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P. B. W I L S O N 
Stanford Linear Accelerator Center 
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I. I N T R O D U C T I O N 

This paper summarizes four tutorial lectures on linear electron nccel 
which were presented at this Workshop: 

1. "Rlectron Linacs for TeV Colliders" (P. JJ. Wilson) 
2. "Emittance and Damping Rings" (P. M, Morton) 
3. "Wake Field? Basic Concepts" (R.K.Cooper) ( \ , 
4. "Wake Field Effects in Linacs" (K. L. F. Banc) 
The first of these lectures was intended to introduce the general require

ments for electron linacs capable of delivering beams for very high energy linear p ; 

colliders. Material from this lecture is presented in the next three sections. £ ) 
Section II introduces the basic scaling relations for important linear collider | 
design parameters. In Sec. Ill some basic concepts concerning the design of 
accelerating structures are presented, and breakdown limitations am discussed. 
In Sec. IV RF power sources are considered. 

The fact that two of the four lectures were concerned with wake fields and 
thci- effects emphasizes th<? importance of '.his topic for high energy collider 
design. Several tutorial papers which give extensive coverage to wake field con
cepts and wake field effects have been published recently. No attempt will be 
made to duplicate this material here. Some key concepts will be discussed, and 
some examples of wake fields for typical linac structures will be presented 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 emitlancc, and the 
limitations on the emittance that can be obtained from linac guns and damping 
rings are discussed in Sec. VI. 

In connection with Lectures 3 and 4, computer generated movie- were shown 
a: the Workshop which illustrated how wake fields arise as an electron hunch 
moves through typical structures, end how these wake fields in turn act on the 
hunch to produce emittance growth. Viewing such movies greatly enhances ones 
physical understanding of wake fields and their effects, but unfortunately this 
process cannot bf reproduced on the printed page. 

Finally, the author takes full responsibility for the manner in which the 
material presented by the other three kcturers his been condensed, summarized, 
or rearranged, and for all omissions arid errors. 

[aiHMIlOH Of IM K52MKIIS BXUKTED^ 



II. SCALING RELATIONS FOR LINEAR COLLIDERS 

A. B E A M - B E A M PARAMETERS 

Three parameters which characterize the interaction between two colliding 
bunches in a linear collider are the luminosity £, thp disruption D and the 
bramslrahlung S. In the following, he^d-on collisions between tri-Gaussian 
buiirhes are assumed. The possibility of Hat bunches crossing at a slight angle 
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 
llcfs. I and 2, where a more detailed discussion and additional references can 
be found. 

LUMINOSITY 

The luminosity (in cm 2 sec" 1 ) times the cross section (in cm 2 ) gives the 
event rate (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 
linear collider. Assume identical e + e " linacs, each with energy Ea — eVo — 
-jmc 1, pulsed at a repetition rate / and producing train* of b bunches per linp.c 
pulse. The luminosity is given by 

N'bfHp N*bHHD .. . 
C = — = 5-75 • ( l a ) 

Here N is the number of particles per bunch, oy and as = Rov a r? the bunch 
hr ighi and bunch width (at the interaction point , unless otherwise indicated) , 
c„ — ->t, " fev is the normalized cmit tance (assumed equal for each dimen
sion), and fl'v and 0^ are the vertical and horizontal be ta functions produced at 
ibc 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 other , producing an enhancement in the luminosity by a factor 
III). In practical units the luminosity is given by 

R \ \oy[iim)\ J 

DISRUPTION 

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

Here <rt is the rms bunch length and TQ the classical electron radius. Each 
beam acts like a lens with focal length oz[D for particles near the axis in the 
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opposing beam (if D £ 1). For Iarfi* values of /J, the beams act like a plasma 
during the interaction, with the nvimbejof transverse plasma oscillation? given3 

approximately by (£>/10) 1/ 7. In practical units, the disruption parameter can 
be expressed as 

n, (mm) 1 __ m9 / -V ( l O " K ( m m ) . , 2 f c ) 

The luminosity enhancement a.* a function of D must be computed by a 
simulation. Resii'ts from simulation* made to date differ somewhat in the maxi
mum value of the tjnhanrpmTr IIn that can bp obtained, and in the rate of r'se 
of tip as a function D near D ^ I. liollebeek3 obtains a maximum enhancement 
ratio in the range five lo six for D '•• 1.5. tawley and Lee4 find a maximum 
enhancement in the range three to four at D > 3. Some representative results 
from these two simulations are given in Table I below for a flat beam with 
large aspect ratio, the enhancement ratio is given approximately by the square 
root of 'he round b<-»m result, for intermediate values of the aspect ratio, the 
enhancement car. be estiii.altd from 

*,(*> = HDii) - . - . - J m w J i . (3) 

Table 1 
Luminosity Enhancement as a Function of D 

D < 0.2 0.5 1.0 1.5 2.0 3 5 

Hollebeek 

f?D ( round) 1.0 1.4 3.f 5.2 5.0 5.9 6.0 

»D ( f la t ) 1 1.0 1.2 1.9 2.3 2.4 2.4 2.5 

Fawlcy A: Lee 

Up ( round) 1,0 1 0 1.5 2.2 2.6 3.1 3.4 

HD (flat)- 1.0 1.0 1.2 1.5 1.6 1.8 1.8 

•••Calculated assuming , - [Fly (round)] 1^ 2 

' ' \tSTRAHLUSG 

We turn next tn a consideration of the beamstrahlung parameter i5. As the 
colliding bunchts pass through each other, the particles i;i one bunch are de
flected by the fields in the opposing bunch. This transverse acceleration produces 

A 
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synchrotron radiation, called beamstrahiung in this case. The beamntrahhing 
parameter 6 \P 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 interaction between bunches, the 
relative energy loss in the center of mass system, 6(2, is of more concern. The 
nns energy spread in the center of mass system may be somewhat less than 
6/2. Thus it is now conventional to take 6 = 0.3 as acceptable in collider 
design. However, it is well to remember that beamstrahlung is best studied by 
calculating the actual distribution function for the energy loss, and this can only 
be done hy a simulation in most cases of interest. The analytic expressions for 
S which follow are, however, useful for scaling. 

The expression for beamstr.ihlung in the classical regime (this term will he 
defined later) for two colliding tri-Gaussian bunches has heen calculated by 
Bassctti and Cygi-Hanney:u 

r 3 N* 'i 
atO£ 

where F(R) is a rather complicated function (see also Ref. J) such that /•'(!) --
0.22 and F[R » 1) = 0.91/H 3 . Within a few percent, F{ll) is approximated 
by 

2 
F{R) „ 0.22 ( ^ 

In the above calculation it was assumed that the particle trajectories do not 
change as the bunches collide. If the disruption parameter is large enough 
to cau.'ii' thr hunchen to pinch, vvc would expect the be&mstrahlung as well 
as the luminosity to be enhanced. This enhancement can be taken into account, 
at least approximately, by multiplying the preceding expression hy 11D. A. more 
exact boamstrahlung enhancement ratio can only be obtained by a simulation. 
In practical units Eq. (4a) becomes 

if 2 \ M | JV(10 1 0 ) ] 7 E0 (TeV)1 
\ i + « / [ o, (mm) \av ((im)\ J 

The classical synchrotron radiation spectrum for a relativistir electron mov
ing in a uniform magnetk field B peaks up near the critical photon energy 
hii>c -• 3h-f 2eI3/2mc, i n Gaussian units. However, when hu( > imr?, on? 
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 to, B 
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„ m* c 3 e ,, 
Be s — — = —v -• AA x 10 1 3 G . 

eh T0 Xc 

Here Ac is the Compton wavelength divided by 2TT. For T <£; I the classical 
calculation of the energy loss ty synchrotron radiation is valid, whili< lor 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 quantum effects is summarized in Refs. 7 and 8. The rate at which 
an electron radiates energy in the quantum regime 13 reduced compared to the 
classical radiation rate. This --eduction factor, Hy, is plotted in Fig. 1 as a 
function of T. 

.0° 

ID'' 

£ I D 2 

i C ;o" io° 10' IO 2 103 

T 

Fig. 1. Beamstrahlung reduction factor a-s a 
function of the scaling parameter T defined 
in Eq. (5). 

An exact analytic calculation of the beamstrahlung parameter for Gaussian 
hunches in the quantum regime is ijilikult, and in any cast- a simulation must be 
rarried out if the bunches pinch significantly. However, a rough approximation 
for scaling purposes is useful. We first compute the density-weighted average 
value of T for a flat beam. Assume the actual Gaussian bunch can be modeled 
by a particle distribution which b uniform i-. the longitudinal and transverse 
dimensions, having length \f2ncz and width \/2n(Tx, respectively. Assume a 
Gaussian distribution in the vertical (nairow) dimension The density-weighted 
average magnetic field is then 

1.50 e/V 0.50 eJV 
B = 7 , • 
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For a round bom we approximate the bunch by a particle distribution which 
te uniform over a length \/5Jro> and Gaussian in the radial direction. Thp 
density-weighted average magnetic field is m this case 

- 0.2»eJV O.H»eN B = a* 
Oig{tt ttfttt 

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

FeN B 2(1 + R)ovot 

where F is a form factor of order unity. Substituting in Eq. (S), and doubling 
the result to take into account the effect of the electric field in the opposing 
bunch* 

FroVjriV 
(I + R)oyo, ' 

where ro*c = 1.09 x 10"H cm s . ! 1 In practical units 

1 + R Of (mm) at (ftm) nf 

(e) 

(7) 

A factor Hp h" been Included to account, very roughly, for pinch. Note from 
Fig. 1 that In the quantum regime Hr Is given by 0.556 T~ 4/ 3. Using this 
together with Eqa, (2b), (4b) and (7), 

- 1.25 

DNHDy13 

l + R 
DN (1Q">) HDYfS 

l + R 

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

11/3 

*-"[*-*5ft] 

(8) 

(9) 

111 In « nwnl dmulatlwi, A. Noble* finds F « .86 for Guusiaa baschu if Eq. (6) is to be 
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n. BEAM POWER AND WALL PLUG POWER 

The three beam-beam panuaeters 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 which is also independent of the accel
erating linac is the beam power Pk = bf N En. For scaling purposes, we assume 
that all of the bunches in a train o bunches long accelerated during one RF pulse 
have the same charge and extract the same fraction of the energy stored in the 
accelerating structure. If there are, for example* eight bunches and each bunch 
extracts A% 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 
so that the energy added to the section between bunches just compensates for 
the bunch-to-bunch energy sag. In the following we assume this is done. It Is 
also ttipful to introduce a normalizing voltage, current and power given by 

Vn = me3/e « e/ro = 0.511 MV 

U = 4*Vn/Zo - tt/ro = 17.04 kA 

pn =, UVn . cV/'g » 8.T1 GW , 

where /,> - 37711 is the impedance of free space. Thus 

* - k • ( 5 ) b f N ^ • w 
Of direct practical interest is the total "wall plug" power P„ required by 

each linac in a collider. The wall plug power does depend on the properties of the 
accelerating structure. It is related to the beam pownr by Pic =. Pj/(i'Jr/'7lTjj), 
or per beam in practical units 

y«. (MW) = ltL}Ell (AT(IO10)£O{TCV)/(>IZ)] . (n) 

Here IJ,/ is the sfSc'̂ ncy for the conversion of « power into rf power, IJ« 5s 
a. structure efficiency which takes into account the fact that some if energy is 
dissipated in the structure walls during filling;, and F?J is the fraction of the energy 
stored in the structure which is removed per bunch. If the rf pulse length Tp is 
made longer than the structure filling time Tf to compensate for bunch-to-bunch 
beam loading, as described above, then an additional efficiency given by T//T? 
is required. In Sec. HI A it is shown that a reasonable value for the net efficiency 
JJ,/JJJ is, assuoiing some future technological improvements in the production of 
high peak power RF, i}rfV* * 0.5- The single bunch efficiency is discussed below. 

8 



C. SJNCLE BUNCH EFFICIENCY AND ENERGY SPREAD 

The efficiency for energy extraction by a single bunch i.i 

It = —Q1 > ('2) 

where G i« the accelerating gradient and it. is a structure constant given by 

*• - S - ci • (») 
Here u is the stored energy per unit length, A is the wavelength, and Co is a con
stant independent of wavelength which depends only on the structure geometry. 
For the SLAC disk-loaded structure, Co = 2.1 x 10" V-m/C, It varies approx
imately as (a /A)" 1 , where a is the diameter of the iris opening 9. Substituting 
Eq. (i3) into Eq. (12), 

4eNC0 , „ , N(10™) 
«» = W " l 3 A A T ( c m ) G ( M V / m ) " ^ 

This can also be written in Gaussian units for a linac of length L as 

, . - - ^ - — - 9 3 - ^ , (146) 

where G" = f , / L , k{ = 0.21 cm" 2 and C<5 = fcJV = 23.2 for the SLAC structure. 

The single bunch energy 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 (e.g., Gaussian), it is a function only of o,/A, 
T]t and 0, 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 rib for a 1% and 2% single bunch energy spread (defined to include 90% 
of the bunch current) is given 1 0 in Table II below for several values of oc/X. 
The angle 6 ahead of crest has been chosen to minimize the energy spread. 
The effective accelerating gradient is reduced with respect to the peak unloaded 
gradient, both because the bunch is off cicst 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 very 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,1 1 

tft 



Table II 
Maximum rn for 1% and 2% Energy Spread 

-J* (96) 0 o E,'Ei> 
cJX 1% 2% 136 2% 1% 2% 

.005 2.3 3.2 29 45 0.85 0.66 

.01 3.5 6.6 14 39 0.94 0.71 

.02 6.5 - 8 0.94 

.04 ft 25 6 0.80 

D. EMITTANCE G R O W T H 

Assuming a simple two-particle model for the bunch, several effect;; can cause 
the lending 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 
emittance growth, consider the simplest case of a uniform machine with constant 
beta function, constant energy, and an offset z0 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 trariHverse size of the 
beam at the end of the machine, is 

** * i r o W t I V , (-0-\n zo , (15a) 

where W1 is the dipote wake at the tail particle due to the leading particle. In 
Gaussian units, tV] » 2 x 10 s m~3 for the SLAC structure with o,/\ « .01. For 
a structure with constant geometry and fixed o l /A, W] scales as Wt = C(/X3, 
where C[ — 315 for the SLAC structure geometry. Using this in Eq. (15a) and 
substituting r)i, from Eq. (14b), we obtain 

°f " % (£) (?) " ""> 
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 
la to if, with a beta function which varies as P = /?o {t/to)^1. Assume also 
tha: the accelerator consists of M sections which are misaligned with an rms 
error d in transverse position. The the growth in Amplitude of thfc tail particle 



in the two particle model is then given by 

--' . ,,«»-, (A., ^ . 
Note that, in spite of the more complex assumptions, this result is still very 
similar to the simple settling leading to Eq. (15a). 

A third result has been obtained ass.'.ming uniform acceleration and constant 
beta function. Assume also a focusing lattice with a 90° phase advance per cell, 
WiLh M focusing quadrupoles which jitter in transverse position with an rnis 
displacement d. For this case the displacement of the trailing bunch grows to 
an amplitude 1 3 

(JL) M*/*d . (17a) 
V-Tf/Ci./ 

Magnet misalignment is seen to impose a stricter limitation than accelerato~ 
section misalignment. For a 90" lattice the number of magnets is M = 4L/-afi. 
Introducing also the gradient G' — d-yjdz, the preceding expression becomes 

Ax» = r0!VLW1d 

°! *»/" [<»G')l/i 

By introducing an energy spread within the bunch (Landau damping), the 
emittance growth due to the dipolc wake can be greatly reduced.M 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 xo. the growth in the transverse 
oscillation amplitude of the tail particle is reduced by a factor 

"0 , , 
(18) 2L(A P /p) 

Thus *Zq. (15a) becomes 

Of HI-.. I 1 / 2 

/ 8 ( T U ) 1 / 2 ( A P / P ) 
(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 jittnr, but detailed calculations remain to be done. 
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K. DESIGN STRATEGY FOR LINEAR COLLIDERS 

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

u t e <P«(MW) _ Q 5 7 

M T e V ) [ ^ ( l O 3 5 ) ] 1 ^ 

b1Ro\ ( ^ m ) l X n 

HD 

(20) 

where T]lal = or^ijffj), = PtjPac- A reasonable upper value for T}M is O.lo 
(assuming ^r / l* ~ >•'-•». &>7» ** 0.3). It is clear that the number of bunches, 
the repetition rate and the beam area /?<rj should be chosen as low as possible 
to kiep the AC power down. However, the constraint imposed by beaimtrahlung 
must also be considered. From Eqs. (lb) and [4b), 

* < ™ 0 i = < " ' M > = 2 . 0 x l 0 - ( l ± * ) ' WRO, (mm,, . (21.) 

In order to get a high luminosity in the classical bcamstrahlung 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 at 

- (<jTf\)\, this also implies a long RF wavelength. However, the aspect ratio R 
can be increased to allow reduced values of 6, / and X. In the quantum regime, 
the tqr.ivalent expression is, using Eq. (9) in Eq. (21a), 

^< ,0"> - uiKio- f ' - « v r _ y « . - m (21b) 
£ 0 (TeV)J3 " \ R J [ff.(mm). 

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 Ec.;s. (21a) and (21b), we obtain 

E* (TeV) £P- (10") '" \l + RJ ' UDa, (mm) 

W(MW) ^ x i 0 3 / R \ * o\ H a, (mm) 
£ 0 (TeV) r ^ l O 3 2 ) 

To see scaling more clearly, we can write these two relations in terms of the 
normalized emittance and 0' as 

P? (MW) S = ^ iQ_2 Hr0'{mm)tlt[iim-nd) ^ ( 2 2 c ) 

E\ (TeV) C2 (1032) ' HD °Z (mm) 
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£Mio 3 !)" = a 3 ^ ' • {22d] 

Suppose E0 = 5 TeV, fi = 0.3, C = to 3 4 , Pac - 100 MW, and TJ,„, - 0.1.S 
(fj - IS MW). Equations (22a) and (22b) then give 

£ « w 3 ^ x 1 0 - ffo ( L i * ) ' 
crr (mm) \ ° / 

Q •• °l 0*m) <7, (mm) *, 5 x I0" 8 fl„ ( ' ~ ) , 

for the classical and quantum regimes respectively. Suppose a, a lO 3 ^ , Then 
in the classical and quantum regimes o y s= 3 x 1 0 - 7 iiiti and 5 > 10~3 ^m, 
respectively. In both cases, one is forced to extremely small bunch dimensions. 

When the bunch length has been chosen, the scale of the collider design has 
been set. Since az!\ cannot be chosen arbi'rarily, the choice of bunch length 
is related to a choice of operating wavelength. From Eqs. (22) the transverse 
dimension cv is now fixed (we have to guess initially whether we are in the 
classical or quantum regime, or else iterate on H-[ in Eq. (22c). From Eq. (20) 
the product bJR is now fixed. It might be reasonable to choose / - 360. Some 
flexibility then remains in choosing b and R. The remaining quantities N, D, 
HJJ, and T arc now readily ca'culated, and all parameters can be checked for 
consistency. It is left to the reader to continue this program for /?<> - 5 TeV, 
£. - 10" cm" 5 and Pac = 100 MW. It will be seen that for reason? ble vrlues of 
A, / and fl, T > 1 and the parameters are pushed into the quantum regime. 

III. ACCELERATING STRUCTURES 

A. STRUCTURE DESIGN 

In this section we review a few basic expressions related to the design of 
(.raveling wave accelerating structures. Consider a periodir. structure ronsisting 
of identical coupled cells with an R.F feed at one end. For .such a "constan*. 
impedance" structure, the group velocity vf and attenuation per unit length ar 
uniform along ihe length of the structure. The accelerating field is attenuated 
by a factor e~T along a structure of length t, where 

' - ( £ ) T ' • m 

and Tf = t/vt is the filling time. Thus for a given r, the filling time ries 
as w - V . The structure efficiency, T},, is defined as the ratio ^ :(j")/V 3(0), where 

13 
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V(T) is t he actual voltage delivered by the s t ruc tu re and V(0) is the voltage that 
would he obta ined if the a t tenua t ion were zero. An input RF pulse with peak 
power Pr, and length 7 / is assumed. Because of a t t enua t ion the energy per 
pulse required to reach a given accelerating gradient is increased by J /"7B- The 
s t ruc tu re efficiency is given b y 1 5 

It ( ~ ) ' (21) 

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

I / ( ' 

m - 2 (i -ra = 
(25) 

2 T V , 

Fig. 2. S t ruc tu re efficiency i), and 
normalized peak power per uni t length, 
PJI = Por/G^t, as a function of the 
a t t enua t ion parameter r. 

Here r is the shun t impedance per unit length and C — V/f is the average 
accelerating gradient . T h u s 100% efficiency (r • 0; implies both zero filling 
t ime and infinite peak power. T h e function f(r) has a minin im at r = 1.2G, 
with i{1.26) = 1.23, as shown in Fig. 2. At this m in imum, howe er, the efficiency 
is onty 32%. Hy decreasing r to 0.5, the efficiency is increases In 62% (almost 
double) , while the peak power is increased by only 32%. Thuf T =S 0 5 gives a 
reasonable compromise between efficiency and peak power reqi, rerneni. For the 
SLAC s t ruc tu re r = 0.57 and rj, - 58%. 

Present -day high power pulsed klystrons opera te with a c o i version efficiency 
of 45 -55%. The efficiency for conversion of AC to DC pulsei! power {modula
tor efficiency) is 80-90%. It is difficult to predict how mucf these efficiencies 
might be improved by future technological advances . A Lase. t ron" ' RF source 
opera t ing directly from a DC power supply r.iight, for example , achieve an 
efficiency on the order of 75%. Together with a s t ruc ture efficiency of 65% 
(T - 0.45), this givf.5 a possible net efficiency rj r/rjj - 50 -n. An addit ional 
s t ruc tu re pa ramete r is the lo?; parameter per unit length, 

G 2 

4u 
(26) 
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where u ta the stored energy ppr unit .cngth. The factor of four comes r.-om 
the fact that the loss parameter was originally defined by u ~ fci?1 .where u is 
the energy deposited in the accelerating mode per unit length by a point charge 
passing through a structure originally empty of energy. For a simple pillbox 
cavity of length g, the parameter fcj is given by 

0.456 x IO 1 2 
f l - m l 7 2 

A 2 

_ s i n ^ 

Wc see from this expression, and directly from Eq. [26), that kt 

SLAC type disk loaded structure with r = 0.5 and period A/3, 
j 2 . For a 

fci = 
0.20 x 10" n 

A*(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 an<? field fringing in the d :sk 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, fcj -» a - 1 for "IX fit 0.1. 

Fig. 3. Structure parameter k\ as a function of beam aperture radius 
for the average eel! in the c'LAC disk-loaded structure (A ~ 10.5 cm, 
a = 1.163 cm and t = 0.584 em, where t is the disk thickness). 
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B. P E A K P O W E R REQUIREMENT 

The filling time of a typical diak loaded accelerating structure with r = 0.5 
will be 0.7 us at A - 10 cm 'sea Eq. (23)]. We c&n therefore write 

7>{rw) -- 22! A (cm) j 3 / 3 . 

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

U ' v m 7 4fc|T7> 5.0 x l O 3 

for the same structure. The peak power requirement is 

^ (MW/m, - r 

^ = A'/ ' (cm) C* (MV/m)) 
' ~ 'r- 110 

(2Sa) 

(28b) 

(28c) 

Resulta from Eqa. (28) are plotted in Fig. 4 for wavelengths from 1 mm to 10 cm 
and accelerating gradients from 50 to 500 MV/m. 

r -n= 1000 

i 00 
/ A : . : ' 

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. LIMITS 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 R> «s 

where / / is the peak magnetic field and Z, =• GjH is an impedance defined by 
the geometry of the structure. For a typical disk-loaded structure, Zt ~ 400H. 
In terms of the power per unit area and the pulse length, T p , the temperature 
rise Is 

AT = ?* 1™' m 

where K is the thermal conductivity, D = KjC,p is the thermal d'ffusivjty, C, 
is the specific heat and p the density. Substituting for Pa from Kq. {29J, 

G = z-{-nr) [DTJ • ™ 
If Tp is set equal to the filling time (which scales as u>~ 3/ J), and since R, ~ 
w 1 / 2 , then G — w 1 / 8 . Putting in typical numbers at A — 10 cm for copper 
{Z, - 400 fl, .T - .014 fl, K = 3.8 W/cm-°K, D - 1.1 c m 5 / s ] , and assuming 
also that the ;> lie length is equal to a typical filling time Tp « 0.7 i*x, then 
the gradient required to raise the surface to the melting point is C ss 1 GcV/m. 
This model breaks down at A « 30 /tm, when the diffusion distance (Z?T;)'/ 3 

is on the order of the skin depth. Under this condition the filling time is about 
5 ps and the gradient is about 2.6 GeV/m. For still shorter wavelengths, the 
temperature rise is determined only by the specific heat per unit volume, giving 

AT = 
PaTv _ PaTp D 
pC,6 KS 

where 6 is the skin depth. Substituting for Pa from Eq. (2SJ), 

° - * (mf • 
where ZQ - 37711. In this regime, G scales as w 1 ' 4 . Another limit is obviously 
encountered when the filling time becomes comparable to one rf cycle, Tj =s A/c. 
Also, at this limit a pulsed surface magnetic field can diffuse into the material a 
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distance equal to the skin depth in a time comparable to the filling 'irne. Again 
scaling as A 3/ 2 From T7 = Tf =i D.7 /JS at X = 10 cm, we find A = c7> at 
A v 0.02 /im. The gradient b on the order of 15 GeV/m, and Tf =3 1 0 - 1 6 see. 

The variation of gradient with wavelength due to surface heating is plotted 
for the different regimes in Fig. 5. A furthpr 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 Kilpatrkk criterion 1 7 predicts for CW or very long RF pulses, 

£»(MV/m) « 2 S | / ( G H Z ) ] 1 / J , (32) 

for frequencies greater than a few GHz. Here £ j presumably can be taken as 
the peak field Ep at the surface of an accelerating structure, where typically 
G « O.SEp. 

The variation in breakdown Geld with pulse length is also not a precisely 
determined function. Some da t a 1 9 at 2856 MHz on the power flow at breakdown 
in a resonant ring, used at 5LAC to test klystron windows, arc fit by 

* w , - * t - ) { , + PvSp 1} ' (33' 
Combining tlqs- (32) and (33), for very short pulses 

Et ~ « i y a TT'f* . (34) 

If the pulse length is equal to the filling t i c c , and again assuming the filling 
time scales as u}~3lz, then Et — w 7 ' 8 . 

Two measurements have been made on breakdown in sh ">rt resonant sections 
of dick-loaded structure near 3 GHz. Loew and Wang 1 0 at SLAC reached a peak 
surface field of 259 MV/m without breakdown at 2856 fVlHz for a pulse length of 
abo-it J.5 fis. Equations (32) and (33) predict a breakdown field of 215 MV/m. 
Tanabe 2 1 working at 2997 MHz, reports a peak field of about 240 MV/m at 
a pulse length of A fts, with some surface damage due to breakdown. If we 
use Eqs. (33) and (34) t-> scale these two results to a filling time of 0.7 ^s at 

!2 The data can also befit by a ( l+coast /T)} ' 3 ) variation. Thij scaling witii Tv is in agreement 
with the behavior for DC p n b e j . " However, thi enhancement factor over the Kilpatrick 
limit at 5-band a then only a factor of three, which is inconsistent with experimental 
measurements. 3 0 - 3 1 If the T P ' ' S variation ii accepted, then the electric ,1«M breakdown 
limit plotted in Fig. 5 varies as wl i m t t a i of id''*. 
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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 Tanabe measurement, with breakdown and 
surface damage, As a calibration point on our plot of breakdown field versus 
wavelength, we therefore take 160 MV/m (assuming G ^ Ep/2) at A =-- 10 cm. 
This is plotted in Fig. 5, 

10 s 10* I0 1 10° lOf1 \G2 i0"3 10"̂  i0 ' s 

L.is, WAVELENGTH Imm) i,«,., 

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

r r . RP POWER SOURCES 

A. GENERAL REMARKS 

From Fig. 4 wi. see that a collider linac operating at a gradient of (for exam
ple) 100 MV/m requires a peak power of 300 MW/m at X = 10 cm and a peak 
power of 100 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, Of 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 pulse length equal to the 
filling time or alternatively at a tower 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 Granatstein3*. Sources which have produced peak power levels 
on the order of 100 MW in the wavelength range 1-10 cm are: virtual cath
ode oscillators (Vircatws), backward wave oscillators, magnetrons, gyrotrons, 
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klystrons and free electron lasers. Oscillators, however, we not soHfrble as 
KonrcGs to drive a collider. Many amplifiers with good phase stability, driven 
from a. common source, will be required. This reduces the possible sources to 
klystrons, gyrotron amplifiers (gyroklystrojw), FBL*9 and possibly some type of 
crossed field amplifier. The tatter deviqe fe » dark horse and will not be con
sidered further. FEL's and other possible two-beam accelerators arc considered 
briefly in Sec. IV D. 

n. KLYSTRONS AND GYHOKLYSTRONS 

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 wu 
designed at X = 9 cm to produce a peak power of 1 GW at T9 = 15 ns. M 

However, the tube failed before it could be tested at full output power. Recently, 
a klystron has been assigned at SLAC to produce 150 MW at X = 10.5 cm at 
a pulse length of i us. This tube has now achieved'4 the design output power 
with an efficiency of 55%. 

Wc have noted that a peak power of 300 MW/m Is needed to reach an 
interesting accelerating gradient (100 MV/m) at A = 10 cm. Also, It would be 
desirable to reduce the number or sources by spacing them further apart than 
1 m. Furthermore, the optimum operating wavelength for a 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 A'/' requirement given 
by Eq. (28c). We conclude that some form of pulse compression will be needed If 
klystrons arc used as an RF source for a linear colliders. If so, a premium will be 
placed on efficiency and reliability, rather than on peak power, assuming that a 
power level in the r«:'ge 50-100 MW can be attained at the desired wavelength. 

Gyroklystron are inherently capable of operating at shorter wavelengths than 
klystrons. For a collider operating in the wavelength rangn at or below 3 cm, 
a gyroklystron will probably be the Rt7 source of choice (excluding for the mo
ment two-beam concepts). Granatstein2* has recently reviewed the capabilities 
of high peak power gyroklys'.rons. A design calculation has been made for a 
gyroklystron capable of delivering 3D0 MW at 9 CHz. This source would power 
two meters of typical structure at a gradient of 100 MV/m. 

C. LASERTRON RF SOURCE 

In recent years a new possibility for a high efficiency RF source has been 
the subject of increasing invest—the Lasertron, Figure 6 shows a schematic 
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Fig. 6. Schematic diagram of a Lascrtron RF power source. 

diagram ">f this device. A laser beam, pulse modulated at the desired RF fre
quency, is incident on a photocathode. Electron bunches, each a small fraction 
ot the RF ?eriod 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 re.it by the RF field in the gap, thereby converting DC to RF energy 
with very high efficiency. A further interesting feature of ihis device is thai it 
can in principle by operated directly from a DC power sour IT, eliminating the 
inefficiency associated with a pulse modulator. The laser-driven photocathode 
acts, in essence, 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 Jipan 5' 1 and *i 
SLAC l t i. At SLAC, a proof of principle test is underway to produce *. Laserlrnn 
with a peak output power of 35 MW, Numerical simulations1 7 indicate tliaL an 
efficiency exceeding 70% is possible if a double output gap composed of two 
magnetically coupled output cavities is used. It is foreseen that peak powir 
levels or 100 MW or more can be produced at a wavelength on the order of 
10 cm. H is ,-.ot so clear, however, whether this device can be scaled to produce 
high peak output power at substantially shorter wavelengths. Simulation.1; arr 
being carried out at SLAC to explore this possibility. 

D. PULSE COMPRESSION 

Front the results of the preceding two section, it is seen that the direct gen
eration of peak power level on the order of 300 MW/m by microwave tubes will 
bd difficult, especially at shorter wavelengths. It should be emphasized again 
that it is also highly desirable to reduce the total number of RF sounes by-
producing the required power level per meter from sources spared at leas fre
quent inter /als. Thus some form of puhe compression and pow«r splitting will 
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almost certainly be required for a very long collid»r operating at a high gradient. 
Suppose we require a gradient of 150 MV/m at a wavelength of 3.J cm. From 
Fig. 4, this implies a peak power of about 400 MW/m. A filling tinie of about 
125 rig is required. Suppose power sources are available capable of generating 
100 MW for 1 its. If the peak power can be multiplied by a factor of eight and 
split two ways, each source is then capable of feeding two meters ot structure 
(assuming the pulse compression can be carried out with an «'.Uicicncy clo&e 
to 100%). 
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- J£3 1 y 
D — 

D j ' - , 

,} 

•4P« 

J U ^ 
p4P, 

HP4 

°> r~\r~in _ 1 I. . 
i-o, >-! i-1 • o M a 

i ST, ! U 

r " 
- i r T i 

' t- U ..,.,,, 

Fig. 7, (a) Diagram illustrating the putse compression metTtnd 
of Z. D. Farkas;M (b) amplitude and relative phase of the RK 
power at the indicated points. 

K;mre 7a shows a method invented by Z. I). Farkas1" for providing the 
desired pulse compression. Two RF power sources, Si and Sj, I'?.ve i pulse 
length equal to eight time the structure filling time Tj. D\, th and Dz are delay 
lines having, respectively, delays of 4*//, 27/ and Tj. II\, Hi and H3 are so-
-ai-ed 3db hybrids If pow«r is applied at either input terminal of such a device 
(terminal 1 or terminal 2 of Hi for example), half th„ power appears at sach 
output terminal (terminals 3 and 4 of Ifi). 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 cither 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 4>i a i d ijii correctly in ea;h of the eight time slots in th" incident pulse, 
this switching is carried out in the hybrid H\, Hi and Hz at increasing powpr 
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 
2n. Of course, the delay linos must not introduce significant attenuation. They 
can be either superconducting or over-moded room temperature copper pipes. 

E. T w o - B E A M AND W A K E 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 appropri
ately shaped current distribution, can be injected on the axis of the acceler
ating structure ahead of the bunch to be accelerated (the collinesr wake field 
accelerator). 2 9 A hollow ring-shaped driving bunch, which produces inwardly 
propagating wake Selds in a suitable structure, can be used (the Voss-Weiland 
wake field accelerator). 3 0 ' 3 1 

A low energy, high current beam moving in an external circuit parallel to 
the acce^raLing structure can be sent through a series of wigglers to generate 
the required RF power.*"'3 3 The energy lost by the driving beam is madp 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 longitu-iina: 
RF field is also possible. In this deviccM a bunched beam, possibly produ-ed 
by a laser-modulated photocathode, passes periodically through klystron-type 
cavities which extract a portion of the bearr -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. W A K E F I E L D S 

A. DELTA FUNCTION W A K E 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 trst charge and the unit driving charge are usually assumed 
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to be travelling on parallel paths at the speed of light, The wake potential is then 
causal, such that Wit) = 0 for r < 0, The instantaneous forces experienced by 
the teat charge in response to the complex pattern of "wake fields" excited in even 
a simple structure are not usually of interest. What matteTB i8 *hc 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 development is somewhat complex, with 
many subtleties. We give her« only a few results of use in scaling wake field 
effects for relativistic particles in typical accelerating structures. The reader h 
referred to Refs. 3S-38 for a more complete exposition. 

The longitudinal wake Field for the nth mode excited by a point charge g 
at radius rq and azimuthal angle 6 = 0 in a cylindrically symmetric periodic 
structure is given by 

( r \ m / TV, \ m 

- J (— 1 cosm# cosw„r . (35) 

Here a is the minimum wall radiu3 of the structure (the disk hole radius), m 
gives the azimuthal dependence of the mode and 

EL kn s - ^ , (36) 

where i . R is *he stored energy per unit length and Een is the longitudinal syn
chronous field component at radius r — a. The delta function wake potential 
for the nth mode is now defined as the field per unit charge and per unit offset 
in both rq and r at angle <f> = 0. Thus 

2k 
W„(r ) -r - J i «WL,Br , (37) 

Exn - qW,n(T)rmr™ cosm<t> . 

The wake potential can also be defined as the potential per cell of the structure, 
rather than oe r unit length. In this case Ean and u n in Eq. (36) are replaced by 
BonP and un»). where p is the periodic length. Note that the longitudinal wake 
for asimuthal)"' symmetric {m — 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 fjr a 
given value of m, one must in 
principle sum over all possible 
modes supported by the struc
ture with symmetry cosmiji, 

2 °° 
W'M = -^ 5Z*» c o 9 u' t t i • 

(38) 
I'l practice a finite number of 
modes arc calculated by an ap
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 exten
sion ia based on the fact that at 
sufficiently high frequencies the 
impedance (dk/du)) can be shown 
to vary as u> - 3 / s for topical 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 0-10 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 T = 0 is about 
a factor of BK greater than that 
given by the fundamental mode 
alone. The wake out to 300 ps is 
shown in Fig. 9. 

If Fig. 8 shows tb ?̂ wake seen by a 
trailing t«-* JrtMge, one can ask 
what potential is seen by the 
driving (point) charge itself. It 
ia evsy to show 3 5 from conserva
tion of energy that the potential 

Fig. 8. Longitudinal wake potential per cell 
for the average cell in the SLAC disk-loaded 
structure in the range 0-10 ps. 

300 

Fig. 9. Longitudinal wake potential per cell 
for the SLAC structure in the range 0-300 ps. 
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acting on the driving charge is just one-half 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 s retarding potential of 4 V per cell. 

The transverse wake field is also of great interest for collider design. It is 
given, again for a single mode in a cylindrical^' symmetric periodic structure, 
by 

tiiir^iT) ~ 2gm 1—— ) ( - ) 1—) f f coam^ - ^ s inm^J sinu/nT , 

(39) 
where t and <f> we unit vectors. Here C£_L g i v c s the total transverse force acting 
on the trailing particle. The delta function wake potential is now denned by 

WAr) = ^ « « w r , (40) 

and 

E± =• <Jw±[r)rm~i r™ (?coxm<f>-4>sinm$) 

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

94± = -*Vj.E. • (41) 

The total delta-function wake potentiU is again obtained by anmri.'-'g aver 
many modes and adding an analytic extension as described in Ref. 35. Results 
for the dipole mode for the SLAC structure are shown in Figs. 10 and 11. Note 
that, m contrast to the longitudinal wake, the dipole wake (and all transverse 
wake potentials) starts at zero at time r — 0 and rises to a first 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 
a beating of the wakes due to the two or three lowest frequency modes. The 
period of the resulting semi-regular oscillation is substantially that of the lowest 
frequency mode. 
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Fig. 10. Dipole wake potential per 
cell for the average cell in the SL AC 
disk-loaded structure in the range 0-
100 ps. 
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Fig, 1 i . Dipole wake potential per cell 
for the SLAC structure in the range 
0-2000 ps. The period of the lowest 
frequency dipote mode is 235 ps. 

From Eq. (36) it is seen that kH ~ u; J. Thus from Eqs. (37) and (40) the 
wake potentials per uni'. length scale as 

WV .Jm+J m > 0 

m > 0 
(42) 

The wake potentials per celi or 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 3 9 . The intercept at T ~ 0 for 
the longitudinal wake is found to vary as 

W:(0) -1.7 
(««) 
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The time at which the longitudinal wake falls to one-half of its value at T = 0 is 
given by 

C T i / z ^ -09" • (436) 

The amplitude of the first maxiir-im of the dip >te wake is found lo vary with 
beam aperture r?,dius as 

W((rm) ~ o - * ' w . (43c) 

where the value of Tm varies as 

e r m a 0,65 a . (43d) 

The initial slope of the dipole wake for r < < T«. varies as 

- - a " " . (43.) 

Finally, a note about dimensions. In the scaling relations developed in Sec. 
II, it was found to be convenient to use eotf-Oaussian units. The wake potentials 
per particle in cgs units are readily obtained from the potential per unit charge in 
mks units by multiplying by 47rep. Thus the m = 0 longitudinal wake potential 
per unit length, w!*h dimension V j{C - m) in mks units, has dimensions 1/m 2 

(or I/crs*} in Gaussian units. We have, in general, fov the wake potential per 
unit length 

v.ks Gaussian 

m-Q w, v_ l 
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V 1 
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B. W A K E POTENTIALS FOR. C H A R G E DISTRIBUTIONS 

The delta-function wake fields or wake potentials for a point charge, dis
cussed in the previous section, can be used ag Green's functions to compute the 
longitudinal and transverse potentials in an arbitrary charge distribution /(() . 
Thus for the important case of the longitudinal accelerating mode, the single 
bunch beam loading potential at time t within the bunch 5s given by 

Eb(t) = f W,(t-T)Hr)dT (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 unfortunate that the terms "wake potential" and "w.'nc 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 ia shown in Fig. 12 
for three different bunch lengths. The total energy gain of a particle at time t 
in the distribution is then obtained by a superposition 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: 

£- 0.?O 

E[t) = G cos(wr - 9) - Eh[t) . 
(45) 

Here G is the unloaded peak ac
celerating gradient and 8 is the 
phase angle by which the bunch 
center leads the crest of the ac
celerating wave. The total energy 
spread within the bunch can be 
minimized by adjusting 0, as de
scribed previously. 

An additional parameter of inter
est is the total loss parameter, htot, 
given by 

0 10 ?0 
j , l i m e Ipsl 

Fig. 12. Beam loading gradient within 
a single bunch for the SLAC disk-loaded 
structure Gaussian bunches of 1Q30 par
ticles, centered at t = 0, arc assumed. 

ao 

kux = \ f I{t)Eb(t)dt (46) 
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If Ef,{t] ia the integrated wake due to a single normal mode, it can be shown 
that , f11 a Gaus3ian bunch, 

kM[n) = knr^"'1 , (47) 

where a = azjc. If £»(() ia the integrated wake due to all modes, then 

kM ^ B(o)fci , (48) 

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

BUNCH LENGTH a; immi 

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

T imilar to those defined in Eqs. (44) and (46) for the m = 0 case 
car ucted using the transverse delta function wake potential W±(T). 
T. .ited wake potentials for m = 0 and m = 1 are compared in Figs. 14 
and . the SLAC structure for various bunch lengths'*0. In these two figures, 
W "is trtE integrated wake per cell per unit charge. . ',.*• (lashed and solid curves 
shovv agreement between 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 T B C I 4 1 . 
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C. T w o PARTICLE MODEL 

A simple model in which the bunch current distribution is approximated by 
two point charges, a leading (head) particle with charge q/2 and a followinR 
(tail) particle with charge c/2, is very useful in estimating emittancn 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 = I//?, where 2nj3 is the 
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wavelength of the betatron oscillation in the focjsinp lattice. The equations of 
motion of the two particles are 

x{' + k2xi = 0 , (49a) 

x'i + [k + A k)2 x2 = C i i , (49t) 

where the subscripts 1 ard 2 refer to the head and tail particles respectively. 
Here the prime indicates dx/dz and C — cqWt/2Ba, where Wi is the dipole 
wake potential at the position of the trailing charge. (The separation of the two 
charges can be approximated by 2aM). 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 ia placed off crest. This energy spread can be modelled in the two particle 
approximation by an energy difference A £ between the particles, leading to a 
difference in focusing force Ak/k = £AE/E0, where £ is the chromaticity of the 
lattice (for a lattice with 90° phase shift per cell { - — 4/jr). For the leading 
particle, the solution to Eq. (49a) is 

xi = iioe'** , (SO) 

where i\ is a complex quantity giving the amplitude aid phase of the oscillation 
at position *, and £io is the initial value at z = 0. If Afc = 0, the tail particle 
obeys 

*s = x<tatxkl ~ — xKtxk' . (51) 

Here the first term represents a free betatron oscillation and the second term an 
oscillation driven by the head particle. If xi0 = x10, the difference 
A i = xj — Si, grows in amplitude as 

Ax 
zio 

In Gaussian units this becomes 

Ax _ r0NWiz 
110 4fc-j 

Cz tqWxz , , 
Tk - TkE^ ( 5 2 a > 

(526) 

If there is an energy difference between the read and tail particles 
(Landau damping), the solution for xj is' 4 

2, = S»«'(*+">*-^2 «n(f|*) *'(*-¥)• . ( S 3 ) 
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Again assuming rjo = i i o , the difference A r = Zj- x\, grows in amplitude as 

As has been pointed o u t M , the eraittance growth is zero if either sAk = 2n;r or 
if C — 2kAk. This latter condition can be written, for a 90* lattice, 

However, even in the worst case the amplitude does not exceed C/fcAfc, which 
becotres for a 90 ' lattice 

Az iregHf, 
* „ 8*»AB ' t 5 6 ) 

The amplitude of the wake potential W\ can be determined from Fig, 10, 
at least approximately, by taking the wake potential at distance a, behind 
the bunch center. Thus for a i mm bunch in the SLAC structure 
W, =; 0.8 V/pC/cell, or 2 x 10 1 5 V/C-m 1 . In Gaussian units this becomes 
Wt = 2 x 10 s / (n 3 . 

V I . E M 1 T T A N C F . 

A. G E N E R A L R E M A R K S 

The scaling laws in Sec. II show that very small emittanee beams will be 
required for future linear couiders operating in the energy r.'.nge above 1 TeV. 
The normnli, «.t] omittance required for a 5 'leV machine, for example, might 
be on the order of 1 0 - , - 1 0 ~ 8 Jrm-rad. 4 2 , In this section 9f>me limitations and 
expectations concerning the emittance that can be obtained from linac injectors 
and damping rings will be briefly discussed. 

Linear optics and emittance enncepts in beam transport systems and in 
circular machines have been discussed in several tutorial papers.* 3 We are con
cerned here with periodic linear transport systems, and for this case a word of 
caution is in order. In a circular machine, the lattice functions (t.g., 0) are truly 
periodic and can. be defined by the characteristics of the focusing lattice alone, 
even where no beam is present. This is not the case for a linear transport sys
tem. Assume that 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 defend in order to define the initial values of the lattice functions. 
Alternatively, the values at the tnd of the last cell could also be denned by 
working back from the final focus. Expressed differently, the concept of a beta 
function in a linear collider is only meaningful if the beam ellipse is dinned 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 transverse momentum proportional 
to (KT)1'3^ where K is the Boltzmann constant. The transverse omittance is 
then proportional to this momentum limes the radius of the cathode, or to the 
square root of the cathode area. For a fixed current density, the area is in turn 
proportional to the total current. Thus, it is reasonable to write 

77 ELI-rad , (57) 

where I is the peak current in the bunch in amperes and B is the bunching factor. 
This expression is also called the Lawson-Penner relation (see, lor 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 focusing lenses, and transverse RP fields which vary longitudinally over the 
bunch in the bunching region. A number of suggestions have been m^rie 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 cathode in 
which the emission is driven by a microwave field, and photocathodes in which 
the emission is driven by a modulated laser beam. 

The normalized emittance for typical present-day linacs at 100 A peak cath
ode current is the range of 1-3 x 1 0 - 4 n m-rad. It is expected that this can be 
reduced by a factor of ten or so in the catc of a laser-driven photocathode. The 
thermal limit lies still another order of magnitude lower. 

C. EMITTANCE FROM D A M P I N G R I N G S 

Low emittance storage rings are of interest as synchrotron radiation sources, 
as beam recirculation devices for FELs, and as injectors for linear colliders. As
sume first a ring with a lattice consisting of bending magnets of length t = pO, 
with a waist in the fl function at the center of each magnet and appropriate 
focusing elements between the magnets. Then it can bt shown 4 5 that the mini
mum normalized emittance is given by 

f„ = 8.3 x I O - 1 5 i383ir m-rad . (58a) 
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The more conventional FODO lattice produces a considerably higher minimum 
normalized omittance, given b y 1 6 

4.8 X 1 0 - 1 3 , „ , ,„ „ 
<„ = 7 3 03 n m-rad , (586) 

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

It is 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 shown 4 7 that 0mt„ « 6 /7 . Using this in Eq, (58a), 

(„ K 1.8 x 1 0 " " JT m-rad . (59) 

In addition to emittance, other factors must be considered in the desipn of 
a damping ring. For either lattice, the damping rate is given by^ s 

\T (sec))" 1 = 2.1 x 10 3 Fm El (GeV) /p2 (m) . (60) 

Thus 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 omittance, and a compromise must be struck. 

The Touschek effect may limit the beam lifetime is a storage ring designed for 
low emittance, and intrabeam scattering (multipleTouschek 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 b difficult 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 increasing energy. Computer 
programs' 4 8 are available for calculating beam lifetime < mitations and emittance 
growth due to intrabeam scattering in storage rings de; .gned for high brightness 
synchrotron radiation sources and FBLs. For these applications, normalized 
umitlances on the order of 5 x 10~ 6 ir m-rad have been achieved. This is a factor 
of six lower than the emitlance of the SLC damping rinf *t SLAC (<n - 3x 10" 5). 
Kor a 5 TeV collider, an emittance which is still lower by two or three orders of 
magnitude may be required. However, a serious effort to design damping rings 
capable of producing beam emittances of thi3 order is only just beginning. 
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