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teristics that are displayed in Th.l. Parameters are also given of

ABSTRACT
Muon Colliders have unique technical and physics adva%-o'5 TeV demostration machine. It is obvious that machines

tages and disadvantages when compared with both hadron ‘Q{HH these characteristics can address the outstanding physics
. estions that we now face.

electron machines. They should thus be regarded as comglu-

mentary. Parameters are given of 4 TeV and 0.5 TeV (c-of-m)

high luminosityu*p~ colliders, and of a 0.5 TeV lower lu-

minosity demonstration machine. We discuss the various sys

Table I: Parameters of Collider Rings

tems in such muon colliders, starting from the prosogelera- | ¢-0f-m Energy Tev 4 0
tor needed to generate the muons andgeding though muon | Beam energy TeV 2 25
cooling, acceleration and storage in dlicer ring. Detector | Beamy 19,000 | 2,400
background, polarization, and nonstandard operating conditigridepetition rate Hz 15 2.5
are analyzed. Finally, we present an R & D plan to determindroton driver energy| GeV 30 24
whether such machines are practical, and, if they are, lead| tBrotons per pulse 10 10t
the construction of a 0.5 TeV demonstration by 2010, and to a Muons per bunch | 10*2 2 4
TeV collider by the year 2020. Bunches of each sign 2 1
Beam power MW 38 g
Norm.rmsemit.ey | # mm mrad 50 90
| INTRODUCTION Bending Field T 9 9
This report summarizes briefly the work reportedin,— | Circumference Km 8 13
Collider: A Feasibility Study [1], prepared for Snowmass and Ave- fing field B T 6 >
also will include some of the results and conclusions reached deffective turmns 900 800
the workshop. The possibility of muon colliders was introducedd” at intersection | mm 3 8
by Skrinsky et al.[2] and Neuffer[3] and has been aggressivelyms!-P. beamsize | ym 2.8 17
developed over the past two years in a series of collaboratiofynromaticity 2000-4000 40-80
meetings and workshops[4, 5, 6, 7]. These studies have cpminax km 200-400 | 10-20
centrated on d TeV version of a muon collider with charac-|_LUminosity cm %57 10%° 10%
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versely as the fourth power of the mass. Thus, itis possible
to use a conventional circular accelerator for th#ider

ring. The high luminosity is obtained through the use of
the same particles for more than 1,000 bunch crossings be-
fore the muon lifetime reduces the luminosity significantly.

The full energy of the projectile is available for exploring
the production of new particles. This is in contrast to a
proton collider where only a small fraction of the proton’s
momentum is available in the quark subsystems at integral
collision. A 2 x 2 TeV muon collider is a well matched
complement to the LHC.

e Both beams may be partially polarized albeit at the cost
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of some reduction in the luminosity. This is an importarthese questions but much work remains to be done. So far no
feature for studying and classifying new particles. insurmountable difficulties have appeared to challenge the con-

) . o cept of a successful muon collider. However, there are technical
» The machine has many attractive features, itis fairly Oz oplems that still must be solved. Since muons only last for

pact and can fit on existing sites. A scale drawing of g,out2 s in their rest coordinate system, it becomes a chal-
possiple 4 TeV cgllider is shown in Fig.1 which gives'onfenge to produce and cool the required 20t muons ofeach
afeeling for the size of the maghlne. After.the source is d@rgn before a significant loss througeady has occurred. Once
veloped, one envisages a collider operating at low energyay are at 2 TeV, their lifetime is a little over 40 milliseconds
such as 250 x 250 GeV. As one understands the problefigich is enough to allow over 1,000 turns in a colliding ring.
and gains experience, the energy of the collider would bemajor problem occurs from the decay electrons which arise
increased. A major portion of the cost of a 2 TeV Mo the decay of the mons. These electrons heat the super-
chine is in the final acceleration andleder and would be ¢ondycting magnets both through the direct showers that they
spread out in time as the machine energy evolves. Egghyqyce as well as the synchrotron radiation that they emit in
stage would open up a new energy region. The beamsyQf magnetic field, and in the interaction region they cause se-
muons, neutrinos, and kaons in the complex are Vvery iiisus backgrounds for the detector. Finally, we note that the
tense and offer many opportunities for new physics. {pons are created into a rather diffused phaseesit becomes
particular, neutrino physics, rare muoecdy experiments, 5 yremendous technological challenge to collect these muons
and rare K decay experiments would be ideally suited T, two bunches of 2 202 each, accelerate them, and inject
such a facility. Rare ecays such 8 — e+~ may be them into a collider ring with a small, well-defined emittance.
one of our few handles on unraveling physics at the Veryyye think the feasibility study has addressed many of these
high mass scale. problems and suggested preliminary solutions. Over the next

« The machine complex can have a very long lifetime as ¥§ar OF SO we gxpect that additional simulation studies will de-
energy is gradually extended and its facilities are fully ein® tTe exper;‘ment?]l hard'walre dgyelopl_rnent .effch]r't needed to
ploited. This type of progressive exploitation of a faciliyfOMPIement these theoretical studies. Later in this report we
may be a much better match to the funding scenarios iy}l estimate the amount of effort which should be invested into
high energy physics can expect in the future. such an experimental program.

A Technical Difficulties Il PHYSICS CONSIDERATIONS

The above advantages do not come withoudezompanying The physics opportunities and possibilities of the muon col-
set of difficulties that are still not completely understood. THeder have been well documented in the Feasibility Study[1]
feasibility study[1] has made strides toward answering someafd by additional papers presented at this and previous



conferences[8]. The physicsach overlaps that of electron col- N _—
liders but has some complementary features that we will | #%s18" s g’ i iy FRION i
b

A

here briefly and refer the interested reader to the more compl ~ #=== :

TARGET. hign [ Bamd

documentation mentioned above. rTai SAPTIRL LIV, T ii PROGUETIoN
A feature that has attracted considerable theoretical inter *“'“ L —h SrerHe

is the fact that s-channel studies of Higgs production is pos m

ble. This is due to the strong coupling of muons to the Hig¢ “IPOLARIZATION & P SELECTION

channel due to the large mass of the muon. If the Higgs st I

tor is more complex than just a simple SM Higgs, it will be - S
necessary to measure the widths and quantum numbers of @ T |lurunn-:- r.-u:u-r-|
newly discovered particles in order to ascertain the structure s L
the theory. In addition to the increased coupling strength of t E -
muons, the beamstrahlung, bremsstrahlung and synchrotror = #=& e '
diation is much reduced for muons which allow in principle fo ===*=" == .
much better definition of the beam energy.
A second feature of the muon collider is that the energy '_. ]_ e
the beam is completely available for the sub-channel proct t T rwde
unlike a hadron collider where only a third to a tenth of th "3 ===

LRALE « AECRGIATON

proton energy is available. In addition, the energy of a mu¢ = LMD oo AT
collider can be pushed well above the enerpoh that has been 5 px ey )
studied for electron colliders. The advantage is that if SUS . EE SR

does not exist except asteeorist’s dreamand we are forced to a

much higher mass scale to study the symmetry breaking proc *“", = o it

then the muon collider is still a viable choice as the 1 TeV sce """ ™™ = " L g

for WW scattering is well within range of the machine bein “Ik .:_,..r’l 1”23 o | AN |
studied. "

There are several hardware questions that must be carefuny
studied. The first is the question of the luminosity available
when the beam momentum spread is decreased. Chapter 2 of
the Feasibility Study[1] indicates that for some cases a beam

momentum spread of the order @01 % is desirable. In ad- . . o
dition there will have to be good control of the injected beaffators & la CEBAF) or in fast pulsed synchrotrons. Collisions

energy as there is not time to make large adjustments in @fEUr in asep'arate.high field collider storage ring with a single
collider ring. Finally, the question of luminosity vs. percenY€rY Iow beta insertion.

polarization needs additional study; unlike the electron collider,

both begms can be polarized but as shown later in this report the A Proton Driver

luminosity decreases as the polarization increases.

Figure 2: Schematic of a Muon Collider.

The proton driver is a high-intensity (four bunches2d¥ x
10'3 protons per pulse) 30 GeV proton synchrotron, operating at
Il COMPONENTS a repetition rate of 15 Hz. Two of the bunches are used to make
The basic components of the*u—collider are shown uT's and two to makes~’s. Prior to targeting the bunches are
schematically in Fig.2. Tb.| shows parameters for the cang@mpressed to an rms length of 1 ns.
date designs. The normalized emittanéeis defined as the For a demonstration machine using the AGS[9], two bunches
rmstransverse phase space divideddyotice that more pre- of 5 x 10'% at a repetition rate of 2.5 Hz & GeV could be
cisely a factor ofr must appear in the dimensions of emittancesed. Continuing studies are being carried out to optimize the

(i.e. 7 mm mrad). driver for the final machine[10, 11, 12].
A high intensity proton source is bunch compressed and fo-
cused on a heavy metal target. The pions generated are cap- B Target

tured by a high field solenoid and transferred to a solenoidal

decay channel within a low frequency linac. The linac servesPredictions of nuclear Monte-Carlo(MC) programs[13, 14,
to reduce, by phase rotation, the momentum spread of the JB; 16] suggest that production is maximized by the use of
ons, and of the muons into which thegahy. Subsequently, theheavy target materials, and that the production is large at a rel-
muons are cooled by a sequence of ionization cooling stagatively low pion energy, substantially independent of the initial
Each stage consists of energy loss, acceleration, arthaoe proton energy. An experiment E910[17], currently running at
exchange by energy absorbing wedges in the presence of the-AGS, should calibrate the MC programs, and settle at which
persion. Once they are cooled the muons must be rapatigl- energy the capture should be optimized. Some results from this
erated to avoid decay. This can ene in recirculatingiccel- experiment were presented at this Workshop[18].



Thermal cooling requirements dictate that the target be lig- 047 T T T
uid: liquid lead and gallium are under consideration. In order
to avoid shock damage to a container, the liquid may be in the r ]
form of a jet. o 1

1 Pion Capture 03—

Pions are captured from the target by a high-fieT, 15 cm
inside diameter) hybrid magnet: superconducting on the out- r
side, and a water cooled Bitter solenoid on the inside. A prelirg- r
inary design[19] has an inner Bitter magnet with an inside d- r
ameter of 24 cm (space is allowed for a 4 cm heavy metal sh@d 02
inside the coil) and an outside diameter of 60 cm; it provide$ L
half (would consume approximately 8 MW. The superconduc- L
ing magnet has a set of three coils, all with inside diameters of
70 cm and is designed to give 10 T at the target and provide the
required tapered field[20] to match into the decay channel. ol

2 Decay Channel and Phase Rotation Linac

The decay channel consists of a periodic system of supercon-
ducting solenoidsyT and radius= 15 cm). If a simple channel |
is used then the pions, and the muons into which thegag, 0ot I T T N
will have an energy spread with an rms/meanr-cf00%, and a 0 2 4 6 8 10 12
peak at about a few hundred MeV. It would be difficult to han- ¢t (m)
dle such a wide spread in any subsequent system. A linac is

thus introduced along the decay channel, with frequencies afigyre 3: Energy vs ct of muons at end aody channel with
phases chosen to deaccelerate the fast particles and accelgfige rotation. muons with polarizatidgh> L, -1 < P <

)

the slow ones; i.e. to phase rotate the muon bunch. Th.ll givegng p < —1 are marked by the symbols ‘+, ’ and ‘-’
an example of parameters of such a linac. fespectively. ’

Table Il: Parameters of Phase Rotation Linacs

This can be done by momentum selecting the muons at the

Linac | Length| Frequency| Gradient end of the decay and phase rotation channel. A snake[22] could
m MHz MeV/m be used to generate the required dispersion. Varying the se-
1 3 60 S) lected minimum momentum of the muons yields polarization as
2 29 30 4 a function of luminosity loss as shown in Fig.4.
3 5 60 4
4 5 37 4 C lonization Cooling

After this phase rotation, a bunches are selected with mear'1:Or the required collider luminosity, the phase-space volume

must be greatly reduced; and this must be done withipife-
energy 150 MeV, rms bunch lengtti m, and rms momentum time. lonization cooling[23] of muons seems relatively straight-
spread20 % (95 %, e, = 3.2eVs). The number of muons per : 9 y 9

initial proton in this selected bunchs 0.3, forward in theory but will require exte'ns'lve 'S|mulat|on studies
and hardware development for its optimization.

3 Polarization Selection 1 lonization Cooling Theory

In the center of mass of a decaying pion, the outgoing muo

"n ionization cooling, the beam loses both transverse and lon-
is fully polarized (-1 foru™ and +1 foru ™). In the lab system g

— 7>~ gitudinal momentum as it passes through a material medium.
the polarization depends[21] on the decay anglend initial Subsequently, the longitudinal momentum can be restored by

pion energy. For pion kinetic energy larger thap t.he PION Maxyerent reacceleration, leaving a net loss of transverse momen-
the dependence on pion energy becomes negligible and thetﬁﬂi

larization is given approximately by: The equation for transverse cooling (with energies in GeV) is:
P, = cosfy + 0.28(1 — cos® f4) (1) den, dE, ey 31(0.014)2
ds ~ ds E, ' 2E,m, Lg’ @
The average value d?,- is about 0.19. If higher polarization " wlp TR
is required, some selection of muons from forward pienays wheree,, is the normalized emittancg, is the betatron func-

(cosBy — 1) is required (see Fig. 3). tion at the absorbet/E,,/ds is the energy loss, anfly is the
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i dash-lime: bef I 1 We require a reduction of the normalized transverse emit-
ash=lne. belore cooling tance by almost three orders of magnitude (from 10~2 to
5 x 10~%m-rad), and a reduction of the longitudinal emittance

081~ _ _ solid-line: after cooling | by one order of magnitude. This cooling is obtained in a se-
L T~ | ries of cooling stages. In general, each stage consists of three
L > 1 components with matching sections between them:

1. a FOFO lattice consisting of aped axial solenoids with
alternating field directions and lithium hydride absorbers
placed at the centers of the spaces between them, where
the 3, 's are minimum.

Polarization

2. a lattice consisting of more widely separated alternating
solenoids, and bending magnets between them to gener-
ate dispersion. At the location of maximum dispersion,
wedges of lithium hydride are introduced to interchange
longitudinal and transverse emittance.

r 1 3. alinac to restore the energy lost in the absorbers.

In a few of the later stages, current carrying lithium rods
might replace item (1) above. In this case the rod serves si-
multaneously to maintain the lo@, , and attenuate the beam
momenta. Similar lithium rods, with surface fields Wi T ,

. . o ) were developed at Novosibirsk and have been used as focusing
Figure 4: Polarization v¢, of muonsaccepted; the dashedelements at FNAL and CERN[25]. It is hoped[26] that liquid

line show larization I for ling; th lid lifg. . .
ne shows poia "flt onasse ec'ted before cooling; the solid nt%lum columns, can be used to raise the surface field to 20 T
gives the polarization after cooling. . .
and improve the resultant cooling.

The emittances, transverse and longitudinal, as a function of
stage number, are shown in Fig.5, together with the beam en-

radiation length of the material. The first term in this equatidi9y- In the first 15 stages, relatively strong wedges are used to

is the coherent cooling term, and the second is the heating d@@idly reduce the longitudinal emittance, while the transverse
to multiple scattering. This heating term is minimizegif is emittance is reduced relatively slowly. The object is to reduce

small (strong-focusing) anfi is large (a low-Z absorber).  the bunchlength, thus allowing the use of higher frequency and

Th ion d itudinal emi . _higher gradient rf in the reacceleration linacs. In the next 10
e equation for energy spread (longitudinal emittance) 'S'stages, the emittances are reduced close to their asymptotic lim-

its. In the last stages, the emittance is further reduced in current

7HH‘HH‘HH‘\H\‘HH‘ 1 1 [ ‘ L1l ‘ \\\\‘\\\\‘HH‘HH‘HH‘HH‘HH?
005 007 010 0.20 0.30 050 070  1.00
Luminosity loss factor F

0.

(=]

loss

JAE)? (dEp,) d(AE,)? carrying lithium rods. In order to obtain the required very low
(AE) — _g_\d ) _ (AE,)? > + Hstraggling  aquilibrium transverse emittance, the energy is allowed to fall
ds dEy, ds to 15 MeV, thus increasing the focussing strength and lowering

i , , ) (3) the 5. The use of such a low energy results in a blow up of
where the first term is the goolmg (or' heating) due to energe longitudinal emittance and, at this stage, no attempt is made
loss, anq the second term is thg hegtln.g due to straggling %‘@orrect it by the use of dispersion and wedges. The result is
the heating term (energy straggling) is given by[24] an effective exchange of longitudinal and transverse emittances,

with little change in the overall six dimensional phasacp
A(AEL)2 raggling oo L 32 The total length of the system is 750 m, and the total accel-
s ¥ (remec”)” No il (1 - 7) » eration used is 4.7 GeV. The fraction of muons that have not
(4) decayed and are available for acceleration is calculated to be

whereN, is Avogadro’s number anglis the density. 55 %.

Energy spread is reduced by artificially mcreasﬁ&%;:is)
by placing a transverse variation in absorber density or thick-
ness at a location where positionis energy dependent, i.e. whefeollowing cooling and initial bunch compression the beams
there is dispersion. The use of such wedges can reduce enenggt be rapidly accelerated to full energy (2 TeV, or 250
spread, but it simultaneously increases transverse emittanc&aV)[27]. A sequence of linacs would work, but would be ex-
the direction of the dispersion. It thus allows the exchange pénsive. A sequence of recirculating accelerators (similar to
emittance between the longitudinal and transverse directionghat used at CEBAF) could be used, but would also be relatively

D Acceleration
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Figure 5:¢; andey, vs stage number in the cooling sequence

expensive. A more economical solution would be to use fe

pulsed magnets in synchrotrons with rf systems consisting -.

significant lengths of superconducting linac. This prospect is

being studied. Figure 6: Cross section of pulsed magnet for use in the acceler-
For the final acceleration to 2 TeV in the high energy machin@ion to 250 GeV.

the power consumed by a ring using only pulsed magnets would

be excessive, but if rings of alternating pulsed and supercon-

ducting magnets[28, 29] are used, then the power consumption Table Ill: Parameters of Pulsectéelerators
can be made reasonable. Ring 1 2 3 4
Th.lIl gives an example of a possible sequence of such accetz (GeV) 25 25 250 1350
erators. Fig. 1 also shows the layout of this sequence. The firstEfiml (GeV) 25 250 1350 2000
two rings use pulsed cosine theta magnets with peak fields of|3qact pulsed % 100 100 73 44
and fixed magnets alternating witt2 T iron yoke pulsed mag- Bypuised (M) 3 4 -2  4/-2
nets. The latter two rings share the same tunnel, and might share\ -/t,rn (GeV) 1 7 40 40
the same linac too. The survival from decay after all four rings acc Grad (MV/im)| 10 12 20 20
is 67 %. A recent stidy[27] tracked particles through a simi- | rg Freq (MHz) | 100 400 1300 130(
lar sequence of recirculating accelerators auhfl a dilution | ¢jrcymference  (km) 04 25 128 128
of longitudinal phase space of the orderl&f% and negligible | t,rns 22 32 27 16
particle loss. acc. time f15) 26 263 1174 691
ramp freq (kHz) 125 13 03 05
E Collider Storage Ring loss (%) 134 132 90 22

After acceleration, th@™ and .~ bunches are injected into
a separate storage ring. The highest possible average bend-
ing field is desirable to maximize the number of revolutions
before decay, and thus maximize the luminosity. lliGions  The magnet design is complicated by the fact thaytbeale-
would occur in one, or perhaps two, very Ig¥-interaction cay within the rings 4~ — e~ 7.v,), producing electrons
areas[30, 31, 32]. Parameters of the ring were given earliemihose mean energy is approximately 0.35 that of the muons.
Thl. These electrons travel toward the inside of the ring dipoles, radi-

1 Bending Magnet Design



ating a fraction of their energy as synchrotron radiation towardsThe choice of detectors must take into account the require-
the outside of the ring, and depositing the rest on the inside. Tients of the physics and their ability to operate in the back-
total average power deposited, in the ring, in the 4 TeV machigmund environment. The highest possible granularity will be
is 13 MW, yet the maximum power that can reasonably be takeeeded. The fact of relatively long @ us) pauses between
from the magnet coils at 4 K is only of the order of 40 KW.  bunch crossings can allow the use of drift devices such as Time
The beam must thus be surrounded by & cm thick warm Projection Chambers (TPC’s) and silicon drift chambers, both
shield, which is located inside a large aperture conventional sdiwhich would allow high granularity without excessive cost.
perconducting magnet[32]. The quadrupoles can use warm iroiib. 1V gives the fluxes of different particles at a radius of
poles placed as close to the beam as practical, with coils eithércm from the vertex, obtained by one of the Monte Carlo
superconducting or warm, as dictated by cost considerationsstudies[38], together with their mean energies, hitscpet and
occupancies for two possible detectors: a) a silicon drift cham-
ber with 0.3 by 0.3 mm pixels, and b) a micro strip Time Pro-
hj_ec’[ion Chamber (TPC) with pixel size 0.2 by 1 mm (in z).

2 Lattice

In order to maintain a bunch with rms length 3 mm, wit

out excessive rf, an isochronous lattice, of the dispersion wave
type[30] is used. For the 3 mm beta at the intersection point, and

S
=4

Table IV: Background rates at a 10 cm radius

limiting the quadrupole tip field to 6 Tesla, the maximum bet

in both x and y are of the order of 400 km (14 kmin the 0.5 TeM fix  <E= rﬁtlgcongggt hli\t/lslcro I)F;Su
machine). Local chromatic correction[31, 32] is essential. 2 Mev 5 o P- T o P-
Two lattices have been generated[32] and [33], one |of o ¢ “an 0 an 0
which[33], with the application of octupole anechpole cor- | 7 10000 L 20 2 > 1o
rectors, has an adequate calculated dynamic aperture. As a ﬂ:at 3000 10 3 0.3 06 01
sult of work at this workshop, it was possible to generate a n a\)’@i 20 1 20 2 20 4
lattice and IR section with much more desirable properties thafl 10 240 10 ! 10 2
were in the previously reported versions. It was discovered ha\Hi 2 30 2 02 2 0.4
to shield the quadrupoles in the IR from the intense radiatip#’ L 24000 ! 01 1 0.2
produced by muon decay electrons and simultaneously redu qtal 56 6 34 7

the background in the detector.[35]

Studies[34] of the resistive wall impedance instabilities indi- The two entries with relatively high occupancy, indicated with
cate that the required muon bunches would be unstable in a c®n- reflect the fact that a gamma if stopped in the TPC gas
ventional ring if uncorrected. In any case, the rf requirements\éll generate a low momentum electron that spirals down the
maintain such bunches would be excessive. BNS[36] dampifig! length of the TPC (taken to be 100 mm in this example).

applied by rf quadrupoles, is one possible solution, but neegldch occupancy is less serious than a normal background, since
more careful study. its presence is clearly identified. At larger radii, the gamma

background falls rapidly and a more conventional TPC could be
used. Background tracks, coming mostly parallel to the axis,
F Muon Decay Background would not be confused with tracks coming from the vertex.

A first Monte Carlo study[37] of the muoreday backgrund  Near the vertex, silicon drift chambers, or even more finely
was done with the MARS95 code[14], based on a preliminatjvided pixel detectors are preferred, but for the problem of
insertion lattice. More recent work using both MARS95 anehdiation damage. Only about 1/3 of the neutrons have en-
GEANT[38],[39] have studied backgrounds with a number @&frgies above 100 KeV and contribute to this damage, but
different shielding configurations and lattices. the integrated flux per year for this example would still be

The early studies indicated the serious nature of the bagkt0'4 n’s cm~2year—! which might render such detectors in-
ground problem. It bcame clear that the beam pipe must b@perable after about one year. It is for this reason that the ex-
surrounded by a tungsten shield that is extended, as a camaple of the micro TPC, which would not suffer such damage,
down towards the vertex. Designs have been studied in whishncluded.
this cone had a half angle of between 10 and 20 degrees, and €xhe effect of these backgrounds in the electromagnetic
tended to within 6 to 15 cm of the vertex. Different dimensiormalorimeter, assumed to have 2 x 2 cm towers, would be to in-
and shapes have been tried, and the optimum design is yet tarbduce pedestals of about 100 MeV and fluctuations of about
determined. In addition, careful design of beam collimators a0 MeV: neither serious. In the hadron calorimeter, the effect
proaching the intersection point is required, and boron or otharall backgrounds, except the muons, would be to introduce a 2
neutron absorbing materials must be used. GeV pedestals with 300 MeV fluctuations: also acceptable. But

With such shields, the backgrounds estimated from Morttee muons, arising from Bethe-Heitler pair production in EM
Carlo studies, indicate that a suitable detector should be ast®wers or from a halo in the machine, though modest in num-
to operate, and physics be analyzed. The situation appearsh®st have high average energies. They would not be a problem in
significantly worse than that encountered in an LHC detecttine tracking detectors. Butin the calorimeters, they would occa-
and further shielding optimization is expected to improve ttgonally induce deeply inelastic interactions, depositing clumps
situation. of energy deep in the absorbers. If a calorimeter is not able to



recognize the direction of such interactions (they will be point-2. Incorporate operating parameters for the optional opera-
ing along the beam axis) then they would producaaseptable tion with polarized, or very low energy spread, beams.
fluctuations in hadron energy determination. It has been sug-

gested that segmenting the calorimetry in depth would allow3, Define and simulate a complete cooling scenario.

these interactions to be subtracted. We are studying various so-

lutions, but ultimately there will have to be some hardware test$; pefine a preferred acceleration scenario and perform com-
to verify the MC study. _ plete simulations. Study the required shielding of the su-

There could be a very serious background from the presence perconducting cavities from muoreday electrons.
of even a very small halo of near full energy muons in the circu-
lating beam[40]. The beam will need careful preparation befor
injection into the collider, and a collimation system will have to
?heeddeestg(?tiﬁ to be located on the opposite side of the ring froné. Continue work on the collider Iattiqe, inc!udipg a study of

Background reduction is one of the most important areas to gﬁiemiito?ggtzﬁ tierg?erséoar‘?:cg;;n‘é?;',{?ﬁg'hgfsﬁz UE?
be studied in the future. The coupling between the machine the sg'][abilit fth P db ' d desi ‘ yt
design and the detector is very tight, and as has been the case yorthe proposedbeams and designan rt system
with synchrotron radiation shielding for e+e-rings can be re- for BNS damping.
duced through careful design. This process has just started and
we are developing programs that will enable us to calculate thé-
flux of various species of particles more efficiently.

During the conference, as mentioned, new ideas foB. Design a 'straw man’ detector with all components capa-
shielding[35], including the introduction of additional bending  ble of withstanding the backgrounds, and simulate some
magnets near the intersection point, have resulted in reduced representative physics observations.
backgrounds in the detector region. These gains are not re-
flected in the numbers given above. Studies are still in progres3. Study safety and radiation exposures both on and off site,
using GEANT and MARS to model these backgrounds and we including the hazards from neutrino fluxes.
do not yet have detailed results for the new IR configuration.

There is also a small background from incoherent (i.e.ltis estimated (see table V) that the current effort is about 22
utu~— ete™) pair production in the 4 TeV Collider case[41]full time equivalents, but only a few of these are funded specif-
The cross section is estimated to Heémb[42], which would ically for such work. Not only should the effort be legitimized,
give rise to a background e 310* electron pairs per bunchbut, if we are to determine if such machines are practical, it
crossing. Approximatel90 % of these, will be trapped insideneeds to be expanded. The machine is complex and unconven-
the tungsten nose cone, but those with energy between 30 tiadal. Many separate systems need study. Some have hardly
100 MeV will enter the detector region. They do not seem to beeen looked at yet.

a serious problem.

. Design a halo scraping system for the collider ring.

Continue optimization of the shielding of the detector.

IV RESEARCH AND DEVELOPMENT PLAN Table V: Required Base Manpower

In this section we discuss a Research and Development plan Now | Required

aimed at the operation of@5 TeV demonstration machine by ANL 1 2
the year 2010, and of the 4 TeV machine by year 2020. It as- BNL 8 16
sumes 5 years of theoretical study, component modeling and FNAL 7 16
critical subsystem demonstration; followed by 4 years of com- LBNL 4 8
ponent development and demonstration machine design. Con- BINP 1 3
struction of the demonstration machine would follow and take Other US 1 3
about 4 years. The high energy machine would comecadie — -
later. Total FTE's | 22 48

M$/year 3 7

A Theoretical Studies

Much progress has been made during the last year. New prob-
lems continue to be uncovered, but new solutions have bedd Component Development and Demonstrations
found. Much work remains to be done: The first object will be

to define a single self consistent set of parameters for the 4 Te\fheoretical studies alone will not be sufficient to determine
collider. ltems needing study include: the practicality of a muon collider. Experimental studies are

essential. Some such studies can be undertaken without new
1. Define parameters for the p source, target, capture daodding, but the major efforts will require specific support. We
phase rotation systems. attempt below to estimate what will be required.



1 Proton Driver Experimental R & D source target development. It is expected that a target area for

Beam dynamic experiments at the BNL AGS will be needeH”at work will be made available, and this experiment would
but should not be expensive. A modification of the AGS t%hare the same area. ] .
avoid transition in that machine, and study the resulting im- 1€ cost of the 20 Tesla solenoid can be reduced by making
provements in phase space density would be very desirable, lb@nitrogen cooled pulsed resistive solenoid with no supercon-
the cost should probably be justified as an AGS improvemeHHCt'”g outer coil. It would be hoped to use the existing MPS

rather than as a muon collider experiment, and it has not bd¥}{Ver supply. A suitable 100 MHz cavity may be available, but
included in this estimate. a high power tetrode to pulse it would be needed. A detailed

proposal for this experiment has yet to be formulated and its
2 Target, Capture and Decay Channel Experimental R & $FOSt is not yet known. We believe it to be in the 6 M$ range.

An experiment[17, 18] has taken data and is currently being
analyzed, to determine pion production at its low energy max-
imum. This data, together with assumptions on pion reabsorbAlthough the principals of ionization cooling are relatively
tion should allow more realistic Monte-Carlo calculations of tasimple, there are practical problems in designing lattices that
tal pion yield and capture in a solenoid. Never the less there aem transport, and focus the large emittances without exciting
several reasons why a demonstration of such capture is dds@tatron resonances that blow up the emittance and attenuate
able: the beam. There will also be problems with space charge and

wake field effects.

e Thermal cooling requirements dictate that the target be lig-after a design has been defined and simulated, demonstra-
uid: liquid lead and gallium are under consideration. Ifons will be required. These will not be trivial experiments:
order to avoid shock damage to a container, the liquid M@yey will require significant rf acceleration(100 MeV) and
need to be in the form of a jet. Since the magnetic fielgbyeral meters of high field solenoids interspersed with bending
over the target will effect both the heat distributionin, anghagnets and, for a final stage demonstration, current carrying
forces on, such a jet, an experiment is required. lithium rods. Such an experiment has not been designed, but

e The simulation must make assumptions on the cross Sgyght be expecteq to °°~°f‘ of the.order of 29 M$. It has been
tions for secondary pion production by products of the pr§_uggested that this experiment might bg carried out at FNAL.
mary interaction. This information is needed at low final An R & D program would also be required to develop the cur-

energies and large angles where data is inadequate. A d&ht carrying rods. This could be undertaken in a collaboration
ventional experiment to determine all such cross sectiopgween BINP, Novosibirsk, and FNAL, and might cost of the

would be expensive. It will be more practical and reliabl@rder of 1 M$ per year.
to measure the resulting yield in a demonstration experi- . _ .
ment using the proposed target and capture magnetic field4 Magnet Design andeeleration Experimental R & D

3 lonization Cooling Experimental R & D

e We need to know the total radiation directed towards theR & D programs are required both for the high field pulsed
capture and focusing solenoids. Shielding will have fSine theta magnets and for the lower pulsed field iron domi-
be provided to protect the insulation of the inner resi§@ted magnets. The R and D on the former would be somewhat
tive solenoid, and limit heating of the outer superconducf°r® urgent since they are less conventional. About 1 M$ per

ing magnets. Monte Carlo simulations indicate that sudf§ar would be required for this program. .
shielding is reasonable, but only direct measurement of50mMe R & D work is also needed to determine the perfor-
such radiation provide a reliable determination. mance of the required superconducting cavities when excited

for the relatively short pulse durations required. Studies of their

e In the current prefered design of phase rotation, the firggnsitivity to muon decay electrons may also be needed. It is

rf cavity is placed 3 m from the target. If unshielded, thRoped that such studies will be undertaken within the context of

radiation level at this point will be very high. Shieldingmore general superconducting cavity development.

will be needed, but we have little data on the performance

of a cavity under such conditions and thus have difficulty 5 Collider Ring Experimental R & D

calculating the shielding requirements. Experimental stud- . )

ies are needed, and the most direct and reliable experimerfth® insertion quadrupoles need urgent R & Bause the

would be to model the actual target, capture, and first cdittice design work depends on the gradients that are achieved.

ity and expose it to pulses of the specified proton intensi#y.P357, or other higher field conductor will be prefered. Since
the magnets operate at a constant field, metallic insulation is

For all these reasons we will propose a demonstration captprebably acceptable, which would obviate the need for impreg-
experiment. The most appropriate beam for such an experimeation and thus provide better cooling. Hihmaterials should
would be at the BNL AGS, since pulses at near 30 GeV abe considered. A program of at least 1 M$ per year is needed.
104 protons should be available. The dipole magnets, if of cosine theta design, would probably

The liquid target development would be undertaken in cadevelop excessive mid plane compression in their coils. Block
laboration with the similar work being untertaken for spallatioconductor arrangements will need to be developed. The use of



2h
i Table VI: R & D Funding Needs in M$’s

i - FY 96| 97|98| 99| 00| 01

I T 1 Base 3|5 (7|7 |77
o ! N Capture 112211
I ! ] Cooling > 8l10

| | R&D 1]12|4|5]|5

| Experinents 1 Total 3|6 |10|15|22]| 23

but it may be assumed that a demonstration version based on
upgrades of the FERMILAB machines would also be possible.

It may be noted that this machine has easier parameters for
0 T . emittance, chromaticity, spot size etc. Itis also relatively small:
I | no bigger than RHIC, or the FNAL Main Injector. It would
require significantly less extrapolation of our current technolo-

L | gies. At the same time it would be a significant step towards
= f— — — demonstrating the technologies needed for the higher energy
i | Base Manpower 1 machine. It is interesting to ask if the demonstration machine
r— - 1 should be capable of upgrade to the higher energy. Clearly this
| | could be considered, but experience with the SLC would sug-
0 L ] ] . | gestthat so much would be learned from the demonstration that

1996 1908 2000 2002  one would want to start from scratch, incorporating the lessons

Cost (M#$/yr)

Fiscal Year learned. This realization could allow acceptance of compro-
mises to keep the demonstration machine as low in cost as pos-
Figure 7: Required Funding Profile. sible.

VIl CONCLUSION

NbsSn will again be prefered for its high field capability. A A great deal of progress has been made on a scenario for a 4
program at about the 1 M$ per year level is required. TeV high luminosity muon collider. However many questions
remain that will require both theoretical studies as well as R &
6 Detector Experimental R & D D on hardware. If the machine design is to be brought to fruition

Detector R & D is required to develop the required detectofdditional funds will have to be made gvailaplg for these studies.
and confirm that they can both withstand the expected radiatior N€"€ are two areas that are especially critical for understand-
and separate the tracks of interest from the background. Abtﬂgwhether amuon col!lder is a useful tool for attacking Electro
1 M$ per year should be made available for this. Weak Symmetry Breaking (EWSB).

e The first is to demonstrate muon cooling. This is not a
V NEAR TERMR & D COST AND DURATION guestion of physics as the laws governing the interaction
of muons with matter are well established; rather it is a

The total yearly costs of the R & D work described above is  question of combining these laws with hardware in a fash-
5 M$ per year, plus atotal of 26 M$'’s in equipment money for  ion that will be rugged and stable in its operation. Beam
the two major demonstration projects. The manpower cost dis- losses are especially important to understand as there are
cussed in the previous section was estimated at 7 M$ per year. many stages in the cooling process and a small inefficiency
It is estimated that if the above level of funding were available, at each stage can have a serious effect on the luminosity.

then about 5 years of R & D should be required. A prefered .
y d P e The second critical area concerns the backgrounds in the

profile of the required funding is shown in table VI and Fig.7. It h q ble level
must be emphasised that these are order of magnitude estimates:4€tector. - These must be reduced to acceptable levels.

they are our best current guess at what would be needed, and Thgsg St#d'fes are still at th.e MontledCarlo staRgg,[g)ut atsome
which would lead to a relatively early start on the next phase: pointin the future an experimental detector program

the design and construction of a demonstration muon collider. will have to be supportgd. We note that for many detector
components we can piggy back of the developments for

the LHC where many similar problems are being studied.
VI DEMONSTRATION COLLIDER Even so, there are detector problems that are unique to the

Parameters of a 0.5 TeV demonstration collider are given in muon collider that must be studied.

Th.l together with those for the 4 TeV machine. The parametdrsaddition, there are many components that require technical
shown are those for a machine based on the AGS as an injealevelopment,



¢ alarge high field solenoid for capture

[7]

¢ low frequency rf linacs

e accelerator magnets, radiation shielding for magnets, and

. . 8
None of these components can be described as exotic; ma[n;/

SCREF cavities that operate in a radiation field

have been built and operated in less strigent conditions. There
is a large engineering effort required to bring these components
together in a successful collider. 9

If the components can be developed and and the theoretiéa]
studies are successful, then the muon collider may play arolein
HEP that is complementary to both hadron and electron collid-
ers.The question is too important to leave unanswered!

[10]
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