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GENERAL {HNTRODUCTION

In the past decade progress in high energy physics was largely dominated by
experimental results obtained in electron-positron colliding beam storage rings.
This progress underlines the maturity of the technique which allows the confident
proposal of new storage rings with ever increasing center-of-mass energies.
While there does not seem to be a fundamental limit to the principle below
a center-of-mass energy of about 500 GeVE)it seems that we have reached the
fiscal 1imit with the proposed ete” storage ring, LEP, at CERN, Genevé? This
storage ring has a circumference of 28 km and is supposed to reach a center-
of-mass energy of 160 GeV with a conventional RF system and 240 GeV with a
superconducting RF system when this technique becomes practical. The version
with the conventional RF system is estimated at about $600M plus the cost of
personnel. The different generations of storage rings built and estimated
so far lead us to a scaling of the cost with the square of the energy.

This comes from the rapidly increasing demand for RF power with energy to
compensate the losses due to synchrotron radiation in the circular ring
magnets. In order to keep this power demand and the energyspread in the
beam reasonable, the designer is forced to increase the circumference of the
storage ring at least like the square of the energy. It is clear that the
scaling for cost and size makes the proposal of a storage ring with signifi-
cantly higher energy than LEP unrealistic. An alternative for colliding
beam facilities are Linear Colliders.3) Here two linear accelerators, one
for positrons and one for electrons, face each other. Both linear
accelerators are triggered at the same time and the beams are brought into
head-on collision at the interaction point in the same manner as in a storage
ring. This way no bending of the beams is involved and as a consequence

there is no energy loss due to synchrotron radiation.



The cost scaling, therefore, must go linear with the energy. Since no
linear colliders have been built yet it is difficult to know at what energy
the linear cost scaling of linear colliders drops below the quadratic
scaling of storage rings. There is, however, no doubt that a linear
collider facility for a center of mass energy above say 500 GeV is signifi-
cantly cheaper than an equivalent storage ring.

In order to make the linear collider principle feasible at very high
energies a number of problems have to be solved. There are two kinds of
problems: One which is related to the feasibility of the principle and
the other kind of problems is associated with minimizing the cost of
constructing and operating such a facility.

In this lecture series I will try to describe the problems and possible
solutions. Since the real test of a principle requires the construction
of a prototype I will in the last chapter describe the SLC project at the

Stanford Linear Accelerator Center.

1. BASIC PROCESSES AND COMPONENT

In a linear collider facility two linear accelerators aimed at each
other on a straight line are fired at the same time (Fig. 1). Both
beams are brought into head-on collision at the collision point halfway
between both linear accelerators. 1If one accelerator produces a bunch of
electrons and the other a bunch of positrons we have e+e_ collisions like

in a storage ring. The luminosity is given by

(1.1)
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where N = N” = N is the number of particles per bunch, V the pulse

rep

*

repetition rate and, Oy the beam height at the collision point. From here on
all quantities shown with an asterix (0;, etc.,) are to be taken at the
collision point. To bring the luminosity expectations into perspective

we have to compare it with a storage ring luminosity given by

% - S s IOV (1.2)

where Vrev is the revolution frequency and Bs the number of bunches per beam.

We are being a little generous in assuming 9% % BS because that proportionality

4)

was never quite achieved in a real storage ring due to the beam beam effect.

We now take the ratio of both luminosities and apply subscripts "c"

and "s" for collider and storage ring respectively to the beam quantities

and set Bc = 1:
* *
oY) c o
rep _SX sy
v * % (1.3)
rev O o
cx ¢y

Jﬁanb

% . 1
QS BS

For fiscal reasons we will always have to choose Ve << Viev and limitations
due to the interaction of the beam with the accelerator structure will re-
quire the number of particles per bunch to be much smaller in the collider
than in a storage ring, Nc<< Ns' In order to still achieve collider lumino-
sities comparable with storage ring luminosities we have to make the beam
cross section of the collider beams at the collision pointextremely small,
* * * * . . I ]
c 4,0 << 0 ', 0, This is possible in a linear collider facility., In
cx cy sx’ sy

a storage ring the lower limit of the beam cross section is determined by the

beam beam effect and the limitations in our ability to correct chromatic effects
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in the focussing sytem. These limitations aris= because the particles may
not be perturbed teo much by the beam beam efrzct so they can be used again
and again as they circulate in the storage ring. In a linear collider the
particles are thrown away after collision and, therefore, we can make the
beam cross section as small as technically feasible.
To maximize the luminosity in a linear collider we, therefore, need:
- the highest number of electrons and positrons per bunch that can
safely be accelerated without getting a dilution of the beam emittance.
- the smallest possible beam emittance €, since o =‘/EEFF s
- the tighest possible focussing at the collision point (small 8*),
- the highest technically and financially feasible pulse repetition rate

(Vrep) .

Now we are ready to understand the basic processes taking place in each
cycle of the linear collider system (see Fig. 1).
- an intense bunch of electrons in a short pulse compatible with the wave-
length of the linear accelerator is generated and injected into the accelerating
structure.
- at about the same time an intense positron bunch is created and also at
an ;ppropriate phase injected into the other accelerating structure.
- since neither the electron nor the positron bunch have the desired small beam
emittance both bunches after some acceleration to the order of about 1 GeV
are stored in so-called damping rings. These rings are small storage rings
where the particles reduce their transverse momentum (beam emittance) due to
the emission of synchrotron radiation.

- after a few damping times the electron and positron bunches are ejected

from the damping ring again and accelerated to the final energy in the linear



accelerators.
- during acceleration a sophisticated monitoring and control system is used
to keep the beams as close as possible in the center of the accelerating
structure. This is necessary to minimize the excitation of transverse
electromagnetic modes (wake fields) which act back on thé beams in a destructive
way (Section 6).
- after acceleration the beams are transported through a final focus system
which focusses the beam dimension to as small a diameter at the collision point
as possible. The limitation is determined only by the chromatic and geometric
aberrations of the beam optical focussing system (Section 7).
- after the beams have collided they have to be disposed of properly in a
beam dump or they may be used for fixed target experiments., In either case,
the beams could first create high energy Y's in a wiggler magnet which then
are used to produce the positrons for the next cycle (Fig. 1) (Section 5).

A more detailed discussion of major components will follow in subsequent

sections of these lectures. The damping ring complex, however, we will discuss

here since we need its scaling laws in the next section.

1.1 Damping Ring

The damping ring complex consists of three parts: the damping ring, the
bunch length compressor to match the long bunch from the damping ring to the

short bunch in the linac, and spin rotation elements.

Electrons and more so positrons are produced with a beam emittance much
larger than required for use in linear colliders. Therefore, it is necessary
to "cool" the beams in specially designed storage rings. The cooling is achieved
by the synchrotron radiation and the way the lost energy is replenished by the
RF accelerating system. Particles radiate photons along their trajectories

and, therefore, experience a loss.in transverse momentum.



In the accelerating cavity, however, the lost momentum is replaced only along
the longitudinal axis. Therefore, the net effect on the particle due to photon
emission and RF acceleration is a reduction in transverse momentum or a damping
of the transverse beam size. There is also, however, an excitation effect due
to the quantized emission of photons. This causes a sudden change in the energy
of the particle which in turn together with the focussing properties of the
lattice causes quantum fluctuations of the transverse oscillation amplitudes
and, therefore, an increase in beam size52 Both damping and quantum excitat-
ion lead to an equilibrium beam size. By proper choice of the storage ring

parameters the beam size or beam emittance can be made very small. The

evolution of the normalized beam emittance during damping is given by

-2 -
e A (1.4)

where ) = €y , € the beam emittance,wD the equilibrium beam

emittance, wo the emittance of the injected beam and n the number of damping
times the beam is damped in the storage ring. In general, we want very 'cool"
beags at a high repetition rate. This means we have to use high bending
magnet fields for fast damping and high quadrupole field gradients to reduce
the effect of quantum excitation on the beam emittance. Under certain general
assumptions scaling laws for the damping ring parameters can be derived which
are independent of the linear collider parameters§) The resulting parameters
all can be expressed in terms of \)rep/NBNS where Vrep is the desired linac

pulse repetition rate, N, the number of bunches to be damped at any one time

B
in each damping ring and NS the number of active damping rings for each kind

of beam. 1In Fig. 2 the energy ED’ the bending radius Pp> the magnet length

L and the normalized beam emittance Y are shown. These parameters
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will be important when we discuss possible parameters for linear colliders
at very high energies. The solid lines in Fig. 2 are given for conventional
magnets (B = 20 kG, g = 10 kG/cm) and the dotted lines are for superconduct-
ing magnets (B = 40 kG, g = 20 kG/cm). The influence of the damping ring
parameters on the luminosity (£~ Vrep/e) is also shown in Fig. 2.

We observe in Fig. 2 that for high repetition rates the energy of the
damping ring is rather large while the benefits are small. At very high
repetition rates we actually reach a point where even with a powerful damp-
ing ring the beam emittance cannot be reduced below the emittance of the
positrons coming from a positron target or in other words, at these repetit-

ion rates and above we do not need a damping ring anymore. Here we have
assumed an emittance of the positron source as designed for the SLC7) which
seems to be close to technical limits. At very low repetition

rates we reach a technical limit since all components get too small.
However, considering the dependence of luminosity and of the operating costs
on the repetition rate it is clear that the lowest possible rate should be
chosen. For conventional magnets values of (v JN_N ) = 50 to 100 sec-l

rep B s'min

seem to be technically feasible.

1.2 Bunch Length Compressor

The beam as delivered by the damping ring cannot properly be
accelerated in a linear accelerator since the bunchlength is long compared
with the RF wavelength of an S-band linac which would lead to a large energy
spread in the beam. We, therefore, have to send the beams through a bunch
length compression system. This system consists of two parts. The first
part is a RF cavity which is phased such that the center of the bunch does
not see any field. We also require the RF phase to be such that the particles
ahead of the center see an accelerating field and the particles behind the

center see a decelerating field. After the beam has passed this cavity the particles
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ahead of the center all have higher energies and particles behind the center
all have lower energies than the central particle. Now we let this beam go
through a non-isochronous beam transport system which is designed such that

a particle with higher energy will travel a lower path than a particle with
lower energy. If the parameters of this transport system are correctly chosen
at the entrance to the linac the bunch will just have shrunk to its minimum
size.

To follow the process more quantitatively we assume the energy spread and
the bunchlength of the beam as it comes out of the damping ring to be Oeo/E
and Ozo’ respectively (Fig. 3)-.If s is the longitudinal distance of a particle

from the bunch center (s > 0 for the head of the bunch) then a particle

going through the compressor cavity gains an energy of

e = 2§ .s (1.5)

where V__ = Grf sin ¢, Arf the RF wavelength, and sin ¢ &~ ¢ or o, << A
r

f L0 rf’

As the beam travels through the non-isochronous transport line every particle
changes its position s according to

As = - F (1.6)
c

m|m

where FC is the compression factor of the transport line and depends only on
the parameters of this line. Since we want a particle originally at position

s to move to the center of the beam we have from Eq. (1.5) and Eq. (1.6)

1.7
s +As =0=s5-F 2m _xf ( )

or if we solve for the RF-voltage:

V o= 5=

E
rf 27 Fc (1.8)
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The required RF voltage is independent of the bunchlength as is easily
recognized from Fig. 3. This, however, is true oniv as long as we can
set sin ¢ a~ ¢ over the bunchlength.

Because of the finite distribution of the beam in the € - ¢ phase
space we cannot make the bunchlength to collapse to zero. The area of

the beam in phase space is conserved or GEO. g, = 0802 where Ocs O

%0 L
are the energy spread and bunchlength at the linac. If we applys Egs
(1.5) to (1.8) to a finite phase ellipse (Fig. 3) we get

o

= _Eo
02 Fc E (1.9)
and
o o]
£ _ Lo
T " izr— (1.10)

The significant result of this bunch compression scheme is that the
shorter bunchlength is achieved only at the cost of a much larger energy
spread and the chromatic effects in the transport line have to be corrected.

1.3 Spin Rotators

The damping ring complex has one more important component - the spin
manipulation devices. The knowledge of the polarization of the colliding
eléctrons and positrons will be more and more important for the experimental
program at the very high energies of linear colliders. In Section 5 we
will discuss methods to produce longitudinally polarized electron and
positron beams. At the collision point we would like to have total
freedom in the choice of the polarization of either beam: longitudinal,
transverse or no polarization. This requires some spin manipulation
devices. Since all beams have to pass through the damping ring we have to

take special care to align the spin with the vertical bending field in the
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damping ring in order not to destroy the polarization. To pe able to
rotate the spin in any direction we need transverse and longitudinal

magnetic fields. In Section 5 we will discuss more details of these

spin rotators.

2. Scaling Laws

In order to optimize a linear colliding beam facility or at least
to find the problem areas we need to know the scaling laws of such a
facility.

The luminosity is given by

2
N VreE
£, = %2 (2.1)
4mo0 T R
* * x/ % at
where ¥, is the luminosity without pinch effect, ¢ = oy and R = Ox Oy

the collision point.

As the beams penetrate each other every particle is exposed to the
electromagnetic field of the other beam. This field deflects the trajectory
of ;he particle and the particle in turn emits synchrotron radiation which
we call "breamstrahlung".l) This beamstrahlung increases the energy spread
in the beam but since we do not want this energy spread to become too large
we have to include this phenomenon in our scaling laws. The average energy
lost by a particle in a transverse magnetic field of length Js is
SE = CYEA/p + §s/2mp where CY = 4Trre/3(mcz)3 and p the bending radius in

the electromagnetic field. The total energy loss of a particle after the

beams have collided then is given by:
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=

2 r
AE e Y3J ds (2.2)
E 3 2
p (s)

8)

The integral has been evaluated for a Gaussian beam:

J >
. 9 Nz 2 arctan (( P/Q) for P 0

ds e 4 1 ) :
,[pz(s) yz O*ZR o, v RYP in l—'h@ for P <0
% 1 - /P/Q

——
—— J

F(R)

(2.3)

where P = 3/R4 - 1O/R2 + 3 and Q = 3/R2 + 8/R + 3. We, therefore, have

as a scaling law

- = Y * F(R) (2.4)
*
E 3 o 2R g

with F(1) = 0.325 and F(R >> 1) = 1.3/R
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At this point it should be noted that Eq. (2.4) is true only if the bunches
keep their transverse distribution while they collide. Later we will see that
the luminosity is significantly increased if we create a situation where the
bunches focus each other creating a pinch effect. In this case, the energy
spread due to beamstrahlung is changed and has to be calculated numerically.

For scaling we will, however, use Eq. (2.4).

The next quantity we would like to control is the so-called disruption
parameter. Each beam acts on every particle of the other beam as they collide
like a focussing quadrupole magnet. The deflection of the trajectories have
given rise to synchrotron radiation as described in the last paragraph. However, the
focussing can also reduce the beam cross section (pinch effect) thus enhancing
the particle density and the luminosity. This will be discussed in more
detail in Section 7. The luminosity enhancement factor due to the pinch effect
depends on the value of the disruption parameter D and reaches a maximum
value for D = 4. The disruption parameter D is defined by D = oy /f where

o is the bunchlength and f is the focal length of the electromagnetic field

L

in the center part of the beam. In more convenient parameters we have

2r N 02
D = e*2 (2-5)
Y O (1 + R)

The disruption parameter is closely related to the linear beam beam tune shift,

Av , in a storage ring
s

*
Av = —Bs p (2.6)

9

*
where Bs is the betatron function”’ at the interaction point of the storage

ring.
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In the following we assume certain quantities to be fixed a priori either by
design or techmical limitations and other parameters will be a consequence of
these assumptions. Certainly, there is a large amount of freedom in the choice of
these fixed parameters. We will use as input parameters the luminosity, g%,
the maximum energy spread due to beamstrahlung that we want to tolerate, the
bunch length Oy as determined by the frequency of the linear accelerator, the
value B* of the betatron function at the interaction point which is limited
by chromatic and geometric errors in the final focus system, the disruption
parameter D to gain an additional factor in luminosity and the beam aspect
ratio R as a free parameter,

From Egs.(2.4) and (2.5) we then get for the beam size o* and normalized

*x2 , %
beam emittance { = ¢y where ¢ = ¢ 2/8

53

%2 6 % AE/E R

O TT T3 2 2 2.7)
Y~ D (1+R)“F(R)

or

o>

v = 8 72 ME/E R

Te v 03" @+R)ZF(R) (2.8)

From Egs. (2.6) and (2.4) we get for the number of particles per bunch

2
ag
378 AE/E R
Y= 337D @m (2-9)
r.y
e
From Eqs. (2.1) and (2.7) and (2.9) we get for the pulse repetition rate
Vv :
rep
Y &
v = 8r 3 S F(R) (2.10)

rep T3 Te 02 (AE/E)
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Last but not least we get for the beam power from PB = N-E*Vrep and using

Egs. (2.9) and (2.10).

(2.11)

It is obvious from Egs. (2.10) and (2.11) that the electric power required to
run a linear collider is just proportional to the luminosity. Since the beam
takes only a few percent of the energy from the accelerating cavities one should
concentrate on Eq. (2.10) to reduce the total power consumption which is pro-
portional to the repetition rate. From this equation we see that the bunch-
length 02 should be large, the energy spread due to beamstrahlung big and
the beam should be flat R >>1, As for the bunchlength we have to consider
the linac frequency. Since the accelerating field is not uniform along the
bunch one should choose a short bunch in order to minimize the energy spread
in the beam. A compromise between power consumption and energy spread has to
be established for every particular accelerating field distribution in phase.
We also find that a large aspect ratio R should be chosen. This is not dif-
ficult to achieve but at the same time the required number of particles per
bunch increases (N v R for R >>1) and we may face problems connected with the
interaction of the bunch with the cavities of the accelerating structure
creating so-called "wakefields" which can destroy the beam emittance.
Ultimately, therefore, the optimum aspect ratio R will be determined by limitations
due to wake field effects. Where the number of particles per bunch is of no
concern one might also increase the allowable energy spread AE/E to reduce the
power consumption, The limit here might be given by experimental reasons or
by limitations in the ability to correct chromatic aberrations in the final

focus system.



Using these scaling laws we derive a set of parameters (Table 2.1) for a linear

collider facility using certain assumptions for the free parameters,

This model we

will use in the discussions of the next sections to develop a feeling for the order of

magnitudes of significant design parameters.

an optimization of parameters.

In Section 4 we will try to sketch

Table 2.1
Design Example for

a Linear Collider

Energy

Luminosity (no pinch effect)

(with pinch effect)

Aspect Ratio

Bunchlength
Energy spread due to Beamstrahlung
Disruption Parameter

Beam Size (3* = 0,01 m)

Beam Emittance
# of Particles per Bunch
Pulse Repetition Rate

# of Bunches NB

Energy of Damping Ring

Beam Power of Collider

times # of Damping Rings N

E = 2 x 350 Gev
g =1- 1036 172 gec!
L =6+ 1036 p-2 gec-1
xb =7
R= %%y =
09 = 2 mm
AE/E = 2%
D =4
ox* = 1.40 um
*
o = 0.20
y Hm
€ = 2.10 rad m
N = 9.8-1010
\Y = 460 sec_l
rep
NBNs =2
ED = 2.2 Gev
PB =2 x 2.5MW

The length of the facility as well as the power consumption for RF alone are very

high.

We notice, however, that only 0.5% of the ac-power is delivered to the beams

while the rest of the energy is wasted in the accelerating structure or coupled

out into an absorber.
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3. SUPER HIGH ENERGY LINEAR ACCELERATOR SYSTEMS

The parameters of the linear accelerator structure used to get to
hundreds of GeV per beam will have a major impact on the overall performance
and cost of the facility, both for construction and operation. In order to
understand the problems we will start out with known and proven techniques
and will then try to identify new techniques necessary to arrive at more
reasonable parameters.

We assume that we want to build a linear collider facility with a

center-of-mass energy of
E = 700 GeV (3.1)
cm

or 350 GeV per beam.
First, we ask ourselves where do we end up if we assume a SLAC-type

linac equipped with an RF-pulse compression system to get higher accelerat-

10)

ing fields at the expense of the pulse length. For this type of operation

a gradient of 17 MeV/m can be achieved with 250 klystrons each delivering

7)

38 MW for 5 usec into a 3 m long section. For a linear collider system
with ECm = 700 GeV we would for our design example (Table 2.1) of the

previous section arrive at the parameters of Table 3.1.

Table 3.1
Length and Power Consumption for a SLAC Type Facility
E = 700 GeV g = 17 MV/m
cm
L = 2 x 20.6 km vrep = 460 sec
PRF = 2 x 150 MW
Pac = 2 x 500 MW (klystron efficiency 30%)
PB = 2 x2.5M4
n = 2 PB/Pac = 0.5%
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The large amount of dissipated energy in the structure lead people to

propose superconducting structures for the accelerator.s)ll)lz)

In this

case there is little dissipation of energy in the structure, although at
4.2°K or less an enormous amount of electrical power has to be spend to run
refrigerating systems which have achieved an efficiency of no better than
1/400. Because of the low accelerating fields achieved so far the linac also
is very long which makes the heat losses of the cryostat significant.

Due to the interaction of the intense bunch with the accelerating structure
an additional heat source is created in the form of higher-order-modes in

the structure. These losses are very significant and it is absolutely
neceseary to couple out these modes from the cavities.

To be more quantitative we calculate the RF losses from:

2 L
Bl (3.2)

P .
rf disc Qo(r/Qo)
where g is the gradient and 2 the structure length. We assume for the
numerical calculations QO =1.3 - 109 and r/Qo = 2000Q/m for Vg T 3000 MHz
and Nb cells, values that may be disputed but compared with parameters
quoted in the literature they seem to be on the optimistic side. For the
heét losses of the cryostat we assume 2 W/m which is half the measured value

of a 4 m RF separator.lB)la)

The factor 1/2 seems to be justified since
the cryostat for a 3 GHz linac structure may be smaller than the 1 m diameter
of the RF separator.

To estimate higher-order-mode losses we take the measured value for the

39)
SLAC linac which was 50 MeV for 109 particles in one S-band bunch and

86000 cavities or a total length of 3 km.
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If we assume a similar bunch length in our superconducting linac and the

same RF-frequency we can scale like

_ . 6 N L (m)
PHOM(eV/sec) =50 « 10 vrep <——109><3000> N (3.3)
and we get for our design example:
Pooy(W = 11.8 * L(m) (3.4)

with these assumptions the electrical power requirements are calculated and
tabulated in Table 3.2 for different gradients in the superconducting

structure:

Table 3.2
Length and Power Consumption for a Superconducting Linac
E = 700 GeV
cm
g (MV/m) 3 7 10 20
Ltot(km) 233 100 70 35
PH (kW) 470 200 140 70
PRF diSS(kw) 809 1885 2692 5385
PHOM(kw) 2749 1180 826 413
Ptot ac(MW) 523 839 1136 2184
Here PH are the heat losses from the cryostat (2 W/m) and Ptot ac is the

total electrical power for the RF system assuming a refrigerator efficiency
n = 1/400 at 4.2°K and we also assume that all but 1% of the higher-order-
mode losses are coupled out of the cavity. There are no coupling losses

included. Here again as in the case of the SLAC-type linear accelerator
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we arrive at unrealistically long accelerators and/or high electrical

power demands.

In the remainder of this section we will discuss developments necessary
to reduce the lengths and the power consumption of a linear collider system.

This we will do for a conventional type or "warm" linac structures since

the gradient limitations for superconducting structures seems to be much

more fundamental and not accessible to known scaling laws.

The particle energy available from a structure of length L, excited with
a klystron pulse power ﬁ,shunt impedance r and attenuation constant T is
given byls)

g2 = 1 - e-ZT) Pre (3.5)

We assume only traveling wave structures since they require less power for
the same gradient as was pointed out in Ref. 16. The value of T is
determined by the mechanical dimensions of the accelerating structure and
is related to the filling time te (the time needed for a RF pulse to travel

through a whole accelerator section) by

oo 9 (3.6)

where w = ZWVRF.

From (3.5) and (3.6) we now get

pr. = 2T E g (3.7)

£ (l—e—ZT) w r/Q

where g is the energy gradient (g = E/2)
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The electrical power is given by

l ~
P = = . .
ac n Ptf vrep (3.8)

(n = 0.3 is the ac to RF conversion efficiency for SLAC klystrons) and

finally we get

1 2T Eg
p = 1 T v (3.9)
ac n (1-e 2T)w % rep

This equation gives us important clues as to where one should try to improve
or change parameters in order to reduce the electrical power to reasonable
levels. Since in this section we deal with linac structures we will discuss
only the parameters related to the linac. First, we notice that the RF
frequency should be chosen as high as possible especially since r/Q v w and,
therefore, Pac v w_2. We also would like to make T <<1l. For the structure
this means opening up the holes between cavities or, in other words, increas-
ing the group velocity of the RF wave in the linac structure. There is a
limit, though, since r/Q depends on T in such a way that r/Q is reduced as

T is reduced%s)Detailed studies on accelerating structures will determine

17 Great effort has to

the optimum value for the attenuation constant T.
be spent on increasing the ac to RF conversion efficiency for pulsed klystrons
beyond the present 30%. TFor DC klystrons an efficiency of 65 to 707% has
been reached.

The choice of the gradient g cannot be made on the basis of Eq. (3.9)
alone. There is an optimum between the length of the linear collider

L = E/g and the power consumption Pac ~v E/L v g, Obviously, the optimum

collider length cannot be found on a general basis but must be determined
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by taking into consideration all the factors involved for a particular
site and project. For this and the following section we assume that the
collider length should be as short as possible to save real estate and
construction costs at the expense of operating costs.

Possible accelerating structures for large linear colliders have been
studied and comparedl7) and it was found that the so-called "jungle gym"
structure (Fig. 4) for example seems to fulfill our requirement for a high
energy linear collider. Applying the results of Ref. 17 to our design

example we get for three different frequencies the parameters in Table 3.3:

Table 3.3 17)
Linac Structure Parameters
Vef (MHz) 2856 4040 5712
T .20 .35 .57
YF (usec) .20 .20 .20
r/Q (/m) 6670 9470 13000
r (m2/m) 60 71 85
g (MeV/m) 100 100 100
n Pac/vrep(MN sec) 2 x .35 2 x .20 2 x .13
Pac (M) 2 x 540 2 x 307 2 x 193

It does not seems we have gained much in terms of electrical power compared
to a SLAC type linac. ©Note, however, that now the linac is only 3.5 km
long whereas it was 20.6 km in Table 3.1. TIf we apply to this jungle gym
structure the gradient of Table 3.1 (g = 17 MV/m) instead of the assumed
value of g = 100 MV/m we would end up with PaC =2 x 92 MW for Vg < 2856
MHz. Now we see that we have gained about a factor of five in electrical

power compared to a disk loaded wave guide.
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Fig. 4: "Jungle Gym" Accelerating Structurel7)
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This reduction in electrical power, however, is only partly due to the
different type of structure. Most of it is due to the reduced filling time
of only .2 usec compared to .8 usec for the SLAC type structure. This
leads us immediately to the next problem. How do we generate rf-pulses
of high peak power but short pulse duration.

We are looking for a rf-pulse length of .2 usec and a peak power given

by Eq. (3.5):

o E

P = ______.L__

(1 - e—ZT)r

or

p =1769 GW for v _ = 2856 Miz g = 100 MV/m

tot rf
and %tot = 979 GW for v_, = 4040 MHz g = 100 MV/m

The rf peak source power then is given by ﬁtot/NS where NS is the number of
sources along the linac. Here again we are unable to find an optimum. If we
assume, for example, that the peak power of a rf-source cannot be increased
beyond the 38 MW of the SLAC klystron we need 46000 or 26000 klystrons.

This is certainly impractical. We, therefore, are forced to develope

a device which produces a much higher peak power by a pulse compression
technique or just by using a newly to be developed rf-power source.

Scaling from the SLAC klystron which can produce 38 MW during a 5 usec
pulse it should be possible to develope, for example, a source for 1 GW

peak power during a 200 nsec pulse.
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Several ideas are being persued for rf-power sources for extier iy high
17)18) ot which of
peak power and very short pulse durations. We are not able tc predict which o

the ideas will result in a feasible technical solution, Since, however, we do

not see yet a fundamental obstacle to reach a suitable power source we assume

for now that an appropriate research and development program will eventially

produce such a rf-source.

4. PARAMETER OPTIMIZATION

The title of this section is somewhat misleading since we will not be able
to derive algebraic formulas defining an optimum design., A linear collider facility
is still too new a technique and too compliicated to have "an optimum set of parameters'.
What is optimum depends on what aspect one looks at and the real optimum most
probably will not be an algebraic one but one which is defined by technical and

economic limitations. 1In this section we will start again with the parameter set

of Table 2.1 and we will discuss the consequences of changes of certain paramters.

As a result of the discussions in the previous sections we have for our model

linear collider facility a set of parameters as shown in Table 2.1 and Table 3.3.

For all frequencies the electrical power consumption is still enormous. To reduce
that we have to either (Eq. (3.9)) increase the length of the facility (g v 1/L),
reduce the pulse repetition rate or increase the rf-frequency. The first cure is
based on economic reasons and therefore cannot be discussed here further. There

is, however, one physical reason not to go to too long linacs. This is the inter-
action of the beam with the structure through wake fields and the damage done to the
beam by these wake fields increases with the length of the linac. Reduction of the
pulse repetition rate is an easy cure to reduce power consumption but it also reduces
the luminosity, Here we have a direct relationship between the money spent to

operate the facility and the physics output.
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The rf-frequency has a strong impact on the electrical power consumption
since PaC Y w—z. in Table 3.3 we see a drop in the power to almost one
third going from .3 GHz to 5.7 GHz. There are limitations, however, going
to higher frequencies like increased wake fields, problems with power sources
and a reduced limit for the maximum bunch length. A research and development
program will finally determine the highest feasible frequency.

For our design example we have made an arbitrary choice for Ops AE/E and
R and we will discuss now the consequences if we change the values of these
parameters.

: bunch length 02.

The bunch length ) should be large to reduce the pulse repetition
rate (2.10) and increase the beam spot size (2.7) which is desirable to avoid
excessively tight tolerances on the stability of the beam positions
at the interaction point. There are however, two independent limits
for the bunchlength: the rf-frequency and the number of particles
in the bunch (2.9). The higher the rf-frequency the shorter the
bunchlength has to be to get uniform acceleration for all particles.
For a given accelerator the maximum number of particles in a bunch
is limited by wake field effects which increase as the rf-frequency

19)

is increased. We, therefore, have to expect a lower beam intensity

limit as the rf-frequency is increased.

: energy spread -é% due to beam strahlung
The allowable energy spread AE/E affects the other parameters in
a similar way as the bunch length, however, the maximum value is
not determined by any technical consideration but by the desired

energy resolution in high energy physics experiment. This limits

the energy spread in general to AE/E < * 2%.
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beam aspect ratio R

With increasing aspect ratio the number of particles per bunch
increase (2.9) but the pulse repetition rate (2.10) and the beam height
decreases. From the power consumption point of view we would like
to increase R, however, we reach a limit again where the increased
beam intensity causes intolerably strong wake field effect and/or
the beam height becomes so small that the required beam position
stability cannot be met any more.

We have come to a point where too many parameters are left open due to

the lack of having an actual prototype of a linear colliding beam faility. Technical
limitations have determined how far we can go with some of the parameters.

A good example is the number of particles per bunch. The luminosity could

be increased at no extra power cost because the beam only uses a very small
percentage of the energy stored in the accelerating structure. Yet, the

actual limit is set by wake field effects in the linac and these depend on
alignment tolerances and beam control capabilities. It is clear that the

limits on these quantities ultimately can be determined only in an actual

machine.

To get a feeling, however, how sensitive some parameters influence
others some of the main parameters for four different designs of a large
colliding beam facility are compiled in Table 4.1. The first set is the
design example we have used so far, the second set is a variation of this

20)

example. The third set is the result of a ICFA workshop and the last

20)21) In the last

is taken from a design study done in Novosibirsk.
example the parameters do not all agree with our scaling laws. This is

because in this scheme four beams are brought into collision in such a way

as to compensate for the beam beam forces at least to the 1% level. The



Parameters for Different Colliding Beam Facilities

Table 4.1

Example 1 Example II ICFA NOVOSIBIRSK
Energy/Beam  (GeV) 350 350 350 350
L 37
Luminosity no pinch (m 2sec 1) 1036 1036 1037 10
b o 36 36 37 37
with pinch 6-10 3.5+10 3.5-10 4.5+10
Length (km) 2 x 3.5 2 x 3.5 2 x 17.5 4 x 3.5
R *, * *
Beam aspect ratio R = OX/Oy 7 1 1 3.3
Bunchlength og(mm) 2 2 3 3
Energy spread AE/E (%) 2 2 1 1*
Disruption parameter D 4 2 2 2.4%
Beam height o; (um) 0.20 0.45 0.59 0.15
Beam width 0: (um) 1.40 0.45 0.59 0.51
*
Cross section (OX O;)% (um) 0.53 0.45 0.59 0.28
Beam intensity N 9.8*1010 5010lo 5.7-1010 100 - lO10
Pulse rep. rate vrep(sec'l) 460 1023 13646 10*
*
Beam emittance (8 = 0.01 m)
b= ve, () 1.3.107 1.4+107° 2.42107° 1.8:107°
by = ve, @ 2.7.107% 1.4+107° 2.4107° 1.5:107°
1
Coupling K = (ey/sx)'i(‘Z) 14 100 100 29
Damping ring parameter
-1
vrep/NBNs (sec ) 230 91 141 10
*
NN 2 11 97 1
B's
ED (GeV) 2.2 1.0 1.4 1.1
pD (m) 3.5 1.8 2.5 2.0
ID (ma/bunch) 106 106 87 1910
Beam power PB MW) 2 x 2.5 2x 2.9 2 x 43 4 x 0.6
Electrical powerT PaC(MW)
for vrf = 2856 MHz 2 x 540 2 x 1200 2 x 3180 4 x 12
4040 MBz 2 x 310 2 x 680 2 x 1820 4 x 6.7
5712 MHz 2 x 190 2 x 430 2 x 1150 4 x 4.2

tNo energy recovery is assumed yet.
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effect of this compensation is included in the parameters of Table 4.1.
The quantities that have been modified from the scaling laws due to the
compensation scheme are indicated by an asterik (*).

To calculate the damping ring parameter we have to keep in mind that
Fig. 2 gives the parameters for full coupling K = 1. If a coupling K # 1
is desired we proceed as follows. From the scaling law (2.8) we get the
desired beam emittances wx’ wy. These we reduce to one emittance wD from
b, = wDZ/(l + K2), and wy = wDZKz/(l + Kz) by eliminating the coupling K
and use wD in Fig. 2 to get the other parameters.

In Table 4.1 we find vastly different requirement for the electrical
power demand. High power levels are either the result of a poor choice
of parameters or due to a high luminosity. 1In order to fairly compare the
different designs the electrical power demand has to be based for the same
luminosity (& = 1'1036m-zsec_1) for all design examples. We have also
included the luminosity enhancement due to the pinch effect. For this case

we get the parameters of Table 4.2,

Table 4.2

Power Demand Based on Equal Luminosity

T i

Power for same Luminosity | Example I | Example II IFCA Novosibirsk
- - 6 36
|#(with pinch) (m 2sec 1) 1036 1036 103 10
10
Particles Beam (1 Bunch) 9.8~10lO 5-10lO 5.7-10lO 100 * 10
v (sec™ ) 77 290 390 0.22
rep
Beam power Pp (W) 2 x0.42 | 2 x0.83 2x1.23 ] 4 x0.013
Length of Collider (km) 2 x 3.5 2 x 3.5 2 x17.5{ 4 x 3.5
Electrical power B, (MW)
for Vog < 2856 MHz 2 x 90 2 x 340 2 x 91 4 x 0.26
4040 MHz 2 x 50 2 x 194 2 x 50 4 x 0.15

5712 MHz 2 x 32 2 x 123 2 x 32 4 x 0.09
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Here we see that Example II is still at a very high power level and
Example I shows that a significant reduction can be achieved choosing
different input parameters. The modified ICFA example turns out to be
equivalent in power and luminosity to Example I, however, note that the
length of the facility is 5 times longer which due to (Eq. 3.9) has reduced

r the choice

the power by a factor five. A heavy price is thereby paid f
of a smaller energyspread due to beam strahlung of 17 instead of 2%~

in Examples I and II. The actual total energyspread in the beam, however,
might not be smaller anyway because of the long bunchlength of 02 = 3 mm.

It will be very difficult to obtain uniform acceleration within that long

a bunch in the presence of wake fields in a S-band linear accelerator.

The Novosibirsk design with space charge compensation is the most
appealing from the power consumption point of view. However, this design
implies parameters which are very difficult to achieve. The beam intensity
is a factor of 10 to 20 higher than in the other examples. From what we
know theoretically and experimentally at SLAC we think this not yet feasible.
New ideas for structure design and/or beam control have to be developed to
accglerate that intense a bunch. 1In addition. the compensating scheme
to 1% requires very accurate beam control. The four linac pulses have to
be timed to better than 0.1 psec and the intensities of the four bunches
are to be kept equal to 17. Although this design is pushing parameters
beyond the present state of the art the returns (low operating cost at
high luminosity) are dramatic and worth intensive study and development.

We have not been able to really develope an optimized design but

we have arrived at a set of parameters in Example I which gives a luminosity

in excess of 1036mmzse<:_1 at a center of mass energy of E,6 = 700 GeV with

parameters which seem to be technically feasible and at a power consumption
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which is equal or less (depending on the rf-frequency) than that of the
2)

storage ring LEP at a center of mass energy of only v 170 GeV.
To maximizethe physics output for a facility it is very important that
more than one experiment can be operated at the same time. In a linear
collider facility this is possible. Since only a very small fraction of
the energy stored in the accelerating structure is taken out by the beam
we can accelerate more than one bunch at no additional power cost. The
energy of successive bunches would be different, however, depending on the
rf-energy left in the structure at the moment a particular bunch is
accelerated. At the end of the linacs a dc magnet system splits the
bunches apart according to their energy and directs them to various experi-
ments. Other schemes for more than one experiment have been proposedzo)
but in these schemes the interaction points are all along the linac axis
and only one experiment at a time would receive luminosity. A multiple
bunch scheme to serve more than one experiment at a time is not possible
in these schemes because of the beam beam disruption. After a bunch has
collided with another bunch the pinch effect makes that bunch unusable
for further collisions. In addition the bunches would have to be separated
longitudinally by more than .1 to .2 usec since the distance between
interaction points cannot be made smaller due to the space required for
the focusing system and the size of the detectors. If successive bunches
are separated by .1 to .2 psec we need to lengthen the rf-pulse beyond
the filling time of the structure and thus we have lost all advantage of

multiple bunch acceleration. We may as well pulse the linacs more often

and share pulses to more than one experiment.
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5. PARTICLE PRODUCTION AND POLARIZATION

For a linear colliding beam facility we have to consider the
production of very intense pulses of electrons and positrons.

In addition the physics potential at the very high center of mass
energies of colliding linac beams is greatly enhanced if we are able to
produce polarized beams. We will see in this section that polarized

electron as well as positron beams can be produced.

5.1 Electron Production

Non polarized electrons can be produced in many ways. Here at SLAC

5.)

. 15. -
we produce them either with a thermionic gun or by photo emission

from a Ga As surface.zz)zs)

In a thermionic gun electrons are emitted from an indirectly heated
barium or stromtium oxide surface. Such a gun has been built23) for the
SLAC Linear Collider Project and has produced more than 1011 electrons24)
in a pulse short enough to be compressed into a S-band bunch by a special
buncher section.

The second type of gun used at SLAC is a photo emission gun. Here
a strong laser pulse is used to release electrons from a gallium arsenide
(Ga As) surface.zzkhe advantage of this gun above a thermionic gun is
that by using a circularly polarized laser pulse on a Ga As cathode that
is cooled down to liquid nitrogen (77°K) longitudinally polarized electromns

25)

can be produced. Here again the intensity does not seem to be a
problem with the lasers available although a definitive test will be made

at SLAC only by the end of this year.
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5.2 Positron Production

Non-polarized positrons can be produced by striking a high Z target
with high energy electrons. The electrons generate high energy photons by
bremstrahlung which then disintegrate into electron and positron pairs.
The positrons emanating from the target material are collected by a
15)26)

focusing system and accelerated in a subsequent linac.

The required number of positrons in the order of 5 to 10 x 1010 demand

an improvement of present day converters by about an order of magnitude.7)
We cannot increase the electron beam intensity above the positron beam
intensity since we have assumed that the beam intensity is limited by
wake field effects, each electron has to produce at least one useful
positron. The intensity can be calculated from.26)
N AE"
- +
B = 0.24 E(Ge) j of ") ax (5.1)
N o

where E is the electron energy at the target, AE+(MeV) the range of
positron energies and Qt(sr) the solid angle that can be focussed into a
subsequent linace aperture.

If the electron energy E and the acceptance of the focusing system
(Q+) is sufficiently large we can reach a one to one convertion from

7)

electrons to positronms. A totally different way of creating positrons

5
27)28) In this scheme one of the

was proposed using a wiggler magnet.
linear collider beams would after it had collided with the other beam be

guided through a wiggler magnet. Through synchrotron radiation high energy
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gamma rays are produced which in turn are aimed at a thin target to produce
electron positron pairs. The advantages are that the thermal heat load on
the target is greatly reduced since the electron beam does not strike the
target any more and second by using a helical wiggler the gémma rays are
circularly polarized and can create longitudinally polarized positrons.27)
For simplicity we treat hear only the flat wiggler to demonstrate the
principle. The properties of a helical wiggler are discussed in more
detail in Ref. 29.

The number and energy of photons produced per electron depends strongly

on the wiggler parameters and the electron energy. The wavelength of the

photons for a parallel beam in the forward direction is given by

_ 2 1.2
ko = (KW/ZY ) 1+ 5 K™ (5.2)
where K = AW ecB,,/2m mc2, Aw the length of the wiggler period

and BW the wiggler field. If K > 1 the transverse motion of the particles
in the wiggler is relativistic which modifies the otherwise pure sinusoidal

motion. As a consequence higher harmonics of the fundamental wavelength Ao

30)
appear. We will ignore these complications and assume wiggler parameters

which give a value K = 1. 1In this case if we observe the photons on axis
we can expect a single spectral line given by Eq. (5.2). The energy of

the photons is given by (K = 1):

4 2 ) 27
E = — he T (5.3
Y 3 Y Ay )

5)
The total radiated energy of an electron is just PY + At * 2N =

P + (M /2c) = 2N or
% w

2
8 2 2 2 K
AE = 3T T me YNY (5.4)

w
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where 2N is the numb=r of wiggler poles. TFrom Egs. (5.3) and (5.4) we
get for the number of photons

2
r mc
4
JMY = 3 il ;c K2 N=77TaK'N (5.5)

En
N

w

with a = ez/hc = 1/137.

We see from this equation that the number of the photons produced in
the wiggler depends only on the number of the magnet poles and is independent
of the electron energy.

The photons from the wiggler magnet are aimed at a high Z-material

target to produce electron positron pairs. The positron yield per electron

is given by 32)
+
+ t AE
N/N = N (0 NX) *+— — (5.6)
Y P t X 2E+
h N =N /A5 N =6 - 1023 i h ifi ight and A
where N = Ny, P /A Nyy » P 1s the specific weight and Al

the atomic number of the target material, op the pair production cross
section, Xt the radiation length, t the target thickness and AE+/E+ the
relative energy acceptance of the positron focusing system.

" For a tungsten target the photon energy EY and the quantity GPNX.t is
plotted in Fig. 5.

For the wiggler magnet we assume a field of Bw = 10 kG, a period
length of Aw = 1 cm and a total length of Ltot = 100 m. The number of
magnet poles then is 2N = 20000. From this wiggler each electron will
radiate dyy = 306 photons with an energy of EY(MeV) = 4.7-10_4 EZ(GeVZ).
In Fig. 6 we show the positron yield we may expect from this system

+,_+ .
assuming that we can accept a total positron energy spread of AE /E = 50%.

The target thickness assumed is t/xt = 0.1 independent of the photon energy.
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This somewhat arbitrary choice was made to simplify the cs!-:iatrdion rather
‘than to optimize it. In a real design the target thickness has to be determined
from a compromise between positron yield and multiple scattering which

depends on the positron energy. For higher beam energies the chosen target
thickness, however, is close to the optimum choice. From Fig. 6 we

immediately see that the electron energy has to be of the order of 150 GeV

or higher in order to produce more than one positron per electron.

To produce longitudinally polarized positrons we use a helical wiggler.
Strong and short period helical wigglers can be built from permanent magnetg?)
The flux of circularly polarized photons in general is comparable to that of
a flat wiggler and so is the photon energy. We will not be able to go into
more detail here but have to refer to references 27, 29 and 34. In Ref. 27
the result of a more detailed calculation for a particular case shows that
half of all produced positrons have an average polarization of about 70%.

Since the positrons with poor polarization all have a low energy and there-
fore easily can be separated out we can expect a positron beam with 70%
polarization if every elgctron now produces at least two positrons on the
target. From Fig. 6 we see that this is possible at sufficiently high energies.
) In a linear collider its a long way from the source of particles till
they collide and much care has to be exercised to preserve the polariz-
ation. This it specially true for longitudinally polarized beam. All
particles have to pass through a damping ring and it is well known that
the polarization of a beam has to be aligned with the direction of the
magnetic field of the bending magnet which normally is in the vertical
plane. Precession of a longitudinally polarized beam in a vertical bend-
ing field would smear out the polarization due to the finite emergyspread

in the beam. A scheme has been proposed to both preserve the polarization
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in the damping ring and after ejection to rotate the spin in any direction

35)

desired?”'For this we need a specific design of the beam transport system
to the damping ring and from the damping ring to the linear accelerator.
Rotation of the spin direction is accomplished by both a transverse and a

longitudinal magnetic field. 1In a transverse field the rotation of the

spin component normal to the field is given by

v, = Fn @ +%) B2 (5.7)

where n = (g-2)/2 = 0.00115965, g the gyromagnetic constant and B, ¢ the
intergrated transverse magnetic field strength. Apart from a small term
1/y the spin rotation is independent of the energy. 1In other words the
spin of a particle can be rotated by 90° in a magnetic field of 23 kG m.
A transverse spin can be rotated about a longitudinal axis in a solenoid

field where we have

Uy =‘§[1+n117]3”2z B, % (5.8)

€
E M

Here the spin rotation is energy dependent and the necessary rotations
should be done at low energies. This becomes obvious from the parameter
for the SLC project were we have an energy of only 1.21 GeV at the damping
ring. To rotate the spin by w” = /2 we need a solenoid field of as much
as B” £ = 63 kG m.

The process of the spin handling going through a damping ring is as
follows. In Fig. 7 we assume a longitudinally polarized beam coming out of
the linear accelerator. Through a combination of a tramnsverse field and
a solenoid field we generate a vertical spin orientation in the beam.

This orientation is in line with all magnets in the damping ring and the
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polarization can be preserved. Coming out of the damping ring the beam
passes through a combination of two solenoids and two transverse field
sections. Depending on which solenoid is turned on we end up with a
longitudinal or transverse polarization at the entrance of the linac. By
the use of both solenoids any polarization direction can be realized.
Here we recognize a great simplication in producing arbitrary polariz-
ation at the collision point compared to the very elaborate spin rotating
systems necessary at either side of each interaction region in a storage
ring. In conclusion we find that in very high energy linear colliding
beam facilities we find possibilities to produce both polarized electrons
and positrons. The direction of the polarization cam be chosen freely by

adjusting the polarization rotators at the damping rings.

6. INTERACTION OF A BEAM WITH THE ACCELERATING CAVITIES

As a charged particle pasces through an accelerating cavities it
excites an electromagnetic field in the cavity which will not disappear
the moment the generating charge leaves the cavity. The field left in
the cavity is called the wake field and it will act back on any particle
that passes the same cavity later. The wake fields induced are
rather complicated fields depending on the particle distribution
in the bunch, the form and dimension of the cavity and the transverse
position of the beam with respect to the symmetry axis of the cavity.
However, whatever the form of the electromagnetic field, it is known36)
that it can be expanded in normal modes satisfying appropriate boundary
conditions of the cavity.

We solve the wave equation

->
M+ X =0 (6.1)
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> -+ -

with n x A = 0 on the metallic boundary (n unit vector normal to the
2 2,2 .

surface), k© = w“/c” and w the mode frequency. The solutions are

>
orthogonal functions Ad which we normalize like

> . 0 if a# B
JAa(r) Ag () &V = |y e g (6.2)

Any field now can be expanded in mode components:

-> ->
A(r,t) = 2: aa(t) Aa(r) (6.3)
a
Following Condon37) we also expand the beam current in a similar way:
* >
i (r,t) = 2; Ia(t) Aa(r) (6.4)
where
(=13 X (r) av 6.5
L8 =5 i(r,t) A (r) (6.5)
-> 14d-> -
If we use Maxwells equation curlil -2 4 E =47 i and use (6.3) to (6.5) we
get
2
d 2 _ 2
dtz a, + WBy = 4T ¢ Iu(t) (6.6)

After solving (6.6) the problem is completely solved for any current ;(r,t).
Thé actual difficulty in solving the field equations lays in the boundary
problem (6.1). Cavity boundaries in general are not expressable in an
algebraic equation. Computer programs have been developed therefore to calculate
the modes and from them the electromagnetic fields which we call the wake
fields.
For simple cases it is possible to calculate the modes analytically.
In a particular simple case - two parallel plates-the fields due to a

point charge give rise to simple §-function fields which develope like
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38)
shown in Fig. 8. 1In this case we see how the fields - actual two wave

patterns - are bouncing back and forth between the reflecting plates

long after the charge is gone. Any charge traversing this "cavity' after
the first charge will be affected by these fields. For a real beam with a
gaussian distribution for example, the fields are gaussian too but still
have the general features of Fig. 8. The situation here is simple

because there are no reflections from cylindrical surfaces. 1In a real
cavity we have those reflections which eventually come back to the beam
area. The field pattern also will be affected by openings in the cavity
walls for the beam to go through.

So far we have considered only cavity structures symmetric about the
beam and all the fields on the axis produce only longitudinal components
for symmetry reasons. If we now have a cavity with finite openings for
the beam and the beam passes through this cavity at a transverse displace-
ment Or from the cavity axis it is not difficult to imagine that modes
with transverse fields components (TE modes) are excited.

For a disc loaded linac structure like that of the Stanford Linear
Accelerator modes up to very high order have been calculated and summed
up<to give the total wake field.lg) The longitudinal field and the trans-
verse wake fields are shown in Fig. 9 and Fig. 10. The wakefields are
given in volts per pC of charge in the beam for each of SLAC's 86000
cavities. The longitudinal wake fields cause the particles in the tail of
a bunch to be decelerated due to the fields created by the head. This

39) to be 50 MeV for a bunch of 109

energy loss has been measured at SLAC
electrons and agrees with the numerical calculations.

This energy loss which depends on the position of a particle in a bunch

is very significant for a linear collider because of the high charge in the
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bunch. 3y properly shaping the time dependence of the accelerating field
the effect of the wake field on the energy spread can be minimized. To

do this the bunch is injected at a phase where the accelerating field
increases with time such that the particles in the head of the bunch are
accelerated less than the particles in the tail. The stronger acceleration
for the particles in the tail then is compensated by the decelerating effect

of the wake fields.7)

The transverse wake fields can have a serious effect
on the beam cross section. To understand the physics we assume a macro
particle with charge q to be accelerated in the linac. Due to the focus-

ing force of quadrupoles distributed along the linac this particle executes

betatron oscillations according to
X, = a cos Wyt (6.7)

where wB is the betatron frequency. The transverse force created by this

macro particle is given by

F, = 4« W(T) X, = q W(T) a cos w,t (6.8)

B

where W(T) is the transverse wake field at a distance As = c.T behind the
chéfge q.

A test particle behind the macro particle 9 which also executes
betatron oscillations is driven by this wake field and we have for the

equation of motions

2 - EA - q W(TDa
B *2 my my

cos wBt (6.9)
We do not have to solve this equation to see that the wake fields drive

the test particle at resonance. In a real bunch this resonance leads to

increased transverse ocillations of the tail as the bunch passes along the
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linear accelerator. In extreme cases the oscillation amplitudes in the
tail get as large as the aperture and particles in the tail of the bunch
are scraped off, a phenomenon that is called "beam break up".40)

In a linear collider system we will notice a damaging effect much
earlier. Even a small increase of transverse oscillations of the particles
in the tail of the bunch will increase the apparent beam emittance and
therefore reduce the luminosity. The cure is simple: do not excite trans-
verse wake fields by steering the beam through the middle of the accelerat-
ing structure. It is clear that the alignment of the linac and the ability
to carefully steer the beam through the middle of the structure is of utmost
importance for the success of a linear collider facility. The tolerances
ultimately will 1imit the maximum number of particles in a bunch. More
details of the transverse wake field effect due to missteering of the beam
or misalignment of the accelerating structures can be found in Ref. 41.

Present day techmology in alignment and beam control in a disk loaded
S-band linear accelerator seems to put a limit on the particle number per
bunch in the order of 5 to 10 x 10lO particles. This is certainly a soft
limit but should be of the right order of magnitude. Measurements to be
performed at SLAC at the end of this year and next year should illuminate
the validity of this limit.

Obviously the excitation of wake fields in newly to be developed
structures will have to be kept to a minimum.

From Figs. 9 and 10 we see that the wake fields - longitudinal as well as
transverses - decay rather rapidly. This is important for the acceleration
of more than one bunch. If we can accelerate several bunches in short
distances we are able to deplete the energy stored in the accelerating

cavities and serve several experiments without additional power cost. To

do this, however, the total length of the L.nch train should be less than
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the 200 nsec filling time we have assumed for the accelerating structures.

7. FINAL FOCUS SYSTEM AND THE BEAM-BEAM INTERACTION

7.1 Final Focus System

Even so we have taken great care to minimize the beam emittance in the
damping ring and during acceleration the beam spot size at the collision
point is not small enough yet for a useful luminosity. A special focusing
system is required to further reduce the beam size to micron or submicron
values. Typically this amounts to a beam size reduction between the end of
the linac and the collision point by a factor 50 to 100.

Like in a light optical system we have to expect significant imaging
errors due to chromatic aberrations associated with that big a demagnific-
ation. To compensate for these chromatic aberrations sextupole magnets are
used. The principle of chromatic corrections is as follows:

Particles of the beam which do not have the right energy are focussed
different from particles with the ideal energy. Lower energy particles
have a shorter and higher energy particles a longer focal length (Fig. 1lla).
To™ compensate these chromatic effects we have to separate in space the
particles with different energies. This is done by introducing a dispersion
functionJg)We therefore need in the final focus system a set of bending
magnets which deflect the particles differently so that at some point down-
stream of the first bending magnet the particles are well separated accord-
ing to their energies (Fig. 11b). This separation is expressed by the so-
called dispersion function of the magnet lattice. At those places, where
the dispersion is large we place sextupole magnets. Their property is to

be a quadrupole with changing strengths as one moves across the aperture
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in the mid plane of the magnet. Especially a sextupole is a focusing
quadrupole on one side of the center and a defocusing quadrupole on the
other side. This is the arrangement we need for chromatic correction.

The higher energy particles, which have not experienced enough focusing

in the quadrupoles are, due to the dispersion, all concentrated on one

side of the center line. This is the side where we want the sextupole to
be focusing to make up for the insufficient quadrupole focusing. A similar
argument applies for the lower energy particles Fig. 11b.

This compensation scheme, however, is not free of flaws. Due to the
intrinsic nonlinearity of the sextupole field and the finite extend of any
monoenergetic part of the beam geometric aberrations are introduced which
enlarge the beam spot at the collision point (Fig. 12).

To minimize this effect we have to use at least two sextupoles for
chromatic correction. These two sextupoles have to be separated by a half
betatron wavelength and they have to be equal in strength. This way the
geometric error caused by the first sextupole is compensated by the second
sextupole.42)

) A final focus system based on these correction principles has been
designed 43) for the SLAC Linear Collider and tests with a ray tracing
program through the actual magnetic fields have confirmed the validity of
the correction principles. Fig. 13 shows the final spot size with ¢ = 2.1um

43) This

where it ideally is supposed to be o, = 1.7 pym in radius.
correspond for the SLC system to an actual demagnification by a factor 58

instead of an ideal 72. Obviously the chromatic correction scheme is

suitable for a final focus system in a linear colliding beam facility
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7.2 Beam Beam Effect

Once the beams are focussed down to micron size we are faced with two
problems. One is the problem of finding the other beam, the other problem
we have to investigate is what happens when the two bunches collide. Will
the electromagnetic forces be so strong that the beams destroy each other
before we get any significant 1uminosity.2)

It is clear that random fast variations of the beam position from pulse
to pulse cannot be tolerated. If we have a beam spot size of # 1 um at the
collision point a typical beam size in the linac would be about * 0.1 mm,
which is equal to the short term stability requirement for the beam of a linear
collider. Slow variations are less severe because they can be detected and
corrected for by a feedback system. Suppose, however, the beam position to
be absolutely stable in time. We stiil have to solve the problem of finding
the other beam which might be only 1 micron or less in diameter.

Here we get help from the tremendous electromagnetic fields of the beams
which act on each other even so they are separated by many beam diameters.

For a beam with 10ll particles in a bunch which is only 4 mm long we
have a peak beam current of 1200 amperes. This current produces at the
surfaces of a beam with R = 0.5 um radius a magnetic field of 480 Tesla or

at a distance r > R from the beam center

B¢(Tesla) = 480 (R/1) (7.1)
This is such an enormous field (equal to the electrostatic attract-
ion of the electron and positron beam) that we will detect a mutual deflect-

ion of the beams while they are still well separated. The force on a

particle in one beam due to both the electric and the magnetic field of
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the other beam is given in Gasussian units by

r> R (7.2)

I~
o
R

where i = e Nc/s is the peak current and s half the bunch length. The

equation of motion therefore is
= 0 r2R (7.3)

where k = AreN/Ys and T, the classical electron radius. This differential

equation can be solved by a Taylor series which up to 4th order is given

' -
by (ro 0)

N

4
s 1 2 s
= T k 3 + 0(6) (7.4)

r
[}

- 21
r(s) = r > k

[e]

Finally we get for the deflection angle of one beam due to the other beam.

1 2
r' (s) z-k—j—(l +Zk 5 (7.5)

o r2
o
This equation is a good approximation as long as the second term in the
bracket is smaller than 1. In Fig. 14 this deflection angle is shown as a
function of beam separation using the parameters of our design example
(Taﬂle 2.1). At a separation of r, = 10 ym we still have a deflection
angle which in the horizontal plane is equal and in the vertical plane is
seven times bigger than the internal divergence of the particles in the
beam. By using monitors which detect deflections of the beam we can "see"
the other beam even at large separation. In short we can say the beam of
our model collider has an effective beam diameter of 5 to 10 um even so
the actual diameter is much smaller.
The required beam position stablilty of 5 to 10 um still requires a

sophisticated beam control system. However, as experience at SLAC has

shown, this is the stability one can reach with present day technology.
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As the beams collide head on and on center the electromagnetic fields
of each beam make themselves noticable in still another way. They act as
a focusing lens on the other beam. If the focal length of this focusing
field is comparable to the bunch length we get a further compression of the
beam cross section, called the "pinch effect". This effect has been
thoroughly studied44)45) and can be parametrized by the disruption
parameter D which we have defined already in Section 2. The action of the
pinch effect is best demonstrated in Fig. 15 which shows two bunches collid-
ing?S)This is a computer simulation which show clearly an enhancement in the
particle density as the two bunches completely overlap. After the bunches
have collided they disperse at a larger angle than they would do without the
pinch effect. Since this beam beam focusing is a nonlinear effect we find
the beam emittance after the collision largely diluted and the beams are not
useful any more for further collisions. However, the emittance still is
small enough to use the beam for fixed target experiments and/or positron
production. The increase in luminosity due to the pinch effect is shown in
Fig. 16.45) We see that an increase of as much as a factor 6 in luminosity
is possible for a disruption parameter of Dx4. For higher disruption
paraméters no further enhancement in luminosity is realized. This is under-
standable noting that the disruption parameter D is related to the number

n of transverse oscillations a particle performs during interaction with the

other beam by:
Dx10n (7.6)

A disruption parameter of D = 4 therefore translates to about 0.6 oscillations.
Since the minimum spot size occurs after 1/2 oscillation we see that .6
oscillation covers all the tight beam region. An increase of D would not

decrease the effective spot size any more. At large values of D the
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luminosity is reduced again due to plasma instabilities. 1In a linear

colliding beam facility, however, we do not want to go to a higher disrupt-
ion parameter than 5 to 10 since the energyspread due to beam strahlung gets

too large (AE/E n D2).

8. THE SLAC~LINAC-COLLIDER (SLC) PROJECT7)

8.1 General Description

The SLC project is a variant of a linear collider in as far as it uses
only one linear accelerator. Both the electron and the positron bunch are
accelerated in the same linac rf-pulse. At the end of the linac both beams
are separated and travel through long arcs till they aim at each other.
There a final focus system will compress the transverse size of the beams
at the collision point to a radius of about 2 micrometer (Fig. 17).

The luminosity of the linear collider is given by:

NNV
P = ____75531 (8.1)
4o

where we have set R = 1. (Compare with Eq. 2.1). With the present perform-
ance parameters of the Stanford Linear Accelerator we could expect a
luminosity of no more than about 1024cm_2$ec“l apart from the fact that the
beam energy would be only 30 GeV. The SLC project, to be feassible for

high energy physics, requires therefore a significant upgrading of the linac
beam parameters in energy, intensity and beam emittance (Table 8.1). The
higher energy requires some modification of the klystron modulator while

the intensity of the beams can be drastically increased only by a completely
new design of the electron gun as well as the positron source. The required
small beam emittance is achieved by two damping rings where the beams are
stored for a few milliseconds to reduce the beam emittance through synchrotron
radiation. A more detailed description of the new components will follow

later in this report.
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Table 8.1
SLAC now For SLC
energy (GeV) 30 50
intensity/S-band bunch et e et/e”
108 10° 5-1010
. -3 -4 -5
beam emittance Y(m) 6:10 610 3-10

A schematic layout of the SLC facility is shown in Fig.17 and the operation
cycle goes as follows. The cycle begins just before the pulsing of the linac.
The electron and positron damping rings each contain two bunches of 5 x lO10
particles at an energy of about 1.2 GeV. One of the positron bunches is extracted
from the damping ring, passes through a pulse compressor which reduces the bunch
length from twe centimeters im; the storage ring to less than one millimeter required
for the linac, and is then injected into the linac. Both electron bunches are
extracted from the electron damping ring, pass through an independent pulse compressor,
and are injected into the linac behind the positron bunch. The spacing between
bunches is 17.8 meters in the linac.

The three bunches are then accelerated down the linac. At the two-thirds
points, the trailing electron bunch is extracted from the linac with a pulsed magnet

and directed onto a positron-production target. The positron bunch and the remaining

electron bunch continue to the end of the linac, where they reach an energy of

50 GeV. At the end of the linac the two opposite charge bunches are separated

into the two arcs after which they pass through an achromatic matching and

focusing section to collide head on with the opposite bcecan.
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The positron produced by the 'scavenger' electron bunch that was
extracted at the two-thirds point of the linac pass through a focusing
system at the positron source, a 200 MeV linear accelerator booster, a
180° bend, and an evacuated transport pipe located in the existing linac
tunnel to bring the pesitron bunch back to the beginning of the linac.

At this point, the positrons pass through another 180° bend and are boosted
to an energy of 1.2 GeV in the first sector of the existing linac and then

injected into the damping ring.

8.2 New Components for the SLC Project

Modification of the Klystron Modulator. In order to get a higher

energy in the linear accelerator the second stage of the SLED rf-pulse

10)
compression system (SLED II) will be installed. 1In the SLED principle
the amplitude of the rf-pulse is increased at the expense of the pulse

length. The maximum energy we expect to reach in this way is 51.6 GeV.

10 .
Electron Source. 5°10° or more electrons must be produced into a

small emittance and captured into a single S-band bucket. Both a thermionic
*23) 22)
gun or a photoemission gun can be used. The latter utilizes a power-
ful frequency doubled, actively mode locked, Q-switched Nd: YAG laser to
produce the electrons by photoemission from a semiconductor cathode. Such
a gun has been used successfully at SLAC to provide polarized beams for
25)

the recent parity violation experiment.

7)
Positron Source. Since we need as many positrons as we have

electrons per bunch we are faced with the problem of producing one useful
positron for every electron that strikes the convertion target. Fortunately
the positron production is proportional to the emergy of the electron. We

accelerate therefore an electron bunch up to 33 GeV. At this point the
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electron bunch gets directed to a tungsten-rhenium target to produce
positrons. A series of pulsed and dc-solenoids between 100 kG and 5 kG
capture positrons between 2 and 20 MeV at an emittance of 5 MeV mm. The
effective yield is calculated at 4.8 positrons for each electron. This
is far more than we need but it seems prudent to allow for comsiderable
losses between the target and the damping ring.

46)

Damping Rings and Bunch Compressor. Two damping rings are required

since both electrons and positrons cannot be produced with the required
small emittance and high intensity. Some of the parameters of the damping

rings are compiled in Table §.2.

Table 8.2
Damping Ring Parameters
energy E = 1.21 GeV
. , 10 .
intensity N = 5+10° particles/bunch or
I = 68 ma/bunch
-no. of bunches n = 2
circumference o = 35.27 m
tunes v./v = 7.23/2.78
Xy
damping time T = 3,06 msec
X,y
equilibrium €x=€ = 9'10_9rad m
beam emittance y

In order to achieve fast damping we have to utilize high bending fields
(2 Tesla) and to obtain a small emittance the focusing has to be very strong
6 I .
(63 T/m).) We need for the electrons a damping time of one inter linac

pulse interval of 5.6 msec and twice that much for positrons. Therefore,
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every 5.6 msec there are 2 electron bunches and one positron bunch ready
to be accelerated in the linac. One of the electron bunches will be used
for positron production and the other electron bunch and the positron bunch
are accelerated to 50 GeV for collision.

The damping of the bunches introduces a slight complication. Particle
bunches in storage rings are of the order of 2 cm long. This is too long

a bunch for an S-band linear accelerator. Between the damping ring and the

linear accelerator, we therefore have a bunch compressor system. This system

compresses the bunch length to 1 mm at the expense of the energy spread as

described in Section 1. 10
Linac Control System. The acceleration of 5°10" " particles in one

S-band bucket in SLAC is at this time not feasible. The interaction of a

bunch of this intensity (Ipe = 1200 amps) with the accelerator structure

ak
generate wake fields which act back on the bunch in a destructure way.
There are two components of the wake field. The longitudinal component
generated by the head of the bunch decelerates the tail of the bunch caus-
ing a large energy spread. This effect we can counteract by accelerating
the bunch ahead of the crest of the rf-wave. In this way the tail gets

accelerated more than the head and if we now add the deceleration of the

tail due to the wake field we can minimize the energy spread at the end of

the linac. An energy spread of less than 1% seems to be possible (Fig. 18)7

If the head of a bunch travels off center through an accelerating
structure a transverse wake field is generated. This field acts back on
the tail of the bunch in such a way as to increase the deviation from the
center. Therefore, a straight bunch changesmore. and more to a ''banana"
shape during acceleration till the tail gets scraped off. This is called
the beam break-up phenomenon. Clearly the effect is enhanced proportional

to the charge in the bunch. TFor a given charge in the bunch this beam

)
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break-up can be minimized by improving the focusing, the control of the
trajectory in the accelerator and the alignment of the accelerator. A
major upgrading of the SLAC control system is required to make the SLC
project a viable project. With the new control system calculations show
that for a bunch population of 5'1010 the emittance growth due to the
"banana'" effect is not more than 15% assuming an alignment tolerance of
0.1 mm for the focusing elements and the accelerating structures. With
some optimism and operating experience it might be possible later to

increase the intensity to about 7°1O10 particles per bunch.

Arc Beam Transport and Final Focus. After acceleration to 50 GeV

the two bunches are split and travel through two half circles toward the
collision point. Special precaution has to be taken to minimize the
increase of the beam emittance due to synchrotron radiation in the arc

magnets. The growth in the beam emittance is given by

A€ (rad m) = 2.1-1o'llqu<./f/p3> £

where p(m) is the bending radius, ¢(rad) the total bending angle of the
arc, p+¢ the length of the arc, E(GeV) the energy and <J¢703> a quantity
which depends on the focusing and the bending radius. Since <9f/p3> 4y p—s
it is clear that the arcs should be as large as the available site allows
them to be. The focusing is chosen to be very strong to get a betatron
phase advance of 108° per cell which gives an almost minimum emittance

47)

growth. With these parameters in mind it turns out impossible to
design a separated function lattice which would not destroy the small beam
emittance coming from the linac. We chose therefore a combined function

magnet with a cross section as shown in Fig. 19. Each arc has some 500

magnets each 2.6 m long with every second magnet rotated by 180° about the
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Figure Captions

Schematic Layout of a Colliding Beam Facility
Damping Ring Scaling

Bunch Length Compressor

17)

"Jungle Gym" Accelerating Structure
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Beam Spot Size at the Collision Point (Result of Particle

Tracking)AS)

Beam Beam Deflection as a Function of Beam Separation
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Luminosity Enhancement as a Function of Disruption Parameter
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Energy Spread in the SLC Beams7)
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Luminosity as a Function of the Center of Mass Energy

45)



-73-

Alignment
Fixture
Locator
LLamination \\
: \\ h élurzjwinum
onductor
-/
N\ o
230

C® ‘
\
Back Leg[/
|

Winding

20
152 —=

6 —~ 80 3B14A66

Fig. 19: Magnet Cross Section for the SLC Arc7)



~T74—

beam axis with respect to the orientation of the magnet in Fig. 19. This
way one cross section serves for both the focusing and the defocusing
magnet. All magnets are strung like beads on four aluminum conductors
which serve as the excitation coils.

At the ends of the arc the beam enters a 100 m long final focusing
system which compresses the typical beam size of 30 um in the arcs to about

72N\
2 ym at the interaction point?J’Since the energy spread in the beam is

about * 0.5% we face severe chromatic image errors in the final focus system.
A sophisticated final focus system was worked out to both minimize the
chromatic and geometric (astigmatism etc.) errors in the beam spot size at
the collision point. A ray tracing study confirmed the feasibility of the

43)

design of the final focus system. In Fig. 13 the result of the ray
tracing calculations shows 50% of the beam within a radius of 2u and 90%

within 4 um which is what we assumed as a design goal.

8.3 Luminosity and Improvements

At the collision point we expect the 5°10lo particles per bunch

to have a gaussian distribution with a standard value for the beam radius

of ¢ 2 um at 50 GeV. Since the pulse repetition rate is vrep = 180 sec—l

we calculate from Eq. (8.1) a luminosity of

¢ = 1lx 1030cm—zsec-l at 50 GeV. 3)
o

For other energies the luminosity is shown in Fig. 207) This luminosity
calculation does not take into account an enhancement due to the pinch effect.
At low energies the luminosity increases with energy since adiabatic

damping during acceleration in the linac reduces the beam emittance. At
energies above 60 GeV per beam, however, the emittance blow-up in the arcs

becomes dominant and reduces the luminosity again.
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A good prediction of the luminosity in storage rings always has
been very difficult because it is still not known which parameters cause
the beam-beam effect to limit the luminosity at a certain level. We think
that a much safer prediction of the luminosity can be made for a colliding
linac beam facility. Unlike in a storage ring here the beams meet only
once and are disposed of after the collision. We, therefore, believe we

can calculate what actually happens when both beam collide.

One possibility for improvement, which is evolutionary, is to attain
more precise control of the trajectory in the linac. This would allow an
increase in the number of particles to maybe 7'1010 per bunch before excit-
ing serious emittance growth from transverse wakefields.

Another possibility is being actively pursued at SLAC right now.
This is to reduce the beam spot size at the collision point further to
about 1.3 um. 1In order still to control the chromatic and geometric
errors we plan to use for the last quadrupoles on either side of the
collision point permanent magnets made from a cobalt samarium alloy
(SmCos).éa) Such magnets have permeability of y = 1 and can therefore
be moved into the detectors without perturbing the detector fields. A
small sample quadrupole has been found suitable and a full size prototype
is being built soon. If both improvement possibilities should be realized

30 -3

. . - -1 .
we could expect a luminosity of 4.7¢10” cm “sec = without enhancement due

to the pinch effect and ¥ = 2.3'1031cm_2sec if we include the pinch
effect.

For the SLC project we plan to use a laser driven photo emission

22)25
gun to produce an intense beam of longitudinally polarized electrons. )25)

25) 22)

The polarization was 50% and with the new electron gun a polarization
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of 90% seems possible. We see no possibility to also produce polarized
positrons. As we have seen in Section 5 the energy of the SLC is too low
to produce positrons by the use of wiggler generated circularly polarized
photons.

The longitudinally polarized electron beam is accelerated to
1.21 GeV. In the transport system from the linac to the damping ring a proper
combination of vertical magnetic fields and a 6 Tm superconducting solenoid
will cause a g-2 precession such as to erect the electron spin into the

35)

vertical direction. This direction of the spin will be preserved during
the storage time in the damping ring. In the transport line from
the damping ring to the linac we have two 6 Tm superconducting solenoids
together with the necessary vertical magnetic fields. Depending on the
setting of the strength of these two solenoids we can produce any spin
direction we want at the reentry point to the linac. In practice this spin
direction will be chosen such that together with the g-2 precession in the

collider arcs we obtain the desired polarization (longitudinal or transverse)

at the collision point (Fig. 7).

8.4 Conclusion

The SLC is designed to be a pioneer project for a new kind of a
colliding electron positron beam facility. It serves two purposes, first
to provide a center-of-mass energy at the collision point of 100 GeV to
allow the exploration of an extremely interesting area in high energy
physics, second to test the feasibility and special features of still
larger linear colliding beam facilities.

Critical questions for such a facility can be answered from the
operation of the SLC, like what are the maximum charges per bunch that can

be generated and accelerated in a linear accelerator, what is the minimum
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beam emittance achievable, is our present knowledge on the final focus
system sufficient, can we use permanent magnet quadrupoles and does the
pinch effect work in our favor.

Since the electron storage ring technique is reaching its limits,
new avenues in accelerator physics have to be pursued and building the

SLC is the first step in this direction.
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