the sex-
tupoles give somewhat more focusing to the higher-energy particles. This addi-
tional focusing is arranged so as to cancel the lack of focusing of the higher-energy

particles in the final quadrupoles.
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Fig. 15. The location and schematic layout of the Final Focus Test Beam.

The goal of the FFTB is to produce bunches with transverse dimensions of
60 nanometers high by 1 micron wide. Figure 16 shows the vertical bean size

plotted versus the vertical 3* at the IP. In an ideal linear system, as discussed

in Section 3.3, the beam size is just proportional to the square root of g*. This
is shown as the dotted line in Fig. 16. If the bunch has finite energy spread and
with no correction, this linear decrease is modified by chromatic aberrations so
that the beam size reaches a minimum of about 1 um {(the solid line in Fig. 16).
Finally, if the chromatic-correction sextupoles are powered and if the system is
properly tuned and adjusted, the vertical beam size follows the linear optics down
to a size of about 60 nm before other high-order effects spoil the compensation
(the dashed line in Fig. 16).
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Fig. 16. Beam size versus optical tuning for uncorrected optics
(solid), corrected optics (dashed) and linear optics (dotted).

The FFTB will not achieve the beam size necessary for NLC due to the lack
of a suitable low-emittance source. In fact, to achieve such low emittance, we
need the NLC damping ring and linac. The FFTB will, however, test the optical
demagnification necessary for an NLC. In fact, the design 3* for FFTB is identical
to that for NLC. In addition to this primary goal, the collaboration will use this
facility to test the alignment, stability and instrumentation requirements needed
to achieve such small spots. The Final Focus Test Beam is a key component of
the worldwide research effort towards the NLC.



3.7.1  Beam-Beam Effects™ ™

When two oppositely-charged bunches collide at the IP, the ntense electro-
magnetic field generated by the bunches tends to mutually focus them. This
leads to disruption of the bunch and to a pinch enhancement of the luminosity.
The enhancement factor f}) was given in Eq. (12) for the luminosity. For round
bunches, this enhancement can be quite large (2 5); for flat bunches, however,
it is considerably reduced (< 2) because the pinch only occurs in-one dimension.
If, in addition, the bunches are misaligned relative to each other, the ceuntroids
are attracted during the bunch passage. This leads to a two-stream instability
which for moderate disruption actually helps the collision process; if the bunches

are misaligned, they bend toward each other and collide partially anyway.

The combination of very high electromagnetic ficlds and high particle energy
yields substantial amounts of synchrotron radiation known as beamstrahlung. The
average energy loss due to beamstrahlung ranges from 1 to 30 percent in various
NLC designs. ln extreme cases, many of these photons can subsequently generate
electron-positron pairs in the intense electromagnetic fields present. The radiated
photons or charged particles can strike detector components, causing undesirable

backgrounds.

The train of bunches on each cycle also presents a problem at the final focus.
In order to have a separate channel for the outgoing disrupted bunch, collisions
take place at a small angle. As the bunches approach the collision point, they feel
the field from those bunches which are exiting and have already collided. This
sequence of bunches can induce a multibunch kink instability which can cause
trailing bunches to miss the interaction point. This effect can be controlled by

the charge per bunch or by the crossing angle.

In practice, these beam-beam effects are what impose the ultimate limits on
the possible charge per bunch—and thus on the luminosity. In the design described
above, the luminosity limit is bypassed by using a short train of bunches, each
with moderate total charge. This approach allows us to maintain the desired

luminosity while keeping beam-beam effects under control.
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4. Sumnmary and Concluding Remarks

In the previous sections we have outlined the basic issues important in the
design of a Next Linear Collider. The energy can be obtained by essentially
conventional means, with the use of RF accelerating structures combined with
high peak power RF sources—klystrons—which are similar to those used presently
in the SLC. The key difference is the change of frequency by a factor of 4. For
the structures this change of frequency presents no problem. Structures at 1.4
GHz have been constructed; damped and detuned structures have been built or
are being designed. The power source is very close to realization. The klystron
discussed in Section 2.5.1 could easily provide enough power for the lower gradient
option (option 2) in Table 1. The RF pulse compression necessary to achieve the

proper pulse length has been tested and has behaved as theory would indicate.

The luminosity of the Next Linear Collider is perhaps the more difficult prob-
lem. To reach the desired levels of 10%% — 103 cm~%sec™!, it is necessary to
compress the beam spot to a few hundred square nanometers. This situation
is forced upon us by conservation of energy; the wall-plug power must be kept
within reasonable bounds. In spite of the small size required, many of the toler-
ances can be brought to conventional values when compensation techniques are
applied. Many of the issues of producing small spots will be addressed by the

Final Focus Test Beam.

The second major component to the luminosity increase is the acceleration
of many bunches on each machine cycle. This increases the efliciency of the
collider but also introduces many complications throughout all the subsystems.
Experience has been gained at the SLC which accelerates three bunches on each
cycle, and also at all long-pulse linacs which accelerate sometimes thousands of
bunches on each cycle. Thus far, no fundamental problems have been discovered

which would preclude the acceleration of trains of bunches.

To conclude, the outlook for obtaining both the energy and luminosity of a
Next Generation Linear Collider is bright. Provided that the engineering cffort
on the power source is successful, an NLC design could become a reality by the
mid 1990s.
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