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Abstract SYSTEM COMPONENTS

We discuss the design of a high luminosity0®*> cm™2 s, proton Driver
high energy 2 + 2 TeV)u* .~ collider, starting from the proton
accelerator needed to generate the muon beams and proceedim@e ;.-source driver is a high-intensity rapid-cycling (30 Hz)
through the muon storage ring. proton synchrotron. The protons are targeted to produce pions,
which are then allowed to decay into the required muons. A
recent study[6] suggests that an optimum proton energy may be
INTRODUCTION 10 GeV. In this case, with some conservatism (we allow an extra
Lepton(ete) colliders have the valuable property of producfactor of two for potential loss), we require a total of about*10
ing simple, single-particle interactions with little backgroundyrotons at 30 Hz. This specification is almost identical to that
and this property is essential in the exploration of new partictdudied[7] at ANL for a spallation neutron source. The only
states. However, extension@fe~ colliders to multi-TeV ener- difference is the number of bunches: 2 0k5L0' instead of 1
gies is severely performance-constrained by beamstrahlung, ahd0*4, one of which is for making.~, the other foru*. Both
cost-constrained because two full energy linacs are requiredfje brought on to the same target.
On the other hang'’s (heavy electrons) have negligible beam- |n order to minimize the longitudinal emittance of the pro-
strahlung, and can be accelerated and stored in rings. duced pions it is desirable to target relatively short bunches of
The liabilities of u’s are that they decay, with a lifetime ofprotons with rms bunch length less than 3 ns (1 m). An RF se-
2.2 x 107% s, and that they are created through decay into a difuence must thus be designed to phase rotate the bunch prior to
fuse phase space; in addition the decay products are likelytdggeting. The total final momentum spread, based on the ANL
create large backgrounds at the final focus points making fhgrameters (95% phase space & Ms per bunch), is mod-
detector design a challenge. The first problem is overcome ¢t (6 % or 2.5% rms), but if the compression were to take
rapidly increasing the relativistig factor; at 2 TeV for exam- place in a relatively low-field, fast-cycling synchrotron, then the
ple, the lifetime is (44 s, sufficient for storage-ring collisions.space charge tune shift just before extraction would be very large
The second can be dealt with by cooling. The possibility.of (=~ 1.5). A separate superconducting compression ring is thus
colliders has been introduced by Skrinsky et al.[2], Neuffer[3heeded (reducing the tune shift#00.15), or some other more
and others. More recently, several workshops and collaboratigitotic solution must be found. Some possible parameters of the
meetings have greatly increased the level of discussion[4],[5]. tiain components of the proton driver are given in Th. II.
this paper we discuss the beam dynamics problems encountered
in one particular scenario fa 2 + 2 TeVcollider. Th.I shows
parameters for the candidate design and Fig.1 shows a schematic
overview of the machine. This scenario includes a high-intensity
u-source u-cooling, and acceleration and storage in a collider.

Table Il
Proton Driver parameters

The complete cycle is repeated at 30 Hz. Linac Energy MeV 330
Gradient MeV/m 4-5
Frequency MHz 1200
Table | Booster 1  Energy GeV 2.2
Summary of Parameter$ ® + 2 TeV u* .~ Collider Circ. m 190
Frequency MHz 2.2-3
Beam energy TeV 2 Booster 2 Energy GeV 10
Beamy 19,000 Circ. m 690
Repetition rate Hz 30 Frequency MHz 9
Muons per bunch 16 2 Buncher  Energy GeVv 10
Bunches of each sign 1 Circ. m 70
Normalized rms emittance¢g mmmrad| 50 Final rms emittance mm mrad 62
Average ring mag. field8 T 6 rms long. phase space Vsec | 0.7
Effective turns before decay 900 rms bunch length nsec 3
B* at intersection mm 3 rms dp/p % 2.5
Luminosity” cm?st | 10%




Target and Pion Capture because of nuclear scattering (p’s) and bremsstrahlung (e’s) ef-

The target could be Cu (24 cm by 12 mm diameter) or Be d@cts in the materia_ll, but is prac_tical fors because of their low
cm by 2 cm diameter), although Cu would be preferred beceu[%léde""r Cross section and relatlvely low t_)remsstrghlu_ng. .
of its higher pion multiplicity. Pions are captured from the target The equation for transverse cooling (with energies in GeV) is:
by a high-field hybrid solenoid that surrounds it. A field of de
28T, and radius of 7.5 cm are consistent with what is currently n
available[8]. The pions can then be matched, using a suitable
tapered field[9] into a long (350 m) solenoidal decay channglerec . is the normalized emittancg, is the betatron function
A field of 7T and radius of 15 cm for the decay channel seenyg,o absorbed E

,./dsis the energy loss, arldr is the material
reasonable and matches the capture acceptance. radiation length. The first term in this equation is the coherent

Monte:) Carlo studies indicate that such a system captures @ping term and the second term is the heating due to multiple
most 40% of the produced pions. Using the Wang[10] formul@ aytering. This heating term is minimizegif is small (strong-

for pion pr'oduction., 'Fhe program calculates a yield &fAQu’s, focusing) and_  is large (a low-Z absorber).

of each sign, per initial proton. However, for a Cu target, @ grom Eq.1 we find a limit to transverse cooling, when heating
higher multiplicity is expected and would consequently give, Y&§ye 1o multiple scattering balances cooling due to energy loss, at
a higher yield. en ~ 0.6 1072 8, for Li, ande, ~ 0.8 1072 8, for Be.

The equation for energy cooling is:

E .014)2
_:_d_/‘e_“+m (1)
ds ds E, 2E,m, Lr

Phase Rotation Linac

The pions, captured by a solenoid focus system (and the muon(f(AE)2 d (dEu) d(AE,)?
into which pions decay) have a huge energy spreatdh ic 3 "~ _ _ < (AE )2 > 4 - Hstrag 5
(AE) > + )
GeV (rms/mearr 100%), and would be difficult to transport ds dE, ds

and to handle in any subsequent system. It is thus proposewR
introduce a linac along the decay channel, whose frequenciesg

phases are chosen to deaccelerate the fast particles and acceleragte . g(dE,/ds .
the slow ones; i.e. to phase rotate the muon bunch. Th.lll gives ooling requires that—¢ > 0. But at energies below

the parameters of these linacs. After phase rotation the rms buffBRUt 200 MeV, the energy loss function for muamk,, /ds, is
rapidly decreasing with energy and there is thus rapid heating of
the beam. Above 400 MeV the energy loss function increases
gently, thus giving some cooling, though not sufficient for our
application.

re the first term is the cooling (or heating) due to energy loss
R the second term is the heating due to straggling.

Table Il
Parameters of Phase Rotation Linacs

Linac | Length Frequency Gradient Phase In the long-path-length Gaussian-distribution limit, the heat-
m MHz MeV/m degrees ing term (energy straggling) is given by[15]
1 50 24 2 36 2
d(AE z 2
2 50 24 2 0 A8 Fu)snag _ 47 (remec?)*No— py 2 (1 - ﬂ—) 3)
3 250 6 2 43 ds A 2
4 60 24 2 81 whereN, is Avogadro’s number and is the density. Since the

_ _ energy straggling increases a8, and the cooling system size
length is 6 m, and the rms momentum spread is reduced to abgtfiles ay, cooling at low energies is desired.

15%. Unfortunately at such frequencies the linacs cannot phasgnergy spread can also be reduced by artificially increasing
rotate both signs in the same bunch: hence, the need for twdiéfds) by placing a transverse variation in absorber density at

bunches. The phases must be set to rotate tfeof one bunch alocation where position is energy dependent, i.e. where there is

and theu™s of the other. dispersion. The use of suchwedges can reduce energy spread, but
it simultaneously increases transverse emittance in the direction
) of the dispersion. Six dimensional phase space is not reduced.
Cooling Theory But it does allow the exchange of emittance between the energy
For collider intensities, the phase-space volume must be @&&d transverse directions, and it can do this either way.
duced within theu lifetime. Cooling by synchrotron radiation,
conventional stochastic cooling and conventional electron co
ing are all too slow. Optical stochastic cooling[11], electron We require a reduction of the normalized transverse emittance
cooling in an plasma discharge[12] and cooling in a crystal ldty almost three orders of magnitude (fromx2102 to 3 x
tice[13] are being studied, but are not by any means certain. Id-°> m-rad), and a reduction of the longitudinal emittance by
ization cooling of muons[14] seems relatively straightforwardmore than an order of magnitude. This cooling is obtained in
In ionization cooling, the beam loses both transverse and lanseries of cooling cells. Each cell consists of a section of Be
gitudinal momentum as it passes through a material mediu¢s: 0.7 m) or Li (= 2m) placed in a region of the lattice with a
Subsequently, the longitudinal momentum can be restored lbw 8, , alinac(200MeV), and a matching bend with dispersion
coherent reacceleration, leaving a net loss of transverse momehere wedges can be introduced to interchange longitudinal and
tum. lonization cooling is not practical for protons and electrorigansverse emittance. The energy would be restricted to a value

lonization Cooling

ggoling System



between 200 and 400 MeV, so as to avoid the energy dEAMih a slight decrease in Q/Z (by widening the irises), and with
heating below 200 MeV, but minimize the straggling heating &N\S damping, such effects can be controlled.
higher momenta. About 20 such cells would be needed.

For the early cells, when the emittance is still large, a su
ciently low 8, can be obtained with solenoids. In later cells, Afteracceleration,thge™ andu™ bunches are injected into the
when the emittance is lower and a lowgr is required, current 2-TeV storage ring, with collisions in two low* interaction ar-
carrying cooling rods# 2 m long, if Li) which serve both to eas. The beam size at collisiorris= /e,* ~ 2 um, similar to
maintain the lows,; and reduce the beam energy could be ervadron collider values. The bunch populations decay exponen-
ployed. InaLirod, with surface fields of 10 T (as achieved in Ltially, yielding an integrated luminosity equal to its initial value
lenses at Novosibirsk, FNAL and CERN [16])8a of 1.7 cm multiplied by an “effective” number of turn®ectve = 150B,
can be achieved, and the emittance is reduced to aboéi10 where B is the mean bending field in T. Wi® T superconduct-
Butthis is still a factor ofz 3 above the emittance goal of Th.l. Aing magnets, an average B of 6 T might be obtained, yielding
final stage might consist of short sections of Be at even I@yer an neffective ~ 900. The magnet design is complicated by the
insertions. Alternatively, the additional transverse emittance ffect that theu's decay within the ringsy{ — evv), producing
duction can be obtained by cooling more than necessary longiélectrons whose mean energy is approximately 1/3 of that of the
dinally, and then exchanging transverse and longitudinal phas&ions. These electrons travel to the inside of the ring dipoles,
space with a thick wedge absorber. but radiate a substantial fraction of their energy, as synchrotron

In all these cells, lattices are required with adequate momeadiation, towards the outside of the ring. A warm tungsten, or
tum acceptance, matching in and out of the low beta insertioagher heavy metal, liner of about 2 cm thickness will be required
appropriate momentum compaction and control of emittantintercept this radiation.
growth from space charge, wake field and resistive wall effects.A relatively conventional lattice has been designed [17], but
In addition it would be desirable to economize on linac sectiotize If requirements to maintain the required 3 mm rms bunch
by forming groups of cells into recirculating loops. length in such a lattice would be large. A low momentum com-
paction lattice of the type discussed by S.Y. Lee et al[18] might
thus be preferred. A preliminary study[19] of resistive wall
impedance instabilities indicate that 3 mm bunches af 20

Following cooling and initial bunch compression (of the ordahuons would have an unacceptable transverse microwave insta-
of 0.2 m) the beams must be accelerated to full energy (2 TeVjlity. A fully isochronous lattice, with conventional BNS[20]

A single linac of this energy would work, but would be expendamping, would solve the problem, but is not possible because
sive, and would not utilize our ability to recirculates inrings.  of the effects of the large angles of trajectories in the insertion

A conventional synchrotron cannot be used because the mumions. The proposed solution is to employ RF quadrupoles to
would decay before they were accelerated. A fast cycling syspply the BNS damping[21].

chrotron could be used but, because it would be limited to low Another problem is the design of chromatic correction for the

magnetic fields, would be very large. The best solution seemsy low beta §* = 3mm) insertions. A triplet design would

to be a recirculating linac (similar to CEBAF). If acceleration ifave maximum beta’s of 200-400 km in both directions, and

done in 20 recirculations, then only 100 GeV of linear accelerehromaticity (1/4r [ dk) of 2000-4000. If no correction is

tor is required. employed, as in the lattice in reference [17] then the momentum

In practice, a cascade of at least 3 recirculating linacs (e.gcceptance¥ 10-°) is much less than that easily obtained by the
with maximum energies of 20 GeV, 200 GeV and 0.2 TeV) woul@nization cooling. It seems clear that a local correction of chro-
be needed. The-bunches would be compressed on each of theaticity[22] would be required. A preliminary automated[23]
return arcs, and be bunched finally to the required length ofsudy of such a correction system, using a doublet at the final
mm at full energy. The two higher energy recirculators must ffecus, gave momentum acceptancest0f1 % and=+0.6 % in
superconducting for two reasons: the store time is far too lottte two directions, where theénax's were 1.2 and 0.2 million m
for conventional cavities, and the wall power consumption witlespectively. A similar design with the triplegfax's both 0.4
conventional cavities would be too high. The total muon beamillion m) would be expected to give abouB® in both direc-
power is 38 MW. It is hoped to achieve at least 30% efficiendions. More sophisticated designs [24] should do better. But this
with superconducting cavities, giving a wall power consumptiggstimate is only for a single pass device like a linear collider; the
of 127 MW. The gradients assumed are below those assumedderformance for a storage ring remains to be seen.

TESLA. They may be over conservative in view of the shorter

pulse duration in this application than assumed in TESLA. Th¥tector Background

muon linac beam dynamics is complicated by transverse HOMFor the physics userthereis a problem of background i[gm
because of the large number of muons per bunch, about a fagfégays that occur near the intersection point, and from scattering
of 100 higher than electrons in TESLA. The HOM power igf any muon halo circulating in the ring.

estimated to be- 100 W/m. Asinthe TESLA design, thiswould A first Monte Carlo[25],[26] study assumed a final triplet with
required a coupler section to remove this HOM power. interspersed strong dipole bending magnets. These magnets, it

At the higher energies, space charge effects will not be a pratas hoped, would help deflect background tracks coming from
lem, but as the bunches are compressed wake field and residtivéner down the beam. No chromatic correction scheme or ma-
wall effects become serious. Preliminary studies suggest ttatine lattice was included in this study. Background track den-
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Acceleration



sities initiated by muon decays are indicated in Th. IV. Inthis 10°*2cm 2sec. Such a machine, besides being a stepping
study it was assumed that the detector pixels in the inner tracker stone to a higher energy machine, would have the unique
were 20um by 20 um, and in the central tracker: 50m by capability of searching for the direct channel production of

300um. The track densities are high, but they result from very  the supersymetric Higgs particles A and H.

low energy electrons that would be eliminated in any track re-
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cm2 % | cm2%

inner tracker 170 0.07 480 0.19
central trackery, 3.2  0.05 2.3 0.03
outer tracker 1.7 - 0.3 -
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Ep 200 MeV --> 2TeV
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