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Abstract

The Very Large Hadron Collider (VLHC) design is converging on a program where a
233 km circumference tunnel would first be occupied by alow field di pol e system producing
40 TeV in the center of mass, followed by a higher field magnet system producing nearly
200 TeV in the center of mass. We consider the possibility of first using the tunnel for a
large eT e~ collider. We assumethat the total radiated synchrotron power will be limited to
100 MW. We describe the design strategy, the luminosity and energy reach, the factors that
limit the machine performance, the scaling laws that apply to its design, and the technol ogy
that would be required for itsimplementation.
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1 Introduction

Plansfor the future very large hadron collider (VLHC) now envisage a staging scenario [1]
where alow field collider would be built first followed by a high field collider in the same
tunnel several yearslater. Thereis also interest in an electron-positron collider in the same
tunnel which could study physicsthat would complement the studies with the hadron col-
lider. This machine could be used to, 1) examine the W and Z° with high precision, to
improve measurements of electroweak parameters by an order of magnitude, 2) study con-
tinuum fermion pair production, 3) produce clean Higgs mesons at an energy of perhaps
115 GeV, 4) measure the W mass from W pair production thresholds, and 5) look at the ¢t
thresholds with very good energy resolution [2]. The very large circumference of the tun-
nel makes it possibleto think of an e™ — e~ ring which could reach an energy about twice
that of LEPif welimit the synchrotron radiation power to 100 MW. Compared to the NLC,
the energy and possibly the luminosity reach of such a machineislower. However the en-
ergy resolution is better than that of the linear collider. The technology required is proven
and available today. In this paper we outline the design of this very large lepton collider
(VLLC) and consider some of the accelerator physicsissues. We compare and contrast the
parameters of this machine with LEP. Much of the material on LEP is obtained from are-
cent workshop on the subject of “e*e™ inthe VLHC” [3], and arecent paper by Brandt et
al. [4]. Weattempt to identify the mechanismsthat will limit the performance of the collider
and look at scaling lawsfor for the operation of such amachine at high energies. We also at-
tempt to identify methodsthat coul d perhaps be used to both increase the performance of the
machine and reduce the cost of the facility. Some aspects of thiswork have been reported
at the PAC 2001 [5] and Snowmass 2001 conferences [6].

2 Design Strategy

Our design philosophy of this electron-positron collider will beto 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 7 is
E4I 47T Te -5 3
PT = 207? s C’Y = ?W = 8.86 x 10 [m/GeV ] (21)
Assuming that there are M, bunchesin each beam with bunch intensities V,, the luminosity

is
rev MyN?

L= freo MyNy (2.2)
47 030,

Wewill assumeflat beams sothat o, < o7. With this assumption, the vertical beam-beam

tune shiftis

re Ny
gy = 2_6 * y* (23)
TYOL0,
Eliminating one power of IV, from the expression for the luminosity, we can write
1
= — g—y'yl (2.49)

- 2er, By

I isthe beam current in a single beam. Our strategy as stated earlier is that as we change
parameters, Pr and &, will be held constant.
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Using Equation (2.4) to eliminate the current, we obtain the following equation for the
luminosity and energy in terms of the fixed parameters and the bending radius p,

E,YB _ 3 gy PT

= 25
167r2(mec?) By p (25)

This equation relates the parameters important to the physics program viz. the luminosity
and energy to the machine size, opticsand beam parameters. For example at constant lumi-
nosity, thisegquation showsthat the maximum allowableenergy increases only with the cube
root of the radius, the radiated power or the beam-beam parameter. In the above equation
3, may be assumed constant at different energies only if the IR quadrupol es do not pose an
aperture limitation in the vertical plane at any energy. We will assume that to be the case.

Similarly Equation (2.5) showsthat the luminosity of the collider at a given energy and
radiated power Pr can only beincreased by increasing the beam-beam tune shift, &, and/or
lowering 3;. Other limitscan however prevent the machine from operating at the maximum
theoretical luminosity, for example, limits on the the maximum current in each bunch at
injection.

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 limitation that is more severe at injection energy is
the Transverse Mode Coupling Instability (TMCI). Asin the classical head-tail instability,
synchrotron motion which exchanges particlesin the head and tail of the bunch drives the
instability but thisinstability can arise even with zero chromaticity. Inthe presence of trans-
verseimpedances (typically wall resistivity), thewakeforces excited by particlesinthe head
can exert strong enough forces on thetail such that betatron modes ws + mw, are modified.
Typically, at the threshold intensity of the instability, the modesm = 0 and m = —1 be-
come degenerate. TMCI is known to limit the bunch current in LEP to below 1 mA [4].
More extensive discussion of TMCI can be found in [7].
The threshold bunch current is given by

8 frevVs B
[rMer o JJrevmsT 2.6
b ey Bikii(os) (26)

where v, isthe synchrotronfrequency, the suminthedenominator isover tranverseimpedances
and k& ; is abunch length dependent transverse mode loss factor. Obviously higher syn-
chrotron frequencies and longer bunchesincrease thethreshold intensity. At LEP larger RF
voltages are used to increase v, while emittance wigglers are used to increase the bunch
length at the injection energy of 20 GeV. Compared to LEP, the very large lepton collider
has arevolution frequency that is an order of magnitude smaller while the synchrotron fre-
guency, injection energy and bunch length are comparable. If the impedancesin LEP and
thislargering are comparabl e, we may expect an order of magnitudereductionin thethresh-
old current for thisring.

E. Keil[9] and G. Dugan[10] have estimated the threshold current for thislarge collider
following the model of LEP. The dominant sources of broadband impedance will be the RF
cavities, bellowsand theresistivewall. LEP has bellows placed every 10 m around thering.



Assuming asimilar placing and the same lossfactors of the cavitiesand bellowsasin LEPR,
thelossfactor in the bellowswould be an order of magnitude larger than that in the cavities.
At abunchlength of 1 cm thethreshold current would reduce to around 0.01 mA. The num-
ber of bellowstherefore should be kept to aminimum. Improvementsin thevacuum system
design may in fact allow the complete elimination of these bellowsor at least to space them
every km or so (see Section 11). In this case, the cavities and the resistive wall contribute
about equally to the loss factor in this large ring. Dugan estimates that at an injection en-
ergy of 46 GeV (thiswill bediscussedin Section 8) and in an elliptical chamber with aspect
ratio of 2.5, the threshold current, 171, will be above 0.2 mA if the chamber half-height
exceeds 4.8 cm. We will assume adesign current of 0.1 mA to alow for a safety margin of
100%. It isworth noting that various schemes have been proposed to combat TMCI for the
low-field hadron collider [11], e.g. startingwith lower intensity bunches at injection energy
and coalescing at higher energy, feedback systems etc. If required we may also use one of
these compensation schemes to allow a bunch current of 0.1 mA.

2.2 Beam intendity limitations

The available RF power determines the beam current to zeroth order. This constraint will
be used in the design strategy in thisreport. However there are other sources of limitations
which need to be considered as the design evolves. Perhaps the most important of these
secondary limitationsis the available cryogenic cooling power. We will assume that super-
conducting cavitieswill be used. The dynamic heat load on these cavities includes contri-
butions from the RF dissipation and the beam induced heat load from both beams. These
two sources lead to a power dissipation given by

Vir
P, namic — N, cav
“ (R/Q)Q

+ 2Rm<as)IbIe (27)

where N, isthenumber of cavities, (R/Q) isthe normalized shunt impedance per cavity,
Q istheunloaded 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. is the 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. Thetotal higher order mode (HOM) power Pryons o Il that could be absorbed
by the superconducting cavitieswas another restriction on thetotal beam current at LEP. An
upgrade of the couplersand RF cableswas required to cope with thislimitation. Clearly the
design of the cavitiesfor the future Iepton collider should take advantage of the experience
gained while operating LEP.

2.3 Synchrotronradiation power and beam-beam limitedregime

Here we specify the design strategy keeping the beam-beam parameter and the synchrotron

radiation 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 NV,

from &, and the number of bunches M; from Pr while ensuring that the maximum bunch

intensity staysbel ow thethreshold required to avoid thetransverse mode coupl ed instability.
Writing the emittances in the transverse planes as

€y = K€z

5



where x is the coupling ratio, the bunch intensity can be expressed as

2 *
Ny = <?”_7:“ Hﬂﬂ; fy) Vex (2.8)

where the factors within brackets are assumed to stay constant. One could imagine another
scenario with optics changes where 37, 3, x are alowed to vary.

The equilibrium emittance ¢, is determined by the equilibrium between damping and
guantum fluctuations and is given approximately by

e R ~? 55hc

_ v —13
sl = ) 3.83 x 103 [m] (2.9)

€x

Here R isthe average radius of the arc assumed to be made of periodic structures such as
FODOcelsand v, isthearctune. If L., u. arethelength of each periodic cell and the phase
advance over the cell respectively, then

_ 2mR pe e

_ _ Rple 2.1
vo = o =L (2.10)
Hence 5 )
Cy R [L. v
= (a2 ) L 211
o <Jx p [Mc] ) R3 (1)

Thefactor R/p - theratio of the arc radius to the bend radius - can be trested as constant.
Typically it hasavalue somewhere between 1.0 and 1.25. Thearc radiusis determined from
the machine circumference C interms of afilling factor f;. Thus

C
szl%v and p:f2R7 f17f2<1 (212)

where f1, f2 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 cal culated from Equation (2.8).

The beam current I and the number of bunches are rdlated as I = e .., M Ny, hence
the maximum number of bunchesis found from the total synchrotron radiation power as

Pr P
e = 21
Mb <20’Y> frevaE4 ( 3)

Thefactorsin brackets are constant whilethe other factors change with the machine circum-
ference.

24 RF parameters

There aretwo requirements on the RF voltage parameters. Thefirst requirement on thevolt-
ageisthat the energy gained dueto the RF per turn must equal to the energy lost per turn.

E4
eVrrpsings = U = C,— (2.19)
p



where C, = (47/3)r./(mec?)® = 8.86 x 107> m/GeV?3. The second requirement is that
the RF acceptance A Err must be a certain number, say Nqr,, timestherms energy spread
o g for an acceptable quantum lifetime,

AERF == NQLUE (215)
or
1 c, E?
E = N 4 21
\/Whnslip Var G<¢S) or Jspmec? (216)
where
G(¢s) = 208 ¢s — (7T - 2¢s) sin g (217)

J isthe longitudinal damping partition number. Typically we require Ngz, ~ 10. These
two conditions can be solved to find the synchronous phase as the solution of the transcen-
denta equation

m 55\/g hnslip NCQQL .
2 256 Joay vy

cotos + ¢s — 0 (2.18)

where ay = e?/(4meghe) = 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 thering, it isrequired 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 influ-
ences the energy acceptance (AE/E ) eeep because (AE/E) gecep x 1/v/h S0 lower RF
frequencies increase the acceptance. However two economical factors argue for higher fre-
guencies. (1) smaller frequenciesincrease the size and hence the cost of the cavity and (2)
high power klystrons are more cost effective above frequencies of 300 MHz. In supercon-
ducting cavities the frequency is limited from above by severa factors: (1) cavity losses
increase with frequency, (2) longitudinal and transverse shunt impedances scale like wrr
and w% - respectively, (3) theratio of the energy removed by a bunch from the cavity to the
stored energy in the cavity also increases with frequency. In this paper we will consider RF
frequencies in the neighbourhood of 352 MHz.

2.5 Optics
251 Arcoptics

The choice of phase advance per cell p. and the length of acell L. are crucia design pa-
rameters. The equilibrium emittance decreases as the phase advance increases, reaches a
minimum at 135° and then increases again at larger values of .. The horizontal dispersion
also decreases with increasing phase advance and shorter cell lengths. Conversely, stronger
focusing also increases the chromaticity and hence the strength of the sextupoles required
to correct the chromaticity. Strong sextupolescan limit the avail able dynamic aperture. For
these reasons, the choice of phase advance per cell in electron machinesisusualy limited
intherangeof 60° < u. < 120°. For example, LEP started operation with (60°, 60°) phase
advancesin the (z, y) planes at 46 GeV, and since then has used (90°, 60°), (90°, 90°) and
(102°, 90°) phase advances at higher energies.

7



Another parameter affected by the choice of opticsis the threshold current for TMCI.
From Equation (2.6) we observe that 17261 o« vy /(Y; Bik1 i) To estimate the depen-
dence on p., L. we replace 3; by the average value in a FODO cdll (5) = L./ sin pc.
The synchrotron tune v, o< /ac wWhere ac isthe momentum compaction. Since ac
1/ sin?(p/2), wefind

v 1
TEMCL <5> x L. Ccos (%) (2.19)
Hencethe TMCI thresholdisraised with shorter cell lengthsand smaller phase advance per
cell.

In this paper we will choose the phase advance per cell ;.. = 90° and then choose acell
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
circumferencesin thispaper. Asweincrease thering circumference pi., L. will be assumed
constant while the revol ution frequency decreases and the bunch intensity always stays be-
low the TMCI threshold.

The phase advance per cell is one way of controlling the equilibrium emittance. An-
other way isto redistribute the equilibrium emittance between the horizontal and longitudi-
nal planes by changing the RF frequency. In an lattice constructed entirely of FODO cdlls,
the change of partition number with momentum deviation is given by

dJ, _ _dJs __,Lp

ds  do Lo

(2.20)

2+ 1sin? pe /2
sin? pc /2

where Lp, L arethelength of dipolesinahalf cell andlength of aquadrupolerespectively.
Writing J,.(6) = J,(0) + (dJ,/dd)d + . . ., we observe that reducing the emittance ¢, by
half requires increasing the damping partition number to .J,.(6) = 2.J,,(0) or a momentum
shift of oay,—1 = 1/(dJ,/do) if initidly J,(0) = 1. Therequired RF frequency shift is
related to the momentum deviation § by
Afrr AR
e —acd (2.21)

Whilethe horizontal emittance can be changed by an appropriate shiftin RF frequency, there
isalsoachangeintheradial excursion A R of thebeam. It isimportant to keep thisas small
as possibleboth to minimize alossin physical aperture and avoid a significant reductionin
the transverse quantum lifetime. A lower phase advance per cell and a shorter quadrupole
length relativeto the dipolelength, i.e. weaker focusing, help to keep therelative changein
RF frequency and radia excursion small. Asan examplewe consider the 233 km ring whose
parameters will be given later in Section 6. With Lp = 94.70m, Lg = 0.49m, uc =
90°, ac = 0.23 x 10—, we find the damping aperture to be 6a;,—1 = 2.9 x 10~%. The
corresponding radial excursion isabout AR = 0.20 mm. 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

Thusradial excursionsof the closed orbit by only fractions of amm are sufficient to change
the damping partition number by a unit or more.

An aternative method of reducing the transverse emittancesisto place a damping wig-

gler in aregion wherethe dispersion vanishes. Conversely the emittance could beincreased

= 5.0 /[mm]
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if required, e.g. to reduce the beam-beam tune shift, by placing the wiggler where the dis-
persion is non-zero.

If the horizonta emittanceis reduced by any method, the energy spread increases which
decreases the energy resolution of the experiments and aso the longitudinal quantum life-
time if the RF voltage is kept constant. This places constraints on the allowed emittance
manipul ations.

Synchrotron radiation in quadrupoles may be an issue. If the gradient is sufficiently
large, then paricles with large betatron amplitudes may radiate enough energy that they are
lost from the RF bucket. Thiswas termed the radiative beta-synchrotron coupling (RBSC)
[12]. A rough measure of thiseffect [14] istheratio of thefield in aquadrupoleat an ampli-
tude equal to the rms beam size to the dipole bend field. To ensure that this effect iswithin
bounds, the quadrupole gradient will be limited from above by requiring that thisratio not
exceed unity.

25.2 Interaction Region

A detailed design of thel R must includethefocusing schemeto obtai n the desired spot sizes,
abeam separation scheme, the collimation and masking scheme to protect componentsfrom
synchrotron radiation, local chromaticity correction if required, the interface with the de-
tectors etc. Here we will consider only the basic optics parameters. The lower limit on 5*
is usually determined by the maximum tolerable beam size in the interaction region (IR)
guadrupoles and the chromaticity generated by these quadrupoles. Furthermore to prevent
theloss of luminaosity dueto the hourglass effect, 5* should be significantly greater than the
bunch length. A preliminary IR design [15] showsthat it is possibleto achieve 3, = 1 cm
with sufficient momentum aperture. Thiswas done with an IR design where the dispersion
at the P was made to vanish but the slope of the dispersion at the | P was allowed to be non-
zero. Sextupolesplaced next to the IR doublet quadrupolesstart the chromaticity correction
withinthe IR itself. A more precise estimate of the tolerable minimum j3; requirestracking
to determine the dynamic aperture of the machine with redlistic arc and IR magnets.

Here we will assumethat 3; < 3; asistrue at most et — e~ rings. Consequently
aperture and chromaticity limitationswill first arise in the vertical plane. As stated earlier
inthissectionwewill consider fixed valuesof 3y, 3; at al circumferences and energies and
assume that these do not pose aperture restrictions at any energy. These valueswill need to
be reconsidered during the design of the final focusing system.

The choice of 3;/3; needs to be closely related to the emittance coupling ratio x =
€y/ €. The horizontal beam-beam parameter is related to the vertical parameter as

&
By/ 5z

If & > B3/8;, then&, > &,. Inthis case the beam-beam limit is reached first in the hor-
izontal plane. Beyond this limiting current, the emittance grows linearly with current and
the beam-beam parameters stay constant. In particular thevertical beam-beam parameter &,
never reaches its maximum value and since the luminosity is proportional to &, the maxi-
mum luminosity is not obtained. It is therefore desirableto have x < 3, /3;. In this paper
we will consider the so called optimal coupling scenario where k = 3;;/3; and the beam-
beam limits are attained simultaneously in both planes, £, = &,.

o = &y (222)




2.6 Summary of design strategy

Thedesign of thering optics depends on anumber of parameters, among these are the max-
imum synchrotron radiation power alowed by the facility, the maximum beam-beam pa-
rameter which is assumed, the number of IPs required to satisfy the user community (and
saturatethetol erable beam beam tune shift), the maximum bunchintensity limited by TMCI.
In addition the minimum beta functions at the interaction point, 37, 3;, the emittance cou-
pling ratio x = €,/e, = 3;/3;, must be specified. The arc design is determined by the
arcfilling factor f; and ring filling factor fo, which can berealized in aredlistic design, the
phase advance per cell uc, and the required rf voltage determined by N, - theratio of RF
bucket height (energy acceptance) to rms energy spread.

The design vaues for afirst iteration can be produced from these requirements. For a
given machine circumference C, determine the bend radius p and arc radius R from Equa-
tion (2.12) with assumed valuesof f;, fo. Themaximum energy of thering at thiscircumfer-
ence can then be determined from Equation (2.5). The equilibrium emittance at this energy
and required maximum bunchintensity from Equation (2.8) can be cal culated and compared
with the maximum bunch current allowed by 1727 Thecell length can be obtained from
Equation (2.11). The maximum number of bunches can be obtained from Equation (2.13).
The maximum quadrupol e gradient tolerable B/, .. isfound from

max

B o

x
max — 1

By

where o, isthe rms horizontal beam size in the arcs and By is the bend field. The values
obtained must then be checked for internal consistancy and collider performance.

3 Lifetime

The radiative Bhabha scattering processe™e™ — eTe™ v is expected to dominate the beam
lifetime at collisionin thislarge lepton collider. The lifetime from this process with a scat-

tering cross-section o+ is

1 MN,
T = —
T Nip Logi e

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

beam parameter £, as
= [2"”6@ ! ] 1 32)

(3.1)

NIP gy Oete— 'Yfrev

Thecross-sectiono .+, hasaweak |ogarithmic dependence on energy (see Equation (A.24)
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 afixed circumference,
the luminosity lifetime decreases with approximately the first power of the energy.

Thereareother contributionsto the beam lifeti me such as beam-gas scattering and Comp-
ton scattering off thermal photonsbut thoselifetimes 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 a later stage.

10



4 Scaling of the beam-beam parameter

Although a value of the beam-beam tune shift of £, ~ £, ~ 0.03 - 0.06 has described the
operation of amost al lepton colliders over the past 20 years, recent results at LEP have
shown that large colliders at high energies behave somewhat differently. The LEP machine
operated at tune shiftsaround &, ~ &, ~ 0.08, and, in fact, did not reach the beam-beam
[imit when operated at energies around 100 GeV [16]. Since the machine described here
is even larger and higher in energy than LEP, we consider how the LEP tune shifts can be
extrapolated for operation at the highest energies.

Our use of theterm * beam-beam limit” will betheconventional one. At thislimit, thelu-
minosity increases only linearly with beam intensity rather than quadratically and the beam-
beam parameter reaches a constant value. There are other beam-beam related phenomena
which can prevent thislimit from being reached. These may be dueto small dynamic aper-
ture, growth of non-Gaussian tailsand coherent effects[16]. At L EPthese phenomenawere
important at energies around 46 Gev but less so at higher energies. We assume that such ef-
fects are either negligible or adequately compensated in the following discussion.

The limiting value of the beam-beam parameter depends in a fundamental way on the
damping time. The damping time 7, determines the time it takes for the beam to reach an
equilibrium distribution in the absence of external nonlinear forces. As the damping in-
creases and thistime decreases, the beam becomes more immune to non-resonant perturba-
tionsthat would changethis equilibriumdistribution. Indeed observationsat several et —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 collisionsis defined as the inverse of the number of beam-beam collisions per
damping period,

1 CE?
Nip7s  Nipp

A (4.0)

where 7 isthe damping time measured in turns. Thereexistsno reliabletheory asyet which
predicts how the beam-beam limit dependson \;. Keil and Talman [17] and more recently
Peggs[13] considered the scaling of the beam-beam parameter with A\ ; applied to datafrom
earlier machines such as SPEAR, PETRA, CESR and found roughly the power law be-
haviour: &, o ~ A%3.

In Appendix B we discuss a simple model where we treat the beam-beam kicksin the
limit of high damping as random kicks anal ogous to the kicks produced by photon emis-
sion. The betatron phase is assumed to follow awhite noise process as a consequence. As
expected, this assumption over-estimates the equilibrium emittance. If we soften this and
alow for phase correlation which multiplies the correction by an undetermined factor less
than unity, then the beam-beam parameter depends on the bunch intensity as

_ 25@/,0
1+ \/1 + 8F(Nb?”e/’760)2/)\d

€y (4.2)

where I is the undetermined fit parameter and &, 0 = 7.3, Ny/(27v0;0,) isthe conven-
tionally defined parameter. In the limit of small bunch intensity, £, = £, 0 whileat large

intensities,
. 1+ [ B [
= 1 =L =L 4.3
Spoo = \lm &y =57 \/ &8z |/ 2r (43)
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Figure 1: Scaling of the asymptotic beam-beam parameter with the damping decrement when
&y.00 o< AJ1. The beam-beam parametersachieved at L EP are a so shown. The beam-beam limit
at LEP was reached only at the energy of 45.6 GeV. Assuming 2 IPsinthe VLLC, \; = 0.011,
&y0o = 0.137 at 200 GeV whileif thereisonly 1 IP, then \; = 0.022, §, . = 0.178 aso at 200
GeV.

This asymptotic va ue depends only on the obvious lattice parameters, the damping decre-
ment A4 and thefit parameter T" but isindependent of the intensity.

In reference [18], Assmann and Cornelis without specifying the model wrote down the
following expression for the beam-beam parameter in terms of the bunch current

_ Iy
5VXM+wm2

The constant A is related to the emittances at zero current while the fit parameter B deter-
mines the asymptotic beam-beam parameter, &, .. = 1/B. Thisexpression (4.4) is close
to but not exactly the same as Equation (4.2). Using Equation (4.4), Assmann and Cornelis
find agoodfit to the L EP data on the achieved beam-beam parameter at high energies. From
thisfit, theasymptoticbeam-beam limitisinferredtobe¢, ., = 0.11 at energiesintherange
98-101 GeV. From thisvalue and the observed beam-beam limit &, ., = 0.045 at 45.6 GeV,
apower law dependenceisfound as

(4.4)

Eyoo X AT (4.5)

We use this scaling law to determine the beam-beam limit at each energy of interest. Figure
1 shows this power law curve and also the expected beam-beam asymptotic limitsfor two
cases inthe VLLC at 200 GeV and a circumference of 233 km. The damping decrement
assuming 2 IPs is 0.011 which implies§, ., = 0.137 whilewith 1 1P A\; = 0.022 and the
expected &, o = 0.178. Note that LEP operated with 4 IPs, so the total beam-beam tune
shiftin LEP at the highest energies was around 0.3.
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5 Polarization

In a storage ring electrons become vertically polarized viathe emission of synchrotron ra-
diation. In a perfect ring - planar and without errors - this polarization would build up to a
maximum value of 92.4%. In areal ring - nonplanar, misalignments and field errors - the
maximum achievable polarization can be significantly less. The emission of photons with
avery small probability of spin flip whileleading to polarization also |eads to depolariza-
tionin the presence of imperfections. The stochastic changesin electron energy after photon
emission and coupling to the orbit motion lead to spin diffusion and loss of polarization. In
the presence of depolarizing effects, the maximum value of the polarization along the equi-
librium spindirection 7. is given by the expression due to Derbenev and Kondratenko [19]

8 §d8< g+ (n—0n/00))s
[l — §(7- 8)2 + 15(01/08))s
where § = Ap/p and () denotes the average over phase space at a location s. We note

that » isavector field which changes with location in phase space. The polarizationrate is
approximately [20]

Py = (_ (5.1)

NE
2
9

1 1 1
- = — 4 (5.2)
T TST TDep
1 8 e*y5h 1 9

T ﬁ@cfds 3o~ 7). 3

1 8 e2~4°h 1 1
= = o6 5.4
o svamie 0F PP >\318< B/00)%s &4

When iy is nearly vertical, then 1 - § is small compared to unity and assuming that the
bend radius is everywhere the same, the Sokolov-Ternov polarization rate [21] reduces to
the simplified expression
1 8 €%h 7
\/— m2c2 p

Thetimeto build up to the asymptotl c polarization falls sharply with increasing energy but
increases as the cube of the bend radius. The energy ratio between this collider and LEP
is between two to three while the radius is nearly an order of magnitude larger than LEP.
Conseguently the pol arization build up timein thismachinewill be afew hours compared to
approximately 6 minutesat 100 GeV in LEP. Polarization may still be apractical possibility
but that is primarily determined by the value of the achievable asymptotic polarization.

The key to calculating the asymptotic polarization P, in areal machineliesin the cal-
culation of the spin-orbit coupling vector 97/9¢. This depends on the detailed |attice con-
figuration and there are several sophisticated programs which do this[20, 22].

Attai ning the maximum pol ari zati on possi bl erequires acombination of methods, asused
for example in HERA [25] and LEP [26]. These include:

¢ Tight alignment tolerances on al magnets, specialy in the vertical plane.

(5.5)

e Extremely good correction of the vertical closed orbit distortionsand the vertical dis-
persion.

e Careful selection of the tunes, e.g. the energy should be chosen so that the fractional
part of the spin tune (approximately equal to ay) iscloseto 0.5. At energies near 185
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GeV, thiswould specify an energy of 184.84 GeV. The tunesin all planes should be
chosen so that the resonance conditions

Vspin = k + Mgly + myvy + mgvs

arefar from satisfied especially for 1st order resonances |m | +|my|+|ms| = 1, high
order synchrotron sidebands to the integer resonances m,, = m,, = 0, and low order
synchrotron sideband resonances of 1st order betatron resonances |m,| + |m,| = 1.

e Harmonic spin matching and minimizing the spin orbit coupling will be essential. A
sequence of vertical orbit correctors and dispersion correctorsis used to generate har-
monics which compensate the integer and linear spin resonances driven by theimper-
fection fields. These correction methods are more effective when each section of the
ringislocally “spin transparent”. Thiswould place constraints on the phase advances
and other Twissfunctionsin these sections.

Observationsat several et — e~ rings have shown that the maximum pol arization drops
with energy. For electrons, integer resonances are spaced 0.44 GeV apart so the larger en-
ergy spread at higher energies leads to alarger portion of the resonance to be spanned by
the beam distribution. However prediction of the drop in polarization with energy is com-
plicated and there does not exist a simple anaytical way to extract the energy dependence
of n in generd. If however we assume that both orbital and spin motion is approximately
linear, then examination of the spin-orbit coupling matrices (the G matricesin [20]) shows
that 9n,/96 oc 2. Using Equation (5.1) thisimplies[23, 24] that theasymptotic polarization

scales as
8 1

Foo = 5v3 1+ BE4
Here [ is a parameter which does not depend on energy. Experience has shown that this
relationisnearly trueif themotion islinear and the closed orbit iswell corrected. Thisscal-
ing law will be violated if either the orbital motion or the spin maotion is strongly nonlinear.
Observationsat LEP show a sharp fall off in polarization above 46 GeV and polarization at
thelevel of afew % at 60 GeV.

Itisclear that if polarization is desired, the lattice must be designed from the outset to
achieve this. Further studies are required however to examine whether, even with the use
of the methods outlined above, respectable levels of polarization will be achievable at the
energies of interest. Aninitia study on expected polarization in thisring may be found in
the paper by Assmann [27].

(5.6)

6 Design Parametersat High Energy

The design strategy has been outlined in Section 2. We know for example that at fixed lu-
minosity, synchrotron radiation power and beam-beam parameter that the maximum energy
of the beams scal es with the cube root of the circumference. Here we apply this strategy to
different machines with circumferences in the range from 200 km to 300 km. This should
span the range envisoned for different versions of the VLHC.

Onefesature of thedesignthat needssomeiterationistheinitial choice of the beam-beam
parameter. We have seen in Section 4 that the maximum beam-beam parameter scales with
some power of the energy. Sincethe beam energy isan output parameter, we need to ensure
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Energy vs Circumference: synch. rad. power = 100MW
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Figure 2: The maximum energy attainable as afunction of the machine circumferencefor three
different luminosities. At the energies obtainable with luminosities of 103 cm~2sec! and
lower, the maxi mum 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 all cases.

that the choice of the beam-beam parameter is self-consistent with the design energy. In
order to maximize the luminosity we will assume that thereisasingleIP in thering.

Figure 2 shows the maximum energy as a function of the circumference for three dif-
ferent luminosities. For example at a circumference of 233 km, the maximum single beam
energiesat luminositiesof 1033, 5x 1033, 1034 cm—2sec! are 602, 258 and 152 GeV respec-
tively. Thusaring with circumference around 233 km should suffice to reach the top quark
production threshold, estimated to be at 360GeV, with a luminosity higher than 5 x 1033
cm—2sec™!. We observe that single beam energies from 570-650 GeV appear attainable at
aluminosity of 1033cm~2sec™!. However the RF voltagesrequiredin thisrange of energies
arein the hundreds of GV as seen in Figure 3. In therange of 245-280 GeV per beam and
luminosity 5 x 1033 cm~2sec™!, the RF voltages are afew GV, comparableto LEP,

Figure 4 showsthe e~ — e bremmstrahlung lifetime as a function of circumference at
three luminosities. We observe that at aluminosity of 5 x 1033 cm~2sec™!, and energies
between 245-280 GeV, thislifetimeis between 3-4 hours. Thelifetimewas calculated using
theexpression (A.24) for the bremmstrahl ung cross-section which does not have corrections
from acut-off parameter which correspondsto the characteristic distance between particles
in the bunches. With this cut-off the cross-sections are typically 30% lower. For example
analysisof the cross-section at L EP energies[51] showed that the uncorrected cross-section
of 0.3 barnswas reduced to 0.2 barns. This number was found to agree well with measure-
ments. As a consequence of the smaller cross-section, luminosity lifetimes may be about
30% higher than shownin Figure 4. Without thiscorrection, thelifetimein the energy range
from 100 - 200 GeV varies from 19 - 5 hours respectively. By comparison, the luminosity
lifetime at L EP was about 5-6 hours.
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RF Voltage vs Circumference: synch. rad. power = 100MW
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Figure 3: RF voltage required when operating at the maximum energy as a function of the
machine circumference for different luminosities with the synchrotron radiation power of both
beams set to 100MW in all cases.

Luminosity lifetime vs Circumference: synch. rad. power = 100MW
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Figure4: Luminosity lifetimevsthe circumferenceat three different luminosities. Herethelife-
time increases with the required luminosity because the maximum energy decreases at higher
luminosities and the lifetime ~ 1/F, cf. Equation(3.2). Seethetext for other remarks.
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Table 1 showsthe design parametersat 200 GeV ina 233 km ring obtained by following
the design strategy 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 synchrotronra-
diation power (by about 7) whilelowering the 3;; (by afactor of 5) allows an increase
in luminosity by amost two orders of magnitude at amost double the energy.

e The bunch current in VLLC is roughly 7 times lower in keeping with the expected
lower threshold for TMCI.

e Thee™ — e~ bremmstrahlung lifetimein VLLCisdlightly lower at 5 hours. Thering
will need to be refilled approximately every couple of hoursin order to maximize the
integrated luminosity.

e The vertical beam sizes in the two machines are comparable The horizontal beams
sizes in the arcs of the two machines are a so close. Hence vacuum chamber dimen-
sionsin VLLC can be similar to thosein LEP.

e The main dipolefield is about 5 times weaker than that of LEP. Iron magnets oper-
ated at room temperaturewill suffice. Conversely, good shieldingfrom stray magnetic
fields, e.g. the earth’sfield, thefields of the low field hadron collider, will be critical.

e Thecritical energy issmaller in VLLC so shielding against synchotronradiation asin
LEP should be adequatefor VLLC. The photon flux per unit lengthisamost the same
in the two machines.

e The RF voltagerequired for VLLCishigher at 4.85GV compared to 3.1GV for LEP.
We chose an energy acceptance that is ten times the equilibrium energy spread of the
beam to ensuresufficient quantumlifetime. At LEPwiththeparametersgivenin Table
1, thisratio is only about 6.6. If we assume this value for the 233 km ring, the RF
voltage is lowered from 4.85 GV to 4.66 GV. The energy 10ss per turn requires that
the RF voltage be greater than 4.4 GV.

¢ We choseoptimumcoupling,i.e. ¢, /¢, = 3;/3; = 0.01 whichimpliesthat {,, = §&,.
Operating at the beam-beam limit in both planes might well be challenging. If we
reduce the emittance coupling to half thisvaue, €, /e, = 0.005, then &, = 0.127
whilestaying at the beam-beam limitin thevertical plane&, = 0.18. Withthischoice,
optics and beam size parameters change, eg. ¢, = 4.4 nm, cell length= 222.6 m,
ol = 1.29 mm, D7*** = 0.97m, v, = 0.096, o5 = 7.2 mm. The RF voltage
increasesto 4.92 GV while most other parameters are relatively unaffected.

7 Instabilities

RF cavities, thevacuum chamber and bellowsarelikely to bethemajor sourcesof impedance
inthisring. BPMs, collimators, kickers, separators, synchrotron radiation masks, vacuum
ports etc. will be other sundry sources of impedance. A detailed impedance budget will be
required as the design of these elements proceeds. Here we will consider only the major
sources of impedance and the thresholds of likely instabilities. The instability growth rates
will be evaluated at the injection energy of 46 GeV wherethey are the largest.
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et — e~ Collider Parameters

Parameter LEP 1999 VLLC
Circumference [m] 26658.9 233000.
By, 3, [em] 150, 5 100, 1
k/(B;/55) 0.31 1.0
Luminosity [cm—2sec™!] 9.73x10%! 8.8x1033
Energy [GeV] 97.8 200.0
Emittances ¢, €, [nm] 21.1,0.220 3.09, 0.031
RMSBeamsizeat IP o}, o, [um] 178., 3.30 55.63, 0.56
Bunch intensity/current [ /mA] 4.01x10%/0.720 | 4.85x10'%/0.10
Number of bunches per beam 4 114
Bunch spacing [km] 6.66 2.04
Total beam current (both beams) [MA] 5.76 22.8
Beam-beam tune shift &, &, 0.043, 0.079 0.18,0.18
Number of 1Ps 4 1
ete™ bremmstrahlung lifetime [hrs] 6.0 4.8
Dipolefield [T] 0.110 0.0208
Bend Radius [m] 3026.42 32073.17
Phase advance per cell p,, u, [degrees] 102, 90 90.0
Cell Length [m] 79.110 198.35
Total length of dipolesin acell [m] 69 184.46
Quadrupole gradient [ T/m] 9.50 20.0
Length of a quadrupole [m] 1.60 0.476
Arc gmer gmin [mm] 1.70, 0.60 1.02, 0.42
Arc dispersionD™az  Dmin [m] 1.03, 0.450 0.77,0.37
Bend radius to Machine radius 27 p/C 0.710 0.86
Momentum compaction 1.60x10~4 1.54x107°
Polarization time [hrs] 0.1 2.83
Energy loss per particle per turn [GeV] 2.67 4.42
Critical energy [keV] 686. 514.6
Longitudinal damping time [turng] 73.0 45
RMS relative energy spread 1.52x1073 9.57x10~*
Bunch length [mm] 11.0 6.67
Synchrotron tune 0.116 0.082
RF Voltage [MV] 3050.00 4852
RF frequency [MHZ] 352.209 352
Revolution frequency [kHZ] 11.245 1.287
Synchrotron radiation power - both beams [MW] 14.5 100.7
Available RF power [MW] 34.1

Power load from both beams [kKW/m] 0.820 0.46
Photon flux/length from both beams [/m/sec] 2.40x 1016 0.91x10'6

Table 1. Parametersof the very large lepton collider with a circumference of 233km.
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7.1 Transverse Mode Coupling Instability

This instability determined by the transverse broadband impedance in the ring is the most
important one and sets the upper limit on the single bunch current. Dugan’s analysis[10]
showed that avacuum chamber half-height of 4.8 cm wasrequired to obtain athreshold cur-
rent of 0.2 mA at an injection energy of 46 GeV. The major assumption was that the bellows
were placed no closer than 955 m so the loss factors from the bellows was limited to 100
V/pCim. The parameters of the ring have changed somewhat since that analysis so we will
reconsider the limits on the vacuum chamber and the bellows.

The effective transverseimpedance of the elliptical beam pipeis obtained by integrating
the impedance Z, (w) over the bunch spectrum,

oo Im(Z) ) hp(w) dw
where h,, is the bunch power spectrum of mode m. Since the modes coaesce at m = 0,

we use hy = exp[—(woy)?]/(27). After the integrations using an approximate expression
for Z, for an dliptica beam pipe, the effective impedanceis[10]

Im[Z,]esp = (7.1)

(2. = - UL G + 25 e 72)

where a, b are the half-height and hal f-width respectively of the vacuum chamber, C' isthe
circumference, 1 is the permeability of vacuum and p isthe resistivity of the beam pipe
material. The threshold current for the onset of TMCI due to the resistivewall impedance
is

TRW _ 16mvs(E/e) o5 64217 a5 vavs(E/e) 1
W= Bz € T Vewp € (/6 + (1/a)

The threshold currents due to the RF cavities and bellows are determined by using the loss
factors k| of these elements,
8Vs frew(E/€)

<ﬂ> > kL,l‘(“S)
The loss factors as measured at LEP are about 2.3 V/pC/mat o = 1 cm for a10 MV su-

perconducting cavity and about 0.41 V/pC/m at o, = 1 cm for asingle bellows. The net
threshold current from these three sourcesis

LN S B
I, - ItIZW ItIZF Ig)ﬁllows

(7.3

Ly ~ (7.9

(7.5)

We will consider two different materials for the beam pipe: aluminum and copper and two
valuesfor thetotal |ossfactor of thebellows: 100 V/pC/mand 300V/pC/m. Thelarger value
would correspond to bellows placed about every 318 m apart. Table 2 shows the relevant
parametersfor the cal culation of thethreshold current. The number of cavitiesisdetermined
by the voltage of 4852 MV required for operation at 200 GeV. We assume that each cavity
supplies10MV leading to atotal of about 486 cavities. The bunch parameters v, o, arethe
values at injection energy 46 GeV.

Figure 5 showsthethreshold current I3, asafunction of the half-height b for thedifferent
cases. If acopper coating on the beam pipe is essentia, for example to minimize parasitic
heating and eddy current losses, then the threshold current of 0.2 mA isobtainedat b = 4.6
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PAI [Q-m] 2.65x107®
PCu [Q-m] 1.7x1078
a = 2.5b
Number of RF cavities 486
ERE [VIpCIm] 1118
kbetlews [\ [pClm] 100/300
() [m] 133
E [GeV] 46.0

os [cm] 1.22

Vg 0.108

Table 2: Parameters used in the calculation of the TMCI threshold current.
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Figure 5: Threshold current for the onset of TMCI as a function of the vacumm chamber half-

height. We consider aluminum and copper as the material of the beam pipe. For each case, we

consider two possiblevaluesof /!> - thetop curvefor each material correspondsto kbt ows =
100 V/pC/m and the bottom curve corresponds to k4ows = 300 V/pC/m.
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cm when kttews = 100 V/pC/mand at b = 5.0 cm when k%¢lows = 300 V/pC/m. With
an auminum beam pipe, the corresponding values are b = 4.8 cm when kblows = 100
V/pC/mand b = 5.4 cm when kbellows = 300 V/pC/m. At half heightslessthan 3 cm, the
impedance is dominated by the resistive wall with either material while at larger chamber
heights, the material and the impedance of the bellows start to make a difference. Thereis
therefore room to optimize on the cost and compl exity of the vacuum chamber design. The
demands on the vacuum chamber size would be reduced if bunches can be coalesced after
reaching top energy. This needs to be studied further.

7.2 Longitudinal Mode Coupling I nstability

Thisis aso known as the longitudinal microwave instability [28]. It usually does not lead
to beam loss but to growthin the bunch length and energy spread up to a point before level -
ling off. The onset of thisinstability occurs when the m, = 2 sideband coal esces with the
m = 1 sideband. The threshold for bunched beamsis given by the Keil-Schnell-Boussard
criterion [29].

[ﬁ] — QW‘U‘(E/G)(JP)Q
n eff ]
where 7 isthe dlip factor and I =\ 2xcl,, /(wrevos) isthe peak bunch current. For short

bunches o < b (asisthe case for the VLLC), the effective impedance is reduced and can
be modeled by the SPEAR scaling ansatz [30]

(7.6)

Z Z
|| 1short I 0s51.68
— = [ ss(52 7.7
[n]eff [n]eff(b) (7.7)
With this scaling taken into account, the thresholdimpedance for the onset of thisinstability
is3.39 mQ.
We eva uate the effective longitudina impedance of the ring due to the resistive wall.

The effective impedanceis

[@] _ J25(Z) /) i (w) dw
n Jeff ™ (@)

Since the instability develops near m = 1, the impedance should be evaluated at this fre-
quency. Using hy = (woy)? exp|—(way)?]/(4), and doing the integrations we find

2, _T/4)Rp(1/b+1/a) [Wrev
[?]eff_ 2ﬁ 251 Whunch (79)

where §; isthe skin depth at the revolution frequency and wyyncn, = ¢/os. Thisexpression
amounts to a roughly 2% correction on simply evaluating the resistive wall impedance at
the frequency wyynch -

Figure6 showstheeffectiveimpedanceasafunction of thehalf height. Thewall impedance
is lower than the threshold impedance only for half heights greater than 5 cm for both alu-
minum and copper. When other sources of impedance areincluded, thering impedance will
exceed the threshold for the onset of the micro-wave instability. As mentioned earlier, this
isnot devastating. For example, with the RF voltage set to provide an RF acceptance of ten
timesthe equilibrium energy spread, the quantum lifetime should be sufficient even with the
increased momentum spread.

(7.8)
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Figure 6: The effective longitudina impedance dueto theresistive wall as afunction of the vac-
uum chamber half-height for auminum and copper. Theline Z;;,.s, = 3.39 mS2 correspondsto
the threshold impedance for the onset of the microwave instability.

7.3 Transversecoupled bunch instabilities

A transverse coupled bunch mode i s described by two mode numbers (m, n). With M equally
spaced bunches, thereare M coupled bunch modeswith mode numbersm = 0,1, ..M —1.
The index n describes the motion of individual bunches in synchrotron phase space, thus
n = 0 describesrigid dipolemotion of thebunch, inthen = 1 modethehead and tail are out
of phasetransversely, etc. At zero current, the frequency of mode (m, n) is (vg +nvs ) wrey-
The growth rate for the (m, n)th mode is[28]
1 1 cMI

=— ReZ | [(kM +m + vg + nvg)|F), (wry — x) (7.10)
) = "1 fm A (E/e) zk: K 5+ 1w )| (Wi

where F isaform factor dependingon ; = 21/60;, thetotal length (intime) of aGaussian
bunchand x = /’gwrem /. u/’g isthe chromaticity. The mode with the fastest growth rate
isthen = 0 mode.

Theresistivewall contributesto thisinstability. Asw — 0 the resistiveimpedance in-
creases as |w| /2 (aslong as the wall thicknessis greater than the skin depth). The mode
withthelargest growthistheonewiththenegativefrequency closestto zero, kM +m-+vg ~
0. With M = 114 and v = 279.4, thiswould correspond to the mode with £ = —3 and
m = 62. Theform factor F{) isapproximately unity for zero chromaticity, so we obtain the
growth rate for the fastest mode

1 CMIb cC 1 1 Hop
_ «w L 1y e 7.11
Ti@'?vo) Anvg(E/e) 2w (b3 * a3) AT AVgwrey (7.11)

where Avg isthe betatron tune difference below theinteger. Setting Avg = 0.1 (instead of
0.6) to obtain the fastest rate, we obtain a growth time of 117 msec or 151 turns at 46 GeV.
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Frequency [MHZ] | R/Q ()| Q@
Transverse
461 18 16,000
476 15 14,000
506 20 16,500
639 56 11,500
688 25 6000
Longitudinal
513 13 44,000
1006 16 5500

Table 3: HOMs in the 352 MHz LEP SC cavities [31]

Mode number n. | Mode number m | Growth time (secs) [E = 46 GeV]
0 62 0.14
0 61 0.23
0 60 0.29
1 93 210.7
1 92 2110.5

Table 4: Fastest growth rates of transverse coupled bunch modes due to RF cavity HOMs.

Theindividual higher order modes (HOMS) of the RF cavitieswill a so contributestrongly
to the wakefields coupling several bunches. As aworst case estimate we will assume that
the HOMs of different cavities coincide exactly. This neglect of the spread in frequencies
dueto thefabrication processwill |ead to thefastest growth rates. We will usethe HOM fre-
quenciesand corresponding R/ and @ valuesfor the superconducting L EP cavitieswhich
operate at 352.209 MHz. These cavities have dominant HOMs clustered around 480, 650
and 1100 MHz [31]. HOM couplers are designed to extract the energy at these modes from
the cavity and reduce the impedance at these frequencies. Table 3 (taken from Reference
[31]) showsthe dominant cavity modes and the impedances achieved with the use of these
couplers.

We use the program ZAP [32] to estimate the growth rate for some of the fastest modes.
Table 4 shows that the shortest growth times due to the cavity HOMs are of the same order
asthat duetotheresistivewall. Notethat these growth times are smaller than the transverse
radiation damping time of about 3700 turnsor 5.7 secs at 46 GeV. If the betatron frequency
spread is not enough to L andau damp these modes, then afeedback systemwill be necessary
to damp the transverse coupled bunch instability.

7.4 Longitudinal coupled bunch instabilities

Asin thetransverse coupled bunch case, two mode numbers (m, n) are required. Now n =
1 describesrigid dipole motion, n = 2 describes quadrupole motion of the bunch etc. At
zero current, the frequency of mode (m, n) iISnVswyey .
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Mode number n. | Mode number m | Growth time (secs) [E = 46 GeV]
1 25 0.022
1 26 3.04
1 24 3.53
2 25 2.70
2 26 443.8

Table 5: Fastest growth rates of longitudinal coupled bunch modes due to RF cavity HOMSs.

The growth rate is determined by the resistive part of the impedance [33]

1 _ nhwrevlav Zk hm<Wk)Re(Z||[Wk])/Wk
Tﬁ”’n drvg(E/e) >k hom (wi)

(7.12)

wherewy,, = (kM + m + nvs)wre,. The reactive part of the impedance determines the
coherent frequency shift. Unlike the transverse case, the resistive wall impedance at low
frequency does not contribute to the longitudinal instability because even the lowest bunch
spectrum function i, vanishesfaster asw — 0 thantheimpedanceincreases. Table5 shows
the most unstable modes determined using ZAP with the RF HOMs shownin Table 3. The
growth time of the most unstable mode is only 0.02 seconds which is faster than the trans-
verse multi-bunch instability growth rate. If the combination of Landau damping due to a
synchrotron frequency spread and radiation damping isnot enough, alongitudinal feedback
system will be necessary.

8 A Collider at 46 GeV

Thereisconsiderableinterestin precision measurementsat the 1 and Z° massrange, Ecyy ~
90 GeV. Here we consider the feasibility of using thislarge collider to attain high luminosi-
ties- inexcessof 5x 1023 cm~2sec™!. Thesearetheso-caled “gigaZ” measurements which
required integrated luminosities around 500 inverse picobarns. Polarized beams at this en-
ergy will greatly add to the physics program allowing for example measurements of thel eft
right asymmetry or the Weinberg angle.

The design principles for abtaining high luminosity at low energies are different from
those at high energy. At low energies, the synchrotron radiation power islow and does not
impose any constraints. Only the beam-beam tuneshift limit needs to be respected. This
constrainsthe bunch intensity per unit transverse areaor NV, /e. Under these conditions, the

luminosity is
m T30y 1 2,9
= — — 1
L rgMBfrev[<ﬂ>yk)2]’y gy (8 )
77 KBy 112 2.2
= éMBfT@'U[(/B;)g]/ Y fy €x (82)

In this regime the luminosity increases with the emittance £ ¢, so thisrequires that the
aperture befilled to maximize the luminosity. Leaving enough room for good quantum life-
time, the maximum permissible emittance could be determined by a condition such as

Areq =10 % [02 + (D35<5p)2]1/2 +c.0.d < rpipe (8.3)
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where c.0.d is the expected closed orbit distortion and ;. is the radius of the beam pipe.
The emittance can beincreased by lowering the phase advance per cell. Thebunchintensity
is found from the beam-beam tune shift

2t | K
Nb:(r_e m)%x §y (8-4)

If thisintensity exceeds the TMCI threshold N,/ ¢, the emittance can be lowered by in-
creasing the phase advance.

There is no significant constraint on the beam current from the synchrotron radiation
power sothisdoesnot limit the number of bunches. Instead the number of bunchesislimited
by the minimum bunch spacing allowed. Thisspacing S;™" could belimited by multi-bunch
instabilities. Assuming auniform bunch distributionaround thering, the number of bunches

is determined by
&

MBfrev - ngn (85)
We will assume S;™" = 5 m, somewhat arbitrarily. It remainsto be checked that this short
abunch spacing is feasible with areasonable longitudinal feedback system.

For 46 GeV operation wewill usethe same magnet |engthsas determined by high energy
operation. Thecell lengthisalsofixed athoughit may be attractiveto doublethe cell length
by turning off half (or perhaps two thirds of) the quadrupoles. Thiswould alow a higher
phase advance for the same emittance. We assume that the beam pipe radiusis 5 cm. High
energy operation fixes some of thering parameters. Theseincludethe average arc and bend
radius, length of the magnets and FODO cells

The minimum phase advance per cell 4™ is determined by the requirement A,., < 5
cm. We alow for arms closed orbit distortion of 1 cm - a conservatively large value. The
left figurein Figure 7 showstheemittanceand A, .., asafunction of the phase advance. From
thisfigure we determine ™" = 25°. Theright figurein Figure 7 showsthat the luminosity
drops below 10%* cm~2sec™! at phase advances greater than 27°. Hence we set the phase
advance per cell to the minimum value i = ™. The values of other parameters follow
and are shown in Table 6.

The luminosity is slightly above 104 cm~2sec~!. The single bunch current is low at
0.03 mA or about athird of that required at 200 GeV so the TMCI instability may not be an
issue. However with the large number of bunches, the beam current ishigh at 1.4 A. This
makes the design more akin to that of the B factories. Whilethe RF voltagerequired islow
at 50 MV, we assume that it will be provided by the superconducting cavities required for
operation at 200 GeV. The dynamic heat |oad and the HOM power generated in these cavi-
ties may be substantial at these high beam currents and may therefore rule out such alarge
beam current. Multi-bunch instabilitiesmay al so be severe and therefore require dedicated
feedback systemsfor low energy operation. Finally the Sokolov-Ternov polarization time
is 2600 hours, thus physics with polarized beams is not an option at this energy unless one
injects polarized beams into the ring.

In short, operation at 46 GeV will require severa different challengesto be faced com-
paredto operation at 200 GeV. Itisnot even clear if the componentswill be ableto withstand
the high beam currents required. Therefore it makes more sense to consider asmaller ring
for physicsat the Z0 mass. A natural choicefor thiswould be theinjector to thelarge ring.
Such aring (a Z0 factory) was proposed by E. Keil [9].
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Figure 7: Left: The emittance and A,., as a function of the phase advance per cell. Assuming
the beam piperadiusis5 cm, this determines the minimum phase advance to be 25°. Right: The
luminosity and synchrotron radiation power as afunction of the phase advance. The luminosity
drops below 10** cm~2sec™! at phase advances greater than 27°.

Energy [GeV] 46.00
Luminosity 12.38 x10%
Synch. radiation power(both beams) [MW] 39.40
Number of bunches 46,600
Particles per bunch 1.47 x 101
Bunch current [mA] 0.0302
Emittances [nano-m] 16.59, 0.83
Beam-beam parameter 0.045
Single beam current [mA] 1408.08
Phase advance per cell [deg] 25.0
Dipolefield [T] 0.00578
Quad gradient [T/m] 1.161
RF Voltage [GV] 0.05
Relative energy spread 0.239x 1073
Bremm. lifetime [hrs] 168.9
Polarization time [hrs] 2600.8
Critical energy [keV] 6.514

Table 6: Select parameters of the 233 km ring operated as a collider at 46 GeV. The magnets
arethe same asat 200 GeV with parametersin Table 1. The high beam current, large number of
bunches and long polarization time make this ring unsuitable for collider operation at 46 GeV.
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We consider asimilar ring here but with acircumference chosento be 15 km. Thiswould
just fit within the Fermilab site. This choice is motivated by discussions at the Snowmass
2001 conference where it was pointed out that the tunnel for this“sitefiller” could also be
used for a5 TeV proton injector to a VLHC. Unlike the design proposed by Keil [9], we
choose not to use polarization wigglers. Electrons and positrons into this machine are de-
livered from the Main Injector at an energy of 12 GeV. Asadesign strategy we choose the
bunchintensity inthis46 GeV machineto bethesameasinthe VLLC. If we assumethat the
transverseimpedance per unit lengthis the same in the two machines, then the bunch inten-
sity should be safely below the TMCI threshold at energiesin the range from 12 GeV to 46
GeV - assuming that the impedance model ensures that we are below the TMCI threshold
by afactor of two in the VLLC. Another advantage of this choice of bunch intensity is that
if the optimal filling cycle for the VLLC requires that bunches be injected at full intensity
into the VLLC and immediately accelerated to top energy, then the filling cycle for the 46
GeV synchrotron isthe same whether it is used as an injector or asaZ factory.

The luminosity is just above 5x 103* ecm~2sec™! which with standard assumptions on
operation times amounts to about 10° Z events a year. The bunch frequency is 1.5 MHz,
a number small enough that the detector will not be saturated with too many Z events per
second [34]. The polarizationtimeis reasonable at 27 minutes. The dipolefield is closeto
that of the fields of the LEP dipoles. Overall the parameters of thisring appear reasonable
for use as a Giga-Z factory.

9 Scaling Lawswith Energy and Radius

In the previous two sections we devel oped parameter sets for operation at 200 GeV and 46
GeV respectively. The design philosophies at these two energies were quite different. The
main interest in this ring however is at the high energy end so it isimportant to determine
the useful upper limit in energy for this machine. Thus for all energies above 100 GeV or
so, the design philosophy outlined in Section 2 is relevant.

We assume that magnet lengths, phase advances are chosen at some energy of interest
and thereafter kept fixed. Table 8 shows the scaling with energy of some of the important
parameters. Most of these dependences on energy arewell known. For exampletheequilib-
rium emittance increases as y2 and the RF voltageincreases as*. The additional twist here
isthat the beam-beam parameter isallowed to scalewith energy and recent data (see Section
4) suggest that in agiven machine £;"** ~ ~'-2, If we areto operate a the beam-beam limit
at all energies, then (a) theluminosity dropsmuch more slowly with energy £ ~ v~8 com-
pared to y~3 without the scaling of the beam-beam parameter and (b) the bunch intensity
increases more rapidly as N, ~ 42 rather thanv2. Theet — e~ bremmstrahlung lifetime
also drops faster with energy as 77, ~ v 22 in this scenario.

Figure 8 showsthe values of luminosity and RF voltage as a function of energy with a
ring circumference of 233 km and synchotron radiation power kept constant at 100 MW. As
mentioned above ¢ is allowed to scale with energy and the values at some of the energies
are shown in thefigure. On this plot we show the luminosity and RF voltage at 46 GeV asa
singledata point whilethe values above 100 GeV are obtained using the high energy design
strategy. We observe that if a maximum of 12 GV of RF isavailable, the energy reach of a
single beam in thisring extends from 100 GeV to 250 GeV with luminositiesin the range
from 0.6-3x 1034 cm~2sec™!. A completelist of parameters at other energies may be found
on theweb [35].
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Circumference [km] 15.00
Energy [GeV] 46.000
Luminosity 5.16x1033
Synch. radiation power(both beams) [MW] 60.8
Number of I1Ps 1
By, B, [em] 100.000, 1.000
ok, o [pml 231.744, 2.317
Number of bunches 74
Bunch spacing [km] 0.203
Bunch frequency [Mhz] 1.48
Particles per bunch 4.851 x 10!
Bunch current [mA] 1.553
Emittances [nano-m] 53.705, 0.537
Single beam current [mA] 114.94
Arcradius[m] 1750.
Bend radius [m] 1500.
Number of cells 162
Phase advance per cell [deg] 90.0
Length of cell [m] 67.52
Dipolefield [T] 0.1023
Quad gradient [T/m] 20.0
Quadrupole length [m] 0.321
Cell: o777, o, [mm] 2.488, 0.249
Max aperturesrequired [cm] 4.067, 1.249
Max and min disp. [m] 1.763, 0.842
Momentum compaction 0.546x 103
Harmonic number 20014
Energy loss per turn [GeV] 0.265
Damping time [turns] 173
RF Voltage [GV] 0.408
Relative energy spread 0.102x 102
Synchrotron tune 0.1084
Bunch length [mm] 12.231
Longitudinal emittance [eV-sec] 0.006
Bremm lifetime[hrg] 5.99
Polarization time [hrs] 0.45
Critical energy [keV] 123.39
Number of photons/m/sec 0.453x10'8
Linear Power load (single beam) [kKW/m] 2.76

Table 7: Parameters of a46 GeV ring that would fit on the site of Fermilab and serve both asan
injector to the VLLC and also as acollider at the Z pole.
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Parameter Energy dependence
Equilibrium emittance e, 7
Energy loss Uy, RF Voltage Vi x o
Damping time 7, ~ E/Uj y3
Maximum beam-beam parameter &, ~ 7,704 -2
Luminosity £ ~ &,77° 18
Bunch intensity N, ~ &,ve, 2
Maximum number of bunches MFe* ~ 1/(N,E*) 82
Synchrotron frequency v 7372
Equilibrium energy spread o/ E ¥
Bunch length o y1/2
Critical energy E, 73
Bremmstrahlung lifetime 7, ~ 1/(¢,7) 22

Table 8: Scaling of beam parameters with energy. Machine circumference and synchrotron ra-
diation power are kept fixed.

Circumference=233km, synch. rad. power = 100MW
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Figure 8: Achievableluminosities and the RF voltages required as afunction of energy at aring
circumference of 233km. The synchotron radiation power is kept constant at 100MW for ener-
gies at and above 100 GeV. The beam-beam parameter scales with the damping decrement as
discussed in Section 4.
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Parameter Radius dependence
Maximum Energy £ pt/3
Equilibrium emittance e, ~ 72/ R? p /3
Bunch intensity N, ~ &, e, p2
Maximum number of bunches M % ~ p/( frevNyy?) p/3
RF voltage Vkr ~ v /p pl/3 ~y
Relative energy spread o /E ~ v/, /p p /6
Synchrotron frequency v, ~ \/hVrrn/E p'/?
Bunch length oy ~ 1/w;(0g/E) pt/3
Critical energy E, ~ Ypi congt.
Dampingtime 7, ~ E3/p const.
Maximum beam-beam parameter ¢ ~ 7,04 const.
Bremmstrahlung lifetime 7, ~ 1/(freo?) p*/?

Table 9: Scaling of beam parameters with the bend radius p. Luminosity and synchrotron radi-
ation power are kept fixed.

If this collider isto be part of a staged approach to a large 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 ra-
dius. Thiswould help determine an optimum radius. Furthermore, once the parameters are
determined at one circumference, the scaling laws may be used to cal culate the parameters
at any other circumference. Table 9 showsthe scaling with radius of some of theimportant
parameters.

Some comments on these scalings are in order. 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. The bunch intensity also decreases with increasing
radii and faster than the emittancein order to keep the beam-beam tune shift constant. The
number of bunches must be increased to avail of the maximum RF power when the ma-
chineradiusisincreased. Vi and maximum energy both increase with the cuberoot of the
machine radius. The critical energy, the damping time measured in turns and therefore the
damping decrement \; and maxi mum beam-beam parameter &, do not changewith machine
size.

10 An Injector System

The Fermilab accelerator complex (Linac, Booster and Main Injector) could be used as the
basisfor an et e~ injector if the beam energies were somewhat reduced from those used for
protons. The specifications of of an injector system could follow the design of the LEP[41]
and HERA[45] injectors, or the the APS[46] injection system.

Two new electron linacs would be required. The first would operate at about 3 GHz
and accel erate electronsto an energy of around 200 MeV, which would be sufficient to pro-
duce positrons. A positron production target would be followed by a second linac section
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to produce a positron energy high enough to inject into the positron damping ring. Since
the positronswill be produced at amuch lower flux and larger emittancethan electrons, itis
necessary to damp and collect positronsfrom many pulses before further acceleration. The
CERN, HERA and APS damping rings are very compact, and operate at energies of around
400 — 600 MeV. The operation of these systemsin the same enclosure, paralel to the Fermi-
lab proton linac, seems possible, 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[47].

We have considered the use of the FNAL Booster to accelerate thee™ and e~ to higher
energies, however the use of gradient magnetsin the lattice makes thisring somewhat inap-
propriate for electrons, since this lattice affects the damping partition numbers in undesir-
ableways. In order to eliminate this problem, a correction package, consisting of agradient
magnet and a quadrupole, should be inserted in the ring 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.

Itisunclearif itismoreefficient to reversethe magneticfield intheaccel erator structures
or buildinjectionlinesso beams could circul atein oppositedirections. We assumethefields
will not be reversed and 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 source is being considered for a neutrino
source and muon col lider, which would not fit in the existing booster tunnel, thereisalso the
possibility of designing a compact, separated function magnet latticeto replace the existing
booster magnets.

We assume el ectrons and positronswould be injected into the Main Injector (MI) in op-
posite directions at an energy of around 3 GeV. This energy would require the Ml magnets
to operate at a much lower field than would ever be used for protons, however the magnets
have been measured at thislow field and thefield quality seemsto be acceptablefor el ectron
operation[48]. The maximum energy that could be produced in the main injector is around
12 GeV, dueto thelimited rf, and the limited space for adding more. The beamswould then
be extracted in opposite directionsinto the VLHC booster tunnel for acceleration up to the
injection energy of the VLHC ring.

A third synchrotron is probably required, since the 12 GeV electrons from the Ml in-
jected into the collider ring, would require the average magnetic field to be about 16 Gauss,
which should be compared to the 215 Gaussinjectionfield of LEP. We have studied the prop-
erties of an electron ring in the tunnel of alow field VLHC booster in the context of an ep
collider[49]. Such aring could have amaximum energy up to about 80 GeV withainstalled
RF voltage of 1.09 GV. We assume thisrf operates at 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.

The suggestion by E. Keil[9] of building an injector with a beam energy of 46 GeV has
anumber of desirableresults. A higher energy injector makesinjection into the high energy
ring easier, and raises the transverse mode coupling instability threshold, permitting more
intensebunches. Inadditiontheinjectorisat an energy whereit could be carefully optimized
for operationasa“GigaZ” Factory, with bunches circulating in acomparatively small ring.
This permits staging, in that the injector can be producing useful physics while the large
ring isunder construction. When thefacility is complete, there would be the opportunity of
using theinjector for Z° physicswhilethe high ringis used for Higgs, SUSY and top quark
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VLLC/VLHC

Z Factory 12 - 46 GeV

Tevatron Ring

Main Injector
3-12GeV

Figure9: Layout of theinjectorsfor the VLLC and the VLHC. The tunnel housing the Z factory
is 15 km around and fits within the Fermilab site. It could aso be used to house an injector for
the VLHC [53].

physics. Figure 9 shows the schematic layout of the injectors together with their energy
range.

10.1 Operational Cycle

The operational cycle will need to be optimized to minimize the filling time and maximize
theintegrated luminosity inthe collider. The detailsof thefilling cycle depend on anumber
of parameters which are unknown at this stage such as the number of electrons/positrons
per pulse from the linacs, the damping timein the modified Booster etc. Nevertheless with
some assumptionswe can outline a sketch of afilling procedure. Table 10 shows somerel-
evant parameters of the injector synchrotronsand the collider. Theratio of circumferences
of these machines are 1:7:4.52:15.53. |f we assume for the moment that each bunch can be

Booster | Main Injector | Z factory | VLLC
Circumference [km] 0.474 3.319 15.0 233.0
Injection Energy [GeV] | 0.4-0.6 3 12 46
Harmonic Number 84 588 20014 | 273576

Table 10: Relevant Injector parametersfor the operational cycle

32



filled to the required intensity by single turn injection into each synchrotron, then a bunch
current of 0.1 mA inthe VLLC correspondsto bunch currents of 1.55 mA intheZ factory, 7
mA intheMain Injector and 49 mA inthe Booster. Space charge effects, synchrotron radia
tion dosesto name but afew effects rule out such high currentsin the Booster. Thus several
Booster cycles are required which must aso provide for transmission lossesin the injector
chain. In each Booster cycle, amaximum of 82 bunches can be extracted to the Main Injec-
tor. At 200 GeV, 114 bunches are required in the VLL C to obtain the maximum luminosity
while respecting the synchrotron power limit of 200 MW. One possibility isto extract these
bunchesin two Booster batches, with an equal number of bunchesin each batch, totheMain
Injector. If the cycle timeisroughly the same as at present, which accel erates protonsfrom
400 MeV to 8 Gev, abatch can be delivered at an energy of 3 GeV to the Main Injector ev-
ery 1.5 seconds or less. For Tevatron collider operation, the Main Injector operates on a4
second cycle accel erating protonsfrom 8 GeV to 150 GeV. Thisincludes 1.45 seconds dur-
ing flat-top at injection energy when proton bunches are coalesced and cogged. Withete™
operation, the Main Injector would accel erate particlesfrom 3 GeV to 12 GeV and perhaps
inasinglebatch of 114 bunches and without accumulation of intensities. Particles could be
extracted in a singleturn to the Z factory which in turn accelerates them to 46 GeV where
they are extracted to the VLLC. In the collider damping times are short and these freshly in-
jected bunches could coal esce with the circulating beam. In thisscenario, bunch intensities
are accumulated only in the collider. Anaother, perhaps more promising, optionisto accu-
mulate bunchesto full intensity in the 46 GeV synchrotron where the damping timeisaso
relatively short. Thishastheadvantagethat intheVLLC, bunchescan beaccelerated imme-
diately after injection and so minimize the time spent at injection energy when instabilities
are the most dangerous. However detailed studies are required and other scenarios where
accumulation takes place in the other injector synchrotronsas well may be more optimal.

11 Technological Challenges

The primary technica challenges 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 thisminimum field determines the design of the magnets and theinjection energy.
In addition, however, there are anumber of other technical problemswhich must be consid-
ered.

11.1 Vacuum System

Besidestheusual synchrotronradiationinduced gas desorption, the vacuum chamber design
is determined by a number of constraints. Although the power density of the synchrotron
radiation deposition is smaller than many other storage rings and synchrotron sources, the
critical energy of the synchrotron photons spans a large range, (5 - 500 keV), and the large
bend radius complicatesthe power deposition. In addition the large circumference requires
adesign which both minimizes beam wall interactions and is inexpensive.
Thelargerangein critical energy of the synchrotron radiation impliesthat the power in
low energy beamswill be deposited mostly insidethe vacuum chamber, but the chamber will
become transparent to high energy photons, so external absorbersare required for high ener-
gies. Thehigh energy photonswill aso be subject to internal reflection at grazing incidence,
but are poorly attenuated by aluminum. These photons are a radiation hazard to el ectronics
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and cableinsulation, thusthe absorbers must be shielded to insure useful radiation levelsin
the tunndl.

The large bending radius complicates even deposition of synchrotron radiation power
on the vacuum chamber walls, since these chambers would be expected to move slightly
with operational temperature fluctuations and the motion of the earth. Since deposition on
thewall isnot expected to be constant, we assume that the vacuum chamber would have an
ante-chamber which would conduct the synchrotron radiation to lumped absorber / window
assemblies where the power could be absorbed and the synchrotron radiation outgassing
could be pumped.

In order to minimize both beam-wall interactions and the cost and complexity of the
vacuum system, it may be desirable to use prebaked chambers, and welding the aluminum
vacuum sections in-situ, without a subsequent bake out[50]. This makes assembly easier,
eliminates the need for bellows with a large mechanical range, reduces the rf loss factor
induced by the bellows on the beam (both due to the number and complexity of bellows),
and reduces the cost and complexity of the vacuum system as a whole. Since the cham-
ber will heat up somewhat during normal operation, some bellowsare required. It is, how-
ever, highly desirable to avoid the expansion involved in a high temperature bake, (Al =
al AT = 2.4 -107° 100 100 = 24 cm), for lengths! and AT of 100 m and 100 deg C. In
order to do this, one must have sufficient pumping in the chamber toinsurethat a pressure of
10~8 Torr can be achieved, whichwould allow abeam lifetime of about an hour, and permit
subsequent wall scrubbing by synchrotron radiation.

11.2 Cooling System

Thewarm water produced in the synchrotron absorbersisa so aconcern. Sincetherewill be
roughly 100 MW of heating, distributed over 230 km, we assume this heat must be brought
to the surface where cooling towerswould be used to dischargeit into the atmosphere. This
system would be a significant environmental perturbation on the surface. We have aso
looked at discharging the heat into the ground and into surface water. Since the tolerable
thermal range of the system isfairly narrow, dueto the fact that thermal expansion must be
minimized, the temperature range of the water would also be comparatively limited, thusit
would be difficult to recover any useful power from the waste water.

11.3 Magnet Design

The primary issue with the injector system design is determining the minimum field where
thering magnets can usefully transport beam. Since the bending magnetsinthe arcs operate
at afield of B;,;[Gauss|] = 1.3 E[GeV], and the error fields at injection should be below
(107% — 10‘3)ij, error fields due to external sources, other components and remanent
fields, could be a problem. A fina injector synchrotron must then be designed which can
produce beamsin therequired energy. This synchrotron can belocated in the tunnelswhich
would be eventually occupied by the hadron booster.

We have shown that external fields can be well attenuated by the magnet yokeitself and
extensive shielding of magnets may not be required[8] [42]. The remanent fields at low
excitation are afunction of the specific aloy used, and number of aloysexist with very low
remanent fields, however their costs tend to to be higher than steel. One option seemsto be
the use of vacuum or hydrogen annealed steel [43]. This anneal removes carbon from the
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Figure 10: Hysteresisloss as afunction of carbon content in steel.

steel very efficiently, reducing the remanent field and hysteresi sloses by a significant factor,
as shownin Figure 5 [44]. It seems as though an order of magnitude reduction in remanent
fields from the standard low carbon 1010 alloy, (~ 0.1% carbon), may be possible, in an
aloy which isnot significantly more expensive than standard commercially produced ones.

11.4 Other Components

A number of other systems and design issues have not been considered in any significant
detail in this paper. We assume that superconducting RF cavities will be necessary. The
design of these cavities must suppress higher order modes efficiently.

It isnot clear if thee™ — e~ collider arcs would be optimized with one or two rings.
Whileit is possible to assume that pretzel orbits can produced in the comparatively long
arcs, itisnot clear if parasitic collisionswill produce significant emittance growth to justify
the construction of a second set of arc magnets. Thismay significantly affect the cost.

The placement of the rf cavities will determine the energy of the beam around the ring.
Since so much energy isadded per turn, it may be necessary to distributethe cavitiesaround
thering. Thismight require zero dispersion straights at a number of |ocations.

If thee™ —e~ collider and thelow field hadron collider magnets are both energized at the
sametime, the lepton collider will need to be protected from the fringe fields of the hadron
collider. Thesefringefields at a distance of about ameter are of the order of afew hundred
Gauss, about the same level as the main bending field in the lepton collider.

Extensivemasking and collimation systemswill berequired to protect the detector com-
ponents from synchrotron radiation.
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12 Conclusions

We have explored the feasibility of a large el ectron-positron collider within the context of
a staged approach to building avery large hadron collider. We have shown that in aring of
circumference 233 km, alepton collider with 200 < E.,, < 500 GeV with synchrotronra
diation power limited to 100 MW would require RF voltages comparable to L EP and would
achieveluminositiesintherange 0.6 - 3 x 1034 cm~2sec™! with reasonable choices of beam
parameters. The achievable energy extends to nearly 1000 GeV (center of mass) at alower
luminosity of 1033cm~2sec™! but an unredlistic RF voltageis required to replenish the en-
ergy lost by the beam.

Such a machine derives benefits from its size and operating energy, in that the limiting
beam-beam tune shifts may be much higher than even those seen at LEP. In addition it may
be possibleto further optimize the operation of thismachine, particularly theinteractionre-
gions, tooperatewithasmaller 3; thanwasusedin LEP. A preliminary IR design[15] shows
that 8, = 1 cm may befeasible. There are anumber of open issues which require more ef-
fort. It isnot clear what is the the upper limit on &, nor what are the maximum number of
bunchesin thering. The demand for collisions prevented significant experimenta work at
LEP on these issues, but they can be studied theoretically. There may be ways of overcom-
ing the TMCI limitationsby coal escing electron bunches at high energies, but thishas never
been done. There are also some other questions. |Is feedback useful against TMCI? What
does an optimized 45 GeV Z0 factory look like? How can polarization at high energies be
optimized? Would one ring suffice for the large ring or are two rings necessary? What is
the optimum method of pumping the long vacuum chamber sections? How much cost and
power minimization is possible in the complete design? These questions will require con-
tinuing study and experimental work.

One of the conclusionsof the hadron collider working group at the Snowmass 2001 con-
ference wasthat the lattice design of thise™ e~ collider is compatible with the VLHC [53].
The decision on whether to build a lepton collider in a tunnel housing a very large hadon
collider must ultimately be based on the physicsreach at these energies. Assuming that the
physics case is compelling, the design of such an accelerator can proceed to the next stage.
The cost of the technical componentsin the lepton collider will likely be dominated by the
superconducting RF cavities and the vacuum system. Improvementsin design and technol-
ogy can be expected to reduce the cost a decade from now compared to what they are today.
Severa technical challenges have to be faced but none appear to be insurmountable.
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A Appendix: Useful Symbolsand Formulae

€, &y

O, Oy

OF

* *

Oy Oy

TL

Ps

Velocity of light

Electron charge

Beam energy

Revolution frequency

Harmonic number

Latticefactor = [n% + (87’ — 3'n/2)%/3
Bunch current

Beam current in a single beam
Horizontal and Longitudinal partition numbers
Transverse, Longitudinal loss factor
Luminosity

Electron mass

Number of bunchesin thering
Number of particlesin abunch
Synchrotron power lost in both beams
Classical dectron radius

Arc radius

Maximum RF voltage

momentum compaction

Beta function at some point in thering
Beta function at at the interaction point
Relativistic factor

Momentum variation

Horizontal, Vertical emittance

Slip factor

Emittanceratio = ¢, /¢,

Damping decrement

Phase advance per cell

Synchrotron tune

Arctunes

Beam beam tune shift

Bending radius

Beam radius

Bunch energy spread

Beam radius at interaction point
Beam lifetime

Synchrotron phase
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Unless specified otherwise, the formulae in this section are obtained from the article by

Sands [37].
Luminosity
N+ N - My frev 1
L=< y of (A.1)
T \/ﬁ;,efm,e\/ﬁ;efy,e
where N+, N,- are the bunch intensities, M, isthe number of bunches.
Equilibrium horizontal emittance
2 3
., = Gy $H/p°ds (A2)
Jo | $1/p%ds

The equilibrium emittance in a lattice built entirely with FODO cells scales with the hori-
zontal phase advance .{' per FODO cell as [36]

C? o1 = Fsind(uC/2) + b sin (/)

C
=4
€a(Ha) Iz sin?(ug /2) sin u&

(A.3)
where C, = (55/32v/3)h/mec = 3.84 x 1073m, J, is the horizontal damping partition
number and @ is the bending angle in half of the FODO cell.

Momentum compaction

e 2 LArc 92
“TC sin?(p1c/2)

where L 4,.., C are the lengths of the arcs and the circumference respectively, 6 isthe bend

angle per half cel and . isthe phase advance per cell.

(A.4)

Equilibrium energy spread

oE Cy
— A5
z 70 (A.5)
where -
= e = 384x 10 B m
32v/3 me

for electronsand positrons. J, isthelongitudinal damping partition number, p isthebending
radius.

Equilibrium bunch length

s Clnlos ¢ In|E  op (A.6)
® ws E 27 fre | heVrpcosys E

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

Energy acceptance

AFE GVRF

(F)accept = WG(¢S) (A7)

G(¢s) = 2cos s — (T — 2¢) sin ¢
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Beam-beam tune shifts

Nbreﬁ; Nb?”eﬂ*
55’7 = *( *) ? é.y = *( - * (A8)
2myoy(os + o) 2nyoy(os + o)
Inthelimit oy > oy,
Nbreﬁ; Nb?”eﬂ*
2y (o) 2nyoioy
Energy lost by electrons per turn
E* AT re _5 3
U= C’Y?’ C’Y = ?W = 8.86 x 10 m/GeV (A].O)
Synchrotron radiation power in beam
1
Psynch = & (All)
&
Critical energy [38]
E3[ GeV
EovirlkeV] = 9018 7°LGV] (A.12)
p[m]
Critical Wavelength [38]
4
Acrit|[Angstroms| = Lg x 1010 (A.13)
3
Number of photons emitted per second by a particle
15.0v/3 Pyynen [MW]
N, = SYne 103 A.14
7T 780 eNpEoalkeV] (A14)
Total Photon Flux [39]

N, [photons/sec] = 8.08 x 10'7 x I[mA]E[GeV] (A.15)
Gas Load [39]

Q- [Torr — litres/m/sec] = 4.5 x 10721, por0 (A.16)
where 7,501, IS the photo-desorption coefficient and ¢, = '7 /L Arc isthe photon flux per
unit length.

Damping partition numbers
Jo~20, Jo+J,+J,=4 (A.17)
For a FODO cell in the thin-lens approximation
Lp [2+ 1sin? /2
s _yLp |2 gsin /2 (A.18)
do Lg sin” pu/2
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Damping times

E 2 2

To = ol =5 p™ Ty, Ty =2To, Ty = T pO~Ty (A.19)
D1 B’
=(= 4+ 22

» _ G2 w20

(Z)
Longitudinal quantum lifetime
AFERrp

Tquant;s = N2 eXP[ NQL] NQL = ( o ) (A.21)

A E R istheenergy acceptance of the bucket provided by the RF system, o ; isthesigmaof
the energy distributionand 75 isthe longitudinal synchrotron radiation damping time. This
isthe expression due to Sands[37] but there are other (perhaps more accurate) expressions.
Transverse quantum lifetime

e’ L @ apert,8\2
Tquant;3 — 2?”ﬂ TL, Tg= 5(%) (A22)
T Apert, 1S the transverse position of the aperture limitation, o is the transverse sigma of
the particle distribution and ¢ 4., 1 1S transverse synchrotron radiation damping time. If
thereisfinite dispersion at the location of the aperture limitation, then Chao’s formula[40]
holds

1 exp[rggl 1
S : T A.23
s = e o P (L DI (A 23
where
1 2 apert, D2U
ras = 5 (o), ob=oraDiol, f=0

D, isthedispersion at the location of the aperture, o5 isthe relative momentum deviation.
For afixed transverse damping time, the quantum lifetime dependson the parameters f, r3 5
and has minimas at specific values of these parameters.

ete~ Bremmstrahlung cross-section
The dominant process which determines the lifetime at collisionissmall angleforward
radiative Bhabha scattering which has a cross-section given by [52]

16 5 AFE 5 1, 1., AE 2 3

Oete— = ?are _(ID(F)accept + g)(ln(47e+7e—) - 5) +

5 In (T)accept - F - ]
(A.24)
where (AE/ E) ecept 1S the RF acceptance of the bucket.
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B Appendix: Scaling of the Beam-beam parameter

Consider asimple model of the beam-beam kickswhich treatsthem as random kickssimilar
to those due to photon emission. This model should become more accurate as the radiation
damping time decreases so that kicks from turn to turn become more uncorrelated. We fol-
low Sands' notation here.

In the linearized approximation of the beam-beam kicks,

2Nprex

Al = ——————
vo:(0% + 03)

(B.1)

The changein amplitude a? = [2? + (83,2’ + a,x)?] /B, dueto abeam-beam kick is

Aa? = 2(8,2’ + ) Ax’ + Bo(Az))? (B.2)
AtthelP, o, = 0. So
¥ = /BEay cos ¢y P sin ¢, (B.3)
//6*
The beam sizes are assumed to stay matched at all stages so that Opet = 0pe =0y and

a; o = ay . = 0,. Weassumethat at high currents and large dampl ng, the beam beam
kicksrandomizesthe betatron phase from turnto turn. Inthisregime, non-linear resonances
are no longer very important. When we average the change in amplitude over al betatron
phases, the term (2’ Ax’) ~ (sin ¢, cos ¢,) = 0. If there are N;p IPs, kicks from each of
these are also considered as uncorrelated so that the net change in the squared amplitudeis
the sum of all these kicks,

Nbre

2 * 2
m) (Braz) (B.4)

(AaZ) N, = 2N1p(

The rate of change of a2 including the effects of random photon emissions and radiation
dampingis

d (a3) | (a3)

~(Aa? y — 2% z B.

dt< aac>NIP Q To + T ( 5)

where
N, (u?

Q, = % (Sands’ notation) (B.6)
1 Nbreﬁ; 2
Z = g els g B.7
T1 <W’U§E(U§2+U§)) e oo

71 defines atime scale for the beam-beam interactions. In the stationary state, the left hand
side of Equation 5 vanishesand (a?) = (a?)¢; = 2¢¢q, Where e, isthe equilibrium emit-
tance. The beam sizes at the IP o7, o are determined by the perturbed equilibrium emit-
tances.

= ﬁ*feq T U;2 = ﬁ*feq y (88)

Inthelimitthat o > o, assumlngthatth|3|sstllltrueafterbeamblowuplnthevertlcal

plane,
1 Nyr Nyr
- = ( eﬁ ) NIPfrev = 2( be
T1 yor? Yéeq

)2NIPfrev (Bg)
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Hence the equation for the equilibrium emittanceis

1 1 Nyr
ZQm = —€eq — ( 6)2N1Pf7‘e’u_ (Blo)
Tx €eq

In the absence of the beam-beam interactions, the equilibrium emittanceis

1
0 = 70T (B.11)

Solving the quadratic and keeping the positiveroot (the emittance increases with the beam
current), wefind

1
€eq = 560[1 +v1i+ 4Xbb] (B.12)
where we have defined a dimensionlessvariable y, as
— . (B.13)

Ad = 1/(NipfrevTs) = 2/(N1pfrevTs) isthe damping decrement. We apply this to the
LEP datawith parameters given in Table 1. The equilibrium emittance ¢, in the absence of
beam-beam effectsis21.3 nm. Using Equation (B.12), the equilibrium emittance with blow
up due to the beam-beam isfound to be 153 nm, an increase by more than afactor of seven.
Measurements of the vertical emittance at LEP[18] showed that the emittance increased by
roughly 50% at the highest currents compared to the values at low current. Asistypical,
the assumption of completely random uncorrelated beam-beam kicks over-estimates their
effect. The assumption that the entire betatron phase is random from turn to turn is a very
strong one and likely to be wrong. A better starting point would be to assume that only part
of the phase is random. A more sophisticated treatment with correlated random kicks is
possible, for an example of diffusion due to beam-beam phenomenain hadron colliders see
reference[54]. A Fokker-Planck treatment would berequired for et —e™~ beams, ananalysis
that wewill leaveto afuture publication. Instead we will make an assumption that the effect
of the partially random phases and correlated kicks can be described by a correction factor

I" sothat 1
€eq = 560[1 + 1+ 4FXbb] (B.14)

HereI’ < 1istobetreated asadimensionlessfit parameter which will not depend on bunch
intensity of the other beam but will depend on the tune, damping times and the lattice con-
figuration. Thiswill suffice for our purpose here.

Consider the vertical beam-beam parameter

Nyr. 3, Limessos  Nprrf3,
ey _ TPy

B 2myo(oy +o5) B 2myos0s

¢ (B.15)

In the presence of coupling parametrized by aratio x = €, /¢, the beam-beam parameter is

¢ = re(l+ k) | B 2N, _ 2840 (B.16)
Y 2my kBreoll+VI+ 40w [+ VI 40w

where &, o isthe usual beam-beam parameter without the correction. When beam-beam ef-
fects are negligible, this reduces to the usual expression

re(1+ k) ﬂ; &
2y KB% €

§y = &yo = (B.17)
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At large beam currents N, — oo, the N2 term in x,,;, dominates the unperturbed emittance
term so that the asymptotic limitis

0o __ 50 1+H ﬂ* Ad
&S = li’Xb ,/ w*\/; (B.18)

Thisisalattice dependent constant, independent of current.
Inthe case of optimal coupling €, /¢, = 3;,/3; which simplifies the above to

50@_(1+m) Ad
vy on or

Thisis clearly a very simple analysis and many important details of the dynamics are
missing. Some, such as the dynamic beta effect, are easily incorporated. A more severe
limitation perhaps is the neglect of the nonlinearities of the beam-beam force. The reso-
nance driving terms are probably not important in the extreme damping limit but the purely
action dependent termsin the beam-beam Hamiltonian can lead to important changesin the
stability limit. These and other effects need to be considered in a more compl ete treatment.
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