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) 1. Introduction where N is the number of particles per bunch, f; is the bunch
- collision rate, Hp ls the pinch enhancement factor due to

[T .
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As designers of the high energy accelerators of the future,
the firat question we must ask is, *What do the particle physi-
cists want?® It is a fundamental fact of nature that the cross
sections for the production of i ting ts ie electron-
positron collisions in the TeV energy range tend to falkoff in-
versely as the square of the particle enesgy.? The luminosity for
two colllding beams, either in a storage ting or from a linear
collider, s defined as the event rate divided by the cross sec-
tion. In order to keep the event rate at an accoptable level, the
luminosity must therefore increase approximately as the square
of the beam energy. In Table ! the luminesities whick follow
this acaling are shown for four collider anergles. The Erst row
gives the energy and luminosity, at turn-on and after potential
luminosity up-grades, for the Stanford Ligear Collider (SLC).
The next three rows give parameters for future and far future
linear collidess. The machines thal have been suggested for
more detailed parametric studies in general fall into the three
energy and luminosity categories shown in the table,

Table 1. Present and Future High Energy Linear Coltidera

Energy Lumitiosity Total Length (3 lluacs) io km
Per Lina¢ [em~?sec™}) G=20 MV/m Gw200 MY/m GmlGV/m

50 GeV 8 x 10%-% 5 0.5 0.2
350 GeV 0% as 35 0.7
1-1.5 TeV 10 100-150 10-18 2-3
5 TeV 0% 500 s0 10

Numeroue concepts, ranging from conventional 10 highly
exotic, have been proposed for the acceleration of el and
positrons Lo very high energies. For any such concept to be vi-
able, }i must be possible to produce from W a set of consistent
parameters for one of these “benchimark” machines. In this pa-
per our nttention will be directed to the choice of parameters
for a collider in the 300 GeV energy range, operating at a gra-
dient on the order of 200 MV /m, using X-band power souces to
drive a conventional disk-loaded accelorating strur.ture. These
RF power letel; th L
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‘The cholee ol inac parameters ia strangly coupled to vari-
ous beam-beam eflects which Lake place when the electron and
positron bunches collide. We summarize these beam-beam ef-
fects in the next zection, and then return to the RF Jesign of
» 650 GeV center-of-mass collider.

1. Summary of Deam Boam Effects
LUMINOSITY

The luminosizy for the collision of two gaussian bunches is
given by

Ly = N f HpjamA , (2.1)

*Work |uppo_rled by the Departmont of Energy, contract
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disruption {ue next section’ and A = 0,0, is the beam arves.
The area is in turn related te the normalized emiitance
€ = tug ® &ny by

A=alg) . (22)

where v [ the ratio of electron energy to rest energy and 22
and fij are the beta functions at the collision point.

If a gingle bunch ls secelerated during each livac pulse, then
fr is also the linac repetition rale and the Juminosily Ia the
single bunch luminosity £y, The situation is more complex if,
rather than single bunchas, a train of b bunches 'a sccelarated
during each linac pulse. There are then several optians for pro-
ducing bunch collisions. Successive bunches can be ewitched
to callide at different interaction poiuts, = shown at (s) in
Fig. 1. ‘The Juminosity tummed over all interaction reglons is
then Lyum = 5£). A second option is to collide bunches at
an angle a, ss chown at (b) in Fig. 1, where a is lesz than
the transverse to longitudinal aspect ratio o, /o,. Only corre-
sponding bunches in exch of the two bunch train will collide.
Noncortesponding bunches will miss each other, although if
the collisions are nighly disruptive bunches at the rear of the
train will pass through debris from earlier collisions. For this
optioa the total Juminoelty at the single interaction peint is
Lot = 8L1. A third optlon is to collide a train of bunches head
on as shown at (¢) in Fig. 1. There are 2b-1 interaction points
spaced a distance As/2 apart, where Aa is the bunch spacing.
I the collisions are sufficiently pondiaruptive, then the lumi-
nosity summed aver all interaction point is £,ym = Ly, The
luminosity is different at each interaction point, the luminosity
at the mth interaction paint being given by

Lo = LHx(L2...b-Lbb-1,...2,1)

If the collisions are highly disruptive, then the only effective
collivions take place at the central interaction point, where

Lia = b2,
{9)
winag | Linge 2
oo SN = = ]

iv} 2

A5 b — - oaSsE
= | S s
e LaluAL
Pig. 1. Potsible collision modes for bunch tralns in
a linear collider
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DISRUPTION

When an electron bunch collides with a positron bunch,
the collective field fram the particles in one beam acts fike a
lens to focus the particles in the opposing beam towasd the
axis, For particles near the tha axis in  gaussian bunchb, the
{ocal length of this lens is o,/ D, where g, is the bunch length
and D is the disruption parameter deficed as

_reNo, 2R
b=n==3 (I+R) : 3

Hete A = 020y, R = 0,/0, 2 1 is the sspect ratio and
o = 282 X 107" m is the classical electron radius. If the
disruption parameter s on the arder of one the bunches pinch
substantially as they pass through each other, reducing the
effective transverse bynch area and enhancing the luminoni
Tk snhancement faetor Hp has been computed from a sim-
vlation by R. Holleheek,2? and is shown in Fig. 2. For a flat
beam (R >> 1) ene wonld expect the pinch enhancement to
vary approximately i the sy root of the enhancement for a
round beam, a5 Bhown by the dashed line in Fig. 2. Agr
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Fig. 3. Synchrotron radlation spectyum for a 5 TeV elec-

tron moving in 8 magnetic eld of 30 MG. Dashed
and solid fines show the difference batween classical
and quantum calevlations.

the arca between the solid and dashed Jines. DeBne a scaling

with simulation resuliy i5 seen Lo be reasonzble. For intermedi-
ate values of B b approximate analytic exp for Hp{R)
in vesms of Hp (R = 1) Is given in Rel. 4.
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Fig. 2. Pinch enhancement factor as a function of disruption
parameter for round and flat beams. Points shown
are simulation results from fef. 3.
BEAMSTRAHLUKQ.

An electran ar pasilron moving in the collective field of the
oncoming beam emils synchrotron radiation, in this case callec
beamnstrahlung. In classical synchrotron radiation, the power
specirum  for the emisslon of pholons of energy &
increases as w'f® for photons of low energy to a peak near
the critical energy a1 A, = Shy2eB/2mec. Above the criti-
cal energy the specleous iniwe wii expunentially. By integrat-
ing the powet spectium over all frequencies, the total rate at
which energy it radiated is obtained a5 P ~ 4?87, As cither
energy or magnetic field strength is increased, the critical en-
esgy will also increase unti] at some point f, exceeds e’
One photon at the critical energy would then have to carry
away more than the entite energy of the electron. A correct
quantum calculation® ghows, h L that the radiation spec-
trum is supptessed for Aw > yme?, as shown in Fig. 3. The
total radiated power ia reduced by an amount corresponding o

F ter T by

2hw, B
T= -3-1—"? - % R {2.4)
where B, = 4.4 x 107 G. In the claspica) regime (T << 1)
the total radiated power Is proportional o T? ~ ¥ B2, while
for T >> 1 the power in proportional 1o T#/?, In the quantum
limit, the radialed puwaer ia reduced compared to the classical
radiation rate by the factor 0,556 T=4/3, This reduction factor,
Hry, is plotted a3 & functlon of Y In Fig. 4.
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Fig.4. Severalusefulfunctions of the quantum beamatrablung
parameter T

The preceeding discussion was valid for a single elechion
moving in & constant magnetic field. When two gavssian bunch-
es collide, particles see & rauge of collective fields Irom tero on
the axis to a maximom near one sigra in the transverse direc-
tion. Using the power spectrum for classical synchrotron radi-
ation, Bassetti and Gygi-Hanney® have calculated the average
energy loss per particle, divided by the incident energy, to be
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whete Fj = 0.22 is & fotm factor independent, to within a few
percent, of the aspect ratio R.

It is expected that the radiation will be signifieantly re-
duced when single particle values for T st the pasition of max-
imum transverse field in the opposing bunch are on the order
of one. In a breamstrahlung simulation, R. Noble? haa shown
that the reduction in energ; loss per particle, overaged over the
entire bunch, can be expressed by the single particle reduction
factor Hy if an eflective T, denoted by T, Is defined in terms
of the bunch parameters as

= _ RrniqN |2\

T e A [J+R ”

(2.6)

Here X; w 3.86 x 10~!! is the Compton slettron wavelength
divided by 2x and Fy = 043 is a form faclor determined from
the simulation. A factor ”'n” is included to take plach en-
hancement into account. Thus the beamstrahlung parameter
for colliding gaussian bunches can be exp d as

§ = 8y Hp Hx(T) . (2.7)

where again a [actor Hp is included to take pinch into account.
CENTER-OF-MASS RM5 ENERGY SPREAD

For particle physics, the center-of-mass rms energy spread,
ow, is of more importance then the average energy loss per
electron calculated after the bunches have collided. The re-
lation between § and oy /¥ for gausslan bunches d ds”?
only on T. In the clastical Emit (T « 1) ow/W = 0.826,
while in the quantum limit (T > 1) ow /W = 0.556'/2, These
contrasting Jimits on ow /W are a consequence of the sttong
variation in average number of photons, Np, emitied per elec-
tron as a function of T. In the classical limit, N, = 2.16/T.
while in the quantum hmit N, = 3.95. Thus in the classical
limit, ow /W = 0.12 for & = 0.30. For § = 0.30 in the quantum
limit, hewever, Np = 1.1 nd ow /W = 0,30 (see Ref, 8).

SUMMARY AND COMBINED RELATIONS

Fram Eqg. (2.1), (2.5) and {2.6) we note thot L1, & a0d T
all depend on P57 /A. This makes it possible to combine these
parameters in various useful ways. In Teble Il the beam-
beam parameters and some of these combinations are writ-
ten in practical units. Of special importance are the func-
tions THy ~ 8{f:/ LAV ~ A2 §/N and T3HT ~ Epb/a,.
These funclion are plotted in Fig. 4. Also plotted is
T} ~ §3/AV2D,

A final beam parameter of interest ls the beam power,
Py = ymeIN f,. In the praccical units of Table I,

A(MW) = 16x1072 {NEbf} . (216a)
sEuL1 AV?THY | [2807
= 213 {——E},”_s_} “ R] (2.168)

Table II. Beam-Beam Expressions in Practical Units

B (Tev) @, (wm) ¥ (10%)

£1{197 fem® Jaec) A () 1 (8s)
& = noxio-¢ {¥24Hal (28)
D = 14ax 10 {{]) [ ;3] (29)
b u vonio (RBEEL [ ) o
T = 02x10% {”‘;’.":ﬁ} [125] @)
= {v.I- } [#%=] (zam
THy = 26x 107 {%:7',!} (124 (212)
8y = s5x 10 {5f} (213
N =92 {iﬁ%] [%,’,3] (2.14]
pHlB = 113 %20 {T,T;;Tﬁ} [ {z18)

3. RF and Structure Parameters

Energy in an electromagnetic field delivered to some sort
of structure is re~uired {0 accelerate charged particles. The
structure can be a metallic waveguide, such a8 the traditional
disk-loaded accelerator structure, an open resonator, a wake-
field “transformer,” of it a general sense even a plasma. Also
required is a driver to convert powsr from the AC line into the
electyomagnetic energy delivered 1o the structure. The driver
can be » microwave tube, & laser, or 3 driving bunch as in the
wake field accelerator. A conceptual diagram of & generalized
driver and accelerating structure is shown In Fig. 5.
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Fig. 5. Conceptual diag

A figure of merit for the accelerating structure i the ef-
ficiency with which it converts average input electromagnetic
energy per unit length, u.m, into average aceslerating gradient
G. The dimension of G? fum is that of an inverse capacitance,
or elastance, per unit length.? A fignre of merit for the driver is
the efficiency with which it converts wall plug energy into elec-
tromagnetic energy delivered 10 the structure. In this paper
we focus on the case of & conventional inac in which the driver
is a microwave tube (plus pulse compression) and the structure

of an




# a conventionsl disk-leaded struct The p o
and & are, however, more generally useful for comparing the
various exotic and conventional acceleration schemes that have
been propoaed for high energy calliders.

Consider a SLaC-type 2x/3-mode disk-loaded traveling
wavestructure, As the beam aperture radius a ia increased, we
find that the group velocity v, i imately ny al/4,
and the clastance s = G?/u, where « is the stored energy per
unit length, decreases. The unloaded @, an the other hand, is
appraximately independent of the beam aperture radius. Thus

o/A &= 8.42 x 107? [v,(m/ps)]'/ (3.1)

n 13.2¢ [J(GH=)J? .
'(ra—m) = 140536 [o,(m/usPF =2
Tolus) = Egﬂ & 11[(GEL . (33)

The sbove relations are strictly valid only for constant imped-
ance (constant beam apertute) structures. For a constant gra-
dient styucture, in which the beam aperture decreases along the
structure in order to maintsin a constant accelerating feld, the
gituglion is morc complex. However, if the attenuation param-
eter (defined by 7 = Ty /Ty where T is the filling time) is not
tao large, then an effective group velocity 0, = L,/ T, can be
used in the above expressions to give approximate average val-
ues for the structure. The emallest beam aperture at the end
of the structure will then be lesa than that given by Eq. (3.1)
by a factor ¢~"/4,

Because of losses {and the spatial variation in the acceler-
ating field in the case of a constant impedance structure), the
eflective stored energy in the structure at the end of the filling
tirme is less than the input energy by the structure efficiency
factor n,. For a constant gradient structure

1—e
2r

(3.4)

T =

Note that structure figure of merit, as defined in Fig. 5, is
& = an,. The peak input power to the structure is now
5 _ C°L,
0,Typs

(3.5)

RF pulse compression <an be used to reduce Lhe required peak
power using the binary power multiplication (BPM) scheme of
2. D. Farkas.!® The peak power gain for an n-stage BPM is

M=2%y , (3.6)

where 7 is the compression efficiency given by
e = 2°" {|1 +exp(~2aTy)]
{1 +exp{-4aTy)] ... l +exp(—2"aTy)]} .

Here a in the delay line attenuation per unit time. If each RF
source feeds N, accelerating atructures, then the peak source
power will be

. _ NLG

A= ¥ (38)

~ e

The average source powuwillbeﬁg:ﬂ,f-f’hlnd&!hhl
AC “wall plug” power per linac of length L is
5 - NPy _ LG LG

P Ty  UeMenes  upd
Here Ny = L{N,L, is the total number of RF sources per linac,
#z i the efficiency for the converaion of wall plug power to RP
power, D = 7y 77, is the overall driver efficiency snd 3 = o,
in the net atructure elastance. It is also useful to know the sver-
age power dissipation per unit length of accelerating structure,
given by (conatant gradient cuse)

39

?“'“ _ 2?I|G’
T R (3.10)

As a design example, consider two X-band linacs (f =
11.4 GHz} driven by microwave tubes, each with a peak out-
pul power of 150 MW and & pulse length of 1.8us. Let each
accelerating structure be 1.0 m in length, assume four stages of
pulse compression, and let each RF source feed four accelerat-
ing eections. Thue the filling time is Ty = 1.Bus/16 = 122 pus,
and the other structure parzmeters given in Table 11! follow.
If the attenuation of the delay lines in the pulse compres.
sion systemn is @ = 0.10 nepers per micresecond (3 in 1D,
overmoded copper pipe), then the compression efficiency Is
ne = 0.85, the peak power multiplication factor is M = 13.6,
and the gradient G = 186 MV/m follows from Eq. (3.8). The
energy of each linac is then 325 GeV. If we assume a repetition
rate of 120 Hz and an efficiency ey = 0.55 far conveision of
AC puwer to RF power, then the total wall plug power for both
linacs is 50 MW. The RF source parameters are also summa-
rized in Table 111,

TABLE III. RF and Structure Parameters
for a 325 + 325 GeV Licear Collider

STRUCTURE PARAMETERS

Length per Linac L 175 km
Length Each Section I, 10 m
Frequency [f.s 114 CH:
Filling Time Ty 112 o
Internal Time Constant Tp 184 s
Attenuation Parameter 0.61
Average Group Velocity @, 89 m/ue
/e 0.0206
Structure Efficiency 5, 0.58
Internal Elastance » 1050 v/pC-m
Effective Elastance 3§ 610 v/pC-m
Disk Hole Radius o 3.82 mm

RF SOURCE PARAMETERS
Source Spacing N,L, 40 m
Total Number of Sources 438 /linac
Pesk Source Power By 150 MW
Pulse Length 7, 1.8
Repetition Rate f, 120 E»
Average Source Power ?; 32 w
Pulse Compression Efficiency 1. 0.8%
Structure Average Power Dissipation 48 kW/m
Assumed RF efficiency v 055
Wall Plug Power P, 25 MW/tina.
Net Driver Efficiency qp 0.47
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4. Beam-Structure Pararmeters

mwmmwummm-
teraction between the beam and the lerating sl

5. A 325 GeV Collider Example

Mtlwuhltm-nunlihmhuhudmwdon,m
RF p ters for our example collider wers calculated Erst in

The single bunch efficiency m, is important because it is &
rough measure of the energy spread within the bunch produced
by longitudinal wake ficids. Also, the Imnch-w-buuhmxy
droop bstween bunches in & bunch train is AE/E & ,m,
The single bunch efficiency is

enG eNa
el -
fa.1)
N(10%) 5(10'? V/C-m)

G (MV/m) *

The single bunch energy spread can cnly be oblalned exactly
by a calculation unsing the longitudinal delta-function wake

ial for the lerating structure in question, as is ex-
plamed In Ref. 11, For a short bunch sitting on the crest of
the accelerating wave, the energy spread is given roughly by
(AE/E)uw m | B(or)m, where B is an enhancement factor tak-
ing into sccount the effect of higher-order Jongitudinal riedes
(see Ref. 11). For example, B = 3 for a 1 mm bunch in the
SLAC structure. However, this energy apread can be redurec
by adjusting the relative phase of the bunch with respect 10 the
crest of the accelerating wave, such that the slope of the RF
wave tends to compensate for the slape of the wake potential
within the bunch. In thiz way the energy spread ca’. be 1o

= 16x107? {

Juced by at least a factor of 3. A conservative estimate is then

AE[E)a < mf2.

In order to obtain a high! ity witha 1 able rep-
e'ition rate and number of particles per bunch, & very small
tr.ansverse eruittance will be required. Bignificant growth in
err tittance as the bunch travels through the linac can lead to
an unacceptable degradation in lnminosity. A number of effects
car: produce such an emittance growth, but there iz space here
to focus on Just one representative effect. The quadrupoles in
the focusing lattice of the linac will jitter randomly in trans-
vei 5= position due to high frequency components in ground mo-
tio-1 arising from both r stural and man-made cavses. The ex-
cursiony off-axis by the h1ad of the bunch will produce a trans-
verse wake which wiggles the tail of the bunch, The grawth in
t:ansverse beam size is given by!?

Az _ VENW.vdm
o SRyl

(4.2

Here W, is the transverse wake potential in cgs units {em—3),
dew, i3 the rms jitter amplitude, and &7 is the brnch size
at the end of the linac. For short bunches the wransverse
wake con be estimaled from W, = 20, W], where W{ is the
slope of the delte funclion transverse wake potentinl, For the
SLAC structure {A = 10.5 cm, & = 1,165 cm), this slope is
W/ =21 em~* and seales as

Wi~ (af 326 (“3)

The emitance grawth due to magnet jitter can be reduced
substantielly by introducing an energy spread b the

Soc. 3 before the beam-beam payameters were considered. The
RF frequency was chosen a priori, and the peak source power
and pulse length were chosen to give the gradient necessary to
reach 300* GeV in a Enac 1.75 km in length. The repetition
rote wan fixed at 120 Hz to give a reasonable AC wall plug
power. The energy and repetition rate, together with a lymi.
nosity per bunch of 10°? /cm?/sec and a beamstrahlung param-
eter 6 = 0.3, x T = 0.16 and ¢; = 0.6 mm from Eqgs. (2.12)
and (2.13). The logical next step would be to 8x 9y at & reason-
able value of 1-2%, determine N through Eq. (4.1) and then
A and hence ¢a from Eq. (2.14). We instead fix ¢, at 3x 10°°
m-rad {one-tenth the SLC damying ring emittance}, choose 8*
= 1 mm, Bnd A3 = 0.07 um and shew that N, D and v
are reasonable. From Eq. (2.15) and Fig. 2 we find D = 5.4,
Hp = 55. From Eq. {2.14) it follows that N = 9.4 x 10%, and
from Eq. (4.1) ns = 0.85%. These results are summarized in
Table IV. Fallowing & similar procedure for a flat beam with
R = 10, we obtain the results ghown in the second row of
Table V. The last column gives ow /W oblained from data
in Ref. 7.

Transverse emittance growth was checked by inserting these
pearameters in Eq. (4.2). The result is Az/oy = 0.06 for the
round beain case assuming dym, = 10~% um. The high gradient
and larger than normal disk hole radius help to keep emittance
growth tolerable.

Table IV. Beam-Beam Parmmeters for Collitder Example

Ep=325 GeV fo=120Hs L) = 10%%/cm? faec
§=03 t=3x10"%m (slop)/1=007 pm

R T Hr o)imm) P Hp N{(10') B W) o, {%) on /W

1 016 055 061 54 56 0N 59 084 0.4
10 049 030 012 29 24 |43 8 13 018

6. Some Conclusions

For the next generation of linenr collider (Ep > 300Gel}),
there is an advantage in working at a higher gradien: than the
BLC gradient of 20 MV/m in order 10 keep the lotai length
of accelerating structure within reasonable bounds. In the
precad ions we have devgloped the design of a collider
witha gradum on the order of 200 MYV/m using conventional
RF technology at 1) GHz (although some might argue that
X-band microwave tobes delivering 150 MW are far from
conventional). The same technology could be ded to
build a 1 TeV eollider with a luminosity of 103 cm~2see~?,
with a wall plug power on the order of 100 MW, if we can
learn how to collide a train of 10 or 20 bunches spaced sev-
eral nanoseconds apart. In the case of a § TeV collider, the
machine becomes uncomfortably long even with a gradiest of
200 MV/m (see Table 1), and the wall plug power would ap-
proach the GW range. A higher RF frequency with a noncon-

tional RF power source (¢.g., two beam accelerator) may be

head and the tail of the bunch {Landeu damping)’®. How-
ever, Eq. {4.2) provides a measure of the severity of transverse
wake figld effects and is useful for scaling.

required, or perhaps such a machine will be based on a com-
pletely different acceleration technology derived from one of
the many exotic concepts that have been proposed.™
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