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Pion accelera t ion has been proposed' ) using the  high-energy gradients of linacs. 

Whereas, high-energy proton accelera tors  a r e  good sources of high-energy pions, the 
) m o n  beams have not been extensively exploited2 . One reason is pion contamination and 

another is low intensity.  The muon, unlike the  pion, i n t e r a c t s  only weakly o r  by v i r tue  

of i t s  electromagnetic proper t ies ;  hence, pure high-energy muon beams of high i n t e n s i t y  

a r e  required. A beam of 0.3 jA mons is required t o  inves t iga te  a t o t a l  cross-section 

of aa2 at a r a t e  of 1 o o u n t h r  using a 3 meter l i q u i d  hydrogen target .  The 
+ 

i n t e n s i t y  of g beams from a pion factory  with a CERN-type m o n  ohannel a r e  expected 

t o  be  a f r a c t i o n  of a nano-ampere for  energies between y = 2 and 4. Because the  weak 

in te rac t ion  cross-sections a r e  expected t o  be several orders  of magnitude l a r g e r  at 

energies i n  the  GeV range, m o n  accelera t ion s e e m  indieated. 

Pion and muon mean l i v e s  a r e  0.0256 and 2.2 gs, respeotively. Pig. 1 shows the 

Fig. 1 Fraction of  pions and muons surviving accolerat ion i n  a l i n a c  ( s o l i d  and dashed 
curves nnd of muons in a cyclotron (dotted curves ). 

(*) Work performed under the  auspices of the U.S. Atomio Energy Commission. 
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f rac t ion  of p r r t  i c l e s  surviving accelera t ion due t o  decay-in-fl ight. Curves a r e  shown 

f o r  i n j e c t i o n  energies of y i  = 2 and 4 t o  i l l u s t r a t e  t h i s  dependence. The two curves 

at each energy tare fo r  constant energy gradients  of 1 NeV/ft and 3 bfeV/ft (gradients 

ava i l ab le  from l inacs  ). Pions decay rapid1 y s o  tha t  fo r  a 3 NeV/ft gradient  16 survive 

accelera t ion from 419 t o  1773 MeV (Y = 4 t o  13.7); whereas nearly a l l  nuons survive fo r  

these energy gradients. 

We now consider the f e a s i b i l i t y  of accelera t ing muons i n  cyc l i a  machines. The 

elapsed proper time is r = dt /y  f o r  m c e l e r a t i o n  from yi t o  yf ,  where d t  is a time 
I Y  

in te rva l  i n  the lab. frame; and the  f r a c t i o n  surviving is N / N  = e where TO is 
0 

the  muon mean l i f e .  Acceleration is usua l ly  carr ied  out with, at most, a slowly changing 

frequency f ,  and a nearly oonstant energy gain  per turn,  6E; so, f d t  = dE/GE. The 

oyclotron frequency is 1/f = t = '&nby/eB = toy. We f i n a l l y  obtain the expression 

r = 2 n - ( & ~ ) ~ / &  dyh. There a r e  two cases t h a t  a r i s e  assuming t h a t  the u o n s  a r e  

r e l a t i v i s t i o  at i in jec t ion  (pi = 0.968 fo r  in jec t ion  at yi = 4). 

a )  The oyclotron frequency is near ly  aonstant during accelera t ion;  therefore,  B -y .  

Let B = ~ ~ ( y / y ~  ); then, r = 2 w ( m o ~ ) ~ ~ o / e ~ o 6 l I  &(yf/yi) = H en(yf/yi), and 

N/No = [yf/yi 1-'~/~0. 

A log-log p lo t  of N versus y is then a s t r a i g h t  l i n e  of slope -ra/rO. The f igure  shows 

the case ra = to f o r  the  two in jec t ion  energies;  1% of the  nuons survive  accelera t ion 

from 317 t o  4120 MeV (Y = 4 t o  40). We w i l l  now s e t  ra = 1, and der ive  condit ions for 

lmon acoelera t ions  f o r  d i f f e r e n t  c lasses  of accelerators.  

i )  Synchrotrons have a oonstant radius of the synchronous o r b i t ;  therefore,  

eroB = P = mo@y - moay and Bi/yi = -a/er,. We obtain the  condition 6E/2nro = m,,c/r0 = 

48.3 KeV/fto The energy gradient is constant as fo r  a l inac.  The energy gain per 

turn, 6E = 2718r;AB/~t = 2m0AE/cAt; so, AE/At = 47.6 X 106 MeV/s, a value several  orders 

of magnitude g rea te r  than presently used. A similar r e s u l t  holds for  the betatron 

where i n  addi t ion t h e  two-to-one r u l e  must be obeyed. 

i i )  The magnetic f i e l d  is B = Bi(? - l / y t  - 1 )  f o r  a scal ing s p i r a l  sector  

WAG acaelera tor ;  where E is the average f i e l d  at  an energy y, and id is the average 

f i e l d  at  injection.  The momentum compaction a is large  compared t o  1; so 

8 - i q Y  - l - l iy/yi. Ile obtain the condit ion GEB~R~c = 33.2 G ;  and i f  

yi = 4, GEBi = 13.6 kG MeV. An energy gain per tu rn  g rea te r  than 10 NeV is des i rab le  

fo r  a large  increase i n  y. A s imi la r  r e s u l t  is obtained f o r  the  isochronous oyclotron, 

f o r  which B = Ei(y/+i) = Bcy, where B, is the  f i e l d  corresponding t o  y = 1. The 

condition becomes Bc6E = 3.5 MeV kG. 

b )  The symhro-cyclotron and miarotron a r e  oharacterized by a s i g n i f i c a n t  change i n  

oyclotron frequenay during acceleration.  We obtain T = ~T(IQC)* (yf - yi )/eWE = 

t o ( ~ f  - Ei)/6E f o r  an  acce le ra to r  with a uniform f i e l d ;  so,  a plot  of N / N  versus y is 
0 
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not  a s t r a i g h t  l i n e  i n  t h i s  case. The r a t i o  of ion frequencies f /f i  = yi/y is la rge  

for  any s ign i f i caq t  increase i n  y, and t h i s  f a c t  r u l e s  out the synchro-cyclotron. 

The energy gain  per tu rn  cannot be a r b i t r a r y  f o r  the uniform f i e l d  microtron 

but must obey the  r e l a t i o n  6E = moc2ntRF/to, where tBF is the o s c i l l a t o r  period and 

n is the in tegra l  number of RF cycles gained per turn. We obtain the  r e l a t i o n  

f (Y - yi)/B2 = 404.6 n Mc/s(LG)' as the condit ion tha t  N/Wo = em'. A L band RF f 
RF system (2023 &/S) is  required i f  B = 10 kG, yf - yi = 20, n = 1; del iver ing 

7.06 MeV/turn (Fig. 2). 

~ o b e r t s  J) has suggested modifying the conventional uniform f i e l d  microtron f o r  

proton accelera t ion (auxinotron) by introducing sec  tor-focusing, a l i n a c  f o r  accel  era t ion,  

and high-energy injection.  Brannen and f i o e l i c h 4 )  have aonetructed an elect ron 

racet rack microtron (dromotron) along these l ines.  The microtron with these 

modifications seems t o  be the log ica l  choice fo r  muon accelera t ion;  so, we w i l l  c a l l  

t h i s  acce le ra to r  a muonitron. 

The moni t ron  has the following features  : a )  i t  has a f ixed magnetic f i e l d  and 

RF frequency; b )  i t  is  f ree  of m y  necessary connection between betatron frequencies 

and energy; c )  it is phase s t a b l e  (always 

above the  t r a n s i t i o n  energy); d )  the  

synchrotron phase space w i l l  increase  

during accelera t ion fo r  a constant energy 

gain  per turn  and synchronous phase angle; 

e )  l a rge  o r b i t  separation so the e n t i r e  16 - 
beam may be extracted;  and f )  the  H e 
extracted beam w i l l  be of high q u a l i t y  and E 
absolute ly  f r e e  of pions. b 

The muonitron a l s o  has some i, 
3 s i g n i f i c a n t  uncer ta in t i es  o r  disadvantages. 3 l0 

Linacs have a narrow ve loc i ty  acceptance so  a 
t h a t  a cascade microtron may be required C 

b 
f o r  in jec t ion  at energies yi  < 4. A L band 

l i n a c  has a small aper ture  (perhaps 2.5 cm 8 
diameter); so, high qua l i ty  beams a r e  W * S 

required. Linacs a t  p e s e n t  consume large  

amounts of power i n  CW operation. Uncertain- 

t i e s  e x i s t  due t o  the lack of experience 

with microtrons. For example, p o s s i b i l i t i e s  

f o r  strong focusing as well as sector-  
0 

focusing have not been examined, and the  0 S 10 16 20 

- Energy gainlturn versus B - Fnquoncy vr rur  B 

necessary 300 turn  accelera t ion has not been B(kG) 
pig. 2 f i o q u e n c ~  and energy gain pcr turn required t o  

demonstrated. Finally,  external  in jec t ion  accelerate mons  i n  a microtron. 
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is required. Estimates of the admittance a r e  necessar i ly  rough without a firm design; 

so, we w i l l  assume tha t  a l i n a c  w i t h  quadrupole focusing is the  s t o p  and estimate the 

admittance t o  be 20 IT m a d  cm with an allowable energy spread of 3%. 
The CPRIS') muon channel generates about 101 per s at  300 2 16 UeV with an 

estimated horizontal  and v e r t i c a l  emittance of 80 a and 200 W mad on, respectively. 

A 600 MeV pion factory  rill generate 4 X 10' times as many ,u+'s with a 500 pA external  

beam, where a fac to r  of 2 X 10' is due t o  the increased current,  and a fac to r  of 20 is 
+ due t o  the  a+/a- r a t i o ;  then, a n  i n t e n s i t y  of 3 X 10" ,U per s is possible wi thin  the 

l i n a c  admittance at in ject ion,of  which 37% survive acceleration.  This est imate is a 

lower l i m i t  fo r  a number of reasons, some of which a r e  connected with the  a v a i l a b i l i t y  

of an external  beam and s t rong focusing. For example, Foote e t  al.') prepared a 

427 ?. 10 bV/c  posi t ive  pion beam of 2 x 10" W+ per s with 19 inches of CHn i n  the 

0.03 pA external  beam of the  Berkeley 184'' synchro-cyclotron. A two-magnet achromatic 

system with f i e l d  l ens  w a s  used and the s o l i d  angle w a s  a few mil l i s teradians .  We 
+ 

obtain 6.7 X 10'' a per S when t h i s  system is scaled up t o  500 pA. A muon channel 

with a 20$ t rapping e f f i c iency  w i l l  then generate 2 nA of muons. This is about 5 times 

l a rger  than the  extrapolated estimate from the  CERN channel. We can imagine, a t  l e a s t ,  

other means of making more in tense  pion beams so  t h a t  it is not unreasonable t o  suppose 

tha t  2 10' ,u+/s may be aocelerated t o  a few GeV. We see  t h a t  it may be possible t o  

generate high energy nuon beams several  orders  of magnitude g rea te r  than those from 

other  proposed proton o r  e lec t ron  machines fo r  the  same beam q u a l i t y  and freedom from 

contamination. 
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