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Summar~ 

The basic principles of the application of "ioni- 
zation cooling" to obtain high phase-space d e n s i t y  much 
beams are desc r ibed ,  and its limitations are outlined. 
Sample cooling scenarios are presented. Applications 
of cooled mUCh beams in high-energy  a c c e l e r a t o r s  are 
suggested; high-luminosity ~+-~" and ~-p colliders at 
~I-TeV energy are possible. 

I n t r o d u c t i o n  

E l e c t r o n - p o s i t r o n  (e§ - )  c o l i i d e r s  have been es -  
s e n t i a l  t o o l s  in  ga in ing  an unders tanding  of p a r t i c l e  
physics. However, their future use at higher energies 
i s  s e v e r e l y  l i m i t e d  by r a d i a t i o n  processes .  Synchro- 
t ron  r a d i a t i o n  in  s torage  r i n g s  causes e l e c t r o n s  to 
lose  energy a t  a r a te  p r o p o r t i o n a l  to the fou r th  power 
of the e l e c t r o n  energy, and this radiation effectively + 
preven t s  c o n s t r u c t i o n  of e- s torage  r i ngs  a t  ene rg ie s  
g r e a t e r  than lO0 GeV (LEP). e+-e - l i n e a r  c o l l i d e r s  are 
proposed to  circumvent this problem. However, they 
have s u b s t a n t i a l  p r a c t i c a l  d i f f i c u l t i e s  in  o b t a i n i n g  
adequate l uminos i t y ,  are very expens ive ,  and a l s o  have 
p a r t i c l e  r a d i a t i o n  problems tha t  prevent  p r a c t i c a l  
implementa t ion  a t  p a r t i c l e  ene rg ie s  ~300 GeV. Another 
approach,  ~p and pp c o l l i d e r s ,  can indeed reach m u l t i -  
TeV e n e r g i e s ,  but hadron-hadron i n t e r a c t i o n s  lack  the 
s i m p l i c i t y  of l e p t o n - l e p t o n  c o l l i s i o n s ;  l e p t o n - l e p t o n  
and lep ton-hadron  c o l l i d e r s  are necessary to provide  a 
complete p i c t u r e  of h igh-energy  processes .  

Synchrotron r a d i a t i o n  v a r i e s  i n v e r s e l y  as the 
f o u r t h  power of the mass, so the r a d i a t i o n  d i f f i c u l t i e s  
of e+-e - machines can be avoided by the use of "heavy 
e l e c t r o n s , "  muons (~+-U-),  end tha t  p o s s i b i l i t y  i s  the 
s u b j e c t  of t h i s  paper.  

The p r i n c i p a l  liabilities of muons are their shor t  
l i f e t i m e s  and the l a rge  i n i t i a l  phase-space area o f  a 
much beam as produced in  w decay. The l i f e t i m e  r i s  
g iven  by 

E~ 
T = 2. l ,97 x I0 -6  __  sac , 

m~ 
(1) 

where E~, n U are the Imao~ energy and mass. However, 
t h i s  i s  ~0.02 s fo r  l-TaW W- and i s  adequate for  any 
l i n e r  and fo r  h igh-energy s t o r age  r i n g s  and rap id  cy- 
c l i n g  synchrot rons  (see below).  The l a r g e  phase-space 
area of a muon beam can be damped us ing  " i o n i z a t i o n  
coo l i ng  "1 (as descr ibed  below) to  a smal l  va lue  s u i t -  
ab le  f o r  h i g h - l u m i n o s i t y  c o l l i d e r s .  

In the fo l lowing  s e c t i o n s ,  we w i l l  descr ibe  the 
p r i n c i p l e s  of  muon coo l ing ,  d i s c u s s  coo l ing  scena r ios  
and exper iments ,  and then h igh-energy  c o l l i d e r  a p p l i c a -  
t i o n s .  

Much Coo l i n~  

The bas i c  mechanism of ~ coo l ing  i s  d i sp layed  in  
F ig .  I. The moon beam i s  passed through �9 m a t e r i e l  
medium in which it loses  energy, principally through 

Fig. I. Sketch of "ionization cooling" princlpie. 

interactions with atomic elections. Following this, it 
passes  through an a c c e l e r a t i n g  c a v i t y  where the average 
l o n g i t u d i n a l  energy l o s s  i s  r e s t o r e d .  Energy coo l ing  
occurs fo l lowing  

dn ~ - 9 - ~ A E ~  ' (2) 

where 4E is the moon energy deviation from the central 
value, ~ is the number, o f  cooling cycles, A u is the 
muon energy loss in the absorber ,  and the d e r i v a t i v e  is 
taken a t  the c e n t r a l  va lue  E~. Cooling occurs i f  the 
d e r i v a t i v e  i s  p o s i t i v e .  For g~ ~0.3 GeV, t h i s  energy- 
l o s s  r a t e  d e r i v a t i v e  i s  s t e ep ly  nega t ive  for  a l l  
absorbing  m a t e r i a l s ,  but fo r  E~ ~0.5 GeV, i t  i s  p o s i -  
t i v e  with 

- - 5 0 . 2  
~E~ 

(3) 

The prec i se  value has a weak dependence on the absorber  
m a t e r i a l  and the ene rg ie s  0 5  < g ~ 2 CeV ere reason-  
able  energ ies  for  mUCh c o l l e c t i o n .  The U beam i s  r e -  
c i r c u l a t e d  through many a b s o r b e r / a c c e l e r a t o r  cyc les  
e i t h e r  by �9 r e tu rn  path ( coo l lng  r i ng )  or repeated 
s t r u c t u r e  (flume) to  o b t a i n  the des i red  f l ea1  
d i s t r i b u t i o n .  

Transverse damping a l s o  occurs because energy l o s s  
i s  p a r a l l e l  to the p a r t i c l e  t r a j e c t o r y ,  whereas energy 
ga in  i s  l o n g i t u d l n a l .  Expressing t h i s  trensveKse ener -  
gy l o s s  in  te rns  of ras  eml t t ence ,  one ob te lns  ~ 

d r A~ 
= - _ _ r  

(4) 

for  both t r ansverse  degrees of  freedbm. 
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An exchange in cooling ra te  between the longitudl- 
hal (Eq. 3) and a transverse (Eq. 4) dimension can be 
obta ined i f  a "wedge" absorber  in  a ~onzero Courant- 
Snyder ~ d i s p e r s i o n  reg ion  i s  used ~ (see Fig .  2).  
Enhanced energy damping ~rith this method implies de- 
creased t r a n s v e r s e  damping, whereas the sum of tx ,  ~y, 
AE damping rates is constant: 

y•A 
E~ 

~ 2.2 is constant , 
x, , E Ecool,i 

(5) 

where E ooi i is the e -1 damping energy in each dimen- 

sion, ~cool " ne-I  An" 

The process  is bas ica~ ly  s i m i l a r  tO r a d i a t i o n  
damping in  eZ s torage  r i n g s ,  ~ where energy loss  in  
bending sections by synchrotron radiation is recovered 
in rf cavities. Radiation damping is limited by quan- 
tum fluctuations; similarly, muon cooling is limited by 
statistical fluctuation in muon-atom interactions in 
the absorber. 

The important  d i f f e r e n c e  i s  t ha t  muons decay, and 
coo l ing  must be completed before decay occurs .  The 
muon l i f e t i m e  (Eq. 1) can be t r a n s l a t e d  to a path 
l eng th  (B~ ~ L) 

E~ 
L u = 6.59 x I02 --meters , 

m~ (6) 

which can be translated into a number of turns of beam 
s to r age ,  

L u L~ 
N - ~ - 297 B (T) turns 

2~R ~ = 0 
(7) 

where ~ is t h e  rlng-averaged bending field and B^ the 
magnetic rigidity [Bo(T-m) ~ 3.3 EU (GeV)]. ~ is 
independent of E~. 

Muon cooling is limited by heating due t o  statis- 
tical fluctuations in the number and energy exchange in 
the muon-electrou c o l l i s i o n s  in  the absorber .  An e s t i -  
mate of t h i s  hea t ing  in  energy coo l ing  can be obtained 
by no t ing  t ha t  the mean e~ergy, exchange is the mean 
e l e c t r o n  I o n i z a t i o n  energy I ~ 

I ~ i0 Zab s eV . (fl) 

The number of collisions per cooling cycle is N ~ & / I  
and the rms energy spread is ~/'N I or /~I. Combin~ng 
cooling with heating, we obtain 

2A~ 
d<(AE)2> ~ - <(AE)2> + A~l , 
dn Ecool,z 

(9) 

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

<(AE)2>rms I Ecool,z 
= 2 (10) 

For t y p i c a l  va lues  (Ecool ,z  = 2 GeV), 

( i i )  

Transverse coo l i ng  i s  severe ly  l i m i t e d  by m u l t i p l e  
sma l l - ang l e  e l a s t i c  s c a t t e r i n g ,  most ly  Covlomb s c a t t e r -  
lug  from the n u c l e i .  The mean s c a t t e r i n g  angle  in  
pass ing  through an absorber  of t~ lckness  6 can be e s t i -  
mated by the f o l l o w i n g  equa t ion :  

14 (MeV) 
Orms ~ E~ (MeV) (Z2) 

where L R i s  the r a d i a t i o n  l eng th  of the absorber  mater-  
i a l .  The coo l ing  equa t ion  for  t r a n s v e r s e  emlt tance can 
then be w r i t t e n  as 

dSx % Sx (z__41z 
. . . .  c x + (13) 
dn Ecool,x T E~ ~ ' 

where B x i s  the C-g be t a t ron  func t ion  a t  the absorber .  
The e q u i l i b r i u m  emit tanne i s  

ex (~)z Zcool,  m 
c o  - T E~ dE (X4) 

Pig .  2. Use of va ry ing  th ickness  absorber to enhance 
energy dependence of energy l o s s .  

The product (dE __)Le de ends upon the absorber  'da P sod is  
l a r g e s t  for  l i g h t  elements  $ (~100 HeY for  Be or C but  
~7 MeV for  Pb or W). The appearance of S x in  Eq. (14) 
i n d i c a t e s  o p t i m u m  emi t t snce  coo l ing  r e q u i r i n g  very 
s t rong  focus ing  to  a low va lue  of B x s t  the absorber .  
Note tha t  the l eng th  of  the absorber  must be l e s s  than 
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-2 Bx, and obtaining maximum absorption in minimum 
length requires heav~ elements,  opposing the previous 
c o n s t r a i n t .  

We note here that the constraint Lab s ~ 2 B x can 
be relaxed if the absorber is an active focus ing  ele- 
ment (such as a lithium lens). Optimum u coolers will 
probably include such elements in some portion of their 
structure. 

Muon Cooler-Deslsn Outllnes and Experiments 

In  t h i s  sec t ion  we o u t l i n e  some f eas i b l e  ~ coo le r  
d e s i g n s  and expe r lmen t s .  Two b a s i c  approaches a r e  sug -  
g e s t e d :  s t o r a g e  r i n g  and l l n a c s .  We expect  t h a t  
optimum d e s i g n s  to ob t a in  minimum phase space w i l l  com- 
b ine  these in  a mul t i s tage  system. 

We f i r s t  cons ide r  a s t o r a g e - r i n g  system. F igu re  3 
shows the basic components: a rap/d-cycling p synchro- 
tron for u production, a w-decay llne, and a storage 
ring for I-GeV ~. The muon storage ring i s  a rela- 
tively modest device wlth conventional magnets (<2T) 
and modest cooling goals suitable for a ~-p collider. 

A second stage would probably be necessary to 
a c h i e v e  the lower t r ansve rse  phase-space  d e n s i t i e s  
necessary for a ~+-~- collider; it is difficult to cool 
t r a n s v e r s e  emi t t snce  by more than a f a c t o r  of -30  in  a 
s i n g l e  dc s t o r a g e  r i n g  because of the focus ing  r e q u i r e d  
in the absorber. A second s t a g e  using superconducting 
magnets (B ~ IOT) will obtain r GeV) ~ 2.0 ~-mrad. 
Higher fields and optimized designs will obtain s m a l l e r  

, but c I ~ 0 . 5  m=-=rad appears  i m p r a c t i c a l .  We note  
t~at ~ cooling requirements are ideal for use of maxi- 
mum field superconducting magnets (dr operation, low- 
particle flux, modest sizes). 

Focusing requirements are relaxed in a ~ llnac 
where magnet apertures can be reduced, providing 
s t r o n g e r  focusing, as the beam is cooled. Beam loss 
from decay Is also reduced. Figure 4 shows a modest 
first-stage ~ cooling (IOO w + I0 w) linac using con- 
ventional magnets. A second stage with superconducting 
magnets can obtain z i ~ 2 ~ mm-mrad. 

Existing ~I-GeV storage rings may be modified with 
low-beta insertions and additional rf for experiments 
testing ~ cooling concepts. Acceleration on the o r d e r  
of I0 MeV/turn is required to obtain coollng before 
decay.  One c a n d i d a t e  i s  the Fermi lab  600-HeV/c " e l e c -  
t r o n  cooling ring," outfitted with ~5 to I0 MeW of rf 
borrowed from the future "Debuncher." The ~ production 
t a r g e t  ' c a n  be uced tO prov ide  w's  tO be t r a n s p o r t e d  in  
a decay l i n e  to prov ide  U 's .  Another candidate i s  a 
SLC damping ring with additional rf and some ~ source 
( i n s t e a d  of e+). 

TARGET 

P e l M A e Y l ~ ' ~  } DECAY 
SEAM CHANNEL INJECTION 

(p) �9 l l ' l V  RF ~ , , i ,  EXTRACTION 

- ,~*~ 3 L~ sTOeaGE.,.o --ASSOe.ES---  7 
LILAC 

F ig .  3. Muon c o o l i n g  r i n g .  

LINAC 

COMSflESSOR 
ARC L 

~ I K M  
�9 L 

ABSORSER RE ~ . S M u  
(emv) 

Fig. 4. Sketch of muon cooling linac. 

Application of Cooled Muons 
in High-Energy Accelerators 

Cooled muon beams have many possible uses In high- 
energy a c c e l e r a t o r s .  In t h i s  s e c t i o n ,  we w i l l  empha- 
s i z e  a p p l i c a t i o n s  not a c c e s s i b l e  to e -  ~ach ines ,  such 
as e o l l i d e r s  a t  ~0.5-TeV energ ies .  

A. u+-u - Rapld-C~clln~ Colllder 

Host c o l l i d e r  a p p l i c a t i o n s  w i l l  r e q u i r e  a h i g h -  
i n t e n s i t y  muon source  a t  a f requency matched to the  
muon l i f e t i m e .  At I TeV, r ~ 0 .02  s ,  t h i s  i s  r e a s o n -  
ab ly  we l l  matched to a h i g ~ - i n t e u s l t y  30-  to 60-Hz 
r a p l d - c y c l l n g  proton synch ro t ron ,  

In Fig. 5 we outline the major components of a 
I-TeV r colllder: a rapid-cycling proton synchrotron 
with  t a r g e t  to produce w 's ;  a decay c~annel  (or  " s t o -  
c h a s t i c  i n j e c t i o n "  i n t o  a s t o r a g e  r i n g )  u fo r  w * ~ de -  
cay;  a s t o r a g e - r i n g / l i n a c  system for  ~ coo l i ng ;  and a 
I i n a c  (or  " b o o s t e r " )  for  i n j e c t i o n  i n t o  a r a p i d - c y c l i n g  
synchro t ron  wi th  pe r iod  matched co the proton synchro-  
t r o n ,  In t h i s  example the ~ synchro t ron  i s  s imply a 
conven t iona l  l a r g e r  v e r s i o n  of the proton synchroeron .  
We assume from prev lous  c a l c u l a t i o n s  t h a t  ~5 x i0  - ]  
s t o r ed  muons a r e  ob ta ined  from each primary p ro ton .  

The ~+-~- c o l l l d e r  l uminos i ty  L may be e s t l m a t e d  
using 

fo nt  ng H+ N- 
L ~- (15)  

4w g* Z* 

Fig .  5. I-TeV u r a p i d - c y c l i n g  synchro t ron .  
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With 2 x 1013 p ro tons /pu l s e ,  we obtain ~IO IL s tored U t 
~hich 5 may be organized into n B ~ 2 bunches with N + = 

= x i010 ~/bunch. The cycling frequency (30 Hz) 
is fo; nt is the mean number of storage turns (300); 
and we may estimate B* ~ 0.3 cm and r = 2 x 10 -7 cm-R 
at  I TeV. We ob ta in  L ~ 1032 cm -2 s - l ,  an adequate ly  
high luminosity. The same synchrotron may be used as a 
u--p + eolllder at high luminosity, with more relaxed 
requirements on N-, B*, and r The scenario is, in 
principle, easier but more expensive at higher ener- 
gies. 

B. Llnac/Storase-R.tn 5 Scenario 

Cooled muons may be suitable for injection in a 
h l g h - g r a d l e n t  l i n a c .  Skrlneky suggested a c c e l e r a t i o n  
of ~'s In his "proton klystron. ''I Other liner ideas 
such as "surfatrons," "wake fields," etc., may be more 
readily adaptable to ~ acceleration than e because of 
the ~ immunity tO synchrotron radiation, bremsarrahlung 
and partlcle-medium interaction. 

Assuming a suitable hlgh-gradient linac, ~+-u- 
(and D-p) collisions may he obtained in adc super- 
conducting ring which accepts the hlgh-energy output 
beam (see Fig. 6). Luminosity can, in principle, be 
higher than in the previous example (L ~ I033), since 
stronger fields will increase n t (the number of beam- 
storage turns) and decrease 8", and beam loss in aceel- 
eration is reduced. 

C. ~-? Colliders 

An important advantage of u+-~ - collidere over 
e+-e - is that ~-p collisions may also occur in the same 
ring. In the rapid-cycllng synchrotron protons may be 
injected with ~-, and in the storage ring scenario they 
may he stored before ~- injection. The revolution 
frequencies are naturally mismatched because of the 
different velocities at equal energies. They can be 
rematched 2 by d i s p l a c i n g  the beams in energy under the 
condition (high energy) ,  

Fig. 6. U l i n a c / s t o r a g e - r i n g  system. 

~p ~ l___ l__. T[  I~%: z~,:, (16) 

where Ap/p i s  the momentum o f f s e t ,  ~t  the t r a n s i t i o n  
energy of the r i n g ,  and ~ ,  ~e are the kinetic factors. 
At I TeV with ~p/p - 10 -~ we-obtain Yt ~ 45, a reason-  
ab le  value. 
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With 2 )( 1013 protons/pulse, we obtain _lOll stored ut

which may be organized into nB :: 2 bunches with N+ ..
N- ~ 5 x 10\ 0 ~/bunch. The cycling frequency (30 Hz)
1s f o ; nt 1s the mean number of storage turns (300);
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at 1 TeV. We obtain L 5 1032 cm-2 .-\, an adequately
high luminosity. The same synchrotron may be used as a
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prine! pIe, easier but more expensive at higher ener­
gie••
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(16)

Assuming a sui table high-gradient l1nac. u+-u­
(and u-p) collisions may be obtained in a dc super­
conducting ring lihich accepts the high-energy output
beam (see Fig. 6). Luminosity can. in principle. be
higher than in the previous exa..ple (L 5 1033 ), since
stronger fields will increase n t (the number of beam­
storage turns) and decrease 8*, and beam. loss in accel­
eration is reduced.

C. u-p Collideu

An important advantage of u+-p- colliders over
e+-e- is that u-p collisions may also occur 1n the same
ring. In the rapid-cycling synchrotron protons may be
injected with 1.1-, and 1n the storage ring scenario they
may be stored before 1.1- injection. The revolution
frequencies are naturally mismatched because of the
different velocities at equal energies. They can be.
rematched2 by displacing the beams in energy under the
condition (high energy),
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where b.p/p 1s the momentum offset, Yt the transition
energy of the ring, and-llJ' Yp are the kinetic factors.
At 1 TeV with 6p/p • 10 lie obtain yt ~ 45. a reason­
able value.
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