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I. INTRODUCTION

This paper summarizes Tour tutorial lectures on linear electron accel
which were presented at this Workshop:

1. “Flectron Linacs for Te¥ 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 Linacs™ (K. L. F. Bane)

The first of these lectures was intended to introduce the general require-
ments for electron linzcs capable of delivering beams for very high energy linear
colliders. Material from this lecture is presented in the pext three sections.
Section II introduces the basic scaling relations for important linear collider
design parameters. In Sec. lil some basic concepts concerning the design of
accelerating structures are presented, and breakdown limitations are discussed.
In Sec. IV RF power sources are considered.

The fact that two of the four lectures were concerned with wake fields and
thei- eflects emphasizes the importance of “his topic for high energy coliider
design. Several tutorial papers which give extensive coverage to wake field con-
cepts and wake field effects have been published recently. No attemnpt will be
made to duplicate this material here. Some key concepts will be discussed, and
some examples of wake fields for iypical linac structures will be presenied in
Sec. V. The reader is referred to the referenced literature for further study. The
importance of emittance in linear collider design is also underscored by the scal-
ing relations in Sec. II. Some general concepts concerning emittance, and the
limitations on the emittance that can be obtained from linac guns and dainping
rings are discussed in Sec. VL

[n connection with Lectures 3 and 4, computer generated movies were shown
at the Workshap which illustrated how wake fields arise as an electron hunch
moves through typical structures, arnd how these wake fields in turn act on the
bunch to prodice emittance growth. Viewing such movies greatly enhances ones
physical understanding of wake fields and their effects, but unfortunately this
pracess cannot be reproduced on the printed page.

Finally, the author takes full responsibility for the manner in which the
material presented by the other three lecturers has been condensed, summarized,
or rearrangad, and for all omissions and errors.
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]
[



II. SCALING RELATIONS FOR LINEAR COLLIDERS
A. BEAM-REAM PARAMETERS

Three parameters which characterize the interaction between lwo colliding
bunches in a linear collider are the luminosity £, the disruption D and the
beamstrahlung 6. [n the following, hexzd-on cullisions between tri- Gaussian
bunches are assumed. The possibility of flat bunches cressing at a slight apgle
in the horizontal plane will be taken into account. The expressions given here
for the three beam-beam parameters in the “classical” regime are taken from
Refs. 1 and 2, where a more detailed discussion and additional references can
be found.

LUMINOSITY

The luminosity (in em™? sec!} times the cross secticn {in em?) gives the
event tate {per second) for any physical process taking place in the colliding
bunches. Along with the beam energy, it is a primary design parameter for a
lincar collider. Assume identical eYe™ linacs, each wilth energy Ep = eV —
~mc?, pulsed at a repetition rate f and producing trains of & bunches per linac
pulse. The luminosity is given by

NWfHp NbfyHp

L= = . 1
4r0.0, tre (ﬁ;ﬂ;)uz (1a)

Here N is the number of particles per bunch, ¢y and ¢; = Roy are the bunch
hwight and bunch width (at the interacticn point, unless otherwise indicated),
£a = 7Er - Y&y i5 the normalized emittance (assumed ¢yual for each dimen-
sion), and A, and B; are the vertical and horizontal beta functions produced at
the interaction point 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 ather, producing an enhancement in the luminosity by a factor
Hyp. In practical units the luminosity is given by

L (lD:l2 cm ¢ sk') = 8.0 x 107° {b [N (10-10)]2 I(:l-z-)_l?f}
R loy(um))

(15)

DISkRUPTION

The focusing effect produced by one beam acting on the particles in the
other beam depends on the disruption parameter,

2N o,

BRLRE] e

Here ¢; is the rms bunch lengih and rp the classical electron radius. Each
beam acts like a lens with focal length o,/ D for particles near the axis in the



oppesing beam (if D % 1). For large values of JJ, the beams act like a plasma
during the interaction, with the number of transverse plasma oscillations given?
approximately by (5/10)'/7. In practical units, the diarnption parameter can
be expressed as

i =

029 J N (10"’) 7, (mm) } (2b)

L-H | E(TeV) |o, (um)]?

The himinosity enhancernent as a function of D must be computed by a
simulation. Resu'ts from simulations tnade to date differ somewhat in the maxi-
mum value of the enhancemen I/ thal can be obtained, and in the rate of rise
of Hp as a function D near [ == 1. {ollebeek® obtaing a maximum enhancement
ratic in the range five to six for [ =~ 1.5. Fawley and Lee! find a maximum
enhancement in the range three to four at [ > 3. Some representiative results
from these two simulations are given in Table [ below. Four a flat beam with
large aspect ratio, the enhancement ratio is given approximately by the square
root of *he round beam result. For intermediate values of the aspect ratio, the
enhancement can be esthiaivd from®

fip(R} = Hp{1) — - R

- T RO (D)7 ®)

Table 1
Luminosity Enhancement as a Function of DD
D < 0.2 0.5 t.0 1.5 2.0 3 5
Hollebeck
fip {round) 1.0 1.4 e 5.2 5. 5.9 6.0
Hp (fat)* 1.0 1.2 1.9 2.3 2.4 24 2.5
Fawley & Lee
Hp (round) 1.0 1.0 1.5 2.2 2.6 3.1 34
Hp (fat)? 10 10 12 15 18 18 18
*Calculated assumine ., = |Hp (reund))"/?
TOCMSTRANLUMNG

We turn next tn 2 consideration of the beamstrahlung parameter §. As the
cclliding bunches pass through each ather, the particles in one bunch are de-
flected by the fields in the opposing bunch. This transverse acceleration produces
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DISCLAIMER

This report wan prepared as an account of work sponsored by an agency of the
United States Government. Ncither the United States Government nor any agency
thereof, woe any of their cmployees, makes any warranty, express of implied, or
assumes any legal linbility or responsibility for the accuracy, completeness, ar use-
fuiness of any infarmation, apparatus, product, or pracess disclosed, or represents
that its use would not infringe privately owned rights. Reference hercin 10 any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, of otherwise does not nccessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof,
The views and opinions of authors expressed hergin do nol necessarily state or
reflect those of the United Stales Govetnment or any agency thereol.



synchrotron radiation, called beamstrehlung in this case. The beamsatrahlung
parameter & ir the average energy loss per particle, divided by the incident
energy, calculated after the beams have separate” From the point of view of
the physical processes occurring during the interaclion between bunches, the
relative energy loss in the center of mass system, §/2, is of more concern. The
rms energy spread in the center of mass gystemn may be somewhat less than
5/2. Thus it is now conventional to take § = 0.3 as acceptable in collider
design. However, it is well to remember that beamstrahlung is best atudied by
calculating the actual distribution furction for the encrgy loss, and this can only
be done by a sirnulation in most cases of interest. The analytic expressions for
& which follow are, however, useful for scaling.

The expression for beamstr.hlung in the clarsical regime (this termn will be
defined later) for two colliding tri-Gaussian bunches has heen calculated by
Bassctti and Gygi-tianney:4

rg Nt

'scl = 7
LH

Firy . (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/R%. Within a few percent, F(R) is approximated
by

9 2

In the above calculation it was assumed that the garticle trajectories do not
change as the bunches collide. If the disruption parameter is large enough
to cause the hunches to pinch, we would expect the beamstrahlung as well
as the luminosity to be enhanced. This enhancement can be taken into account,
at least approximately, by multiplying the preceding expressian by . A morc
exact beamstrahlung enhancement ratio can only be obtained by a simulation,
In practical units Eq. (42) becomes

7_3_)’ {[N(low)j’ By (Tev))
1+ R o (mm) iC'v (um”z J

bee = 1.0x 1073 ( {45}
The classical synchrotron radiation spectrum for a relativistic electron mov-
ing in a uniform magnetic field B peaks up near the eritical photon encryy
hw, = 3RvyeB/2me, in Gaussian units. However, when Aw, > ~me?, one
photon at the critical energy would have to carry more than the entire energy
of the electron which emits it, and consequently the classical calculation of syn-
chrotron radiation can no longer be valid. Define a scaling parameter T by

2 hw.

T =
yrac?

-1z (5)
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D = = e = . 13
P o —y 4.4 %107 G

Here A. is the Compton wavelength divided by 27. For T « 1 the classical
calculation of the energy loss ty synchrotron radiation is valid, while for T 2 1
quantum effects, which act to reduce the energy of the emitted pholons, must
be taken into account. The medification of the synchrotron radiation spectrum
by these quantum 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. 1 as a
function of T.
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Fig. 1. Beamstrahlung reduction factor as &
function of the scaling parameter T defined
in Eq. (5).

An exact analytic calculation of the beamstrahlung parameter for Gaussian
bunches in the quantum regime is Gfficult, and in any case a simulation must be
rarried out if the bunches pinch significantly. However, a rough approximation
for scaling purposes is useful. We first eorapute the density-weighted average
value of T for a Rat beam. Assume the actual (Gaunssian bunch can be modeled
by a particle distribution which i uniform i-. the longitudinal and transverse
dimensions, having length /27 o, and width /2r &, respectively. Assume a
Gaussian distribution in the vertical (nasrow) dimension. The density-weighted
average magnetic field is then

= 1.50eN 0.50eN
g 4 B 4

0, Koyo,



For a round beam we approximate the bunch by a particle distribution which
s uniform over a length /2% 0, and Gaussian in the radial direction. The
density-weighted average magnetic field is in this case

B 0.29eN 0.20:N
= &
0"" 0’0 f 3

Thus for any aspect ratio it i5 reasonable to approximate the average magnetic
field by

FeN
B 2(1 + R)oye, '

where F is a form factor of order unity. Substituting in Eq. (5), and doubling
the result to take into account the effect of the clectric Held in the opposing
bunch,

T - F o *g‘rN

(1 +Rleyo, ()

where roX, = 1.08 x 10-% ¢m®."' In practical units

¥ oo 2Lx1077 [N (1019 Eo(Te")] "y . (7)

1+R og (mm) o, (pm)

A factor H},"’ hes been included to aceount, very roughly, for pinch. Note from

Fig. 1 that In the quantum regime Hr is given by 0.556 YT-*/3. Using this
together with Eqa. (2b), (4b) and (7),

-« [DN Hp]'?
6Q = 6:1”'1' x~ B x10 4 [—1+—RD]
DN (10') H1p1'/®
1.25 [T} , (8)
valid in the regime T 2 10. From Eqa. (2b) and (4b) we also have
] ifs
o3 (mm)
b ~ 24 [a“ —'——Ea TeV) (9)

1 In a recoms simulation, R. Noble! Gnds F r9 .86 for Gaussian bunches if Eq {6} is to be
cousistent with dg = 0.586 §, T4/,




B. BEAM POWER AND WALL PLUG POWER

The three beam-beam paranieters discussed in the previous section depend
only on the beam properties at the interaction peint and the beam dynamies
during the collision. A fourth parameter which is also independent of the accel-
erating linac is the beam power Py = bf N Ep. For scaling purposcs, we assume
that all of the bunches in a train & bunches long accelerated during one RF pulze
have the same charge and extract the same fraction of the enargy stored in the
acceleratng structure. If there are, for example, eight bunches and each bunch
extracts 4% of the stored energy, then this approximation is rather poor un-
less the bunch-to-bunch beam loading is compensated by one of several possible
methods. As one example, the first bunch can be injected into a traveling-wave
section before it is completely filled, and the spacing between bunches adjusted
5o that the energy added to the section between bunches just compensetes for
the bunch-to-bunch energy sag. In the following we assume this is done. It Is
also useful to introduce a normalizing voltage, current and power given by

Va

melfe = efry = 0.511 MV

In

4nVaf/Zo = cefro = 17.04 kKA

Po = IVa = ce?/r} = BTIGW
where Zo = 377§} is the impedance of free sapace. Thus

Bo=p = (D) ang (10)

Of direct practical interest is the total “wall plug" power P,. required by
each linac in a collider. The wall plug power doea depend on the propoerties of the
accelerzting structure. It is related to the heam pawer by Pac = Py/(bnermamy),
or per beam in practical units

1.6 % 109
TefNaTs

Pae (MW) = [~ (10'°) By {Tev) f (Hz)] . {11)
Here n,; is the efficiancy for the conversion of ac power into rf power, n, is
a structure efficiency which takes into account the fact that some rf energy is
dissipated in the structure walls during filling, and n, is the fraction of the energy
stored in the siructure which is removed per bunch. If the rf puise length T is
made longer than the structure filling time Ty to compensate for bunch-to-bunch
beam loading, as described above, then an additional efficiency given by T/T;
is required. In Sec. I11 A it is shown that a reasonable value for the net efficiency
e y7, s, assuming some future technological improvements in the production of
high peak power RF, 9./, = 0.5. The single bunch efficiency iz discussed below.




. SINGLE BUNCH EFFICIENCY AND ENERGY SPREAD

The efficiency for energy extraction by a single bunch is

4eNk
AL (12

m =

where ( is the accelerating gradient and k; is a structure constant given hy

klE—=--—. (13)

Here u is the stored energy per unit length, X is the wavelength, and Cp is a con-
stant independent of wavelength which depends only on the structure geometry.
Faor the SLAC disk-ioadad structure, Co = 2.1 x 10 V-m/C. It varies approx-
imately as (a/X}"!, where & i3 the diameler of the iris opening®. Substituling
Eg. {13) into Eq. (12),

4eNCy N (10')
= = 13.
K AG 4 N {cm) G(MV/m) (14a)
This can also be written in Gaussian units for a linac of length L as
ArgCiN T
o= G gy 1ol (145)

22 o’ B pRyed

where G’ =4, /L, k] = 0.21em™? and Cf = kJA? = 23.2 for the SLAC structure.

The single bunch energy spread is derived ‘rom the current distribution and
the longitudinal wake potential, as described in Sec. V B. For a given accelerating
structure and current distribution (e.g., Gaussian), it is a function only of o,/ 3,
7 and &, where 0 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 5, for a 1% and 2% single bunch energy spread (defined to include 90%
of the bunch current) is given'® in Table II below for several values of ¢,/A.
The angle § ahead of crest has been chosen to minimize the energy spread.
The effective accelerating gradient is reduced with respect to the peak unloaded
gradicnt, both because the bunch is off crest and because there is a decelerating
wake field within the bunch. The reduction factor in the gradient is given in the
last column. The bottom row in the table shows that a vary large single bunch
efficiency can be reached if the bunch length is chosen so that shape of the bunch
wake is approximately the inverse of the crest of the accelerating wave, as has
been proposed at Novosibirsk,!?



Table 1]
Maximum n for 1% and 2% Energy Spread
ny %) o° E!En
a5/ A 1% 2% 1% 2% 1% 2%
.005 2.3 3.2 29 415 0.85 0.66
.01 35 6.6 14 39 0.94 0.71
.02 - 6.3 - 8 - 0.94
.04 - = 2% 6 - .80

D. EMITTANCE GROWTH

Assuming a simple two-particle medel for the bunch, several effects can canse
the leading particle to drive the amplitude of the transverse oscillations of the
tail particie as the bunch moves along the accelerator. To get a feel for scaling of
emittance growth, consider the simplest case of a uniform machine with constant
beta function, constant energy, and an offset zg in the leading particle at the
beginning of the accelerator. From the results 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

1 1/2
— ZmNLWl (-—) o ., {15a)

where W, 15 the dipole wake at the tail particle due to the leading particie. In
Gaussian units, Wy = 2 x 10° m~3 for the SLAC structure with g,/ =~ .01. For
a structure with constant geometry and fixed o, /A, W) scales as W)y = C//A%,
where C/ = 315 for the SLAC structure geometry. Using this in Eq. {13a) and
substituting n, from Eq. (14b), we obtain

Azy Cim {87 V2o
— R e — . . 155
ar 166(; ( fn ( A ) ( )

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

A more realistic example assumes uniform acceleration from injection energy
Yo to -y, with a beta furnction which varies as § = fp {v/70}'/%. Assume also
tha: the accelerator consists of M sections which are misalignad with an rms
error d in transverse position. The the grawth in amplitude of the tail particle

e



in the two particle model is then given by 12

By ATy
NLW -
LE) ¥ (1!(" M!/Q

1

- \6
oy 2 Vi
Note that, in spite 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 ass-tming uniform acceleration and constant
beta function. Assume alse a focusing lattice with a 90° phase advance per cell,
with M focusing quadrupoles which jitter in transverse position with an rms
displacement d. For this case the displacement of the trailing bunch grows to
an amplitude?

bz roN LW, (_@_)m AV g (17a)

cy .54 ‘T}Ch

Magnet misalignment is seen to impose a stricter limitation than accelerato-
section misalignment. For a 90° latlice the number of magnets is M = 4L/xf.
Introducing also the gradient G = d+/dz, the preceding expression becomes

Az _ _roNLWd (178)
oy 32 ((ﬂa-)lﬂ

By introducing an energy spread within the bunch (Landau damping), the
emittance growth due to the dipole wake can be greatly rcduced.!* In Sec. VC
it is shown that, for the simple case of a uniform structure having constant
energy and beta function with an initial offset zp, the growth in the transverse
oscillation amplitude of the tail particle 1s reduced by a factor

3
Larin (18)

Thus 7q. (15a) becomes

Az WFQNW!L’SIQIQ

a9y 8 (e0)! 2 (Ap/D)

(19)

Landau damping is seen to be very effective in reducing emittance growth due
to injection errors. It may be less effective in reducing the effect of alignment
errors and magnet jilier, but detailed calculations rumain to be done.

1}




K. DESIGN STRATECY FOR LINEAR COLLIDERS

Dased on the relations sumimarized in the preceding sections, there are a
number of ways to approach the design of a linear collider. We first assume that
the energy, desired luminosity and allowable Leamstrahlung are fixed, To carry
this process further, some expressions which combine some of the preceding basic
relations are useful. From Eqs. (1b) and (11),

171
Tiet Pac (MW) — ki g,jjom ’ (20)
Eo (TeV) £ (1032]]112 Hp )
where nu = o5, n, = PsfPac. A reasonable upper value for ng is 0.13

{assuming 7,/m, = .3, omp = 0.3). It is clear that the number of bunches,
the repetition rate and the beam area Ro} should be chosen as low as possible
to k~ep the AC power down. However, the constraint imposed by beamstrahlung

must also be considered. From Egs. (1b) and (4b),

Ep (TeV) £ (10%%)

F
= 2.0x 1077 (ﬂ) [6fRos (mm)] . (21a)
bet R

In order to get a high luminowidy in the classical beamstrahlung regime, we see
that, in contrast to the requirement set by Eq. {20) a large number of bunches
and a high repetition frequency is desirable, as is a long bunch length. Since o,
= {o;/A)A, this also implies a long RF wavelength. However, the aspect ratio f2
can be increased to allow reduced values of &, f and A. In the quantum regime,
the aquivalent expression is, using Eq. (9) in Fq. (21a),

Ly 1+R’[ be]
%ED(TeV]ég_I.axlo‘( R) oy (215)

It is seen that, contrary to the classical case, a short bunch length is helpfui.

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

§.1P} (MW) . o2 ( R )’ oy (um)
_dafy WMT) . 22
E3 (TeV) £2(10%2) 1.5 = 10 1+R Hp oy (mm) ’ (22}

an R ALY 2 ] .

B MW) 10 (_R,) oy lum) or fmm) o
Eq (TeVY £2(10%) 1+ R Hp

To see scaling more clearly, we can write these two relations in terms of the
normalized emittance and 8° as
PZ(MW) & - +x10-? Ht A (mm) e(pm — rad)
E}(TeV) £2(10%%)  ° Hp o, (mm)

. (220)

12



£y Hp

Py (MW) 8 oy (um) 87 (mm) en(pm ~ rad) (22d)

Suppose Eg = 5 TeV, § = 0.3, £L = 10%, P,, = 100 MW, and e = 0.15
(P, — 15 MW). Equations {22a) and (22b) then give

1 2
ce: fl_{ﬂ ~ 34x 1077 Hp (l-tR)
o, (mm) R
2 -8 1+R z
Q: o, (um) ¢z (mm} ~ 5x107° H, i ,

for the (lassical and quantum regimes respectively. Suppose o, = 10%¢,. Then
in the classical and quantum regimes o, 2 3 x 1077 um and 5> 1073 ym
respectively. In both cases, one is forced to extremely small bunch dimensions.

¥hen the bunch length has been chosen, the scale of the collider design has
Leen set. Since o5/A cannot be chosen arbi*rarily, the choice of bunch length
is related to a choice of operating wavelength. From Eqgs. (22) the transverse
dirnension oy is now fixed (we have to guess initially whether we are in the
classical or quantum regime, or else iterate on Hr in Eq. (22¢). From Eq. (20)
the product 8f R is now fixed. It might be reasonable to choose f - 360. Some
flexibility then remains in choosing & and R. The remaining quantities N, I2,
Hp, and T are now readily ca'culated, and all parameters can be checked for
consistency. It is left to the reader Lo continue this program for Fo = 5 TeV,
I - 10¥ cm~? and Py, = 100 MW. It will be seen that for reasonzble v:lues of
b, F and R, T » 1 and the parameters are pushed into the quantum regime.

II1. ACCELERATING STRUCTURES
A. STRUCTURE DESIGN

In this section 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 ope ¢nd. For such a “constant
impedance™ structure, the group velocity v, and attenuation per unit length ar
uniform along vhe length of the structure. The accelerating field is attenuated
by a factor £~ 7 along a structure of length £, where

{ w e
r = \\5-5) Tf N [ZJ]

and Ty = /v, is the filling time. Thus for a given r, the filling time - ries
as w3, The structure efficiency, 7,, is defined as the ratio V3(r)/V2{0), where

13



V{r) is the actual voitage delivered by the structure and V(0] is the voltage that
would be obtained if the attenuation were zero. An input RF pulse with peak
power Py and length Ty is assymed. Because of attenuation the energy per
pulse required Lo reach a given acceleraling gradient is increased by 1/n,. The
structure efficiency is given by!®

1 e 7 ?
s = ( r—") . {24)

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

G‘l
;- Tf(’)-
(25}
e 1 L
R R -

-

[+

Fig. 2. Structure efficiency 5, and :-" : - =
normalized peak power per vnit length,

Py = Por/G*®¢, as a function of the S
attenuation parameter 7. . Litee,nt a Doprge e o

L R

Here r i1s the shunt impedance per unit length and € = V;r is the average
accelerating gradient. Thus 100% efficiency {r + 0’ implies both zero flling
time and infinite peak power. The function f(r) has a minin 1m at r = 1.26,
with [{1.26) = 1.23, as shown in Fig. 2. At this minimum, howe -er, the efficiency
is only 32%. By decreasing - to 0.3, the efficiency is increaser 1o 62% {almost
double), while the peak power is increased by only 32%. Thu: = 0.5 gives a
reasonahle compromise between efficiency and peak power reqii rement. For the
SLAC structure r = 0.57 and n, = 38%.

Present-day high power pulsed klystrons operate with a cor version elficicncy
of 45-35%. The efficiency for conversion of AC to DC pulsed power {modula-
tor efficiency) is 80-60%. It is dificult to predict how much these efficiencies
might be improved by future technological advances. A Lase.tron!” RF source
operating directly fram a DC power supply might, for example, achieve an
efficiency on the order of 75%. Together with a structure officiency of 63%
{r = 0.45), this gives a possible net efficiency n.yn, - 50 4. An additional
structure parameter is the loss parameter por unit length,

G2

ky = in (26}
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where u is the stored energy per unit ,cngth. The factor of four comes “om
the fact that the loss parameter was originally defined by u = kj¢* where v is
the energy depasited in the accelerating mode per unit length by a point charge
passing through a siructure originally empty of energy. For a simple pillbox
cavity of length g, the parameter ¥; is given by

n_
K = [0.456 < 1012 22| T
L $

T = s”%? .

We see from this expression, and direcily from Eq. (28), that &y ~ w?. Fora
SLAC type disk loaded structure with r = 0.5 and period A/3,

_ 020x10% 4

or . (27)

ki A (m) s-m C-m

The SLAC structure doesn’l do quite as well as a chain of simple pillboxes
because of the finite disk thickness ané feld fringing in the d'sk aperture.

Tt is important to note that the value of k1 depends strongly on the ra-
dius g of the disk aperture. This ia shown in Fig. 3 for the SLAC structure.
Approximately, k; ~ a=* for /X = 0.1,

30— - - -
_“‘:Jc, RNl -
% — c e
Fool- SLAC -
-
. \ -
- \\
) \‘b:\;.-_
'h“::__‘::_:
- SR R -
2 : 73 na

Fig. 3. Structure parameter k; as a function of beam aperture rudius
for the average cell in the ' LAC disk-loaded structure (A = 10.5 cm,
a = 1.163 cm and ¢t = 0.584 «m, where ¢ is the disk thickness).
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B. PEAK POWER P FPQUIREMENT

The filling time of a typical diak loaded accelerating structure with r = 4.5
will be 0.7 g3 at A = 10 cm lse2 Eq. {23)]. We can therefore write

Ty(ns) = 2203 (em)[¥? . (28a)

The average energy per unit length required from a power gource is

_{J G A% [em) G? (MV/m)
¢ '\E) T dkim 5.0 % 108 (285)
for the same structure. The peak power requirement ia
Pa i AV (cm) G? (MV/m))
—_ w = — =
7 (MW/m) T 110 - (28¢)

Results from Eqgs. (28) are plotted in Fig. 4 for wavelengths from 1 mm to 10 cm
and 1ccelerating gradients from 50 to 500 MV /m,

1000
s
- 190 =
< £
- —
. =
= d
z 3
[y S
z o
e
N o 2
= g
- T - J1
.z 100

s e Sl P EN LT faainall yeapas

Fig. 4. Filling time and peak power per unit length as a function of
wavelength for a typical disk-loaded structu. & with r = 0.5,
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C. LiIMITS ON ACCELERATING GRADIENT

Several effects can impose limitations on the RF fields in an accelerating
structure, The easiest to calculate and understand in simple physical terms is
surface heating. The power per unit area absorbed by a surface with surface
resistance K, is

(22)

where 5 is the peak magnetic field and Z, = G’/I?I is an impedance defined by
the geometry of the structure. For a typical disk-loaded structure, Z, =~ 40081.
In terms of the power per unit area and the pulse length, Tp, the temperature
rise is

AT =

2P, [DT,*?
K - ’

k.

where K is the thermal conductivity, P = K/C,p is the thermal 4 Tusivity, C,
is the specific heat and p the density. Substituting for P, from Fq. {29),

If T, is set equal to the filling time (which scales as w™3/?), and since R, ~
w!/?, then & ~ w'/®, Putting in typicel numbers at A = 10 cn for copper
(2, =400, 5§ - 0140, K =38 W/cm—K, D = 1.1 cm?/s), and assuming
alsg that the - lse length is equal to a typical filling time T, =~ 0.7 us, then
the gradient required to raise the surface to the melting pointis G = 1 GeV/m.
This madel breaks dawn at X = 30 um, when the diffusion distance (DT;)'/?
i5 on the order of the skin depth. Under this condition the filling Lime is about
5 ps and the gradient is about 2.6 GeV/m. For still shorter wavelengths, the
temperature tise is deterrnined only by the specific heaf per unit volume, giving

PT, PRT,D

AT:pC.rS“ K6 R

where § is the skin depth. Substituting for P, from Eq. (29),

(31)

12
c = 2, (2KAAT) .

?TDZoTp
where Zg = 37700, In this regime, G scales as w!/*. Another limit is obviously
encountered when the filling time becomes comparable to one rf cycle, Ty == Afc.

Also, at this limit a pulsed surface magnetic field can diffuse into the material a
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distance =qual to the skin depth in a time comparable to the filling *ime. Again
scaling as 3/% from T, = Ty = D.Tpusat A =10cm, wefind A = Ty at
A 22 0.02 pm. The gradient is on the order of 15 GeV/m, and Ty = 10718 gee,

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 Proceediigs.

The electric field limitations on gradient are less amenable to calculation.
We expect the gradient limit 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)'* (32)

for frequencies greater than a few GHz. Here £, presumably cen be taken as
the peak field E, at the surface of an accelerating structure, where typically
G = 0.5E,.

The variation in breakdown field with pulse length is also not a precisely
determined function. Some data!® at 2856 Mz on the power flow at breakdown
in a resonant ring, used at SLAC to test klystron windows, are fit by||2

Ey(Tp) = Eo(ew) {1+ Eﬁ;z)]—l”} . (33)

Combining Kqs. (32) and (33), for very short pulses
By ~ w0 (34)

1f the pulse length is equal to the filling tirue, and again assuming the filling
time scales as w~¥?% then E ~ w?/3.

Two measurements have been made on breakdown in sh ort rescnant sections
of dirk-loaded structvre near 3 GHz. Loew and Wang?® at SLAC reached a peak
surface field of 259 MV /m without breakdown at 2856 MHz for a pulse length of
abonut 1.5 us. Equations (32) and (32) predict a breakdown field of 215 MV/m.
Tanabe?! working at 2097 MHz, reports a peak field of about 240 MV/m at
a pulse length of 4 us, with some surface damage due to hreakdown. If we
use Eqgs. (33) and (34) to scale these two results to a filling time of 0.7 us at

¥2 The data can also be fit by a (L+coust/Tj*) variation. This scaling with T, is in agreement
with the bebavior for DC pulses.t? However, ths enhancement factor over the Kilpatrick
limit at S-band is then only a factor of three, which is inconsistent with expoimental
measurements.Z0 If the T;/? vasiation is accepted, then the electric jeld breakdown
Limit plostad in Fig. 5 varies as w! instead of w//8,

18



3 GHz, we obtain 310 MV/m for the Loew and Wang measurment, with no
breakdown, and 350 MV /m for the Tanabe measurement, with breakdown and
surface damage, As a calibration point on our plot of breakdown feld versus
wavelength, we thercfore take 160 MV/m (assuming G ~ Ep/2) at A = 10 om.
This Is plotted in Fig. 5.
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Fig. B. Limitations on gradient a2 a function of wavelength due to eleetrie
field breakdown and surface heating in a SLAC-type disk-loaded structure.

'’ RF POWER SOURCES
A. GENERAL REMARKS

From F'ig. 4 w. gee that a collider linac operating at a gradient of (for exam-
ple) 100 MV/m requirea a peak power of 300 MW /m at A = 10 cn: and a peak
power of 100 MW /m at ) = 1 em. The pulse lengths for the two cases are about
700 ns and 20 ns, respectively. The required peak power can be generated either
by sxternal 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 gencrated directly by the source at a pulse length equal to the
filllog time or altarnatively at & lower peak power level and longer pulse lenath,
followed by some pulse compression technigque to raise the peak power to the
required level. These alternatives are considered in the following sectinns.

RF sources which might be suitable for linear colliders are discussed in 2
recent review by Granatstein?®. Sources which have produced peak power levels
on the order of 100 MW in the wavelength rarge 1-10 <m are: virtual cath-
ode oscillators (Vircators), backward wave oscillators, magnetrons, gyrotrons,
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klystrons and free electron lasers. Oscillators, howaver, are nol sultable es
sources to drive a collider. Many amplifiers with good phase stability, driven
irormn a common eource, will be required, This reduces the possibie sources to
klystrons, gyrotron amplifiers {gyroklystrors}, FEL' and possibly some type of
crossed ficld amplifier. The latter device iz 2 dack horse and will not be con-
sidered further. FEL’s and other possible two-beam accelerators are eonsidered
briefly in Sec. IVD.

B. KLYSTRONS AND GYROKLYSTRORS

For many years, klystrun have heen the RF source of cholce for the highest
peak power at wavelengths on the order of 10 ¢m, In 1970 a klystron was
designed at A = 9 em to produce a peak power of 1 GW at T = 15 na.®
However, the tube failed befare it could be tested at full output power. Recently,
a klystron has been aesigned at SLAC to produce 150 MW at A = 10,5 cm at
a pulse length of 1 us. 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 accelerating 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. Furthermore, the cptimum operating wavelength for & linear collider will
almost certainly be shorter than 10 cm, It is difficult to specify a precise sealing
law for the variation of peak power output of a klystron with wavelength, but
almost certainly it will decrease more rapidly than the A2 requirement given
by Eq. {28c). We conciude that some form of pulse compression will be noeded {f
klystrons are uscd as an RF source for a linear colliders. If so, a premium will be
placed on cfficiency and reliability, rather than on peak powear, assuming that a
power level in the ra:ge 50-100 MW can be attained at the desired wavelength.

Gyroklystron are inherently capable of operating at shorter wavelengths than
klysirons. For a collider operating in the wavelength rangn at or below 3 em,
a gyroklystron will probably be the RF source of choice (excluding for tha mo-
ment two-beam concepts). Granatstein®® has recently reviewed the capabilitias
of high peak power gyroklysirons. A design celculation has been made for &
gyroklystron capable of delivering 300 MW at @ GHz, This source would power
two meters of typical structure at a gradient of 100 MV/m.

C. LASERTRON RF SOURCE

{n recent years a new possibility for a high efficiency RF source has been
the subject of increasing intarest—the Lasertron, Figure 6 shows a schematic
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Fig. 6. Schematic diagram of a Lasertron RF pawer source.
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diagram »f this device. A laser beam, pulse modulated at the desired RF fre-
quency, is incideni on a photocathode. Electron bunches, each a small fraction
of the RF »eriod in length, 2re emitted by the cathode, accelerated to high
voltage and passed through the gap of an RF cavily. If the RF voltage across
the oulput gap is about equal to the DC beam vollage, each bunch is brought
nearly to rest by the RF field in the gap, thereby converting DC to RF energy
with very high efficiency. A further interesting feature of this device is that it
can in principle by operated directly from a DC power source, eliminating the
incfficiency associated with a pulse modulator. The laser-driven photocathode
acts, in esseite, as a switch operating at microwave frequencies, capable of the
direct production of microwave power from a DC source.

Experimental work is currently underway on the Lasertron in Japan®® and at
SLACY. At SLAC, a vroof of principle test is underway to produce a Laserienn
with a peak output power of 35 MW, Numerical simulations?” indicate that an
efficiency exceeding 70% is possible if a double outpul gap composed of two
magntically coupled output cavities is used. It is foreseen that peak powrer
levels of 100 MW or more can be produced at a wavelengih on the order of
10 cm. It is 2ot so clear, however, whether this device can be scaled to produce
high peak output power at substantially shorter wavelengths. Simulations are
being carried out at SLAC to explore this possibility.

D. PULSE COMPRESSION

Froni the results of the preceding twe section, it is seen that the direct gen-
«ration of peak power level on the order of 300 MW /m by microwave tubes will
he difficult, especially at shorter wavelengths. It should be emphasized again
that it is also highly desirable to r.duce the total number of RF sources by
producing the required power level per meter from sources spaced at less fre-
quent inter sals. Thus same form of pulse compression and power splitting will
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almost certainly be required for a very long collider operating at a high gradiens.
Suppose we require a gradient of 150 MV/m at a wavelength of 3.5 ¢cm. From
Fig. 4, this implies a peak power of about 400 MW /m. A flling time of about
125 ns is required. Suppose power sources are available capable of generating
100 MW for 1 us. If the peak power can be multiplied by a factor of eight and
split lLwo ways, each source is then capable of feeding two meters of structure

{assuming the pulse compression ¢an be carried out with an «fliciency clase
to 100%).
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Fig. 7. {a) Diagram illustrating the pulse compression methnd
of Z. D. Farkas;®® {b) amplitude and relative phase of the RF
power at the indicated points.
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Elzure 7a shows 3 method invented by Z. 1}. Farkas?® for providing the
desired pulse compression. Twe RF power sources, S and Sy, i'2ve 1 pulse
length equal to eight time the structuee filling time T;. Iy, )7 and Dj are deiay
lines having, respectively, delays of 47, 2Ty and T;. [, I and H3 are so-
zared 3db hybrids If power is applied at either input terminal of such a device
{tecminal 1 or ter:ninal 2 of H, for example}, half th. power appears at cach
output term:nal (terminals 3 and 4 of H|]. There is, however, a 90° phase shift
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between terminals 1 and 4 and between terminals 2 and 3. Thus, if the phase
difference between the waves incident at terminals 1 and 2 is £90°, 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 output terminal to the other. By pulse coding the low power phase
shifters ¢g and ¢s correctly in ea:h of the eight time slots in tho incident pulse,
this switching is carried out in the hybrid Hy, H; and H; 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 the 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 ACCELERATORS

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 appropni-
ately shaped current distribution, can be injected on the axis of the acceler-
ating structure ahsad of the bunch to be accelerated (the collinear wake field
accelerator).”® A hollow ring-shaped driving bunch, which produces inwardly
propagating wake Selds in a suitable structure, can be used (the Voss-Weiland
wake field acc-lerator) 3031

A low energy, high current beam moving in an external circuit parallel to
the acce:crating structure can be sent through a series of wigglers to generate
the required RF power.??3 The energy lost by the driving beam is made up
periodically by induction units. In addition to an FEL of this type, in which the
parallel driving beam interacts with the transverse component of the RF field,
a two-beam accelerator in which the driving beam interacts with a longitudina.
RF field is also possible. In this device™® a bunched beam, possitly produ-ed
by a laser-modulated photocathode, passes periodically through klystron-type
cavities which extract a portion of the bear ~nergy. The energy loss can again
be made up by induction units. The disadvantage of this type of two-beam
accelerator, in contrast to the FEL, is that the transverse dimensions of the RF
interaction region must he comparable to the RF wavelength.

V. WAKE FIELDS
A. DELTA FUNCTION WAKE POTENTIALS

The delta function wake W{r) is the potential seen by a test charge follow-
ing at a distance er behind a point unit charge passing through a component or
structure. Both the test charge and the unit driving charge are usuvally assumed
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to be travelling on parallel paths at the speed of light, The wake potential is then
causal, such that Wir) = 0 for r < 0. 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 usvally of interest. What matters is the integrated
force, or total potential seen by the test charge on passing through an entir
component, or through one period of a periodic structure. The potential may
be either longitudinal or transverse.

The theory underlying the wake potential description has been extensively
developed in recent years. The analytic develnpment is somewhat complex, with
mary subtleties. We give here only a few 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 moare complete exposition.

The longitudinal wake field for the nth mnde excited by & point charge g

at radius »; and azimuthal angle & = 0 in a cylindrically symmetric periodic
struciure is given by

T

Ee(ro.r) = ~2gks (2)" (2)" cosme coswnr (35)

Here 2 is the minimum wall radius of the structure (the disk hole radius), m
gives the azimuthal dependence of the mode and

2
Eon

k, =
» 1Un

) (s6)

where 1, is *he stored energy per unit length and E,, is the lengitudinal syn-
chronous field component at radius r = 4. The delta function wake potential
for the nth mode is now defined as the ficld per nnit charge and per unit offset
in both ry and r at angle ¢ = 0. Thus

2k
Wanlr) = 12_:1 cosWnT (37)
Ewm - - qWin{r)r™ ] cosmé

The wake poiential can also be defined as the potential per cell of the structure,
rather than per unit Jength. In this case E,n and u, in Eq. (36) are replaced by
Eonp and un,». where p is the periodic length. Note that the longitudinal wake
for azimuthallv symmetric {r = 0) modes is independent of the radial positions
of both the driving charge and the trailing test charge. )
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To find the total wake poten-
tial behind a point charge fur &
given value of m, one must in
principle aum over all possible
modes supparted by the strue-
ture with symmetry cos me,

2 o0
W,(r) = a_2_m Z kn coqwn? .

n=1
(38)
I practice a finite number of
modes are calculated by an ap-
propriate computer code, and an
“analytic extension” is added to
take care of the modes with fre-
fuencies above the limit of the
calculation. The analytic exten-
sion i based on the fact that at
sufficiently high frequencies the
impedance (dk/dw) can be shown
to vary as w32 for ty pical accel-

erating structures,

The wake obtained by summing
over 416 modes for the SLAC
structure is shown by the dashed
curve in Fig, 8 for 010 ps. Add-
ing on an analytic extension gives
the solid curve. The fundamen-
tal (accelerating) mode is also
shown for comparison. Note that
the total wake at 7 = 0 is about
a faetor of Bix greater than that
given by the fundamental mode
alone. The wake out to 300 ps is
shown in Fig. 0.

If Fig. 8 shows thb» wakeseen by a
trailing tee* _narge, one can ask
what potential is seen by the
driving (point) charge itself. It
is &8y to show®® from conserva-
tion of energy that the potential
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acting on the driving charge is just one-haif of the wake potential seen by a test
charge following an infinitesimal distance behind. Thus for the SLAC structure
a point picocoulomb of charge experiences a retarding potential of 4 V per cell,

The transverse wake field is also of great interest for collider design. It ia

given, again for a single mode in a cylindrically symmetric periodic structure,
by

_. k m-1 m ., .
E\{r,é,7) = 2Zgm (—":) ([) (r_q) (Fcosmé — ¢sin mgb) BiNwat ,
wpa/ \a a
(39)
where 7 and ¢ we unit vectors. Here ¢E gives the total tranaverse force acting
on the trailing particle. The delta function wake potential is now defined by

2mkye
WJ.(T) = w"";:,,

BinwaT {40}

and
E. = qW,(r)s™? r (Fcoﬁ m¢ — $sin mé)

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

3E,
ar

= —C V_L E, B (41)

The tota! delta-function wake potentiul is again obtained by sumn..~o aver
many modes and adding an analytic extension as desctibed in Ref. 35. Results
for the dipole mode for the SLAC structure are shown in Figs. 10 and 11. Note
that, in contrast to the longitudinal wake, the dipole wake [and all transverse
wake potentials) starts at zero at time r = 0 and rices to a first maximum at
a distince 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
a beatizg of the wakes due to the two or three lowest frequency modes. The
periad of the resulting semi-regular pscillation is substantially that of the lowest
frequency mode.
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Fig. 10. Dipole wake potential per Fig.1i. 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 pericd of the lowest
100 ps. frequency dipole mode is 235 ps.

From Eq. {36} it is seen that k, ~ w?, Thus from Eqs. {37} and {40) the
wake potentials per uni’ length scale as

W;“ ~ imtl , m>0
(12)
WP o~ wimt m>0

The wake potentials per celi of a periodic structure scale as one power lower
than above. The horizontal time axes in Figa. 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 7 = 0 for
the longitudiral wake is found to vary as

W:(0) ~ a1 (42a)
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The time at which the longitudinal wake falls to one-half of its valueat 7 = D is
given by

etz =~ 090 (430)

The amplitude of the first maxiirm of the dip »le wake is found te vary with
beam aperture radius as

Wi(rm) ~ a 2% (43¢)

where the value of 7, varies as

ctm =~ 0.65a . (43d)
The initial slope of the dipole wake for 7 << 7 varies as

di¥ 35
o a . (43¢)

Finalily, 2 note abont dimensions. In the acaling relations developed in Sec.
II, it was found to be convenient to use egs-raussian units. The wake potentials
per particle in £9s units are readily obtained from the potential per unit chargein
mks units by multiplying by 47ep. Thus the m = 0 longitudinal wake potential
per unit lengih, w.th dimension ¥V/(C ~ m) in mks units, has dimensions 1/m?
{or 1/c.n®) in Gaussian units. We have, in general, for the wake potential per
unit lengih

ks Gaussian
m=0 W, == L
m=1 w, = Sy
W, —_‘",;;3 =
m=12 W, _f:,, -
W, C—_"m—s ;‘5
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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 23 Green’s functions to compute the
longitudinal and transverse potentials in an arbitrary charge distribution I{2).
Thus for the important case of the longitudinal accelerating mode, the single
bunch beam loading potential at time ¢t within the bunch is given by

]
Eslt) = f Wit - 1) I(r)dr . (44)

If this expression is divided by the charge, the potential in the bunch per urnit
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 unfortunate that the terms “wake potential” and “w=ke 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 distributlon is then obtained by a superposition of the single bunch beam
loading potential per unit length, given by Eq. (44), and the RF azcelerating
field produced by the external RF source:

T 0.20
E(t) = G cos(wt - 0) — Ey(t) "é
(45) % [V
Here G is the unloaded peak ac- <
celerating gradient and # ia the %010
phase angle by which the bunch -3
center leads the crest of the ac- ¥ uos
celerating wave. The totai energy ;
spread within the bunch can be .g‘ o L=
minimized by adjusting ¢, as de- 0 o fne lw'o o0

scribed previously, -
Fig. 12. Beam loading gradient within
An additional parameter of inter- a single bunch for the SLAC disk-loaded

est is the total loss parameter, ko, structure. Gaussian bunches of 1019 par-
given by ticles, centered at t = 0, arc assumed,
o]
1
kot = f 1) Eo(t)dt . (46)
-
29 N



If Ey(t} is the integrated wake due to a singie normal mode, it can be shown
that, i r a Gaussian bunch,

2.2
keot(n) = kpe¥n? (47)

where 0 = o.fc. If Ep(t) is the int.gzrated wake due to all modes, then
ku.l = B(O) k1 ’ (43)

where k) is the loss parameter for the fundamental mode alone and B(g) is the
beam Joading enhancement factor. This function is plotted in Fig. 13 for the
SLAC structure.

EMOsMLEWEST FRITOR [

BUNCH LEMGTH a, imm)

amriad

Fig. 13. Single bunch beam loading enhance-
ment factor as a function of bunch length
for the SLAC structure.

2 imilar to those defined in Eqs. (44) and (46) for the m = 0 case
CHp ucted using the transverse delta function wake potential W, (r).
T ated wake potentials for m = 0 and m = 1 are compared in Figs. 14
and . the SLAG structure for various bunch lengths*. In these two figures,
¥ i3 the integrated wake per cell per unit charge. .".. dashed and solid curves

show agreement hietween the sum of modes method used to calculate the wake,
as discussed here, and a direct time integration of Maxwell’s equation computed
by T. Weiland's code TBCI#1.
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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 results from 2 sum of modes.
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C. Two DARTICLE MODEL

A simple model in which the bunch current distribution is approximated by
two point charges, a leading (head) particle with charge ¢/2 and & following
(1ail) particle with charge /2, is very useful in estimaiing emittance growth
due to dipole wake field effects in a linac. Consider the simplest case of a linac
with constant energy and constant focusing strength k = 1/3, where 278 is the
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wavelength of the betatron oscillation in the focusing lattice. The equations of
motion of the two particles are

'+ &%z =0 (49a)

' + (k+ Ak 1, = Cxy (40b)
where the subscripts 1 ard 2 refer to the head and tail particles respectively.
Here the prime indicates dx/dz and C = #gW,/2E;, where W) is the dipole
wake potential at the position of the trailing charge. {The separation of the two
charges can be approximated by 2o,). 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 off crest. This energy epread can be modelled in the two particle
approximation by an energy difference AE between the particles, leading to a
difference in focusing force Ak/k = £AE/Ep, where £ is the chromaticity of the
lattice (for 2 lattice with 80° phase shift per cell £ = —4/n). For the leading
particle, the solution to Eq. (49a) is

~ = ikz

T, = Ioe 1 (50)
where Z; is a complex quantity giving the amplitude and phase of the oscillation
at position z, and Zyp ia the initial value at z = 0. If Ak = 0, the tail particle
obeys

~ -~ i iCz . .
Tz = ZTgg gikr 3;- Z1p et (51)

Here the first term represents a free betatron escillaticn and the second term an
gicilla.tion driven by the head particle, If %3 = %0, the difference
Az = Tz - Z;, grows in amplitude as

Az| _ Cz  eqWi:z
o |~ 2k T AkE, (52a)
In Gaussian units this becomes
Az NW,
== - s (525)

Zyg 4k

If there is an energy difference betwenn the bead and tail particles
{Landau damping), the salution for z; is*!

= = % f(k-‘-ﬁk): - I‘CE]O H Z_A_k ,v’-(k-’-_A!!)'
2 = Faoe KAk ’"n( z /)" ' &3
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Again assuming Fi0 = I)g, the diflerence Az = Tz — Z), growa in amplitude as

_ 2(1— Tféi) sin (%f) . (54)

As has been pointed out?d, the emittance growth is zero if either zAk = 2nr or
if © = 2kAk. This latter condition can be written, for a 90° lattice,

Azx
Io

meqW)
BT R (55)

However, even in the worst case the amplitude does not execed C/kAk, which
becorres for a 90° lattice

AE =

Az meghVy
z0 ~ BRAE (56)

The amplitude of the wake potential Wy can be determined from Fig, 10,
at least approximately, by taking the wake potential at distance ¢, behind
the bunch center. Thus for a 1 mm bunch in the SLAC structure

W, = 0.8 V/pC/eell, ar 2 x 10'* V/C-m?. In Gaussian unite this becomes
Wy =2 x 105,/ md.

V1. EMITTANCF

A. GENERAL REMARKS

The scaling laws in Sec. II show that very small emittance beams will be
required for future lincar colliders operating in the cnergy range above 1 TeV,
The normali, o cinittance required for a 5 ‘teV machine, for example, might
be on the order of 1077-10"8 v m-rad.*2. In this section some limitations and
expectations concerning the emittance that can be obtained from linac injectors
and damping rings will be briefly discussed.

Linear optics and emittance concepts in beamn transport systems and in
circular machines have been discussed in several tutorial papera.$® We are con-
~erned here with periodic linear transport systems, and for this case a word of
cattion is in order. In a circular machine, the lattice functions {z.g., 8) are truly
periodic and can be -lefined by the characteristics of the focusing lattice alone,
even where no beam is present. This is not the case for a linear trarniport ays-
tern. Assume that the tranasport system consists of a finite number of identical
cells. The initial beam ellipse in the phase plane at the entran-e to the firat cell
must still be defined in arder to define the initial values of the lattice functions.
Alternatively, the values at the end of the last cell could also be defined by
working back from the final focus. Expressed differently, the concept of a betz
fusniction in a linear collider is only meaningful if the beam ellipse is defined at
some location in the transport system.
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B. EMITTANCE FROM GUNS

The emittance of a typical linac injector is for the most part determined
by the emittance of the gun itself. Consider a point on the surface of a hot
cathode. Electrons leaving this point have a trensverse momentum proportional
to (KT)V/2, where K is the Boltzmann constant. The transverse emittance is
then proportional to this momentum vimes the radius of the cathode, or to the
square root of the cathade area. For a fixed current density, the area is in turn
proportional to the total current. Thus, it is reasonable to write

€n = 7€ & 1x 1073 VIB rmrad (57)

where Tis the peak current in the bunch in amperes and B ia the bunching factor.

This expression is also called the Lawzon-Penner relation (see, jor example,
Ref. 44).

In addition to the transverse momentum due to the finite temperature of
the cathode, other factors contribute to the beam emittance in the gun region.
These factors include field fringing at grid and anode apertures, nonlinear forces
in focuring lenses, and transverse RF fields which vary longitudinally over the
bunch in the bunching region. A number of suggestions have been made for
reducing or eliminating these deleterious effects, such as: removal of grids, very
high gun voltages, tight focusing, bunching at high energy, use of a cathede in
which the emission is driven by a microwave field, and photocathedes in which
the emission is driven by & modulated laser beam.

The normalized emittance for typical present-day linacs at 100 A peak cath-
ade current is the range of 1-3 x10~% 7 m-rad. It is expected that this can be
reduced by a factor of ten or so in the cace of a laser-driven photocathode. The
thermal limit lies still another order of magnitude lower.

C. EMITTANCE FROM DAMPING RINGS

Low emittance storage rings are of interes$ as synchrotron radiation sources,
as beamn recirculation devices for FELs, and as injectors for linear colliders. As-
sume first a ring with 2 lattice consisting of bending magnets of length € = o8,
with a waist in the # funetion at the center of each magnet and appropriate
focusing elements between the magnets. Then it can be shown*’ that the mini-
mum normalized emittance is given by

tn = BIX 10 2@ rmrad . (58a)
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The more conventional FODO lattice produces a considerably higher minimum
normalized emittance, given byi®

th = o @ rmrad |, (58b)

where Fy, is the fractinn of the ring filled by the magnets. From the standpoint
of low emittance, therefore, a damping ring should consist of a large number of
very short bending magnets with a large bending radius.

It i3 natural to ask whether there is a fundamental limit on the emittance
that can be achieved using this strategy. It is clearly not productive to reduce
the bending angle below the opening angle for synchrotron radiation. More
precisely, it can be shown4? that #,;n, =~ 6/+. Using this in Eq. {58a),

¢ =~ 1.8x 1077 rmrad . (59)

In addition to emittance, other facteors must be considered in the design of
a damping ring. For either lattice, the damping rate is given by*6

[ (sec)| ™ = 21%10°° By B3 (GeV) / * (m) . (60)

Thua for a fast damping rate, required for a collider with a high repetition rate,
a small bending radius is desirable. This is in conflict with the requirement for
low emittance, and a comprotnise must be struck.

The Touschek effect may limit the beam lifetime is a storage ring designed for
low emittance, and intrabeam scattering {(muitiple Tous chek effect) may produce
emittance growth. In a damping ring the beam lifetime needs to be only a few
damping times, and the limitation on lifetime imposed by the Touschek effect is
normally not of concern. Intrabeam scattering, howev:r, may impose a serious
limitation on emittance. It is difficalt to write a precise relation giving the
scaling for this effect, but the threshold current at which significant emittance
growth becomes observable increases rapidly with incroasing ernergy. Computer
programs*® are available for calculating beam lifetime | mitations and emittance
growth due to intrabeam scattering in storage rings des.gned for high brightness
synchrotron radiation sources and FELs. For these applications, normalized
emitlances on the order of 5 x 1078 7 m-rad have been achiaved. This is a factor
of six lower than the emittance of the SLC damping ring at SLAC (¢, = 3x1075%).
¥or a 5 TeV collider, an emittance which is still lower by two or three orders of
magnitude may be required. However, a sericus effort to design damping rings
capable of producing beam emittances of this order is only just beginning.
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