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EOINTRODLATION

Previous high-energy aceelerutors have used electrons und protons as their basic tools
m the pursuit of high coilision energies. lectronsiand positrons] have been uscful tools
in recent experiments because their “point-hike™ nature permits therr use in studies of
smple processes e e anmbilation w produce new particles (¢ "¢ — v* — hadrons,
cted and the exploration of proton structure in “deep melastic” op collisions, Thar
future use is severch Himtted by their participation in radiation processes. Synchrotron
radiation in storige rings causes clectrons Lo fose an amount of energy AL per turn
; aven by

et [ £t DORNS| EiGeVa ]! )

SEMeVy - )

R m["_-) Rim}
where R is the storage-ring radius und & the dectron eneray. Studies based on this
ayattion and the constramt AL B mdicate that storage rings with £ 2 1K GeV

E' are thoroughly unpractical.
Single pass linear aceelerators are proposed o cireuimyvent this problem. Radiation
f provesses stil Lt their osetudness. and they are guie expensive, 4nd may not obtain

adequate luminosiy.

The tourth power of the mass in the radiation formula 113 might suggest that
radiation difficulties can be circumvented by use of a heavier probe. Thus protons ure
wsed fo obtain the highest-cnergy collisions. The lubility of protons {and antiprotons)
is that they are complex objeets with cortespendingly complicated interactions, which
miy obscure important etfects. Lepton-tepton and lepton-hadron colliders are needed
{or a complete picture of high-cniergy processes.

I this paper, we suggest that muoen e ) heams niay be used as primary probes in
high-cnergy collisions, singe they combine o “point-like” clectron-itke nature with a
Jarge mass which is sutliciently pnmunc to radiation. Muoas have, of course, been used
i seeondiry beams ay “deepanelasue” probes of hadron structure. Here we note, a3
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Skrionsky s and others Tave noted. thar therr code can be exvtended toouse m ponar
heams g storige rnes and o hinacs at b eoerges.

{he prnapal inshdites of muoons are thar short ifetme and the farge phaase-pice
aren o 1he miad niaen bearm winch s prodoced fram modecay The et < s wiven
by

N TR 15 NS

Pl ss i scdequate lifetime for any imac, and. as we show below s adequate for some
sorige-ring appheations. The shortiteume does preclude long-term accumelation af
Wl o energies o2 M Fe Vs hich wail imut pebeamointensity in any e

Fhe Liree phise space area of @omuon beam cen be damped using Monzaoon”
conhing” o small vidue using 4 myuon coeling ring o linac, s will be descibed below
i fie damped beam will then be surtable for cofhdme-bean scenaros or accepluwe in i
Weh-oradient linae or rapd-cveling ssnchroteon

Cald e beams may sneet the aeceptance requirements of novel high-gpradient
aceeleration nechamsms istieh s “laser™ aceeterators! whose basie regasementsire o
fow phuse-paee volume heams They may be preferred over ¢ o poamechon,
partctlurhy i scenanos o which the beao passes through oo material medoim e,
“plismeciaser” or Cinverse Cherenkoy™ s where - and pousage s imited by clectron
hremastrahlung and proton nuckens collisions,

We note here that these same mater-par hcke interactions prevent eseful apphication
of the present lechnigue ol “wmzaton” conling in cowling of clectrons und protons (see
belows

In the followme sections, we will desenbe muon coohmg, suggest cooling scenarnia
destgns, and desceibe cooling limitations. In Section ¥Twe deseribe ¥ colliding beam
preomsEbENTIES 11 Vi rInts seenarmos.

I MUEONENERGY COOLING

e basic mechannsm of pocovhng s displaved @ Pz b The muon beam s passed
through a maternat rmedium in which it loses energy. prinapally through interactons
with atomic electrons, Following this, ot passes throveh an aceclerating cavity where
the averape leneitudinal energy Joss 15 restored to cach o Bnergy cooling occurs
following

l“.'\fl'.“] e“'.\” )
s U AE,L (2
Ar i'f'.“

where 215 the number of coolimg cveles, AF 15 the muon energy deviation from
the aserage reference sabue, A, s the cnerey Toss of & muon with cnerpy &, i the
matersal absorber. and the dervative is faken at the centrat energy. Cooling occurs of
FACE, -0 The heam s recireulated through the absorber-accelerator cyede
throwgh many turns cither by a cetirn path cooling ringpor repeated structure (inac
Cramsverse motion 15 damped as Transserse enerey s lost in the absorber but not
recovered in the aeeelerator,

The process s hintcally simitar o radiation damping in electron storage rings.”
where energy lost in curved sections of the ring by radiation s recovered i the of
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FIGURE 1 Sketch of “lonization cooling” principle

INDEPENDENT
OF MUON ENERGY

cavities. Radiation damping is limited by quantum fluctuations; analogously muon
cooling is limited by statistical fluctuations in muon-atom interactions in the absorber.

The important difference is that muons decay, and therefore cooling must be
completed before decay can occur. The muon lifetime is?

T, = 2.197 x 10‘6& sec,
ml‘
which can be translated to a path length of

L = 659 x 102 g;;—%' meters, 3

11

where B, is the muon speed, which will always be near 1 in this paper. For a storage ring,
this can be translated to a number of turns of beam storage

L LB

N = =—=2978 4
57K 32Bp 297 B(T) turns, (4)
which we note is independent of momentum and only dependent on the ring-averaged
bending field.
The energy loss rate for muons passing through a material is, approximately,*
dE DZp 2m,y2p3c? ,
bl - 5
dz = ABZ {log( I B ? { )

where Z and A are the nuclear charge and atomic number of the absorbing medium, p
is the density of the material (in gm/cm?®), m, is the electron mass, y and p are the muon
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kinematic factors, D and [ are constants with

D = 0.3070 MeV-cm?/gm
I = 16(2)°% eV

and c is the velocity of light. The function 4E/dz as a function of muon energy for

various materials is displayed in Fig. 2.

This is a steeply decreasing function of energy for v < 3butfory > Sitisa slowly
increasing function suitable for damping. This weak dependence can be enhanced by
placing the absorber in a region where transverse position x depends on energy {2 “non-
zero dispersion” region) and varying the thickness with position as shown in Fig. 3.

The net change in particle energy with respect to the central value in one cycle of

passage through an absorber of width 3(x) plus acceleration is

S(AE,) = 0 [%-Ew B(x)] AE,

_ﬁ:
O%E - dE _, M AE,
= _[aE,az5(0]+Ea E_O]AE“_ -
dE  MeV
'°°TF{H (‘%E)
s soll
! \
; w
! x .--"""
! X —tm
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FIGURE2 Energy loss as a function of muon energy
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1. TRANSVERSE DAMPING

The mechanism for transverse damping 15 quite simple. Fnergy loss is parallel to the
particle trajectory but encrgy gain (in rf) s longitudinal. On cuch passage through

absorber and acceleritor

L PP
= = s
Ea
15 reduced;
JdE
I" 3}
: iz . .
Cafter = I = _F X Ihcforc' lg}
0
Avcraging over particle phases and introducing the rms emittance
- . -‘-2 ] \ s .2
CEorems = Lo+ P = 2Pa .
y P
we obtain
d(._‘. JdE B
= — Lol i10)
dn d: ho

where [} here is the Courant-Snyder betatron function” and the variabie # indicates the
number of passages through an absorber facceterator cycle. Total acceleration to cool
by e is simply E, 50 Eq/ E o = | for transverse cooling.

The above cooling rate is correet for both x and y transverse cooling where energy
foss oceurs in zero-dispersion regions. But 1if a wedge absorber 1n a non-zero-dispersion
region Is used to enhance cnergy cooling, then a corresponding degree of transverse
heating oceurs in that 1 # () dimension, which competes with the damping.

The heating mechanism is shown in Fig. 4. [n passing through an absorber, particie
position (x} does not change (te first order) but energy does. The position 1s the sum of
an energy dependent component [R(AE)] and a betatron component (x;) and a
decrease in N AE implies an increase in v, since the sum

NIAE)
= .- ¢
hl]

remains constant while

X ¥

‘ . dE 5
BE = AE|pore = (B0 + 8%)

and x, is changed by

N dE | .
A.’Cﬁ - 4 _]_{00 + f.)"
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nE 0

(We have assumed dndz = Out the absorber 1o simplify discussion.) Assuming energy
and betatron amplitudes are uncorrelated and keeping only lowest-order terms, we
ubtain

A > = 20 A = — &yt (L2

Averaging over betitron phases. we obtain an emittance antidamping term, which
can be added to the previously derived cooling term [Fy. (10))

LU s 8y dE diz
d\_tnfrm\ L dE . i df sl ve s (13)
dn E, dz E, d:

The antidamping is precisely opposite to the corresponding energy-damping term.

s0 enhanced cnergy damping implies decreased betatron damping. p-cooler design
must balance these damping requirements. {The two damping rates are cqual at

ne = 0.4,
We note here that the sum of €« AE damping rates is constant
v b, B8 (Idh =22, (14)
e AE Feval dE CE N dz
dz

which parallcis a similar mvanant for electron radiation damping, !

IV, HEATING BY STATISTICAL FLUCTUATIONS

1 conting is obtained through a finite number of muon-atomic electron collisions in
passing through an absorber. Statistical fluctuations in the number of collisions and
the energy exchanged in a collision increase the muon energy spread, opposing the
damping mechanism.
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An estimate of this antidamping mechanism can be obtained by noting that the
mean energy exchange is approximately the mean electron ionization energy of the
absorber:’

I =102Z,,¢V,

where [ is the mean ionization energy and Z,,, is the nuclear charge of the absorber.
The number of cellisions is approximately

per cooling cycle and the rms energy error is (N 22

dE
= [—8,1.
AE ., 7

Combining cooling with rms heating, we obtain the cooling equation

N o (dE\ M dE T ap £
dn <AE >rmu - _Z[SOE(E) + EO dz ](AE >r.m.|. + Idz 6('.i- (15)

An equilibrium energy spread can be obtained where the above derivative is zero

(AE?) g = 222 (16)

With £, = 2GeV, [ = 10¢V, we obtain AE, ,, = 10%eV, suggesting an approx-
imate limit for p cooling. With 1 GeV u's, AE/E ~ 107% ﬁ

Transverse cooling is severely limited by rmultiple small-angle elastic scattering in the
absorber, mostly elastic Coulomb scattering from the nuclei. The scattering angle
passing through an absorber can be estimated using the Particle Data Group (PDG)

formula?
o = JHMEV) 5 1)
ms = F (MeV) \ L

where 8 is the absorber length, L, is the PDG radiation length. The change in rms.
emittance is

- ﬂﬂ,zm, B/14\: & _
e 2 2 2(5) = (18)
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s the cooling equation for zere-dispersion transverse emittance (unnormalized) is

I dI 6 IR AT
oL B 9
dn dy k), JVES Iy
The equithrium enuttance s theretore
boooiay
T [' g } . (204
) Z Cd i
: ( ..... . )
\{!j\'

where s the betatron function at ithe absorber. The product [(dFE dxi,] depends
upon the absorher and s largest for light elements { ~ 100 MeV for Be and € and
=~ M0 MeY for Hy or DLbut = 7 MeV for Phor 1),

Fhe uppearance of Ban Eg. (200 demands very strong focusing of the beam to
nroduce a small radius at the absorber. Suitable optics {or this purpose s displayed in
Fig. 3 Note that [F1s constrained by the focusing geometry (o be less than the length of
the absorber, unless the absorber s an active focusing element (e.g., a Li lens). Shorler
ahsorbers are posstble with heavier elements. baluncing the constraint of the previous
puragraph. Tn Table Fwe List the oritical quantities L, p, dE dz, L) iniluential in choice
of anoptimum ubsorber for particutar applications. g cooling design constraints will be
further discussed in the next section.

As a relatively modest choce suitable for some cooling goals. we choose § = 1 em.
E, = 1 GeVanda bervilium absorber and obtaine, = 10 ¥ m-rad at 1 GeV, which is
matched to typical proton-beam emittances.

Somewhat lower emittances are possible, but eventually the conllict between
focusing and zbsorber requirements wall it the cooling.
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TABLE{
Properties of Some Absorber Materials

‘ . dE dE
Material Density Mean — Ly — Lgu
dz dz
Ionization Minimum Radiation
Energy Energy Loss Length
P im—: fieV¥) (Mev/cm) (cm) (Mev)
cm
H, 0.7 18 0.29 890 260
Li 0.53 40 0.84 155 130
Be 1.85 64 297 353 105
C 227 80 4.03 18.8 76
Cu 9.0 s 129 1.43 i85
w 19.3 750 224 0.35 18
Pb 114 790 12.8 0.56 7.2

V. 1 COOLER DESIGN OUTLINES

The cooling principles can be used to develop muon-cooling scenarios and in this
section we outline some possibilities.

We first consider a i storage-ring scenario. The major requirements are shown in
Fig. 5: a high-intensity multi-GeV primary (proton) beam, a target for m/p-pair
productlon a m-decay channel (or “stochastic injection™)® and large acceptance p
storage ring. The general propertles of muon cotlection have been discussed previous]
for a different appllcatlon We only quote the approximate resuft that =10~
— 1072 1-GeV p per primary proton can be stored within an acceptance of + 5%

momentum, 100n mm-mr emittance. (Stronger focusing at the target and in the decay -

channel than that of reference 6 is desired to maintain low p phase space.) Our design
goal is a reduction in Ap/p to £ +02% and €, < 10%. (This reduced momentum
spread can be rotated into a reduced muon bunch length by a “compressor arc” similar
to that used for compressing radiation-cooled ¢* beams for linac colliders.®)

Table IT and Fig. 6 show parameters of a system that meets these requirements; a
30-m storage ring requiring ~ 15 MeV/turn of with three low-beta insertions for Be
absorbers. These insertions can have non-zero dispersion for enhanced Ap/p cooling,

The storage-ring design in most severely constrained by the focusing requirements of

TABLE II
Storage Ring Parameters

y storage Energy t GeV
Circumference W0m

Bois (minimum p value) ~1cm

Absorber Sections 3 x 4m(FDOODF)
RF Requitements 18 MV/tumn
Transverse Cooling 100 — (Ox
Longitudinal Cooling +5% = ~ £.32%
Cooling Time £200tums
Absorber 3 x 2cm Be

Decay Channel Length &0 m
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FIGURE 7 Sketch of muon cooling linac

TABLE 11T
Muon Cooler Linac Parameters.

Muon Energy 500 MeV

Total Linac Acceleration 1.5 GeV

Total Length 1 km

Ttansverse Cooling 100 — 7n mm-mr
Momentum Cooling +£6% — £0.5%
Focusing Period im

Magnet Aperture 02m —+005m

Bmin {Absorber Length = 2f/Focusing Period) 0.01 — 00007
Absorber Be

The limitation L,,, < 2B, can be circumvented in some parameter regions by use
of an actively focusing absorber such as a lithium lens. Lithium lenses can obtain high

fields® (cquivalent to >15 T quads) focusing in both x and y directions, which can
maintain the beam at low beta provided

8.,
Ba
where a is the lens radius, B, is the equivalent focusing field and B, is the magnetic

rigidity, 3.3E,(GeV) T-m. We have not included Li lens absorbers in our sample

designs, but we expect that optimum designs will incorporate them in some portion of
the structure.

The major advantages of the linear cooler are

1
_ 25
2 Bﬁlin ( )

(1) Transverse cooling is not limited by the large aﬁerturc required to accommodate
injected uncooled beam.

{2} Losses through decay are less because of the shorter particle path length.
The disadvantages are

{1} The linac does not naturally contain non-zero dispersion for enhanced meo-
mentum cooling; however, dispersion can be introduced with bending magnets.
(2) The single-pass linac structure is longer and therefore more expensive.
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MUON COOLING RING 37

We note that a linac structure is more naturally suited for transverse cooling, whilea
storage ring more naturally obtains enhanced Ap/p cooling. An optimum cooling
scheme may combine these with a linac “precooler” followed by a storage ring.
Multiple storage rings or more complicated structures similar to “race-track micro-
trons” may also be possible. Optimum systems can reach ¢, < 2rx mm-mr at 1 GeV
and Ap/p < 0.1%, or perhaps substantially less.

As a closing comment in this section, we note that it may be desirable to modify
existing 1-GeV storage rings with jow-beta insertions and increased rf to obtain
measurable p cooling and explore the practicality of this technique.

V1. POSSIBLE USES FOR COOLED MUONS

In this section, we outline some suggested possible uses for suitably cooled muons.

A. The Proton Klystron

Skrinsky? has suggested the acceleration of cold muons (as well as 7, e, etc) in a high-
gradient linac structure that is loaded by injection of a high-intensity, high-energy
proton beam (> 10** p, 400-1000 GeV). A muon bunch following in the wake of the
protons can be accelerated to high energy (3500 GeV, say) and then used in fixed
target (4 — p) or colliding with other linac (p*, p~, etc.) bunches traveling in the
opposite direction.

We have shown that muon bunches with = 10° 1, € < 107* = (normalized) m-rad
can be produced in a p cooling ring using some proton bunches from the primary
proton ring, and a compressor arc can rotate the beam to a length (< a few mm)
suitable for the kiysiron linac.

B. Other Linac Structures

Cold muon bunches can be injected into a linac structure for acceleration to suitably
high energies. Acceleration in a SLAC-type linac is possible with 1-GeV cold muons.
Other innovative structures (laser accelerators, ...) may have substantially lower
phase-space requirements, which may or may not be achievable with muon cooling, It
is left for future development to invent a practical innovative linac (with 21 GeV/m
gradient), determine its phase-space requirements, and design a cooler matched to
those requirements. The muons could be used in external beam or collider modes.
We list some possible advantages of muons (over e*) in such structures.

{1) Their relative immunity to bremsstrahlung and synchrotron radiation may make
them more suitable in schemes with a material medium (plasma-wave accelerator)
or beam bending fields (“inverse free electron laser”, “two-wave device™)* or beam
focusing fields (almost any scheme). For example, synchrotron radiation precludes
use of the “surfatron”'® for ultra-high (TeV) encrgy acceleration of e*.

{2) Muons are relatively immung¢ to “bremsstrahlung” in p-X collisions.

(3) The higher mass of muons may make matching of beam and accelerator phase
velocities easier than with electrons.
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C. Linac-Storage Ring Systems

A real advantage of u* beams from a linac is that the high-energy beams can be
circulated in a storage ring for hundreds of turns to magnify luminosity over a single-
pass mode. In Fig, 8 we display a sample system of this type which uses an existing linac
and mimics the SLC design.® In the system, SLAC e* bunches at ~ 50 GeV are used to
produce muons which are collected and cooled. Separate p* and p~ bunches are
reinjected into the linac, accelerated to 50 GeV and injected into a superconducting
50-GeV storage ring with 8 = 4T (R = 40 m).
The luminosity L can be obtained from

_[N'N"

=t (26)

where f is the collision repetition rate, N*, N~ are the number of muons, €ms 18 the
emittance and B* is the collision betatron function (B, * = B,*). With parameters
achievable in the above SLC-like scenario (f =2 x 105, N* = N~ = 3 x 10®
from ~10'¢”, € =2 x 10 % m-rad at 50 GeV, p* = 0.1 cm) we obtain L =
10**/cm?-sec which is sufficient to observe the Z,,, but not quite competitive with SLC.
A higher-intensity muon source and a higher-brightness final muon beam can provide
n¥ collider parameter competitive with single-pass e* colliders, particularly at higher
energies,

We note here that the short lifetime of muons is in some ways an advantage, in that
the small collision tune shifts and large aperture (20a) needed for e*e~ storage-ring
colliders can be avoided.

D. Rapid Cycling Muon Accelerator— Storage Rings

The short lifetimes of muons would seem to preclude conventional synchrotron
acceleration of muons. Nevertheless, at high energies (2 100 GeV) the requirements of
a muon accelerator do not seem unreasonable, particularly when compared with the
requirements of e*e” storage rings at E = 50 GeV.

The basic requirements are a storage ring that can cycle from low to full energy
within ~ 100 turns with a rf system which can accelerate at .01 of full energy per turn.
The rf requirement is met by only ~ 10 GeV/turn of acceleration for a 1-TeV pu*p~
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FIGURE§ A sample linac-storage ring system
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collider (100-GeV e¢* storage rings need ~ 10 GeV of rf) and the rapid-cycling
requirement (for 1 TeV) is not as great as that in rapid-cycling proton synchrotrons
{60-Hz, 16-GeV K-factories), Conventional rather than superconducting magnets are
preferred for rapid cycling. ‘

The components of a 1 TeV u* — p~ collider are outlined in Fig. 9. They are a
rapid-cycling proton synchrotron (100 Hz) to produce high-intensity p beams, a p
cooler at ~1 GeV, a ~20GeV Linac for p injection, and a ~3 km-radius rapid-
cycling muon storage ring. Luminosities of 2 10°% cm~2 sec™! seem practical with
little extrapolation from readily achievable parameters, With £ = 100 Hz x 300 turns
storage, ngN " N~ = 1022 (10 bunches of 3 x 10'%p*, pu~), p* = 0.1cm, €, =
10" %z m-R at | TeV, we obtain L = 3 x 10°% cm 2 sec™!. Some of these param-
eters may be mildly optimistic, but the p* ™ accelerator seems reasonably attractive.

E. n-p Collider

A significant advantage of muons over electrons is that they can be stored in the same
storage ring as protons for lepton-proton collisions. In Fig. 8, the storage ring could
contain protons before p injection at full energy, or in Fig. 9 protons could be injected
withu~ for acceleration. Luminosities can be higher than in p* i1~ scenarios because of
the larger number of protons, and as discussed above it is easy to match i and p
emittances,

The two revolution frequencies are naturally mismatched because of the different
velocities at equal energies. They could be rematched by displacing the two beams in
energy under the condition

Apf 1 | 1 1
by e — 27
p [T12 72] 2y 2v,7 @n
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where yr is the transition energy, Y, and v, are the muon and proton kinetic factors, and

Ap/p is the momentum offset. This works in a highly relativistic system with Yy >
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