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L INTRODUCTION

This paper summarizes four bularial lectures on linear electron accelerators
which were presented at this Workshop:

1. “Electron Linacs for TeV Colliders® (P. B. Wilson)
2 “Emittance and Damping Rings" (P. M. Morton)
3. “Wake Fields: Basic Concepts” (R. K. Cooper)

4. “Wake Field Effects in Linace™ (K. L. F. Bane)

The ficst of these lectures was intended Lo introduce the general require-
ments for electron linacs capable of delivering beams far vury high encrgy Yinear
colliders. Material from this lecture is presented in the next three sections.
Section Il introduces the basic scaling relations for {mportant linear collider
design parameters. In S¢c. [l some basic concepls concerning the design of
wccelerating structures are presented, and breakdown limitations are discussed.
In Sec. IV RF power sources ure considered.

The [act that two of the four lectureas were concerned with wake ficlds and
their effects emphasizes the import-nce of this topic for high energy collider
design. Several tutorial papers which give extensive coveraga to wake field con-
cepts and wake field effects have been published recently. No witempt will Le
made to duplicate this material here. Some key concepts will be discussed, and
some examples of wake ficlds for typical linag structures will be presented in
Sec. V., The reader is referred Lo the reforenced literature for further study. The
imporiance of emittance in linear collider design e also underscored by the scal
ing relatjons in Sec. II. Some general concepts concerning emittance, and the
limitations on the emittance that can be obtalned {rom |inac guns and damping
tings are discussed in Sec. V1.

In connection with Lectures 3 and 4, computer genereted movies were shown
at the Workshop whicn illustrated how wake fields arise as an electron bunch
moves through typical structures, and how these wake fields in *urn act on the
bunch to produce emitlance growth. Viewing such movies greatly enhances cnes
physical understanding of wake fields and their effects, bul unfortunately this
process cannot be reproduced on the printes page.

Finally, the author takes full responsibility for the manner in which the
material presented by the other three lecturers has been condensed, surnmarized,
ar rearranged. and for 21l omisslons and errors.
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II. SCALING RELATIONS FOR LINEAR COLLIDERS
A. BEAM-BEAM PARAMETERS

Three parameters which characterize the interaction between two colliding
bunches in a linear collider are the luminosity £, the disruption D and the beam-
strahlung 6. In the following, head-on coliislons between tri-gaussian bunches
pre assumed. The possibility of fiat bunches crossing at a slight angle in the
horizontal plane will be taken intc account. The expresaions given here for the
three beam-beam parametera in the “classical” regime are taken from Refs. 1
and 2, where a more detalled discussion and additional references can be found.

LUMINOSITY

The luminosity (in cm™? sec™!) times the cross section (in cmn?) gives the
event rate (per second) for any physical process taking place jn the colliding
bunches. Along with the beam energy, 1t is a primary design parameter for a
linear collider. Assume identlcal e*e™ linac, each with energy Bp = eV =
~+me?, pulsed at a repetilion rate f and producing trains of  bunches per linac
pulse. The luminosity is given by

NS Hp N3bfHp
L= dna,0y 13 {1a)
0y 4men (B:8y)

Here N is the number of particles per bunch, o, and 6, = Ro, are the bunch
height and bunch width (at the Interaction peint, unless otherwise indicated),
£n = Y€z = 7y&y is the normalized emittance (asanmed equal for each dimension),
and 8, and 3, are the vertical and horizontal beta functions given by the optics of
the final focus system. If the disruption parameter is sufficiently large, the beams
will pinch together as they pass through each other, producing an enhancement,
in the luminosity by a factor Hp. In practical units the luminosity is given by

L(10%cm™? 5t = 8.0 x 107° {b_[N {lulﬂ)]i f{Hz) HD} (15)

R I"r(ﬁ*"‘)]z

DISRUPTION

The focussing effect preduced by one beam acting on the particles in the
other beam depends on the disruption parameter,

2roﬂla,

D= =0T
{1+ R)~0o}

[2&]

Here o, is the rms bunch length and rp the classical electron radius. Each
beam acts like n lens with focal length o,/ D for particles near the axis in the
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opposing beam (if D S 1). For large values of D, the beams act like a plasma
during the interaction, with the number of transverse plasma oscillations given?
appraximately by (D/10)!/2. In practical units, the disruption parameter can
be expressed as

029 { N (10" ¢, (mm) } (25)

1+ R } Ey(TeV) |oy (um))?

The luminosity enhancement as = function of ) must be computed by a
simulation. Results from simulations made to date differ somewhat in the maxi-
mum value of the enhancement Hp that can be obtained, and in the rate of rise
of Hp as a function D near D =5 1. Holtebeek? obtains a maximum enhancement
ratio in the range five to six for D > 1.5. Fawley and Lee* find a maximum
enthancement in the range three to four at D > 3. Some representative results
from these two simulations are given in Table I below. For a fiat beam with
large aspect ratio, the enhancement ratie is given approximately by the square
root of the round beam result. For intermediate values of the aspect ratio, the
enhancement can be estimated from®

R
1+ {R -1 [Hp()]!* ~ )

Hp(R) = Hp(1)

Table I
Lutninosity Enhancement as a Function of D

D < 0.2 0.5 1.0 1.5 2.0 3 5
Hollebeek
Hp (round) 1.0 14 36 52 5.6 5.9 6.0
Hp (fat) 10 12 15 23 24 24 25
Fawley & lLee
Hp (round) 1.0 1.0 1.5 2.2 2.6 3.1 34
Hp (flat) 1.0 1.0 1.2 1.5 1.6 18 | B3




BEAMSTRANLUNG

We turn next to a consideration of the beamstrahlung parameter 8. As the
colliding bunches pass through each other, the particles in one bunch are de-
flected by the fields in the opposing bunch. This transverse acceleration produces
synchrotron radiation, called beamstrahlung in this case. The beamstrahlung
parameter 6 is the average energy loss per particle, divided by the incident en-
ergy, calculated after the beams have separated. From the puint of view of the
physical procesges occurring during the interaction between bunches, the rela-
tive energy loss in the center of mass system, 4 /2, is of more concern. The rms
energy epread in the center of mass system may be somewhat less than §/2.
Thus it is now conventicnal to take § = 0.3 as acceplable in collider design.
However, it is well to remember that beamstrahlung is best studied by calcu-
lating the actual distribution function for the encrgy loss, and this can only be
done by a simulation in most cases of intereat. The analytic expressions for &
which follow are, however, usefu! for scaling.

The expression for beamstrahlung in the classical regime (this term will
be defined later) for two colliding tri-gaussian bunches has been calculated by
Bassetti and Gygi-llanney:®

rgszy
o,03

by = F(R) , (4a)

where F(R) is a rather complicated function (see also Ref. 1) such that F(1) .-
0.22 and F(R >> 1) -- 0.91. Within a few percent, F(R} is approximated by

F(R) = 022 (I—E—R)n

. In the above calculation it was assumed that the particte trajectories do not
change as the bunches collide. I the disruption parameter is large enough
to cause the bunches to pinch, we wouid expect the beamstrahlung as well
as the luminosity to be enhanced. This enhancement ¢an be taken into account,
at least approximately, by multiplying the preceding expression by Hp. A more
exact beamstrahlung enhancement ratio can only be obtained by a simulation,
In practical units Eq. (4a) becomes

2 .
¢ = 1.0x 1077 (- 2 )2 {[N(ww” Eo “ev)} Hp . (48)

¥R o, {mm) {o, {um)]®

The classical synchrotiron radiation spectrum for a relativistic electron mov-
ing in » uniform magnetic field B peaks up near the critical photon energy



hw, = 3hy%eB/2mec. However, when hw, > 4mc?, one photow at the critical
energy would have to carry more than te entire energy of the electron which

emits it, and consequently the classical calculation of synchrotron radiation can
no longer be valid. Define a scaling parameter T by

2 Ao, B
= - ——— _— 5
T = 3 yme 3 B, v (‘,)
m? 3 e
B =15 = = 44x10% G .
£ eh ™ xc

Here X, is the Compton wavelength divided by 27. For T « 1 the classical
calculation of the energy loss by synchrotron radiation is valid, while for T £ 1
quantum effects, which act to reduce the energy of the emitted photons, must
be taken into account. The modification of the synchrotron radiation spectrum
by these qua.turmn effects is summarized in Refs. 7 and 8. The rate at which
an electron radiates energy in the quantum regime is reduced compared to the

classical radiation rate. This reduction factor, Hy, is plotted in Fig. | as a
function of T.

MooorEpT

; [ _x____J_AL
o Yo n-2_ '

i e
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Fig. 1. Beamstrahlung reduction factar as a
function of the scaling parameter T defined
in Eq. {3).

An exact analytic calculation of the beamstrahlung parameter for gaussian
bunches in the quantum regime is difficult, and in any case a simulaiion must be
carried out if the bunches pinch significantly. However, a rough approximation
for scaling purposes is useful. We first compute the average value of T for a flat
beam. Assume the actual gaussian bunch can be modeled by & uniform particle
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particle disttibution of width 2 o,, hall-height 0, < o, and length vZ70,. .
Allowing an additional factor of 1/2 for averaging In the vertical direction, the
average value of the magnetic field becomes

B = eN - eN
T 2050, 2Ro,0,

For a round beam we approximate the bunch by a uniform particle distribution
of length /27 o, and redius 20, = 20y. Using & factor of 2/3 for ihe nverage
field in the radial direction gives

_ elN " eN
3\/2_11' Oyts 40’5!0:

Thus for any aspect ratio it is reasonable to approximate the average magnetic
field by

— eN

g ?
Bubstituting in Eq. (5),
= TQ *‘-TN
T = 30 + Roga, o, {Ta)
where rg%, = 1.00 x 10°% em®. In practical units
1.1 21077 | N (10'9) Ep(TeV)
T 1+ R [ o, (mm) oy (zm) (76)

Note {from Fig. 1 that in the quantum regime Hy is given by 0.556 T-%?. Using
this together with Eqs. (2b), (4h) and (7b),

13
b = S Hy = 14x107° [% . (8)

valid in the regime T 2 10. From Eqs. (2b) and (4b) we also have

2 i
bg = 58 [ac, r%%%% . ©)
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B. BEAM POWER AND WaLL PLUG POWER

The three beam-beam parameters discussed in the previous section depend
only on the beam properties at the interaction point and the beam dynamics
during the collision. A fourth parameter whith is also independent of the accel-
erating linac is the beam power Py = bf N Ep. For scaling purposes it is useful
to introduce & normalizing voltage, current and power given by

~
"

meclle = efrg = 0511 MV

a
f

= 4aVa}Zy = cefr, = 1104 kA
Po= IV, = ce¥prd = BT1x10°W
1there Zg == 37702 is the impedance of free space. Thus

Roep= (2) brwe (10)

Of direct practical interest is the total “wall plug® power P, required by
each finac in a collider. The wall plug power does depend on the properties of the

accelerating structure. It is related 10 the beam power by Poe = Po/{n.s041),
or in practical units

1.6 3
18=107 i
Trffatls

Pac (MW) = (10'%) Eo (TeV) f (Hz)] . (11)

Here n,y is the efficiency for the conversion of ac power into rf power, n. Ia
n structure efficiency which takes into account the fact that some rf enecrgy
i« dissipated in the structure walls during filling, and 5 is the fraction of
the energy stored in the structure whizt is removed per bunch. In See, II1A
it is shown that a reasonable value for the net efficiency n.yn, I3, assuming
some future technological improvements in the production of high peak power
RF, n,pn, = 0.5. The single bunch efficiency is discussed below.

C. SINGLE BUNCH EFFIZIENCY AND ENERGY SPREAD

For scal:r ¢ purposes, we assum# that each bunch in & train & bunches long
accelerated susing one RF pulse has equal charge and extracts the same fraction
of the energy stored in the accelerating structure. If there are, for axample, eight
bunches and earh bunch extract 4% of the stored energy, then this approximation
is rather poor unless the bunch-to-bunch bram loading is compensated by one of
several possible :peiiinds. As ope example, the first bunch can be injected into
a Lraveling wave section before *t is rompletely filled, and the spacing between
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bunches adjusted so that the energy added to the section hetween bunches just
compensates for the bunch-to-bunch energy sag. In the lollowing we assume this
is donie. The efficiency for energy extraction by a single bunch is

4e Nk, ,
moe Tt (12)

where G is the accelerating gradient and k; is a structure constant given by

z
k} = % = % B (13)
Here u is the stored energy per unit length, A is the wavelength, and Co is a
constant independent of wavelength which depend only on the structure geom.
etry. For the SLAC disk-loaded structure, Cy = 2.1 x 10! V-m/C. It varics
approximately as a/), where a is the diameter of the iria opening®. Substituting
Eq. (13} into Eq. {12},

4eNCy N (10%°)
= = 3. 14
= g T Y e MV /) (140)
This can also be written in Gaussian units for a linac of length L as
!
ny = A0CNL _ g ol (148)

2 12 oy
'\"’; NG

where G' =+, /L, k] =0.21 ctn ¥ and C] = k;A? = 23.2 for the SLAC stiructure.

The gingle bunch enerzy spread is derived from the current distribution and
the longitudinal wake potential, as described in Sec. V B. For a given accelerating
structure and current distribution (¢.g., gaussian), it is a function only of o, /A,
s and @, where @ is the angle of the center of the bunch with respect to the crest
of the accelerating wave. For the SLAC disk-loaded structure, the maximum
value of np for a 1% and 2% single bunch energy spread {defined to include 90%
of the bunch current) is given!® in Table II bulow for several values of o,/).
The angle & ahead of crest has been chosen o minimize the energy spread.
The effective accelerating gradient is reduced with respect to the peak unicaded
gradient, both because the bunch ie off crest and because there is a deceleratiig
wake field within the bunch. The reduciion factor in the gradient is given in tl e
last colurnn. The bottom row in the table shows that & very large single bunc's
efficiency can be reached if the bunch length is chosen so that shape of the bun.h
wake is approximately the inverse of the crest of the accelerating wave, as has
been proposed at Novosibirsk.!!
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Table [I
Maximutn n for 1% and 2% Energy Spread

ns (%) g° E/Eq
o.fA 1% 2% 1% 2% 1% 2%
005 23 3.2 29 45 085 066
01 35 66 14 a0 004 071
02 - 6.5 - B - 0.94
04 - =25 - 6 - 0.80

I;. EMITTANCE GRUWTH

Assuming a simple {wo-particle model for the bunch, several effects can cause
the leading particle to drive the amplitude of the transverse oscillations of the
tail particle as the bunch moves along the accelerator. To get a feel for scaling of
emitiance growth, consider the simplest case of a uniform machine with constant
beta function, constant energy, and an offset z; in the leading particle at the
beginning of the accelerator. From the resuits in Sec. VC, the amplitude of the
oscillation of the tail particle at distance L, divided by the transverse size of the
beam at the end of the machine, is

AI:

1/2
=z ! rqg N LW, (—q-) o {15a)
oy 4

o

where W) is the dipole wake at the tail particle due to the leading particle. In
Gaussian units, Wy = 2 » 10° m~3 for the SLAC structure with /A & .01. For
a structure with constant geometry and fixed o./), W, acales as W) = C[/A3,
where C} = 315 for the SLAC structure geometry. Using this in Eq. (154) and
substituting n from F.g. {14b}, we obtain

Az, Cim ’ﬁ')')”g To
ki S L ot oy | 156
ar 16C, ( £n ( A ) (158)

It is important to recall that the dipole wake constant Cl' depends on poth the
structure geometry and bunch length. Details are given in Sec. V.

A more realistic example assurmnes uniform acceleration from injection energy
~o to 74, with a beta function whicth varies as § = fiy (1/"10)’/’. Assume also
that the accelerator consists of M sections which are misaligned with an rms
error d in transverse position. The ‘e growth in amplitude of the tail particle
in the two particle model is then given by '3

10



Axy 1 pf n d
ar _ 2 w, {1 _e
- 7 roNLW, ( e M2 (16)

Note that, in epite of the more complex assumptions, this result is still very
similar to the simple scaling leading to Eq. (15a).

A third result has been obtained assuming uniform acceleration and constant
beta function. Assuma also a focussing lattice with a 90° phasc advance per cell,
with M focussing quadrupoles which jitter in transverse position with an rma
displacement d, For this case the dicolacement of the trailing bunch grows to
an amplitude!?

Boy _ mlfles (B " oing (17)
oy 2n itn

Magnet misalignment is seen {o impoze a stricter limitation than accelerator
section misalignment. For a 90° lattice the number of magnets is M = 4L/nf.
Introducing also the gradient G' = dvy/dz, the preceding expression becomes

A W,
ﬂ o l'oNL 1d_ (]7bl
oy 732 (g, G:)Iﬂ

By introducing an energy spread within the bunch (Landay damping), the
emittance growth due to the dipole wake can be greatly reduced.!” In Sec. VC
it is shown that, for the simpla case of a uniforrm etructure having constant
cnergy and beta function with an initial offsel zp, the growth in the transverse
oscillation amplitude of the tail particle is reduced by a factor

n8
(AR (18)

Thus Eq. (15a) becomes
Azy _ mroNW, 3322,
°r  8{ye)'* (Ap/p)

Landau damping is aeen to be very effective in reducing emittance growth due
to injection errors. It may be less effective in reducing the effcct of alignment
errors and magnet jitter, but detailed calculations remain to be done.

(19)
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E. DESIGN STRATECY FOR LINEAR COLLIDERS

Based on the relations summarized ia the preceding sections, there arc a
number of ways to appraach the design of a linear collider. We first assume that
the energy, desired luminosity and aflowable beamstrahlung are fixed. To carry
this process further, some expressions which combine some of the preceding basic
relations are useful. From Egs. (1b) and {11),

Mot Puc(MW) [bmo: (o) 2 20)

Eg{TeV) |L (1033"”’ B Hp '

where ng; = baygns = Py/Pa;. A reasonable upper value for nr is 0.15
(eeBuming n, 17, = 0.5, by ~ 0.3). It 1s clear that the number of bunches, the
repetition rate and the Leam ares Ra: should be chosen as low as possible to
keep the AC power down. However, the constraint imposed by beamstrahlung
must also be considered. From Eqs. (1b) and (4b),

2 F
E____D(Teva}:(ma) = 20x 10"} (ILRE) [bfRos {mm)] . (21a)

In order to get a high luminesity in the classical beamstrahlung regime, we see
that, in contrast to the requirement set by Eq. (20) a large numher of bunches
and a high repetition fre juency is desirable, as is a long bunch length. Since oy
= (oz/A)A, this also implies a long RF wavelength. However, the aspect ratio R
can be increased to allow reduced values of b, f and A, In the quantum regime,
the equivalent expression s, using Eq. (9) in Eq. (21a),

£ (10°%) s (1+RB\’ [ ofR
m = 1.0x10 ( R ) [a,(mm)] . (21b)

It ie seen that, contrary to the ¢lassical case, 2 short bunch length is helpful.

A final set of scaling relations is informative. Squaring Eq. {20) and dividing
by Ega. (21a) and (21b), we obtain

b.eHy P (MW) R ( R )’ 02 (pm)
Bme ey - XY N\R) Hamm @ P
83 PE (MW) - 30, 10¢ ( R )? o (pm) o, (mm} 22y

Eo (TeV) L (10%7) 1+ R Ao



Suppose £g =~ 5 TeV, 8§ = 0.3, £ = 10", P,. = 100 MW, and e = 0.15
(Py = 15 MW). The two expression above then give

a? {1m) 1+ R\?
¥ -7
: ———— o JAX10TH —_
et o () O L ( R )
" g 1+ R\?
Q: oy {um} g, (mm) = 3.8 x 107" Hp —5 \

for the classical and quantum regimes respectively. Suppose o, =~ Iﬂaav. Then
in the clagsical and quantum regimes o, &~ 3 x 10”7 pm and 1.5 x 1073 um,
respectively. In both cases, one is forced to extremely small bunch dimensions.

When the bunch length has been cheosen, the scale of the collider design has
been set. Sinee oy = (0,/A)A, and gince o,/ ) cannot be chosen arbitrarily, the
choice of bunch length is equivalent to a choice of operating wavelength., From
Eqs. (22) the transverse dimension oy is now fixed (we have to guess initially
whether we are in the classical or quantum regime, or else iterate on I, in
BEg. {22a). From Eq. {20) the product bf R is now fixed. It would be reasonable
to choose f ~ 180 or 360. Sonwe fiexibility then remains in choosing & and R.
The remaining quantities N, D, Hp, and T are now readily calculated, and all
parameters can be checked for consistency. It is left to the reader to continue
this program for Ep = 5 TeV, £ = 10* cm~% and P,. = 100 MW. It will be
seen that for reasonable values of b, f and R, T > 1 and the parameters are
pushed intn the quantum regime.

II1. ACCELERATING STRUCTURES
A. STRUCTURE DESIGN

In this gection we review a few basic expressions related to the design of
traveling wave accelerating structures. Consider a periodic structure consisting
of identical coupled cells with an RF feed at one end. For such a “consiant
impedance” structure, the group velocity v, and attenuation per unit length are
uniform along the length of the structure. The accelerating field is attenuated
by a factor e~" along a structure of length £, where

and Ty = Lfy; is the filling time. Thus for & given r, the filling time varies
as w2, The structure efficiency, n,, is defined as the ratio V3{r)/V (0}, where
V(r) is the actual voltage delivered by the structure and V(0) ia the voltage that
would be obtained if the attenuziion were zero. An input RF pulse with peak

13



power Py and length Ty is assumed. Because of attenuation the energy per

pulse required to reach a given accelorating gradient is increased by 1/n,. The
structure efficiency is given by!s

m = (1-‘,"’)‘ : (24)

This function is plotted in Fig. 2. The efficiency is seen to approach 100% as
7 — 0. On thr other hand, the pezk RF power required per unit length is

B G-
- T j(r) ] w
t r L L R A A Tor L
(25) S 5
T 2 1 SN LA
i) = S (1-e) = b VN :
2 2rn, N . . e b g
[ * o -\.‘ H ]
1 T ;oW
i S T !
Fig. 2. Structure efficiency 5, and - T——e e
normalized peak power per unit length _ L i ;
P, = Pyr/G%¢, as a function of the A A ]
attenuation parameter 7. . Shse g ¢ Tagmely g .

Here r is the shunt impedanc. per unit length and G = V/£ is the average
accelerating gradient. Thus 190% efficiency (v — 0) implies both zero filling
time and infinite peak powes, The fuaction f{r) has r minimum at r = 1.26,
with £{1.26) :- 1.23, as shown in Fig. 2. At this minimum, however, the efficiency
is only 32%. By decreasing 7 to 0.5, the efficiency iz increased to 62% (almost
double), while the peak power is increased by only 32%, Thus 7 = 0.5 gives a
reasonable compromise between efficienty and peak power requirement. For the
SLAC structure 7 = 0.57 and #, = 58%.

Present-day high power pulsed klystrons operate with a conversion efficiency
of 45-55%. The efficiency for conversion of AC te DC pulsed power (modula-
tor efficiency) is BD-90%. It is difficult to predict how much these efficiencies
might be improved by future technological advances. A Lusertron!® RF source
operating directly from a DC power supply might, for example, achieve an
efficiency on the order of 75%. Together with a strvecture efficiency of 65%
{r = 0.45), this gives 2 possible net efficiency nyyn, = 30%. An additional
structure parameter s the Jus= patameter per unit length,

G?
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where  is the stored energy per unit length, The factor of four comes from
the fact that the loss parameter was originally defined by u = kig®, where u is
the energy deposited in the accelerating mode per unit length by a point charge

passing through a strycture originally empty of encrgy. For a simple pillbox
cavity of length ¢, the parameter k, is given by

ky

[0.456 x 102 n—}ﬂ Lis

‘,Tg ¥
T_sh'laa

7

We see from this expression, and directly from Eq. (26), that k; ~ w3. For a
SLAC type disk loaded structure with 7 = 0.5 and period /3,

0.20x 10" D 14

ki = A (m) é-m  C-m (27)

The SLAC structure doesn't do quite as well as a chain of simple pillboxes
because of the finite disk thickness and Held fringing in the disk aperture,

It is important to note that the value of k; depends strongly on the ra-

dius a of the disk aperture. This is shown in Fig. 3 for the SLAC structure,
Approximately, k; ~ gt fora/A = Q.1

- e S

- LI
Fig. 3. Structure parameter k; as a function of beam aperture radius

for the average cell in the SLAC disk-loaded structure (A = 10.5 cm,
e = 1,163 cm and { = 0.584 cm),

15



B. PEAK POWER REQUIREMENT

The filling time of a typical disk loaded accelerating structure with r = 0.5
will be 0.7 s at A = 10 cm [see Eq. {23}]. We can therefore write

Ty(ns) = 221 (em)]? . {28a)

The average energy per unit length required from a power source ia

J Gt 2?2 (em) G (MV/m)
¢ (;) © dkm, 5.0 x 10° (286)
for the same structure. The peak power requirement is
P _ & _ M2 (cm) GF (MV/m))
I {(MW/m) = 7l 110 . (28¢)

Results from Eqs, (28) are plotted in Fig. 4 for wavelengths from 1 mm to 10 em
and accelerating gradients frnm 50 to 500 MV /m.
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Fig. 4. Filling time and peak power per unit length as a functicn of
wavelength for a typical disk-loaded structure with r = 0.5.
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C. LIMITS ON ACCELERATING GRADIENT

Several cilects can impose limitations on the RF fields in an accelerating
structure. The easiest to calculate and understand in simple physical te .5 is
surface heating. The power per unit area absorbed by a surfare with su: ace
resistance R, is

RE =gl {20

Fo = 2 7

B2l

where H is the peak magnetic field and Z, = G/IT is an impedance defined by
the geometry of the structure. For a typical disk-loaded structure, Z, =~ 40011.
In terms of the power per unit area and the pulse length, Ty, the temperature
rise is

AT =

2P, [DT,]'?
K 7 !

where K is the thermal conductivity, D = K/C,p is the thermal diffusivity, C,
is the specific heat and p the density. Substituting for Py from Eq. (29},

KAT\? 1/4
(B ) e

If T; is set equal to the filling time (which scales are w*/%), and since R, ~
wlf?, then ¢ ~ w!'/®  Putting in typical numbers at A = 10 cm for copper
(Z,=4001, R, = 01401, K = 3.8 W/em-"K, D = 1.1 cm?/s), 2nd assuming
also that the puls~ length is equal to a typical filling time T, = 0.7 gs, then
the gradient required to raise the surface to the melting point is8 G = 1 GeV/m.
This model breaks down at A & 30 um, when the diffusion distance (DTy)!/?
is on the order of the skin depth. Under thiz zondition the flling time is about
5 ps and the gradient is about 2.€ GeV/m. For still shorter wavelengths, the
temperature rise is determined only by the specific heat per unit volume, giving

ar - P _ RT, D

pC,b K& ’

where & is the skin depth. Substituting for P, from Eq. (28),

2KAATN 2
= z, (3281 31
G ' (wDZng) ’ (31)

where Zg = 3770, In this regime, & scales as w!/Y, Another limit is obviously
encountered when the filling time becomes comparable to one rf cycle, Ty =~ Afe.

At this limit a velocity-of-light wave travels a distance equal to the skin depth
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in one filling time. Again scaling as A* ? from T = Ty = D.Tpusat A = 10cm,
we find 6 = €Ty at A = 0.02 um. The gradient is on the order of 15 GeV/m,
and the filling time is 6 x 10717 gec,

The variation of gradient with wavelength due to surface heating is plotted
for the different regimes in Fig. 5. A further discussion is given in the report of
the Near Field Group, in these Pro.eedings.

The electric Eeld limitations on gradient are less amendable 1o caleulation.
We expect the gradient hmit to be a function of both frequency and pulse length.
The well-known Kilpatrick criterion'” predicts for CW or very long RF pulses,

Ey(MV/m) =25 |f (GHZ]]IIZ ) (32)

for frequencies greater than a few GHz. Here E} presumably can be taken as

the peak field E; at the surface of an accelerating structure, where typically
7 0.5Fy.

The variation in breakdown field with pulse length is also not & precisely
determined function. Some datal® at 2856 MHz on the power flow at breakdown
in a resonant ring, used at SLAC to test klystron windows, are fit b:.rgl

4.5
E, (T;) = _. Eg(cw} {1 + [_TW} . (33)

Combining Eqgs. {32) and {33), for very short pulses
E, ~ TV {34)

If the pulse (ength is equal to the filling time, and again assuming the {dlling
time scales ag w32, then E, ~ w'/¢.

Two measurements have been made on breakdown in short resonant sections
of disk-loaded structure near 3 GIlz. Loew and Wang?® at SLAC reached a peak
gurface ficld of 250 MV /m without breakdown at 2856 MHz for a pulse length of
about 1.5 us. Equations {32} and (33) predict a breakdown field of 215 MV/m.
Tanabe®! working at 2987 MHz, reports a peak field of about 240 MV/m at
a pulse length of 4 g3, with some surface damage due to breakdown. If we
use Eqgs. {33) and i34) to scale these two results to a filling time of 0.7 us at

#1 Thedata can also be £t by 2 [i-+eonst /TH?) variation. This scaling with T, is in agresment
with the behaviar far DC pulses ? However, the enhancement factor over the Kilpatrick
Limit at S-band ia then only a factor of three, which ia inconsistent with experimental
measorements, 331 1f the T:"J variation is accepted, then the electric field breakdowr
limit plotted in Fig. § varies an w! instead of w!/®,
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3 GHz, we obtain 310 MV/m for the Loew and Wang measurement, with no
breakdown, and 350 MV/m for the Tenabe measurement, with breakdown and
surface damage. As a calibration point on our plot of breakdawn fleld ver-us
wavelength, we therefore take 160 MV/m (assuming G =~ Epf2) at A = 10 cm.
This is plotted in Fig, 5.

30 T I T T T T T

10+

[Gev/m)

LIMITING GRADIENT

L. | [ 1 1 1
TOMNT- L T LT LT S BT &
P WAVELENGTH  lmm} 5142A3

Fig. 5. Limitations on gradient as a function of wavelength due to electric
field breakdown and surface heating in a SLAC-type disk-loaded structure.

IV. 'F POWER SOURCES
A. GENERAL REMARKS

From Fig. 4 we sce that a collider linac operating 2t a gradient of (for exam-
ple) 100 MV /m requires a peak power of 300 MW/m at A = 10 cm and a peak
power of 200 MW /m at A = 1 cm. The pulse lengths for the two cases are about
700 ns and 20 ns, respectively. The required peak power can be generated either
by external microwave tubes, or by a high current driving beam which can be
external or internal to the accelerating structure. Further, the required peak
power can be generated directly by the source at a puise length equal to the
filling time or alternatively 2t a lower peak power level and longer pulse length,
followed by some pulse compression technique to raise the peak power to the
required level. These alternatives are considered in the following sections.

RF sources which might be suitable for linear colliders are discussed in a
recent review by Granatstein??. Sources which heve produced pezk power levels



on the order of 160 MW in the wavelength yange 1-10 c¢m are: virtual cath-
ode oscillators (Vircators), backward wave oscillators, magnetrons, gyrotrons,
klystrons and free electron lasers. Oscillators, however, are not suitable as
sources to drive » collider. Many amplifiers with good phase stability, driven
from a common source, will be required. This reduces the possible sources to
klystrons, gyrotron amplifiers {gyroklystrons), FEL’s and possibly some type of
crossed fleld amplifier. The latter device is a derk horse and will not be con-

sidered further. FEL'a and other possible two-beam accelerators are considerad
briefly in Sec. IVD.

B. KLYSTRONS AND GYROAKLYSTRONS

For many years, klystron have been the RF source of choice for the highest
peak power at wavelengths on the order of 10 cm. In 1970 a klystron was
designed at A = 9 cm to produce a peak power of 1 GW at T = 135 ns.”
However, the tube failed before it could be tested at full output power. Recently,
a klystron has been designed at SLAC to produce 150 MW at A = 10.5 cm at
a pulse length of 1 ps. This tube has now achieved?* the design output power
with an efficiency of 55%.

We have noted that a peak power of 300 MW/m is needed to reach an
interesting eccelerating gradient (100 MV/m) at A = 10 em. Also, it would be
desirable to reduce the number of sources by spacing them further apart than
1 m. Furthermare, the optimum operating wavelength for a linear collider will
almost certainly be shorter than 10 cm. It is diffieult to specify a precise scaling
law for the variation of peak power outlput of a klystron with wavelength, but
almost certainly it will decrease more rapidly than the A'/? requirement given
by Eq. (28¢). We conclude that some forin of pulse compression will be needed if
klystrons are used &s an RF source for a linear colliders. If so, a premium will be
placed cn efficiency and reliability, rather thar an pezk power, assuming that a
power level in the range 50-100 MW can be attained at the desired wavelength.

Gyroklystro. are inherently capable of operating at shorter wavelengths than
klystrons. For a collider operating in the wavelength range at or below 3 cm,
a gyroklystron will probably be the RF source of choice (exeluding for the mo-
ment two-beam concepts). Granatstein®® has recently reviewed the capabilities
of high peak power gyroklystrons. A design calculation has been made for a
gyroklystron capable of delivering 300 MW at 9 GHz. This source would power
two meters of typical structure at a gradient of 100 MV /m.

C. LaserTRON RF SOUNCE

In recent years a new possibility for a high efficiency RF source has been
the subject of increasing interest —the Lasertron. Figure 6 shows a schematic
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I"ig. 6. Schematic diagram of a Lasertron RF power source.

diagram of this device. A laser beam, pulse modulated at the desired RF fre-
quency, is incident on a photocathode. Electron bunches, each a smali fraction
of the RF period in length, are emitted by the cathode, accelerated to high
voltage and passed through the gap of an RF cavity. If the RF voltage across
the output gap is about equal to the DC beam voltage, each bunch is brought
nearly to rest by the RF field in ti:2 gap, thereby converting DC to RF energy
with very high efficlency. A further interesting feature of this device is that it
can in principle by operated directly from a DC power source, eliminating the
inefficiency associated with a pulse madulator. The laser-driven photocathode
acts, in essence, as a switch operating at microwave frequencies, capable of the
direct production of .nicrowave power {rom a DC source.

Expermental work 1s currently underway on the Lasertron in Japan?® and at
SLAC'S. AL BLAC, a proof of principle test is underway to produce a Lasertron
with & peak output power of 35 MW. Numerical simulations®” indicate that an
efficiency exceeding 70% is possible il a double output gap composed of two
magnetically coupled output cavities is used. It is furesecen that peak power
luvels of 100 MW or more tan be produced al a wavelength on the order of
10 e, It i3 net so clear, however, whether this device can be scaled to produce
high peak output power at substantially shorter wavelengths. Simulations are
boing carried out at SLAC to explore this possibility.

D. PuLsE COMPRESSION

Froma the results of the prcceding two section, It is szeen that the direct
gencration of peak power level on the order of 300 MW /m by microwave tubes
will be difficult, especially at shorter wavelengihs. It vhould be emphasized
again that it is also highly desirable to reduce the total number of RF sources
by producing the required power level per meter from eources spaced at less
frequent intervals. Thus some form of pulse compression and power splitting will
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almost cerlainly be required “or 2 vc;; long collider operating at a high gradient,
Suppose we require a gradient of 150 MV /m at a wavelength of 3.5 cim. From
Fig. 4, this implies 2 peak power of about 400 MW /m. A filling time of about
125 us is required. Suppase power sources are avallahle capable of generating
100 MW for 1 ps. If the peak power can be multiplicd by a factor of might and
split two ways, ea~h source is then capable of feeding two meters of structure

(assuming the pulse compression can be carried out with an efficiency ¢lose
to 100%%).
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Fig. 7. (a) Dia;ram illustrating the pulse compressions method
of 2. D. Farkas;"® (b) amplitude and relative phase of the RF
power at the indicated points,

Figure 7a shows a method irvented by Z. D. Farkas?™ for providing the
desired pulse compression. Two RF power sources, S; and S;, have & pulse
length equal to eight time the structure Biling time Ty, Dy, Ds and Dj ave delay
lines having, respectively, delays of 4Ty, 2Ty and Ty. Hy, Hz and Hj are so-
called 3db hybrids. If power is 2pplied at either input terminal of such a device
[terminal 1 or terminal 2 of H) for example), half the power appears at each
output terminal (terminals 3 and 4 of ¥,). There is, however, a 90° phase shift
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between terminals 1 znd 4 and between terminals 2 and 3. Tlhus, if the phase
difference between t)ie waves incident at terminals 1 and 2 is £80°, it is readily
seen by supposition: that the combined power will appear at either terminal 3 or
4, depending on the sign of the phase difference. By changing the relative phase
between the two input terminals by 180°, the power can therefore be switched
from one oulpui terminal to the other. By pulse coding the low power phaze
shifters ¢b; and ¢ correctly in each of the eight time olots in the incident pulse,
this switching is carried out in the hybrid Hy, H3 and Hj; at increasing power
levels and reduced pulse lengths. The process is illustrated in Fig. 7b, where the
relative phase and power level is shown for tiie points indicated. The process
can be extended, in principle, to any desired power multiplication by a factor of
2", Of course, the delay lines must not introduce significant attenuation. They
can be either superconducting or over-moded room temperature copper pipes.

E. TWo-BEAM AND WAKE FIELD AGCGELERATORS

The energy per unit length required to produce an intense accelerating
field can be produced by a variety of means other than by conventional ex-
ternal microwave power sources. An intense driving bunch, with appropri-
ately shaped current distribution, can be injected on the wuxis of the acceler-
ating structure ahead of the bunch o be accelerated (the collinear wake field
accelcrator)‘” A hollow ring-shaped driving bunch, which produces inwardly
propagating wake fields in a suitable structnre, can be uscd (the Voss-Weiland
wake field accelerator).?%?!

A low enerpy, high current beam moving in an external circuit parallel to
the acceleraling structure can be sent through a series of wigglers to generate
the required RF power.32¥ The energy lost by the driving beam is made up
periodically by induction units. In zddition to an FEL of this type, in which the
parallel driving beam inleracts with the transverse component of the RF licld,
a two-beam accelerator in which the driving beam interacts with a longitudinal
RF field is also possible. In this device®* a bunched beamn, possibly produced
by a laser-modulated photocathode, passes periodicaily through klystron-type
cavities which extract a portion of the beam energy. The energy ioss can again
be made up by induction units. The disadvantsze of this type of two-beam
accelerator, in contrast to the FEL, is that the transverse dimensions of the RF
interaction region must be comparable to the RF wavelengih.

V. WAKE FIELDS
A. DELTA TUNCTION WAKE POTENTIALS

The delta function wake W({r} is the potential seen by a test charge follow-
ing at a cistance er behind a pomnt unit charge passing through 2 component or
structure. Both the test charge and the unit driving charge are usnally assumed
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to be travelling on parz el paths at the speed « [light. The wake potential is then
causal, such that W(r) = 0 for r < & The instantaneous forces experienced by
the test charge in response to the complex pattern of “wake fields” excited in even
a simple structure are not usually of interest. What matters is the integrated
force, or total potentjal seen by the test charge on passing through an entire
component, or through one pericd o a perisdic structur=. The polential may
be either longitudinal or transverse.

The theory underlying the wake potential description has been extensively
developed in recent years. The anazlytic de selopment is sumewhat complex, with
many subtleties. We give here only & fev results of use in scaling wake field
effects for relativistic particles in typical accelerating structures. The reader is
referred to Refs. 35-38 for a more com.plete exposition.

The longitudinal wake field for the nth mode exciied by a point charge ¢

at radius ry and azimuthal angle ¢ — D in a cylindricelly symmetrie periodic
structure is given by

Eir.d,7) = -2k, (z)m ('—-ai)m cosme coswnT . (35)

Here a is the minimum wall radius of the structure {the disk hole radius), m
gives the azimuthal dependence of the mode and

-2
by oo (36)

Sty

where u, is the stored eanergy per unit length and E,, is the longitudinal syn-
chronous field component 2t radius r = a. The deita function wake puiential
for the nth mode is now defined as the ficld per unit charge and per unit offset
in both ry and r at angle © ~ 0. Thus

Woooir - -
¥anit - 5w’

[+

; (37)

E.on r;ii':,,{rjrmr;_" cos ma

The wake potential can alsw be defined as the potential per ¢ell of the structure,
rather than per unit length. In this czse E;n and uy, in Eq. (36} are replaced by
Eonp and unp. where p is the pesiodic length. Note that the longitudinal wake
for azimuthally symmatrw trn . 0) modes is independent of the radial positions
of hoth the driving charge and the trailing test charge.
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To find the total wake poten-
tial behind a point charge for a
given vajue of m, one tust in
principle sum over all possible
modes supported by Lhe siruc-
ture with symmetry cosmg,

7 -
We(r) = i L kn COBWLT
n—1

(38)
In practice 8 finite number of
modes are calculated by an up-
propriate computer code, and an
“analytic extension” is added to
take care of the modes with fre-
quencies above the limit of the
calculation, The analytic :xten-
sion is based on the Tact that at
sufficiently high frequencies the
impedance {(dk/dw) can beshown
to vary as w32 for typical accel-
erating structures,

The weake obtained by summing
ove- 416 modes for the SLAC
structure is shown by the dashed
curve in Fig. B for 0 10 ps. Add-
ing on an analytic extension gives
the solid curve. The fundamen-
tal (acceleraling) mode is also
shown for comparison. Note that
the total wake at r = 0 {s about
& factor of gix greuter than that
given by the fundamental mode
alone. The wake out to 300 ps is
shown in Fig. 9.

If Fig. 8 shows the wake seen by a
trailing test charge, one can ask
what potential iz seen by the
driving (point) churge itself, It
is easy 1o show®® [rom conserva-
tion of energy that the polential
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Fig. 8. Longitudinal wake potential per cell
for the average cell in the SLAC disk-loaded
structure in the range 0-10 ps.
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Fig. 9. Longitudinal wake potsntial per ceil
for the SLAC sirud ture in the range 0-300 ps.
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acting on the drivirg charge is just one-hall of the wake potential seen by a test
charge fullowing an infinitesinal distance behind, Thus for the SLAC siructure
a puint picocoul b of charge experiences a retarding potential of 4 V per cell.

The transve se wake ficld is also of great interest for collider design. It is

given, again for a single moede in a cylindrically syimmettic periodic siructure,
by

. k rym r m 1 -

Ei(rd,r) = 2gm ( ﬂi) ( ) ("q') (Ff-f"“‘"-é - b ain rntf") sitw,r
na f a

| . ()

where # and ¢ we unit vectors, Here eE; gives the {otal transverse force acting

on the trailing particie. The delte function wake potential ia now dc *ued by

2mkye

W (r) ot sinwar (40}

and
E, — aW,i(r)r™ 'r (Feosme - dsinms)

For the important case of the dipole (m = 1) modes, the deflection field varies
linearly with ine offset of the leading charge and is uniform across the entire
aperture of the structure behind the leading charge. Note that the wake poten-
tials W, and W, are scatar function »f 7 only. We see also that the longitudinal
and transverse wake fields are related by

98 v, B, | (41)
dr

The total delta-lunction wake potential is again obtained by summing over
many modes and adding an analvtic extension ay described in Rel. 35, Results
for the dipole mode for the STLAC structure are shown in Figs. 10 and 11. Note
that, in contrast to the longitudinal wake, the dipole wake (and all transverse
wake polentials) starts at zero at titne v = 0 and rises to a lirst maximum at
a distance behind the driving charge which is comparable to the iris aperture
radius. At long distances behind the driving charge, the total wake is given by
z beating of the wa.¢s due to L. twe or (hree lowest frequency modes. The
period of the resulting semi-regulas oscillation is substantially that of the Jowest
frequency mode,
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Fig. 10. Dipocle wake potential per Fig. 11. Dipole wake potential per cell
cell for the average cell in the SLAC for the SLAC structure in the range
disk-loaded structure in the range 0- 0-2000 ps. The period of the lowest
100 ps, frequency dipole mode is 235 ps.

From Eq. (36) it is seen that k, ~ w®. Thus from Egs. (37) and (40) the
wake potentials per unit length scale as

wr o~ W™ om0
(42)
WI‘ —~ w!mil, m>0

The wake potentials per cell of a periodic structure scale as one power lower
than above. The horizontal time axes in Figs. 8-11 also scale, of course, in
proportion to the wavelength.

The above scaling is for a constant geometry such that all dimensions vary
in proportion to wavelength. The case in which only the disk hole radius is
varied for a structure of fixed frequency is also of interest. This scaling has been
investigated for the SLAC structure by K. Bane®. The intercept at + = O for
the longitudinal wake is found to vary as

w.(0) ~ a7 | {43q)
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The time at which the longitudinal wake falls to one-half of its value at r = 0 is
given by

CT;/: = .00a . (43b)
The amplitude of the first maximum of the dipole wake is found to vary with
beam aperture radius as

Wilrm) ~ @33 | {43¢)

where the value of 7, varies as

ctm #= 0.05a . {43d)
The initial slope of the dipole wake for r << r; varies as

dW, _a,
_df_ ~ a 35 . (432)

Finally, a note about dimensions. In the scaling relations developed in Sec.
11, it was found to be convenient to use cgs-Gaussian units. The wake potentials
in ¢gs units are readily obtained from the potential in mks units by multiplying
by 47ep. Thus the m = O longitudinal wake potential per unit lengih, with
dimension V/(C —m) in mks units, has dimensions 1/m? (or 1/em?) in Gaussian
units. We have, in general, for the wake potential per unit length

mks Gaussian

1

m=0 w, P "
_ v v 1
™ 1 k < ¢'~ml mJ
v 1

W ¢md s

-7 ’ v 1
m=2 W e 3
- v 1
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B. WAKE POTENTIALS FOR CHARGE DISTRIBUTIONS

The delta-function wake fields or wake potentials for a point charge, dis-
cussed in the previous section, can be used as Green’s functions to compute lae
longitudinal and transverse potentials in an arbitrary charge distribution J(:).
Thus for the important case of the longitudinal accelerating mode, the single
bunch beam Ioading potential at time t within the bunch is given by

1
E(t) = j Wt - 1) I(r)dr . (44)

If this expression is divided by the charge, the potential in the bunch per unit
charge per unit length (or the potential per discrete component) is obtained.
This integrated potential, or bunch potential, is sometimes also called the wake
potential, It is unflortunate that the terms “walke potential” and “wake field”
are used to refer to several! different quantities. The reader is cautioned to check
the precise meaning of these terms in each case.

The integrated wake potential for the SLAC structure is shown in Fig. 12
for three different bunch lengths. The total energy gain of a particle at time ¢
in the distribution in than obtain by a superpasition of the single bunch beam
loading potential per unit length, given by Eq. (44), and the RF accelerating
field produced by the external RF source:

E": het r-_“‘#q*iii-:'.rn:v ‘|

E(t) = G cos(wt —8) — Ey(t) % 1 A ;
(15) %o

Here G is the unloaded peak ac- £ l AN
celerating gradient and @ is the i /—\
phase angle by which the bunch 4 i 2o \"\\
center leads the crest of the ac- :., e =
celerating wave. The total energy ;3 |’
spread within the bunch can be E G e
minimized by adjusting &, as de- 3 e o 0 °0

scribed previously, ' ek o
Fig. 12. Beam loading gradient within
An additional parameter of inter- a single bunch lor the SLAC dizk-louded

est is the total loss parameter, kiot, structure. Gaussiap bunches of 101° par-
given by ticles, centered at ¢ = 0, are assumed.
} oo
kot = 5 [ 10B© & (46)
—oo
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If Es(t) is the integrated wake due to a single normal mode, it can be shown
that, for a gaussian bunch,

2,2
kgol(ﬂ) = kne_”"‘ ) (47)

where ¢ = o4fc. I E(t) is the integrated wake due 1o all modes, then
kot = Bla)k, , (48)

where ky is the loss parameter for the fundamental mode alone and B{o) ia the
beam loading enhancement factor. This function is plotted in Fig. 13 for the
SLAC structure.
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Fig. 13. Single bunch beam loading enhance-
menl factor as a function of bunch length
for the SLAC structure.

Functions similar to those defined in Eqs. (44) and (46) for the m = 0 ease
can be constructed using the transverse delta function wake potential W (7).
The intcgrated wake potentials for m = 0 and m = 1 are compared in Figs. 14
and 15 for the SLAC structure for various bunch lengths®, In these twn figures,
W is the integrated wake per cell per unit charge. The dashed and soiid curves
show agreement between the sum of modes method used to calculate the wake,
ns discussed here, and a direct time integration of Maxwell’s equation computed
by T. Weiland's code TBCI$!.

30



T ¥ T 1
23t o,22mm -
S 20 \ .
o ‘ \
3 L5 -
4 Lo -
' 0.5 k- J
or ., ) ' i _l_-l
= | 1 L v i
i 1 1 1 1 L i L 1 1
-4 =2 4] 2 4 -4 =2 0 2 4
I I I 1 I I | f T
L5 o TImMm - 7 osL o 11Gmm N
o
g Lof .
3 ok .
¢ 0.5 -
x
! ) -0.5 '— =
N
ol -1
1 ] ] 1 -0l ] [ f
S v 1 L \/ ]
i l i i { L TR | 1
- -2 [+) 2 4q -q =2 0 2 4
1= 43 c’/°'| c""""'z TS

Fig. 14. Longitudinal wake potential {m — 0) per cell for gaussian
bunches in the SLAC structure. Solid curves give TBCI results and
dashed curves are resulls from a sum of modes.
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the SLAC structure. Solid curves give TBCI results and dashed curves are
results from a sum of modes.

C. TwO PARTICLE MODEL

A simple model in which the bunch curreat distribution is appreximated by
two point charges, 3 leading (boad) particle with charge ¢/2 and a following
(tail) particle with charge 4/2, is very useful in estimating emittance growth
due o dipole wake field effects in a linac, Consider the sinplest case of a linac
with constant energy and constant focussing strength &k = 1/, where 278 is the

k)



wavelength of the betatron oscillation in the focussing lattice. The equations of
motion of the two particles are

'k, =0 (19a)

b e+ 8K)P 2 = Cxy (498)

where Lhe subacripts 1 and 2 reler to the head and tail particles respectively.
Here the prime indicates dx/dz and C = eqW,/2E;, where W; is the dipole
wake potential at the position of the trailing charge. (The separation of the two
charges can be approximately by 20,). There may also be an energy spread in
the bunch due to the longitudinal wake, or to the slope of the RF wave if the
bunch is placed olf crest, This energy spread can be modelled in the two particle
npproximation Ly an energy diffcrence AE between the particles, leading lo a
difference in focussing force Ak/k = EAE[Fqy, where £ is the chromaticity of
the lattice (for a lattice with 90° phase shift per cell £ = —4/7}. For the leading
particle, the solution to B4 (49a) is

E] = E[o C“u ) (50]
where £; |8 a complex quantity giving the amplitude and phase of the oscillation

at position #, and Zp Is the initial value at z = 0. If Ak = 0, the tail particle
oboys

By v Fope™t - % T1o P (51)
Here the first term represents a free betatron oscillution and the second term an
Oﬁillallon driven by Lhe head particle. [ T30 = Ty, the difference
Az =¥y — £, grows in tunplitude as
Az Cz eqgW,z .
_— = = = . 2
20 2k 4k, (62a)
In Gaussian uni's this beenmes
4 NW
ar _ holinez {52b)

T 4ky

If there fs an energy difference belween the head end tail particles
(Landau damping), the solution for zp is'*

" CT zAkY iy O
H = (k4 ak)e 1V TI0 (___ i(e+Gf)- .
3 Zope Y € (53)



Again assnming Izn - ¥un, the diflerence Az <~ 35 - Zy, grows in amplitude as

Az . C . fzhk
" 2 (l JEL) &in (——z) ] {54)

As has been pointed out', the emittance growth i= zero if elther 2A% = 2n7 or
il € = 2kAk. This latter canditian car he written, for o 90° latice,

AT reqW, ‘
..')E s “Ta?“ . lﬁf))

However, even in the worst case the amplitude daes not exceed €/kAk, which
becomes for a 90° lattice
dr reqW
e (56)
S D] ak A E

The amplitude of the wake potential W) can be determined from Fig. 10,
at least approximately, by taking the wake potential at distance o, hohind
the bunch center.  Thuys for a | mm buneh in the SLAC structure

W, = 0.8 V/pC/eell, or 2 =« 10'" V;C-m* In Gaussian units this becomes
W, - 2% 10%/m®.

VIi. EMITTANCE

A. GENERAL REMARKS

The scaling laws in Scc. JI show that very small emittance beams will be
required for future linear colliders operating in Lhe energy range above | TeV,
The normalized emittance required for a 5 TeV machine, for example, might
be on the order of 10 7.10°% z m-rad®. In this section some limitations and
expectations concerning the emittance that can be obtained from linac injectors
and damping rings will be bricfly discussed.

Linear optics and emitlance roncepts in beam transport systems and in
circular machines have been discussed in severa tutorial papers,? We are con-
cerned here with periodic Jinear transport systems, and for this case a word of
caution is in order. In a cirrular machine, the lattice functions (e.g., B) are truly
periodic and can be defined by the characteristics of the focussing lattico alone,
even where no bear s present. This is not the case for a linear transport ays-
tern. Assume tl.at the transport system consists of a finite number of identical
cells. The initial beam ellipse in the phase plane at the entrance to the first cell
must still be defined in order to define the initial values of the Jattice functions,
Alternatively, the values at the end of the last cell could ajso be defined by
working back from the final focus. Expressed differently, the concept of a beta
function n a Enecar collider is only maningfy) if the beam ellipse is defined at
some location in the transpoert system,
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B. EMITTARCE FROM GUNS

The emittance of a typical linac injector is for the most part dete-mined
by the emittance of the gun itsell. Consider a point on the surface of a hot
cathade. Electrons leving this point have 3 transverse momentum proportioaal
o (KTY3, where K 18 the Boltzmann constamt, ‘The transverse emittance is
then praportional (o this momentum times the radius of the cathade, or to the
square rool, of the cathede acea. For a fixed cusrent density, Lthe area is in turn
proportional to the total current. Thus, it is reasonable to wrile

€ = ye &= 1x10™! \/fg 7 m-tad (57)

where Tis the poalt current in the bunch i amperes and B is the bunching factor,
This expression is alto called the Lawson-~[lenner relation (see, for example,
Rel. 44),

In addition to the transverse momentum due to the finite temperature of
tha cathode, other factors contribute to the beam emittance in the gun region.
These factors include fleld fringing at grid and anode apertures, nonlinear forces
in focussing lenses, and trangverse RT flelds which vary longitudinally aves the
bunch in the bunching region. A number of suggestions have been made for
reducing or aliminating Lthese deleterious effects, such as: removal of grids, very
high gun voliages, tight focussing, bunching 2t bigh energy, nse of a cathode in
which the emisslon {s driven by a microwave field, and photocathodes in which
the cmigslon is driven by a modulated laser bear.

The normalized emittance for typical present-day linacs at “00 A peak cath-
oda current (s the range of 1-3 x10"*wm.rad. It is axpected that this can be
reduced by a factor of ten or 8o in the case of a4 Jaser-driven phtocathode. The
thermal limit llas still another order of magnitude lower.

C. EMITTANCE FROM DAMPING RINGS

Low emlttance storage rings a:e of intercst as synchratran r.diation sources,
as beam recirculation devices for FELs, and ay injectars Mr linear colliders.
Assume firat & ring with a latLice consisting of bending magnels of length £ = o0,
with a waist in the B functien at the center of each magnet and approprizte
focussing elements botween the magnets. Then it can be shown®™ that the
minimum nomalized emittance v given by

te = 83107 ¥ ¢ zmerad . {58q)
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The mote conventional FODO lattice produces & considerably higher minimum
normalized emittance, given byt

-13
o - ﬁ"},“l_ P rmerad | (588)
m

where F,, is the fraction of the ring filled by the magnets, From the standpoint
of low emittance, therefore, a damping ring should consist of a lurge number of
very short bending magnels with a latge bending radius,

It is natural to ask whether there is a fundamental limit on the emitlance
that can be achieved uying this strategy. It is elearly not productive to roduce
the bending angle below the opening angle for synchrotron radintion. More
precisely, it can be shown*? that Omn % 8/, Using this in Eq. (58a),

tn 5 18210717 418 rrmrad . (59)

In addition to emittance, other factors must be coneidered in the deaign of
a damping ring. For either lattice, the damping rate ia given byt

7 ()] — 212107 Py 3 (GeV) [ * (m) . (60)

Thus for a fast damping rate, required for a collider with e high repetition rute,
a small bending radiua is desirable. This is in conflict with the requirement for
low emittance and a compromise must be stiuck,

The Touschek effect iy limit the beam lifetime ls & storage ring designed for
low emittance, and intrabeam scatlering (multiple Touschek offect) may produce
emittance growth. In a damping ring the beam lifetime needs to be only a fow
damping times, and the limitation on lifetime imposed by the Touschek offct is
normally not of concern. Intrabeam weattering, howerver, may impose a scrious
limitation on emittance. [t i diflicult to write a precise relation giving the
scaling for this effect, but the threhald current al which signiflcant emittance
growth becomes observable inereases eapidly with increasing wnerty. Computas
programs™ are ave Lidile for calo ulating beam lifetime limitations and emittance
growth due to intrebeam seattering in storage rings designed for high brightness
synchrotron radiation saurces and FELs. For these applications, normalized
emittances on the order of 5 - 10 ® 7 m-rad have been achieved. This is a factor
of six lower than the emittance of the SLC damping ring at SLAC {¢, = 3x10° %).
For 2 5 TeV collider, an eunttance which is still Inwer by two or three orders of
magnitude may be required. flowever, a serious effort to desigh damping rings
capabie of producine beam emittances of this order i5 only jost beginnin;
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