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1 Introduction

Plansfor thefuturevery largehadron collider (VLHC) now envisage astaging scenario [ 1] where
alow field collider would be built first followed by a high field collider in the same tunnel sev-
eral years later. Thereis also interest in an electron-positron collider in the same tunnel which
could study physicsthat would complement the studies with the hadron collidereg. (fill i n
physi cs i ssues...). Thevery large circumference of the tunnel makesit possible to think
of an et — e~ ring which could reach an energy about twice that of LEP if we limit the syn-
chrotron radiation power to 100MW. Compared to the NLC, the energy and luminosity reach of
such a machine is lower. However the technology required is proven and available today. We
believethat such alarge lepton collider can be built with conservative assumptionsand at afrac-
tion of the current estimated cost of the NLC. In this paper we outline the design of this collider
and consider some of the accel erator physicsissues. We compare and contrast the parameters of
this machine with LEP. Much of the material on LEP is gleaned from arecent paper by Brandt
etd. [2].

2 Design Strategy

Our design philosophy of this electron-positron collider will be to to avail of the maximum RF
power available and operate at the beam-beam limit The synchrotron radiation power lost by
both beams, each with beam current [ is

E'I i T
Pr=20,"~, C= e —886x 107 [m/GeV?] (2.1)
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Assuming that there are M, bunchesin each beam with bunch intensities IV, the luminosity is
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Beam beam footprints (long-range if 1 ring, head-on if 2 rings)



We will assume flat beams so that o < o;. With this assumption, the vertical beam-beam tune
shiftis

Te Nbﬂ*
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Eliminating one power of IV, from the expression for the luminosity, we can write
1 &
= =~ 24
2ers B (2.4)

I isthe beam current in asingle beam. Our strategy as stated earlier isthat as we change param-
eters, Pr and &, will be held constant.

Using Equation (2.4) to eliminate the current, we obtain the following equation for the lu-
minosity and energy in terms of the fixed parameters and the bending radius p,

3 gyPT
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(2.5)

We interpret this equation to imply that when the luminosity, synchrotron radiation power and
beam-beam parameter are held fixed, the maximum energy of the ring increases with the third
root of the machine circumference, i.e.

E p1/3

We should note that this determines the maximum allowable energy at these parameters. We
can choose to operate at a lower energy to stay below the limits on either the radiation power
or the beam-beam parameter. In the above equation 3;; may be assumed constant only if the
IR quadrupoles do not pose an aperture limitation in the vertical plane at any energy. We will
assume that to be the case.

2.1 Bunch intensity limitations

The dominant limitation on the bunch intensity at collision energy arises due to the beam-beam
interactions. We have incorporated this constraint in our scaling of the luminosity with energy,
Equation (2.5). Another limitationthat ismore severeat injection energy isthe Transverse Mode
Coupling Instability (TMCI). Asin the classical head-tail instability, synchrotron motion which
exchanges particles in the head and tail of the bunch drives the instability but this instability
can arise even with zero chromaticity. I1n the presence of transverse impedances (typically wall
resistivity), the wake forces excited by particlesin the head can exert strong enough forces on
thetail such that betatron modeswg + mw, are modified. Typically, at the threshold intensity of
the instability, the modes m = 0 and m = —1 become degenerate. TMCI is known to limit the
bunch current in LEP to below 1mA [2].
The threshold bunch current is given by
Ig“MCI Sfrev vs I (2.6)
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where v, isthe synchrotron frequency, the sum in the denominator is over tranverse impedances
and k, ; isabunch length dependent transverse mode loss factor. Obvioudy higher synchrotron
frequencies and longer bunches increase the threshold intensity. At LEP larger RF voltages are
used toincrease v, while emittance wigglersare used to increase the bunch length at the injection
energy of 20GeV. Comparedto LEP, thevery largelepton collider hasarevol utionfrequency that
is an order of magnitude smaller while the synchrotron frequency, injection energy and bunch
length are comparable. Various schemes have been proposed to combat TMCI for the low-field
hadron collider [4], e.g. starting with lower intensity bunches at injection energy and coalescing
at higher energy, feedback systems etc. We will assume that some such compensation scheme
will beavailablefor thelepton collider if necessary and that bunch currentsof theorder of 0.1mA
will be acceptable.
Real istic estimates of the likely transverse i npedance woul d be

hel pful here.

2.2 Beam intensty limitations

Theavailable RF power determinesthe beam current to zeroth order. Thisconstraint will beused
inthedesign strategy inthisreport. However there are other sources of limitationswhich need to
be considered as the design evolves. Perhaps the most important of these secondary limitations
isthe available cryogenic cooling power. We will assume that superconducting cavities will be
used. The dynamic heat load on these cavities includes contributions from the RF dissipation
and the beam induced heat |oad from both beams. These two sourceslead to apower dissipation
given by

Vir
e — AP (R/Q)0 + 2R, (05) 11, (2.7)

where N, isthe number of cavities, (R/()) isthe normalized shunt impedance per cavity, ) is
the unloaded quality factor of the cavities which depends on the operating temperature and the
field gradient, R,, is abunch length dependent loss impedance of the cavities, I, is the bunch
current, I, isthe single beam current. The available cryogenic power must be sufficient to cope
with this load which has a contribution that increases with the beam current. The total higher
order mode (HOM) power Pyon o 1,1, that could be absorbed by the superconducting cavities
was another restriction on the total beam current at LEP. An upgrade of the couplers and RF
cableswas required to cope with thislimitation. Clearly the design of the cavitiesfor the future
lepton collider should take advantage of the experience gained while operating LEP.

2.3 Synchrotron radiation power and beam-beam limited regime

Here we specify the design strategy keeping the beam-beam parameter and the synchrotron ra-
diation power constant. The beam-beam parameter depends on the bunch intensity while the
power depends on the beam intensity. Hence we will determine the bunch intensity V, from &,
and the number of bunches M,, from P while ensuring that the maximum bunch intensity stays
below the threshold required to avoid the transverse mode coupled instability.

Writing the emittancesin the transverse planes as

€y = K€z
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where x isthe coupling ratio, the bunch intensity can be expressed as

zw:(?;j§y>wm (28)
€ )

where the factors within brackets are assumed to stay constant. One could imagine another sce-
nario with optics changes where 37, 3;,  are allowed to vary.

The equilibrium emittance ¢, is determined by the equilibrium between damping and quan-
tum fluctuations and is given approximately by

_GRy® _ e
Je p V3’ 1 32/3(mec?)
Here R isthe averageradius of the arc assumed to be made of periodic structures such as FODO

cellsand v, isthe arc tune. If L., u. arethe length of each periodic cell and the phase advance
over the cell respectively, then

€x

=3.83 x 1073[m] (2.9)
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The factor R/p - theratio of the arc radiusto the bend radius - can be treated as constant. Typ-
ically it has a value somewhere between 1.0 and 1.25. The arc radius is determined from the
machine circumference C' in terms of afilling factor f,. Thus

C
R = fl% 9 and P = fQR 9 fl; f2 <1 (212)

where f, f» are held constant. Since we do not make optics changes at different stages, we will
treat thefactor in bracketsin Equation (2.11) as constant. The energy inthisrelationisof course
determined from the energy luminosity relation Equation (2.5). Once the emittance is known,
the bunch intensity is calculated from Equation (2.8).

The beam current I and the number of bunches arerelated as I = ef,., M, N, hence the
maximum number of bunchesisfound from the total synchrotron radiation power as

PT ) P
2C," frew Ny B

Mmee = (2.13)

The factors in brackets are constant while the other factors change with the machine circumfer-
ence.

24 RF parameters

There are two requirements on the RF voltage parameters. The first requirement on the voltage
isthat the energy gained due to the RF per turn must equal to the energy lost per turn.

E4
eVrpsings = U = 077 (2.14)
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where C,, = (47 /3)re/(m.c*)® = 8.86 x 10-°m/GeV?. The second requirement is that the RF
acceptance A Err must be a certain number, say N, times the rms energy spread oy for an
acceptable quantum lifetime,

AERF = NQLO'E (215)
or )
1 c, F
s) — N, 1 2.1
\/Whﬁslip6VRFEG(¢ )= Nq1 Top a2 (2.16)
where
G(ps) = 2cos g5 — (T — 2¢5) sin (2.17)

Js isthelongitudinal damping partition number. Typically we require Ng;, ~ 10. These two
conditionscan be solved to find the synchronous phase as the sol ution of the transcendental equa-
tion
™ 55\/§ hnslip NéL
cotos + @ 5 %6 Jay 0 (2.18)

where oy = e?/(4meohc) = 1/137.04 isthe fine structure constant. This equation can be solved
numerically. Once the synchronous phase is known, the RF voltage can be found from Equation
(2.14).

The RF frequency or the harmonic number is related to the desired bunch spacing. In order
to accomodate both beams symmetrically around the ring, it is required that the bunch spacing
be an even multiple of the RF wavelength. Thisin turn requires that the harmonic number be
an even multiple of the number of bunches. The choice of RF frequency influences the energy
acceptance (AE/E) ecep beCAUSE (AE/E) gecep o 1/v/h 0 lower RF frequencies increase the
acceptance. However two economical factorsarguefor higher frequencies: (1) smaller frequen-
ciesincrease the size and hence the cost of the cavity and (2) high power klystrons are more cost
effective above frequencies of 300MHz. In superconducting cavities the frequency is limited
from above by severa factors. (1) cavity losses increase with frequency, (2) longitudina and
transverse shunt impedances scale like wz - and w% . respectively, (3) theratio of the energy re-
moved by abunchfromthe cavity tothe stored energy inthe cavity alsoincreaseswith frequency.
In this paper we will consider RF frequenciesin the neighbourhood of 400MHz.

As an example, consider acircumference of 228km. We will develop a parameter list based
on this circumference. We will assume a total synchrotron radiation power of 100MW and a
beam-beam parameter &, = 0.1. The maximum number of bunches M 3** determined by Equa-
tion (2.13) is89. Therevolution frequency is 1.315kHz and the harmonic closest to 400MHz is
304212 =2 x (2 x 3 x 25351). Thisdoes not have many divisors so amore convenient harmonic
number is304220 =2 x (2 x 5 x 7 x 41 x 53). If we accept the requirement that h = 2nMp,
the allowed number of bunches lessthan M7 ** are 2, 10, 14, 35, 70, 82.

2.5 Optics
251 Arcoptics

The choice of phase advance per cell 1. and thelength of acell L. arecrucia design parameters.
The equilibrium emittance decreases as the phase advance increases, reachesaminimum at 135°



and then increases again at larger valuesof ... The horizontal dispersion also decreaseswithin-
creasing phase advance and shorter cell lengths. Conversely, stronger focusing also increasesthe
chromaticity and hencethe strength of the sextupol esrequired to correct the chromaticity. Strong
sextupoles can limit the available dynamic aperture. For these reasons, the choice of phase ad-
vance per cell in electron machinesis usually limited in the range of 60° < pu. < 120°. For
example, LEP started operation with (60°, 60°) phase advances in the (z, y) planes at 45GeV,
and since then has used (90°, 60°), (90°, 90°) and (102°, 90°) phase advances at higher energies.

Another parameter affected by the choice of opticsis the threshold current for TMCI. From
Equation (2.6) we observe that I1MC! oc v, /(32 ik ;). To estimate the dependence on .., L.
we replace [3; by the average value in a FODO cell (5) = L./sinpu.. The synchrotron tune
Vs o y/ac where ac isthe momentum compaction. Since aie o< 1/ sin®(u../2), we find

Vs 1 c
[TMOT ) x I cos(%) (2.19)
Hence the TMCI threshold israised with shorter cell lengths and shorter phase advance per cell.

In this paper we will choose the phase advance per cell ¢, = 90° and then choose a cell
length L. so that the bunch intensity does not exceed a certain threshold set by the TMCI. We
will develop parameter sets (luminosity, energy, RF voltages,...) for different machine circum-
ferencesin this paper. As we increase the ring circumference ., L. will be assumed constant
while the revolution frequency decreases and the bunch intensity always stays below the TMCI
threshold.

The phase advance per cell is one way of controlling the equilibrium emittance. Another
way is to redistribute the equilibrium emittance between the horizontal and longitudinal planes
by changing the RF frequency. In an lattice constructed entirely of FODO cells, the change of
partition number with momentum deviation is given by

2+ Lsin? e /2
dJ, . dJs . 4L_D [ + g S MC/ ] (2.20)

s~ do Lo sin? pc /2

where Lp, L, are the Inegth of dipolesin a half cell and length of a quadrupole respectively.
Writing J..(0) = J.(0) + (dJ./dd)o + ..., we observe that reducing the emittance ¢, by half
requires increasing the damping partition number to J,.(6) = 2J,(0) or a momentum shift of
dng,=1 = 1/(dJ,/do) if initially J,(0) = 1. The required RF frequency shift is related to the
momentum deviation ¢ by

Afrr AR

JrF R

While the horizontal emittance can be changed by an appropriate shift in RF frequency, there
is aso a change in the radia excursion AR of the beam. It isimportant to keep this as small
as possible both to minimize alossin physical aperture and avoid a significant reduction in the
transverse quantum lifetime. A lower phase advance per cell and ashorter quadrupolelengthrel-
ativeto thedipolelength, i.e. weaker focusing, help to keep therelative change in RF frequency
and radial excursion small. As an example we consider the 228km ring whose parameters will
be given later in Section 5. With L, = 103.7m, Lo = 4.1m, uc = 90°, ac = 0.28 x 1074,
we find the damping apertureto be 6 ;,—; = 2.2 x 1073, The corresponding radial excursion

= —Ozcé (221)



isabout AR = 1.84mm. Since this changes the damping partition number by one, we can write
this as the change in damping partition per unit of radial excursion,

AJ,
AR

= 0.54 /[mm]

Thisislarge enough to be useful.

An alternative method of reducing the transverse emittancesisto place adamping wiggler in
aregion wherethe dispersion vanishes. Conversealy the emittance could be increased if required,
e.g. to reduce the beam-beam tune shift, by placing thewiggler wherethe dispersionisnon-zero.

If the horizontal emittanceis reduced by any method, the energy spread increases which de-
creasesthe energy resolution of the experimentsand al so thelongitudinal quantum lifetimeif the
RF voltage is kept constant. This places constraints on the allowed emittance manipulations.

25.2 Interaction Region

A detailed design of the IR must include the focusing scheme to obtain the desired spot sizes, a
beam separation scheme, the collimation and masking scheme to protect components from syn-
chrotronradiation, local chromaticity correction if required, the interface with the detectors etc.
Here we will consider only the basic optics parameters. The lower limit on 5* isusually deter-
mined by the maximum tolerable beam size in the interaction region (IR) quadrupoles and the
chromaticity generated by these quadrupoles. Furthermoreto prevent theloss of luminosity due
to the hourglass effect, 5* should be significantly greater than the bunch length.

Here we will assumethat 3; < 3; asistrueat most e — e~ rings. Consequently aperture
and chromaticity limitationswill first arise in the vertical plane. As stated earlier in this section
wewill consider fixed values of 37, 5, at all circumferences and energies and assume that these
do not pose aperturerestrictions at any energy. These valueswill need to be reconsidered during
the design of the final focusing system.

The choice of 3;/13; needsto be closely related to the emittance coupling ratio x = ¢, /e...
The horizontal beam-beam parameter isrelated to the vertical parameter as

gm:

If k > 3/, then &, > &,. Inthis case the beam-beam limit is reached first in the horizontal
plane. Beyond this limiting current, the emittance grows linearly with current and the beam-
beam parameters stay constant. In particular the vertical beam-beam parameter £, never reaches
its maximum value and since the luminosity is proportional to £, the maximum luminosity is
not obtained. Itis therefore desirable to have x < 3;/3;. In this paper we will consider the
so called optimal coupling scenario where x = f3;/3; and the beam-beam limits are attained
smultaneously in both planes, £, = ¢&,.

2.6 Operation with many bunches
to be filled in



2.7 Polarization
to be filled in

2.8 Summary of design strategy
Input parameters
e Maximum synchrotron radiation power.
e Maximum beam-beam parameter.
e Maximum bunch intensity limited by TMCI.
. 3.0
e Emittance couplingratio x = ¢, /e, = 3, /3;.
e Arcfilling factor f1, ringfilling factor fs.
e Phase advance per cell pc.
e Number of IPs.
e Ng.: Ratio of RF bucket height (energy acceptance) to rms energy spread.

Output parameters

1. For agiven machine circumference C, determine the bend radius p and arc radius R from
Equation (2.12) with assumed values of f1, fs.

2. Determine the maximum energy at this circumference from Equation (2.5).

3. Determine the equilibrium emittance at this energy and maximum bunch intensity from
Equation (2.8).

4. Determinethe cell length from Equation (2.11).

5. Determine the maximum number of bunches from Equation (2.13).

3 Lifetime

The radiative Bhabha scattering processete™ — ete™ isexpected to dominate the beam life-
time at collision in this large lepton collider. The lifetime from this process with a scattering
Cross-section o+, 1S

1 MyN,
N N[p [,0'6+ef

(3.1)
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Substituting for the luminosity from Equation (2.4) we can write thisin terms of the beam-beam

parameter &, as
7= [2“’ by 1 ] ! (32)

Nip gy Oete— Vfrev
The cross-section o+~ has aweak logarithmic dependence on energy (see Equation (A.25) in
Apendix A) which can be ignored to first order. Assuming that 3;, £, are constant, the termsin
square brackets above can be considered nearly constant. At a fixed circumference, the lumi-
nosity lifetime decreases with approximately the first power of the energy.

There are other contributionsto the beam lifetime such as beam-gas scattering and Compton
scattering off thermal photons but those lifetimes are about an order of magnitude larger than
the luminosity lifetime considered above. For present purposes those effects can be ignored but
need to be considered at alater stage.

4 Scaling of the beam-beam parameter

The damping time 7, determines the time it takes for the beam to reach an equilibrium distri-
bution in the absence of external nonlinear forces. As the damping increases and this time de-
creases, the beam becomes more immune to non-resonant perturbations that would change this
equilibrium distribution. Indeed observations at severa e — ¢~ colliders have shown that the
limiting value of the beam-beam parameter increases slowly with energy or more precisely with
the damping decrement. The damping decrement for beam-beam collisionsisdefined asthein-
verse of the number of beam-beam collisions per damping period,

1
A —
" NipTs

(4.1)

where 7, isthe damping time measured in turns. For example at LEP, the beam-beam limit has
increased by more than 50% as the energy was increased from 45.6GeV to nearly 100GeV. Fit-
ting a power law to the LEP data[2] for the maximum beam-beam tune shifts at three different
energies we find that

gy,mam ~ A?l.% (42)

Earlier Keil and Talman [5] and more recently Peggs [6] considered the scaling of the beam-
beam tune shift with \; applied to data from earlier machines such as SPEAR, PETRA, CESR
and found roughly the same power law behaviour.

5 Design Parameters

The design strategy has been outlined in Section 2. We know for example that at fixed lumi-
nosity, synchrotron radiation power and beam-beam parameter that the maximum energy of the
beams scales with the cube root of the circumference. Here we apply this strategy to different
machines with circumferencesin the range from 120km to 500km. This should span the range
envisoned for different versions of the VLHC.

One feature of the design that needs some iteration is the initial choice of the beam-beam
parameter. We have seen in Section 4 that the maximum beam-beam parameter scales with some

10



Scaling of the beam-beam parameter
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Figure 1: The LEP data on the maximum beam-beam tune shift is fit to a power law curve.
Also shown are the damping decrements and expected maximum beam-beam parameter for the
VLLC33 (luminosity=10%*cm~2sec™!) and VLLC34 (luminosity=10%*cm~2sec™!) design pa-
rameters.

Figure 1 shows this power law curve and also the expected beam-beam tune shiftsfor VLLC33
and VLLC34. The damping decrement for VLLC33 is 0.01 which implies £, ;... = 0.1 while
for VLLC34 where the maximum energy islower, Ay = 0.0006 and the expected &, 0. = 0.05.

power of the energy. Since the beam energy is an output parameter, we need to ensure that the
choice of the beam-beam parameter is self-consistent with the design energy.

Figure 2 shows the maximum energy as a function of the circumference for three different
luminosities. For example at a circumference of 228km, the maximum single beam energies at
luminosities of 10%?,10%3,10%* cm~2sec™! are 396, 184 and 70GeV respectively. Thus aring
with circumference around 228km should suffice to reach the top quark production threshold,
estimated to be at 360GeV, with aluminosity close to 10?*cm~2sec™!. One also observes that
single beam energies from 300-500GeV appears attainable at a luminosity of 1032cm—2sec!.
However the RF voltages required in this range of energiesisin the hundreds of GV asseenin
Figure3. Intherange of 150-250 GeV per beam and luminosity 1033cm~2sec™!, the RF voltages
areafew GV, comparableto LEP.

Figure4 showsthee™ — et bremmstrahlung lifetime as afunction of circumference at three
luminosities. We observethat at aluminosity of 1033cm—2sec™!, thislifetimeranges from 15-36
hours which should be adequate considering that this is the dominant contribution to the beam
lifetime at luminosity. The lifetime was cal culated using the expression (A.25) for the bremm-
strahlung cross-section which does not have corrections from a cut-off parameter which corre-
spondsto the characteristic distance between particlesin the bunches. Withthiscut-off the cross-
sections aretypically 30% lower. For example analysis of the cross-section at LEP energies[17]
showed that the uncorrected cross-section of 0.3barnswasreduced to 0.2barns. Thisnumber was

11



Energy vs Circumference: synch. rad. power = 100MW
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Figure 2: The maximum energy attainable as a function of the machine circumferencefor three
different luminosities. At theenergiesobtainablewithluminositiesof 10%3cm~2sec™! and lower,
the maximum beam-beam parameter was set to 0.1. At the luminosity of 10**cm~2sec™?, the
beam-beam parameter was set 0.05. The synchrotron radiation power of both beams was set to
100MW in al cases.

found to agree well with measurements. As a consequence of the smaller cross-section, lumi-
nosity lifetimes may be about 30% higher than shown in Figure4. At most energies, thelifetime
istypically in thetens of hoursand increases to hundreds of hourswhen the energy dropsto less
than 100GeV asis the case when the required luminosity is 103*cm~2sec~!. By comparison, the
luminosity lifetime at LEP is about 5-6 hours.

Table 1 shows the design parameters of a228km ring obtained by following the design strat-
egy outlined in Section 2. We remark on some of the interesting features of thisring compared
to LEP.

¢ Increasing the circumference of LEP by afactor of 8.5 and the total synchrotron radiation
power by about 7 allows a 10 fold increase in luminosity at amost double the energy.

e Thebunchcurrentin VLLC33isroughly 5timeslower in keeping with the expected lower
threshold for TMCI.

e Theet — ¢~ bremmstrahlung lifetimein VLLC33 is significantly longer at 23 hours.
e The vertical beam sizes in the two machines are comparable

e The horizontal beams sizes in the arcs of the two machines are also close. Hence vacuum
chamber dimensionsin VLLC33 can be smilar to thosein LEP.

e Themain dipolefieldisabout 5 timesweaker than that of LEP. Iron magnets operated at
room temperature will suffice. Conversely, good shielding from stray magnetic fields, e.g.
those of the low field hadron collider, will be critical.

12



RF Voltage vs Circumference: synch. rad. power = 100MW
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Figure 3: RF voltage required asafunction of the machine circumferencefor different luminosi-
ties with the synchrotron radiation power of both beams was set to 100MW in all cases.

Luminosity lifetime vs Circumference: synch. rad. power = 100MW
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Figure4: Luminogity lifetime vsthe circumferenceat three different luminosities. Herethelife-
time increases with the required luminosity because the maximum energy decreases at higher
luminositiesand the lifetime ~ 1/, cf. Equation(3.2). Seethe text for other remarks.
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et — e~ Collider Parameters

Parameter LEP 1999 VLLC33
Circumference [m] 26658.9 228000
Maximum Energy [GeV] 97.8 184
Luminosity [cm—2sec™!] 9.73x 103! 1x1033
Emittances,, €, [nm] 21.1,0.22 8.3,0.415
B, 8, [em] 150, 5 100, 5
RMSBeamsizeat IP o, o, [um] 178, 3.3 91, 4.6
Bunch intensity/current [ /mA] 4.01x10%/0.72 | 6.7x10'1/0.14
Number of bunches per beam 4 89
Bunch spacing [km] 6.66 2.56
Total beam current (both beams) [MA] 5.76 25.04
Beam-beam tune shift ¢, &, 0.043, 0.079 0.1,0.1
ete™ bremmstrahlung lifetime [hrs] 6 23
Dipolefield [T] 0.11 0.024
Bend Radius [m] 3026.42 25411
Phase advance per cell ji,, p,, [degrees] 102, 90 90, 11y
Arctune 70.3, 62 193, Q¢
Cell Length [m] 79.11 248
Total length of dipolesinacell [m] 69 207
Quadrupole gradient [T/m] 9.5 28
Length of a quadrupole [m] 16 4.1
Arc gmaz, gmin [m] 144, 18 423,73
Arc gmar gmin [mm] 1.7,0.6 19,08
Arc dispersion D™ Dmin [m] 1.03, 0.45 1.37,0.65
Bend radius to Machine radius 27p/C 0.71 0.70
Momentum compaction 1.6x10~* 2.8x107°
Energy loss per particle per turn [GeV] 2.67 3.99
Critical energy [keV] 686 455
Longitudinal damping time [turns/msec] 73/6.5 46/35
RMS relative energy spread 1.52x1073 1.0x1073
Bunch length [mm] 11 7.5
Synchrotron tune 0.116 0.133
RF Voltage [MV] 3050 4660
RF frequency [MHZ] 352.209 400.0
Revolution frequency [kHz] 11.245 1.315
Synchrotron radiation power - both beams [MW] 145 100
Available RF power [MW] 34.1

Power load from both beams [kW/m] 0.82 0.52
Photon flux/length from both beams [/m/sec] 2.4x 1016 2.3x10'

Table 1: Parametersof thevery largelepton collider with adesired luminosity of 1033 cm—2sec™!
and a circumference of 228km. For comparison the parameters of LEP during 1999 are also

shown (taken from [2]). 14



Synchrotronradiationin quadrupolesmay besignificant. Theratio of thefieldinaquadrupole
at an amplitude equal to the rms beam size to the dipole bend field is a rough measure of
thiseffect [10]. The quadrupole gradient in the VLLC is 28T/m so thisratio is 2.2 which
islarge. By comparison, in LEP where the gradient is 9.5T/m, thisratio is more than ten
times smaller at 0.15. One way to reduce thiswould be to increase the quadrupol e length
keeping the same integrated strength. Thi s needs to be carefully | ooked

at .

The critical energy is smaller in VLLC33 so shielding against synchotron radiation asin
LEP should be adequate for VLLC33. The photon flux per unit length isamost the same
in the two machines.

The RF voltagerequired for VLLC33 issignificantly higher at 4.7GV (without beam |oad-
ing) compared to 3.1GV (presumably with beam loading) for LEP.

We assumed f; = f, = 0.84 to have the same ratio of bend radius p to the machine
radius C'/(27) asin LEP. A somewhat more aggressive choice of packing fractions f, =
fo = 0.90 or 27rp/C = 0.81 yields dightly different parameters, e.g. maximum energy
Eonee = 193GeV, RF voltage Vi = 4883MV. Both of these quantities scale with the
third root of the bend radius.

e We chose optimum coupling, i.e. €,/e. = 3;/8; whichimpliesthat §, = &,. Operating
at the beam-beam limit in both planes might well be challenging. If we reduce the emit-
tance coupling to half this value, €, /e, = 0.025, then {, = 0.071 while staying at the
beam-beam limit in the vertical plane ¢, = 0.1. With this choice, optics and beam size
parameters change, e.g. €, = 11.8nm, cell length=278m, 5%* = 475m, D"** = 1.72m,
omer = 2.4mm, v, = 0.156, oy = 8.1mm. The RF voltage increases to 4780MV while
most other parameters are relatively unaffected.

¢ \We chose an energy acceptancethat isten timesthe equilibrium energy spread of the beam
to ensure sufficient quantum lifetime. At LEP with the parameters given in Table 1, this
ratio isonly about 6.6. If we assume thisvaluefor the 228km ring, the RF voltage islow-
ered from 4.66GV to 4.43GV. The energy loss per turn requires that the RF voltage be
greater than 4GV.
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Circumference=228km, synch. rad. power = 100MW
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Figure5: Achievableluminositiesand the RF voltages required as afunction of energy at aring
circumference of 228km. The synchotron radiation power is kept constant at 100MW.

Once the circumference is chosen, the range of available energies and luminositiesis of pri-
mary interest. We know that the luminosity fallsas £~ and the RF voltage required increases
as E* when the energy isincreased. Figure 5 shows the values of luminosity and RF voltage
as a function of energy with a ring circumference of 228km and synchotron radiation power
kept constant at 100MW. We observe that if a maximum of 18GV of RF is available, the en-
ergy reach of asingle beam in thisring extends to 250GeV with luminositiesin the range from
0.4-1.8 x10*3cm—2sec!.

6 ScalingLaws

6.1 Scalingwith radius

If theet — e~ collider isto be part of astaged approach to alarge tunnel housing both lepton and
hadron accelerators which will be ugraded in energy and/or luminosity over time, then it makes
sense to consider how the lepton collider parameters scale with the machine radius. Thiswould
help determine an optimum radius. Furthermore, once the parameters are determined at onecir-
cumference, the scaling laws may be used to cal cul atethe parametersat any other circumference.
Table 2 shows the scaling with radius of some of the important parameters.

¢ Due to the strong dependence of the emittance on the focusing in the arcs, the emittance
actually decreases with machine radius even though the energy has increased.

e The bunch intensity also decreases with increasing radii and faster than the emittance in
order to keep the beam-beam tune shift constant.
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Parameter Radius dependence
Maximum Energy E pt/3
Equilibrium emittance e, ~ v2/R3 p~ /3
Bunch intensity N, ~ &,ve, p2
Maximum number of bunches M % ~ p/( frew Nyy?) p3
RFVOItageVRF ~ ’74/p ,01/3 ~ oy
Relative energy spread o/ E ~ v/ /p p~ /6
Synchrotron frequency v, ~ \/hVrrn/E pl/?
Bunchlength o; ~ 1/w,(0r/E) p'/3
Critical energy E. ~ Ypi const.
Dampingtimer, ~ E3/p congt.
Maximum beam-beam parameter £ ~ 7,70:26 const.
Bremmstrahlung lifetime 7, ~ 1/(frev) p*/?

Table2: Scaling of beam parameterswith machineradius. Luminosity and synchrotronradiation
power are kept fixed.

e The number of bunches must be increased to avail of the maximum RF power when the
machine radius is increased. There is an upper bound to the number of bunches set for
example by the minimum bunch spacing and also from operational considerations.

e Therequired RF voltage and the maximum energy both increase with the cube root of the
machine radius.

e Therelative energy spread decreases very slowly as the machine size increases.
e The critical energy does not change as the machine size isincreased.

e The damping time measured in turns and therefore the damping decrement \; and maxi-
mum beam-beam parameter ¢, also do not change with machine size.

6.2 Scaling with energy

The useful energy reach of the accelerator of fixed circumference can be found by an examina-
tion of the scaling of the important parameters with energy. Table 3 shows some of the scaling
relations. Most of these dependences on energy are well known. The additional twist here is
that the beam-beam parameter is allowed to scale with energy and recent data (see Section 4)
suggest that £ ~ ~*®. If weare to operate at the beam-beam limit at all energies, then (a) the
luminosity drops more slowly with energy £ ~ =22 compared to v~ without the scaling of
the beam-beam parameter and (b) the bunch intensity increases morerapidly as NV, ~ ~3® rather
than 3. The e™ — e~ bremmstrahlung lifetime also drops faster with energy as 7, ~ v~ %% in
this scenario.
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Parameter Energy dependence
Equilibrium emittance e, 72
Energy loss Uy, RF Voltage Vi r v
Dampingtimer, ~ E /U, ¥
Maximum beam-beam parameter &, ~ 7;%-% v
Luminosity £ ~ &,y v
Bunch intensity N, ~ &,ve, 3
-
,y?)

-3

0.8

2.2

.8

Maximum number of bunches M %% ~ 1/(N,E*) w8
2

Synchrotron frequency v, /

Equilibrium energy spread o/ E v
Bunch length o; 172
Critical energy E. 73
Bremmstrahlung lifetime 7, ~ 1/(,7) y18

Table 3: Scaling of beam parameters with energy. Machine circumference and synchrotron ra-
diation power are kept fixed.

7 AnInjector System

The Fermilab accelerator complex (Linac, Booster and Main Injector) could be used asthe basis
for an et e~ injector if the beam energies were somewhat reduced from those used for protons.
The specificationsof of aninjector system could follow thedesign of the LEP[11] and HERA[12]
injectors, or the the APS[13] injection system.

Two new electron linacs would be required. The first would operate at about 3 GHz and ac-
celerate el ectronsto an energy of around 200 M eV, which would be sufficient to produce positrons.
A positron production target would be followed by a second linac section to produce a positron
energy high enough to inject into the positron damping ring. Since the positrons will be pro-
duced at amuch lower flux and larger emittance than electronsit isnecessary to damp and collect
positrons from many pulses before further acceleration. The CERN, HERA and APS damping
rings are very compact, and operate at energies of around 400 — 600 MeV. During the checkout
of the FNAL 805 MHz linac upgrade, the linac tunnel was operated essentially with two parallel
linacs, so the addition of ae* e~ linac line would not crowd the existing facility[14].

We have considered the use of the FNAL Booster to accelerate the e and e~ to higher en-
ergies, however the use of gradient magnets in the lattice makes this ring somewhat inappro-
priate for electrons since this lattice affects the damping partition numbersin undesirable ways.
In order to eliminate this problem, a correction package, consisting of a gradient magnet and a
guadrupole, should beinserted in thering to correct the damping partition numbers. The booster
has sufficient space to accommodate this package. Similar packages have been used in the PS
at CERN.

Itisunclear if it is more efficient to reverse the magnetic field in the accel erator structure or
build injection lines so beams could circulate in opposite directions. We assume injection and
extraction systems would have to be added to the booster for e*e ~ operation. The maximum
energy that could be reached with the existing rf would be around 3 GeV. Since a new proton
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source is being considered for a neutrino source and muon collider, which would not fit in the
existing booster tunnel, There is also the possibility of designing a compact magnet lattice to
replace the existing booster magnets.

We assume el ectronsand positronswould beinjected into theMain I njector, (M1), in opposite
directions a an energy of around 3 GeV. This energy would require the M1 magnets to operate
at amuch lower field than would ever be used for protons, however the magnets have been mea-
sured at this low field and the field quality seems to be acceptable for electron operation[15].
The maximum energy that could be produced in the main injector is around 12 GeV, due to the
limited rf, and the limited space for adding more. The beamswould then be extracted in opposite
directionsinto the VLHC booster tunnel for accel eration up to the injection energy of the VLHC
ring.

The primary constraint on the injection energy into the e"e~ collider ring seems to be the
remanent fields in the collider magnets at low fields, which could complicate injection. If the
12 GeV dectrons from the MI were injected into the collider ring, the average magnetic field
would be around 13 Gauss, which should be compared to the 215 Gauss injection field of LEP.
Itisunclear at thistimehow low theinjectionfield can be, but it seemslikely adesirableinjection
energy would be in the range of 30-50 GeV. We have studied the properties of an electron ring
in thetunnel of alow field VLHC booster in the context of an ep collider[16]. Such aring could
have amaximum energy up to about 80 GeV with ainstalled RF voltage of 1.09 GV. We assume
thisrf operatesat 352 MHz. If the VLHC booster ring was used only as an injector, an injection
energy of around 40 GeV could be accommodated with an rf voltage of about 60 MV.

8 Synchrotron Radiation Source

TO BE FI LLED I N

9 Technological Challenges

The primary technical challanges seem to be cooling the vacuum chamber, disposing of the heat
produced, and determining how low thefield of the collider magnets can be confidently run, since
this minimum field determines the design of the magnets and the injection energy. In addition,
however, there are anumber of other technical problems which must be considered.

e The vacuum chambers and the pumping system must be able to cope with the high levels
of synchrotron radiation. Although the power radiated per unit length is less than that at
LEPR, the small beam size in the arcs mean local power densities can be high. The large
bending radiustendsto make even energy deposition on theinside of the vacuum chamber
difficult. Although lumped and distributed absorption of the synchrotron radiation power
are possible we assume that there will be lumped absorbers located near vacuum pumps.

The hot water produced in the synchrotron absorbersisaso aproblem. Sincetherewill be
roughly 100 MW of heating, distributed over 230 km, we assumethisheat must be brought
to the surface where cooling towers would be used to discharge it into the atmosphere.
This system would be a significant environmental perturbation on the surface. We have
also looked at discharging the heat into the ground and into surface water.
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Figure 6: Hysteresis loss as a function of carbon content in steel.

The vacuum chambers themsel ves are assumed to be bakable, and thisintroduces alarge
number of expansion jointsinto the design. Thesejointscomplicatethe beam stability, and
the requirement for expansion introduces significant mechanical complexity to an other-
wise fairly smple vacuum system.

The primary issuewith theinjector system design is determining the minimum field where
the ring magnets can usefully transport beam. Since the bending magnetsin the arcs oper-
ateat afield of B;,;[Gauss| = 1.3E[GeV], and the error fields at injection should be be-
low ~ 1073 B;,,;, error fields due external sources, other components and remanent fields,
could beaproblem. A final injector synchrotron must then be designed which can produce
beams in the required energy. This synchrotron can be located in the tunnels which would
be eventually occupied by the hadron booster.

We have shown that external fields can be well attenuated by the magnet yoke itself and
extensive shielding of magnets may not be required[3] [?]. The remanent fields at low
excitation are a function of the specific aloy used, and number of alloys exist with very
low remanent fields, however their costs tend to to be higher than steel. One option seems
to bethe use of vacuum or hydrogen annealed steel [?]. Thisanneal removes carbon from
the steel very efficiently, reducing the remanent field and hysteresis |oses by a significant
factor, as shown inthe Figure 5, [?]. It seems as though an order of magnatude reduction
in remanent fields from the standard low carbon 1010 alloy, (~ 0.1%carbon), may be, in
principle, possible, in an aloy which is not significantly more expensive than standard
commercialy produced ones.

We assume that superconducting RF cavitieswill be necessary. The design of these cavi-
ties must suppress higher order modes efficiently.

Itisnot clear if theet — e~ collider arcs would be optimized with one or two rings. While
it ispossibleto assume that pretzel orbits can produced in the comparatively long arcs, it
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isnot clear if parisitic collisions will produce significant emittance growth to justify the
construction of a second set of arc magnets. This may significantly affect the cost.

e The placement of the rf cavities will determine the energy of the beam around the ring.
Since so much energy is added per turn, it may be necessary to distribute the cavities
around the ring. This might require zero dispersion straights at a number of locations.

e Ifthee™ — e~ collider and the low field hadron collider magnets are both energized at the
sametime, thelepton collider will need to be protected from the fringefiel ds of the hadron
collider. Thesefringefields at adistance of about a meter are of the order of afew hundred
Gauss, about the same level as the main bending field in the lepton collider.

e Extensive masking and collimation systems will be required to protect the detector com-
ponents from synchrotron radiation.

10 Conclusions

We have explored the feasibility of a large electron-positron collider within the context of a
staged approach to building a very large hadron collider. We have shown that in aring of cir-
cumference 228km, a lepton collider with 300 < E.,, < 500GeV with synchrotron radiation
power limited to 100MW would require RF voltages from 2-18 GV and would achieve lumi-
nositiesintherange0.4-1.8 x 10*3cm~2sec™!. Theachievable energy extendsto nearly 800GeV
(center of mass) at alower luminosity of 10%2cm—2sec™! but aimost 100GV of RF voltageisre-
quired to replenish the energy lost by the beam. We believe that a lepton collider in a tunnel
built to house a very large hadon collider is technically feasible. The important question to an-
swer first iswhether the physics at these energiesis sufficiently interesting. Assuming that isthe
case, the design of such an accelerator can proceed to the next stage. The cost of the technical
components in the lepton collider will likely be dominated by the superconducting RF cavities.
Improvements in design and technology can be expected to reduce the cost a decade from now
compared to what they are today. Several technical challenges have to be faced but none appear
to be insurmountable.
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A Appendix: Useful Formulae

Luminosity
[ — N6+N6*berev 1 (Al)
47 \/ﬁ;7eem7e\/ﬁ§7e€y7e
where N+, N.- are the bunch intensities, M, isthe number of bunches.
Equilibrium horizontal emittance
21§ H/p*d
€y = Oq/y f /p S (A2)
Jo | $1/p%ds

The equilibrium emittance in alattice built entirely with FODO cells scal es with the horizontal
phase advance p.{ per FODO cell as[7]

Cr? gy 1 = $sin? (S /2) + g sin' (1€ /2)

c
T =4
€alts) I sin?(u¢ /2) sin ug

(A.3)

where C, = (55/32v/3)h/mc = 3.84 x 10~'3m, .J, isthe horizontal damping partition number
and 6 is the bending angle in half of the FODO cell.

Momentum compaction

e~ LArc 92
T 0 sin®(u/2)

where L 4,.., C' arethelengths of the arcs and the circumference respectively, 6 isthe bend angle

per half cell and 1. isthe phase advance per cell.

(A.4)

Equilibrium energy spread
OFR Cq

-~

E \ Jop

v (A.5)
where

iy 5 he

T 32\/3mc?

for electrons and positrons. J; is the longitudinal damping partition number, p is the bending
radius.

=384 %x107¥m

Equilibrium bunch length

s clnles ¢ n|E  ogm (A6)
l ws E 27 fren | heVrpcosts E '

where 7 isthe dip factor, w; is the angular synchrotron frequency and the other symbols have
their usual meanings.

Energy acceptance
AFE GVRF

(f)accept - wh|n|E

G (o) (A.7)
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G(¢s) = 2cos ps — (T — 2¢5) Sin P

Beam-beam tune shifts

Nere 3 Nere(3;
gm = s (% *\ 7 gy ™~ s (% . * (A8)
2nyoi(ok + o) 2nyoy(ok + o)
Inthelimit o} > o,
Nereﬁ; Neref3
o= b =— 2 (A.9)
2ry(o) 2ryoyoy
Energy lost by electrons per turn
195 4t 1, _5 3
U = 077, 07 = Em = &8.86 x 10 m/GeV (A].O)
Synchrotron radiation power in beam
Ul
P, synch — — (All)
(&
Critical energy
E3
E.it[keV] =2218— , Ein GeV ,pinm (A.12)
P
Critical Wavelength
4
Aerit = TP 1010 , in Angstroms (A.13)
33
Number of photons emitted per second by a particle
15.07/3  Paynen
N, = e 10° A.14
1T TR0 eNEoy | (A.14)
where Psy.cp, isin MW, E.;; iSin kKeV.
Total Photon Flux
N, =8.08 x 10'7 x IImA]E[GeV], photons/sec (A.15)
Gas Load
Q. = 4.5 x 102N not00- [Torr — litres/m/sec] (A.16)
where 101, 1S the photo-desorption coefficient and ¢, = ’7 /L ar is the photon flux per unit
length.
Damping partition numbers
Js >~ 2.0 (A.17)
Jo+Jy+Js = 4 (A.18)
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For aFODO cell in the thin-lens approximation

dJ, Lp [2+ %sin® /2
o Lo |2Egsinn/2 (A.19)
do Lg sin® p/2
Damping times
E 2 2
To = —frevU’ Ts = 3 —I—DTO N Ty, Ty =270, Ta = D™ Ty (A.20)
D1 B’
DLy 9B
D = M (A.21)

Ts 1
Tquant;s FNo eXp[—N2 ] (A22)
1 N, 2 QL
where AT
RF
Nor = ( - )

A Err isthe energy acceptance of the bucket provided by the RF system, o 5 isthe sigmaof the
energy distribution and 7 is the longitudinal synchrotron radiation damping time. Thisisthe
expression due to Sands [8] but there are other (perhaps more accurate) expressions.
Transverse quantum lifetime

e’s

27‘5

T (A 23)

Tquant;8 =

where 1
_ & xApert,,B 2
T8=5 (705 )
T apert,p 1S the transverse position of the aperture limitation, o3 is the transverse sigma of the
particle distribution and ¢ 44.,,p, | 1S transverse synchrotron radiation damping time. If thereis
finite dispersion at the location of the aperture limitation, then Chao’sformula[9] holds

1 exprss) 1
Tquant;3 = : TL (A24)
! V2 (262 (14 £),/F(1 = f)
where
1 T Aper D?o?
rho = 5(Tot)t s ob=or+Diol, f= 2

D, isthedispersion at the location of the aperture, o5 istherelative momentum deviation. For a
fixed transverse damping time, the quantum lifetime depends on the parameters f, 3 s and has
minimas at specific values of these parameters.

ete” Bremmstrahlung cross-section
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The dominant process which determines the lifetime at collision is small angle forward ra-
diative Bhabha scattering which has a cross-section given by [18]

16 AFE ) 1 1 AE 2 3
Ocrer = = arg | =(I(Z)aceepn + ) (4764 7e7) = 5) + S I0* (- Jaceapt = 5 — 3

E 8 2 2
(A.25)
where (AE/E) accept 1S the RF acceptance of the bucket.
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