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Characteristics of the Linac as a Meson Ikctory 

A "meson factory" is a complete research installation built around a high 

intensity proton accelerator of maximum energy below 1 GeV, and which is characterized 

principally by the unusually high intensity of the secondary particle beams. 

There is much significant and interesting information not yet known in many fields 

of physics in the energy range below 1 GeV. The primary fields are : 1) particle 

physics involving nucleons, pions, muons, and neutrinos and their strong, electro- 

magnetic and weak interactions, and 2 )  nuclear structure. High intensity beams, such 

as provided by a meson factory, are required to obtain much of the new information 

because they make possible : 1) studies of processes with small cross-sections or 

probabilities such as neutrino-induced events, rare decay modes, or triple scattering 

from thin targets, 2 )  precise experiments with high energy resolution, high purity 

beams, and thin targets, 3) high counting rates. 

A proton linear accelerator has the following outstanding characteristics as the 

accelerator for a meson factory : 1) very high intensity primary proton beam (lo3 times 

that of existing synchro-cyclotrons and 10 times that of proposed sector-focused 

cyclotrons), 2) external proton beam with full intensity of the internal beam and with 

excellent geometrical properties, 3) energy variable in small steps, 4) acceleration 

of polarized protons, 5) reasonably high duty cycle, 6) relative freedom of the 

accelerator from problems of radioactivity and radiation damage, because of the ease 

of beam extractiono 

The characteristics of the proton linear accelerator being designed at Yale 

University are shown in Table I. 

The secondary particle beams which can be derived from this proton linac will 

be a factor of 10' to lo4 times more intense than the secondary beams derived from 

the Berkeley 184 inch synchro-cyclotron, which is at present the most intense source 
1 for pion and muon beass in the energy range under consideration1 . Table I1 shows 

some typical useful secondary beams associated with the proton linac. Particularly 

noteworthy are the beams of various types of neutrinos, which are obtained from the 

decays of pions and muons at rest or in flight, and which have adequate intensities for 
1 various experiments2 . Fig. 1 and 2 show neutrino spectra wliieh can be produced by 

750 MeV protons. Table 111') lists some reactions which might be studied. 
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Table I 

Characteris t ioe of the Proton Linear Accelerator 

I I. Beam Enerm 

a )  Maximum energy : 750 MeV 

b)  Euergy var iable  i n  s t eps  of 7 t o  10 NeV from 200 t o  750 MeV 

c )  Energy spread : approximately 0.3% 

I 11. Beam Intens i ty  

a )  Average current  : 1 mA or 6 X 10" ~ r o t o n s / e  

b) Peak pulse current : 20 mA 

c )  Pulse length and r a t e  : 2 m; 25 pllses/s  

d )  Beam duty cycle : 5% 
e )  Within each pulse the beam w i l l  be bunched in to  4 X 10' packets; each packet 

has a durat ion of approximately 0.07 ns and adjacent packets a r e  spaced by 5 ne 

f )  Beam power, average : 750 kW 

g)  Beam qual i ty ,  a rea  i n  transverse phase space : 4.6 v X 10m4 cm rad 

I 111. Physical Charac ter i s t ics  

a )  Total length : 2000 f t  

b) Total peak power : 85 NW 

c )  In jec tor  : 750 kV Cookcroft-Walton generator 

d )  Dr i f t  tube accelera tor  at 200 MHz, 0.75 t o  200 MeV. The f i r s t  cavi ty  about 

5 m long and followed by s i x  cav i t i e s  about 25 m long. 

e )  Iris-loaded guide a t  800 MHz, 200 MeV t o  750 NeV. 59 c a v i t i e s  each 7.5 m long 

f )  Transverse focusing by magnetic quadrupoles 

Fig. 1 Neutrino energy upectra available from 750 YeY 
.topped proton.. The v,, are obtained from .topped 
negative uonm. in  u n i t s  of one half  
ths muon rent  ens:; ;:?'rall, p s p r i n t s ) .  

0 1 0 0  200 300 
TJ (MoV) 

Fig. 2 Neutrino energy spectra avai lable  from decay of 
pion8 i n  f l i g h t ,  produced by 750 MeY protons. 
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Table I1 

Exam~les of Secodary Beams Derived from P~oton Linac 

An unusual facility is also provided by the high-energy, high-intensity neutron 

secondary beam which has a time definition of 10"' s as determined by the RF fine 

structure of the primary poton beam, and hence is suitable for experiments involving 

time-of-flight techniques. The beams of pions and mons have extremely high intensity 

as well as high purity, small momentum spread, and small angular divergence. 

Accelerator Design Consideration4 

The remaining portion of this paper deals with specific considerations relating 

to the design of the linsc. The features of very high intensity, excellent beam 

quality and low radio-activation of the structure require careful attention to the 

particle dynamics in order to achieve a minimum loss of particles during acceleration. 

It should be possible to design a linac in which no particles are lost at energies 

above about 25 MeV. However, a loss of 0.1% of the particles above 25 MeV would be 
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Table 111 

Some Eneraet ical lv  Possible Reactions with Neutrinos 

Produced by a 750 NeV Proton Beam 

(1 ) + p + e+ + n (Cowan-Reines experiments) 
- 

(2) ve + n + e + p ( h v i s  cls7 exppriment) 

(3) up + n + p- + p (Columbia-Brookhaven experiment) 

+ 
( 4 ) i p + p + p  + n  - 
(5) up + n + e + p (probably forbidden) 

+ 
(6) FP + p + e + n (probably forbidden) 

(7) i p + p + n + e + + #  

(8) $ + P + A ~  + e  + 
i 

tolerable. Several features  of the  design a r e  being c lose ly  examined : types of 

accelera t ing s t ruc tu res ,  in jec t ion  i n t o  the l inac ,  control  of phase and amplitude of 

the f i e l d  i n  each cavity,  t r a n s i t i o n  i n  type of s t ructure ,  e f f e c t s  of beam loading and 

transverse focusing systems. For economic reasons, a t t e n t i o n  must be given t o  minimizing 

the cost  of the accelerator.  

T Y D ~ S  of Structures. Exist ing proton l i n a c s  a r e  of the Alvarez type, employing 

f r m  one t o  three d r i f t - tube  loaded, standing wave cavi t ies .  The Alvarez s t ruc tu re  is 

characterized by a ser ious  decrease i n  the shunt impedance as the p a r t i c l e  ve loc i ty  

increases. Electron l inacs  operate with p = 1 over t h e i r  e n t i r e  length except f o r  a 

very shor t  buncher section. The iris-loaded waveguide operating i n  a t r a v e l l i n g  or  

standing wave mode has proved p rac t i ca l  fo r  t h i s  purpose. The shunt impedance of the 

ir is-loaded waveguide decreases with decreasing p a r t i c l e  velocity. For both types of 

s t ruc tu re  i n  the  region of p = 1/2, the  shunt impedance has decreased so much and the 

power l o s s  per u n i t  energy gain  has become so  large  t h a t  t h e  s t r u c t u r e  becomes economic- 

a l l y  undesirable. Extensive work has been done t o  determine the  shapes for d r i f t  tubes 

and i r i s e s  which w i l l  lead t o  the  highest  possible values of the  shunt impedance4). In 

the region of p = 1/2, savings i n  RF power by 5% a r e  indicated as compared t o  the 

e a r l y  types of s t ructures .  

A number of s tudies  have been attempted t o  f ind a l t e r n a t e  accelera t ing s t ruc tu res  

which would have a higher shunt impedance i n  the  region of p = 1/2. Some recent  r e s u l t s  

a t  Harwell may y ie ld  a new and useful  s t ructure .  However, at present we f e e l  t h a t  a 

t r a n s i t i o n  from d r i f t  tube s t ruc tu re  d i r e c t l y  t o  ir is-loaded waveguide must be made near 

p = 1/2. The exact point f o r  t h e  t r a n s i t i o n  is  determined by de ta i l ed  economio 

consideration. For a pa r t i cu la r  type of s t ruc tu re  the shunt impedance increases with 
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increasing frequency. The dr i f t - tube sec t ion  w i l l  operate at a frequency of 200 NHz 

whiah is the highest  frequency consis tent  with the requirements of fabrication.  A 

value of 800 hIHz has been chosen t e n t a t i v e l y  f o r  the iris-loaded waveguide f o r  reasons 

discussed below. 

Iniection. The design of the buncher and f i r s t  dr i f t - tube oavity should 

incorporate two important f ea tu res  : High capture e f f i c iency  t o  ensure ths  high i n t e n s i t y  

beam and rapid  concentration of the p a r t i c l e s  near the  synchronous phase and energy fo r  

a minimm l o s s  of par t ic les .  It is  c e r t a i n  tha t  some p a r t i c l e s  w i l l  not be captured i n  

the  phase s t a b l e  region and these w i l l  u l t imate ly  be l o s t  t o  the d r i f t  tubes. Those 

p a r t i c l e s  which a r e  f a r  from the phase s t a b l e  region w i l l  quickly be l o s t  bofore gaining 

enough energy t o  cause a c t i v a t i o n  of the  structure.  However, other p a r t i c l e s  which a r e  

j u s t  outside the s t a b l e  region may ga in  considerable amounts of energy (25 NeV or more) 

before being los t .  Several methods a r e  being s tudied for  increasing the  f r a c t i o n  of 

beam captured and fo r  los ing the  unstable portion of t h e  beam before i t  can gain  enough 

energy t o  cause trouble. 

Control. Once p a r t i c l e s  have been trapped wi thin  the phase s t a b l e  region of the 

"perfectn  aocelera tor ,  there  can be no fur ther  l o s s  of p a r t i c l e s  from the beam. In a 

p rac t i ca l  acce le ra to r  there  w i l l  be several  forms of e r r o r s  whioh may induce the phase 

o s c i l l a t i o n s  t o  grow ra the r  than damp, r e s u l t i n g  i n  l o s s  of pcr t ic les .  These e r r o r s  

include : Incorrect  amplitude of the  e l e c t r i c  f i o l d  i n  a oavi ty  with respect  t o  adjacent 

c a v i t i e s  and inaorreot  longitudinal  posi t ion of the d r i f t  tubes o r  i r i s e s  within a 

cavity. In addit ion,  the  in te rac t ion  of the  beam with  a cav i ty  must be oonsidered. The 

phase and amplitude of the e l e o t r i c  f i e l d  mst be servo-controlled t o  a n  accuracy such 

t h a t  the res idual  e r r o r s  w i l l  not  s t imulate  the phase o s c i l l a t i o n  t o  a ser ious  degree. 

Similarly,  ca re  must be taken i n  the  fabr ica t ion  of the cavi t ies .  

A computer code has been s e t  up t o  examine the e f f e c t s  of these res idual  e r r o r s  

on the  beam. The present program considers only the longitudinal  motion but the 

t ransverse  motion is being added. The program permits t r ac ing  of a p a r t i o l e  bunch through 

the acce le ra to r  with any d i s t r i b u t i o n  of phase and amplitude errors.  A p a r t i c l e  is 

oonsidered l o s t  i f  i t  moves outside of the phase s t a b l e  region. Preliminary r e s u l t s  

ind ica te  t h a t  i f  the phase s h i f t  between c a v i t i e s  is held t o  1 degree and the amplitude 

of the  cav i ty  f i e l d s  t o  1 percent, no p a r t i c l e s  w i l l  be l o s t  from the  bunch above 

about 25 MeV when the dr i f t - tube sec t ion  is operated at 200 MIz and t h e  iris-loaded sec t ion  

a t  800 N H z .  

The control  of the  phases and amplitudes of the  f i e l d s  i n  the c a v i t i e s  w i l l  be 

accomplished by servo-systems which a r e  capable of maintaining the required tolerance 

and making correct ions  wi thin  the time of one RF pulse. When the acce le ra to r  is  s e t  

i n t o  operation, the  i n i t i a l  adjustment of the servo-systems must be made by d i r e c t  

observation of the  beam. The computer programs mentioned above w i l l  be used t o  

inves t iga te  methods fo r  t h i s  adjustment. 
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Transition. I f  the  d r i f t  tube-section of tha acce le ra to r  is ca re fu l ly  

adjusted t o  minimize the e r r o r s  which cause the  p a r t i c l e  bunch t o  grow i n  longitudinal  

phase space, the bunch leaving t h i s  sec t ion  w i l l  have a phase spread of about 10' 

measured with respect  t o  the 200 M I k  wave. The phase spread of t h e  bunch on enter ing 

the iris-loaded waveguide w i l l  be increased by the r a t i o  of the  frequencies of the 

iris-loaded sec t ion  t o  dr i f t - tube section. Residual e r ro rs  i n  the  iris-loaded sect ion 

w i l l  o f f s e t  the normal phase damping. Hence, it is believed tha t  the i n i t i a l  phase 

spread of 40' r e su l t ing  from the choice of 800 hMe f o r  the iris-loaded sect ion is 

reasonably conservative. It would seein dangerous t o  use 1200 MHz with the r e s u l t i n g  

i n i t i a l  spread of 60'. 

Beam Loading. A preliminary analys is  of beam loading e f f e c t s  i n  a standing wave 

l inac  has been made. For the standing wave l inac ,  the  resonant modes form a complete 

s e t  of functions fo r  the  discussion of al l  t rans ien t  and steady s t a t e  phenomena. In 

the  steady-state condit ion found during the body of a long pulse, the major e f f e c t s  w i l l  

be a decrease i n  the accelera t ing f i e l d  i n  the  cav i ty  and a s h i f t  i n  phase of the 

RF r e l a t i v e  t o  some standard i n  the power source. Detailed examination indicates  that 

the bunch w i l l  seek a new synchronous phase of lower value (as  a r e s u l t  of the  

amplitude decrease)  and w i l l  perform phase o s c i l l a t i o n s  about t h i s  new value. It w i l l  

be possible t o  increase the accelera t ing f i e l d  with increasing beam current  by means of 

a f i e l d  amplitude servo i n  order t o  maintain a phase s t a b l e  region of adequate size. 

The amplitude and phase of the longitudinal  beam o s c i l l a t i o n  w i l l  depend on the i n i t i a l  

conditions and on the v a r i a t i o n  of the parameters from cav i ty  t o  a v i t y .  It can be 

shown t h a t  a t r u l y  periodic beam pulse w i l l  exci te  higher modes i n  the c a v i t y  only i f  

the beam frequency harmonics coincide (accidenta l ly)  with the  cav i ty  harmonics. This 

coincidence w i l l  have t o  be within the l i n e  width of the c a v i t y  harmonics, which is of 

the order of 1 part i n  10' f o r  typical  cavi t ies .  The l ikelihood of such a coincidence is 

therefore small, and may be removed, should i t  occur, by s h i f t i n g  the  oavity harmonics. 

A sec t ion  of waveguide is being fabr icated t o  study the d i s t r i b u t i o n  of the  cavi ty  

harmonics and r e l a t e d  matters. 

However, with a beam pulse of varying magnitude (e.g. during beam build-up), the 

d i s c r e t e  beam harmonic frequencies broaden according t o  the way i n  which the beam 

current  changes. This increases the  p o s s i b i l i t y  of overlap with the oavity harmonics 

and presumably corresponds t o  the  ser ious  t r ans ien t  e f f e c t s 5 )  which lead t o  beam blow 

up i n  t r ave l l ing  wave e lect ron l inacs.  Nevertheless, any accidenta l  condition of 

resonance between the  beam frequency and the  cav i ty  harmonics i n  one oavity is not 

l i k e l y  t o  be duplicated i n  other  c a v i t i e s  s ince  the geometry is d i fgeren t  from cav i ty  

t o  cavity. 

Transverse Focusing. Quadrupole magnets w i l l  be used t o  supply the necessary 

transverse focusing throughout the accelerator.  Magnets w i l l  be mounted i n  every d r i f t  

tube i n  the  f i r s t  one or  two cavi t ies .  Succeeding c a v i t i e s  w i l l  have magnets i n  every 
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second o r  t h i r d  d r i f t  tube. For t h i s  iris-loaded section,  doublet pairs w i l l  be 

mounted between cavi t ies .  Calculations show t h a t  t h i s  configuration w i l l  contain the 

beam with reasonable f i e l d s  i n  the magnets. In addit ion,  the  system is s u f f i c i e n t l y  

f l e x i b l e  s o  tha t  the  low energy beam (200 MeV) may be c a r r i e d  the e n t i r e  length of 

the acce le ra to r  by s u i t a b l y  readjus t ing the  magnets i n  the iris-loaded section. 

Cost Minimization. In addi t ion t o  the technical considerations mentioned above, 

a se r ious  e f f o r t  is needed t o  produce the most economical design which is consis tent  

with the high performance c a p a b i l i t i e s  of t h i s  accelerator.  It is known tha t  the  

product of the t o t a l  peak RF power and the length of a l i n a c  is a constant for  a given 

energy gain and type of structure.  For a given duty cycle, there w i l l  be a par t i cu la r  

combination of length and power which leads t o  the  minimum cost. A longer acce le ra to r  

wi th  lower peak power is required fo r  cos t  minimization when a l a r g e r  duty cycle is 

used. For the  l i n a c  with 5 percent duty cycle, t h i s  minimization procedure gives a 

r a t e  of energy gain  of about 1.28 NeV/m f o r  the dr i f t - tube sect ion and about 1.23 NeV/m 

for  the iris-loaded section. 
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D ISCUSS ION 

HUGHES : Since the  duty factor  question with respect  t o  l inacs  has been ra i sed  a number 
of times, I should l i k e  t o  add a few comments. The macroscopic duty fac to r  of the 
proposed l i n a c  is 5% There is a l s o  a microscopic duty  f a c t o r  within each l inac  pulse 
due t o  RF structure.  The beam appears i n  0.07 ns  burs t s  spaced 5 ns  apart. However, 
fo r  purposes of baokground comparisons, t h i s  f ac to r  5/0.07 = 71 should not be divided 
in to  the nrrcroscopic duty  factor  because the background from decaying p a r t i c l e s  
(e.g. v-p-e) is spread out by decay l i f e t imes  and does not show the  RF structure.  For 
some experiments the RF s t ruc tu re  is even an  advantage because it allows time-of-flight 
ana lys i s  with very shor t  time resolution.  

SMITH : Is the 800 Mc/s fo r  the t r ave l l ing  wave par t  of the  acce le ra to r  locked i n  phase 
t o  the  200 ?dc/s of the  cavi ty  sect ion? 

WHEELER : Yes, it must be. 

LANGEVIN : What is the estimated cos t  of t h i s  accelera tor?  

WHEELER : For the purpose of comparison the  accelera tor  proper, not including the 
experiment area, o r  the buildings, cos t s  $ 16,000,000. This is without the use of the 
Harwell-type of structure.  It must be pointed out t h a t  any improvements tha t  a r e  made 
i n  s t ruc tu re  alone would lower the cost  of t h i s  device. 
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