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Summar

The basic principles of the application of ™loni-
zation cooling" to obtain high phase-space density muon
beams are described, and its limitations are ocutlined.
Sample cooling scenarios are presented. Applications
of cooled muon beams in high-energy accelerators are
suggested; high-luminosity 7 -y~ and p-p colliders at
21-TeV energy are posaible.

Introduction

Electron-pogitron (e+;e‘) ¢olliders have been es—
sential tools in gaining an underatanding of particle
phyaica. However, their future use at higher energias
1s severely 1limited by radiation processes. Synchro~
tron radiatfon in etorage rings causea electrons to
lose energy at a rate proportional to the fourth powar
of the electron energy, and Ehis radiation effectively
preventa construction of e storage rings at enargies
greater than 100 GeV (LEP). e"—e” linear colliders are
proposed to circumvent this problem, However, they
have subatantial practical diffteulties in obtaining
adequate luminosity, are very expensive, and also have
particle radiation problems that prevent practical
implementation at particle energies 2300 CeV. Another
approach, pp and pp colliders, can indead reach multi-
Te¥ energles, but hadron-hadron interactions lack the
simplicity of lepton-lepton colliaions; lepton—=lepton
and lepton-hadron colliders are necessary to provide a
complete picture of high-energy processes.

Synchrotron radiation varies 1inversely ae the
fourth power of the mass, so the radiation diffieulties
of e¥-e” machines can be avolded by the use of "heavy
electrons," muons (u¥™-u™), and that possibility is the
subject of this paper.

The principal 1iabilities of wuons are their ehort
lifetimes and the large fnitial rhase-space ares of a
mion beam as produced in 7 decay., The lifetime + is
glven by

E
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where E,, m, are the muon energy and masa. However,
thig {e ~0.02 g for 1-TeV p° and is adequate for any
linac and for high-energy storage ringe and rapid cy-
eling synchrotrons (see below). The large phase-space
area of a muon beam can be damped vaing "iomization
cooling”" (ms described below) to a small value suit—
able for high-luminosity collfders.

In the following sections, we will describe the
principles of muon cooling, discusa cooling scenarios
and experimenta, and then high—energy collider applica-
tiona.

Muon Cooling

The basic mechanism of u cooling is displayed in
Fig. I. The muon beam {a paesed through a matarial
medium in which it loses energy, principally through
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Flg. 1. Sketch of "ionization cooling" principle.

interactions with atomic elections. Following this, it
passes through an accelerating cavity where the average
lengitudinal energy loss ie restored. Energy cooling
oceurs following
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where AE is the muon energy deviation from the central
value, ﬂ ie the oumber, of cooling cycles, & 1is the
muon energy¥ loss in the absorber, and the derivative is
taken at the central value Eu. Cooling occurs 1if the
derivative i1s positive. For E, £0.3 GeV, this energy-
logs rate derivative 1e steeply negative for all
absorbing materials, but for E, 20.5 CeV, it 1a posi-
tive with

o, 4, 3
5E _o.zg_ . (3)
] u

The precise value hap a weak dependence onm the absorber
material, and the energies 0.5 $ B $ 2 GeV are reason-
able energies for muon collection. The | beam is re-

circulated through many absorber/accelerator cycles
either by a return path ({cooling ring) or repeated
structure (linac) to obtain the desired final
distribution.

Transverse damping also occurs because energy loas
is parallel to the particle trajectory, whereas energy
gain is longitudinal. Expressing thia :ransveEsa ener—
gy losa in terms of rme emittance, one obtains

“-F & (4)

for both transverae degrees of freedom.
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An exchange in cooling rate between the longitudi-
nal (Eq. 3) and a transverse (Eq. 4) dimension can be
obtainﬁd if 2 "wedge' abaorber in a Eonzero Courant-
Snyder dispersion region 18 wused® (see TFig. 2).

Enhanced energy damping with this method 1implies de-
creased tranaverse damping, whereas the sum of Exs Eyr
AE damping rates 1s conatant:
z ; Eu
—— % 2.2 i85 constant , (5)
X,¥,5E ECDDl,i

where EEool,i 1s the e™! damping emergy in each dimen—
aion, cool = Ne~l au.

The process 1is basicaily similar to radiation
damping in et storage rings,? where energy losa in
banding sections by aynchrotron radiation is recovered
in rf cavities. Radiation damping fs limited by quan—
tum fluctuations; similarly, muom cooling ia limited by
atatigtical fluctuvation in muon-atom interactions in
the abaorber.

The important difference is that muons decay, and
cooling must be completed before decay occurs. The

mion ldferime (Eq. 1) can be translated to a path
length (Bu 2 1)

EH :

L, = 6.59 x 10? — meters , )

"y

which can be translated into a number of turns of beanm
storage,

= 297 B (T) turns , (7

where B isg the ring-averaged bending field and B the
magnetic rigidicy [Bp(T-m) x 3.3 Eu (CeV}]. ie
independent of Eu.

Muon cooling is limited by heating due to statig-
tical fluctuations in the number and energy exchange in
the muon—electron collisions in the absorber. 4n esti-
mate of this heating in energy cooling cam be obtained
by noting that the mean egerg?, exchange 18 the mean
electron lonization energy I
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Fig. 2, Use of varying thickness absorber to enhance

energy dependence of energy loss.

indicates

L2102, eV . (8)

The number of collisions per cooling cycle is N ~ & /I
and the rms energy spread is ~VF I or %t Combintng
cooling with heating, we obtain
24
d 2y o u % 4
—— [ N A 9
e C(AEY> A <(AEY*> I o (9

cool,z

which has an equilibrium solution indicating the Iimite
of muon energy cooling,

IE
2 cool,z
UBEY > ypg & 2= (10)
For typical wvalues (Ecool,s = 2 GeV},
BE = /SQARYDS ¥ 105 /2, eV . (11}

Transverse cocling is severely limited by multiple
small-angle elastic scattering, mostly Coulomb scatter-
ing from the nuclei. The mean scattering angle in
passing through an absorber of tglckness ¢ can be esti-
mated by the following squation:

o x e (ev) [
g M) o5,
e " (Mev) ¥ iy

where ia the radiation length of the absorber mater-
ifal. e ecooling equation for transverse emlttance can
then be written as

(12)

dey au + B [14 2 g (13

= E ot () g o )
cool ,x n

where B 1is £he C-$ betatron function at the absorber.

The equ%librium emlttance is

(4]

- Ef (ii 2 Ecool,x (14)

2 E, de )
dz

The product 2% 1g) depends upon the absorber and is
largest for light elemente’ {~100 MeV for Be or C but
~7 MeV for Pb or W). The appearance of B, in Eq. (14)
optimum emittance cooling requiring very
strong focusing to a low value of By at the absorber.
Note that the length of the absorber must be less than
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~2 By, and obtaining maximum absorption 1in minimum
length requires heavy elements, opposing the previous
constraint. .

We note here that the constraint Ly, S 2 B, can
be relaxed 1If the abeorber is an active focuging ele=-
ment (such as a lithium lens). Optimum y coolers will
probably include such elements in some portion of their
Btructure.

Muon Cooler-Design Outlines and Experiments

In
designa

this gection we outline some feasible u cooler
and experiments, Two basic approaches are aug—
gested: storage ring and linacs. We expact that
optimum designas to obtain minimum phase space will com—
bine these {n a multistage eystem,

We first conaider a atorage-ring system. Figure 3
ghows the basic components: a rapid-cycling p synchro-~
tron for r production, a w-decay line, and a storage
ring for 1-GeV yu, The muon storage ring is a rela-
tively modest device with conventional magnets (<2T)
and modest cooling goals sultable for a u=p collider.

4 second would probably be necessary to
achieve the 1lower transverse phage—space densities
necessary for a pt-p” collider; it is difficult to cool
trausverse emittance by more tham a factor of ~30 in a
single dc storage ring becseuse of the focusing required
in the absorber. A second stage using superconducting
magnets (B 2 10T) will obtain €, (1 Ge¥) S 2.0 mm-mrad.
Higher fields and optimized designs will obtain smaller
€, but g £ 0.5 mm-mrad appears impractical. We note
t*at H cooling requirements are ideal for use of maxi-
mum fleld superconducting magners (dc operation, low-
particle flux, modest sizes).

stage

Focusing requirements ave relaxed fn & u linac
where magnet apertures can be reduced, providing
atronger focusing, as the beam is cooled. Beam loss

from decay 18 also reduced. Figure 4 shows a modest
first-stage p cooling (100 1 + 10 #) linac uslng con—~
ventional magnets. A second stage with superconducting
magnets can obtain £, £ 2 * mm-mrad.

Existing ~1-GeV storage rings may be modified with
low—beta 1inasertions and additional rf for experiments
testing u cooling concepts. Acceleration on the order
of 10 MeV/turn 1¢ required to obtain cooling before
decay. Oune candidate {s the Fermilab 600-MeV/c "alec~
tron cooling ring," outfitted with ~5 to 10 MeV of rf
korrowed from the future “Debuncher." The P production
target ‘can be usged to provide n’s to be tranapotted in
a decay line to provide u’s. Another candidate 1g a
SLC damping ring with additional rf and some i source
(instead of e™).
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Fig. 3. Muon cooling ring.
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Fig. 4. Sketch of muon cooling linac.

Application of Cooled Muons
in High-Energy Actelerators

Cooled muon beams have many possible uses in high-
energy accelerators. In this sectign, we will empha-
size applications not accessible to e machines, such
aa colliders at 50.5-TeV energies.

A.  yp*—y” Raptd-Cycling Collider

Most collider applications will require a high-
intensity muon source at a frequency matched to the
muen lifetime. At 1 TeV, v, = 0,02 5, this {s Teason-
ably well matched to a higg—intensity 30- to 60-Hx
rapid-cyeling proton synchrotrom.

In Flg. 5 we outline the major componente of a
1-TeV p collider: a rapld-cycling proton synchrotron
with target to produce w's; a decay cgannel (or "sto-
chastic Injection" into a storage ring)” for m + y  de-
cay; a storage-ring/linac syatem for p cooling; and a n
linac {or "booster"} for injection into a rapid~cycling
synchrotron with pericd matched to the proton synchro=
tron. In this example the p synchrotron is simply a
conventional larger version of the proton synchrotron.
We assume from previous calculations that ~5 x :0~3
stered muons are obtained from eachk primary proton.

The pY=y~ collider luminosity L may be estimated
using
+ =
f_n, ng N0 N
Lz o tB . (15)
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Fig. 5. 1-TeV p rapld-cycling synchrotron.
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With 2 = 1pl3 protons/pulae, we obtain ~10!! stored ut
which may be organized into np = 2 bunches with N' =
N~ = 5 x 101% y/bunch. The cycl?ng frequency (30 Hz)
s f,; ng 1s the wean number of storage turns (300);
and we may estimate B = 0.3 em and £* = 2 x 1077 om=R
at 1 Te¥, We obtain L 5 1032 en™ s™!, an adequately
high luminesity. The same synchrotron may be uged as a
u"-p+ collider at high luminosity, with more relaxed
requirements on N~, 8%, and €*. The scenario is, in
principle, easler but more expensive at higher ener-
gles.

B. linac/Btorage-Ring Scenario

Cooled muona may be suitable for iInjection in a
high-gradient 1inac. Skrinsky suggested acceleration
of w's in his "proton klystron." Other 1inac ideas
such as "surfatrons," "wake fields," etc., may be more
readily adaptable to u acceleration than e because of
the p immunity to eynchrotron radiation, bremsstrablung
and particle-medium interactiom.

Assuming s suitable high-gradient 1inac, yt-u~
(and p-p) collisionsa may be obtained in a dc super-
conducting ring which accepts the high-energy output
beam (see Fig. 6). Luminosity can, ir principle, be
higher than in the previous example (L S 1033), since

stronger flelds will increase ne {the number of beam—

storage turns) and decrease B*, and beanm loss in accel-
aration ik reduced.

C. 1=p Colliders

An  important advantage of yutep” colliders over
et-e™ 1s that u=p collisions may also oceur in the same
ring. In the rapid-cycling synchrotron protons mey be
injected with p~, and in the storage ring ascenario they
may be ptorad before 1~ injection. The revolution
frequencies are naturally mismatched because of the
different, velocities at equal energies. They can be
rematched” by diaplacing the bezms in energy under the
condition (high energy),

Plon Source
{~LAMPF 11)

Fig. 6. n linac/storage~ring system.

fplypgt o1 (16)
p 2 2 2
A Zvyp 21y

where Ap/p is the momentum offset, Yﬁ the transition

energy of the ring, and ;u, Yp axe the

inetic factors.

At 1 TeV with Ap/p = 10 we obtain y, = 45, a veason-
able value.
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