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I n  1960 the development of the 
700 MeV proton accelerator  design ( a  
meson factory)  was s t a r t e d  a t  the Labor- 
atory of Nuclear Problems (Dybna). The 
basic fea tures  of the design have been 
reported a t  the In terna t ional  Conference 
on High Energy Accelerators i n  1963 a t  
Dubna. I n  the course of designing which 
is  s t i l l  going on a t  present there were 
no considerable changes of the design, 
Some d e t a i l s  r e l a t ed  t o  the cen t ra l  op- 
t i c s  of the accelerator ,  t o  correct ion 
c o i l s  placed a t  the s p i r a l  shims of the  
pole faces  a s  well a s  t o  proposals on 
the development of the beam extrac$ignq 
system have been reported i n  refs .  * ' 

However, on the whole the design of 
the r e l a t i v i s t i c  cyclotron (RC) a t  Dubna 
a s  well a s  oth3r s imi lar  meson f a c t o r i e s  
such a s  the  MC , the H- cyclotron, the46p 
500 MeV cyclotron i n  Zurich are  progres- 
s ing a t  a r a t e  f a r  from being r e l a t i v i s t -  
i c .  T h i s  can be explained mainly by the  
f a c t  t h a t  the emphasis of nuclear in- 
vest igat ions sh i f t ed  t o  the 10 GeV re- 
gion and higher whereas low energy phys- 
i c s  is  slowly moving along the experi- 
mental region below 100 MeV and has not  
approached yet  the region of meson ener- 
g ies  of protons (500-800 MeV). 

Some "vacuum" i n  the progress of 
t h i s  energy range was due t o  the absence 
of cornon opinion on the optimal type of 
the meson factory. The existence of f ive ,  
equivalent,  a s  it might seem, designs2 
of meson f a c t o r i e s  i n  the USA ( the  MC , 
the H- l i n e a r  accelerators  of the  Yale 
University and the Los-Alamos Laboratory, 
SOC) es sen t i a l ly  af fec ted  the  so lu t ion  
of problems on meson fac tory  construc- 
tion. The discussion of these problems 
is  s t i l l  underway and appears t o  be con- 
tinued a t  the present conference. 

2. The Proposed Ut i l i za t ion  
of the Meson Factory 

The production of secondary par- 
t i c l e  beams i s  proposed f o r  experiments 

a t  a distance of 15 m from the t a rge t  
i n  the designed r e l a t i v i s t i c  cyclotron. 

Table l 

In tens i ty  (sec" 
p-- -- 

p 700 2.5.10q5(the extracted 
beam) 2 

K' 300 l , 1 0 1 ~  (S=200 cm-) 

I n  our opinion, meson fac to r i e s  
w i l l  make a new epoch i n  experimental in- 
vest igat ions with high energy par t ic les .  

F i r s t  of a l l ,  the applicat ion of 
such accelerators  w i l l  permit t o  solve 
many basic  heretofore uncleared problems 
of fundamental pa r t i c l e  physics and the  
atomic nucleus as well  as t o  outl ine new 
ways of developing t h i s  branch of scien- 
ence i n  the  pre-GeV energy region. Here 
are  some of them. 

A s  f a r  a s  weak in terac t ions  are  
concerned the  use of muon and pion beams 
of high in t ens i ty  provides a poss ib i l i t y  
of checking up the universal  weak in ter -  
ac t ion  theory (experiments both on or- 
dinary and radia t ive  muon capture in  
gaseous hydrogen, the de ta i led  study of 
the radia t ive  decay and the pion-beta 
decay,etc.) t o  check up the  va l id i ty  of 
the  CFT-theorem and t o  c l e a r  out the  
possible v io la t ions  of the C,P and I 
in terac t ion  invariance. eriments with 
monochromatic neutrinos w i  "f 1 be possible 
in new conditions which w i l l  permit t o  
more s t r i c t l y  determine the muon neut- 
r ino  mass, i ts h e l i c i t y ,  etc. The r a r e  
processes of s ingle hyperon production 
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(P+P -C E +P, y n  + A  +p) in  nucleon- 
nucleon collisions due t o  weak interac-  
t i o n  w i l l  be investigated).  

A s  f a r  a s  strong in terac t ions  are  
concerned, the problems of pion-pion in- 
te rac t ion  can be solved, the  T-invari- 
ance can be checked up, the v a l i d i t y  of 
SU and higher symmetries can be cleared 
OU!!. The atomic nucleus s t ruc ture ,  
various nuclear react ions induced by 
pions can be studied. The propert ies  
and quantum charac te r i s t i c s  of the  iso- 
topes of atomic nuclei  f a r  remoted from 
the s t a b i l i t y  region by neutron deff ic-  
iency can be discovered and invest igat-  
ed. 

Undoubtedly, a new powerful pion 
source and high energy nucleons w i l l  
permit t o  increase by an order of mag- 
nitude the accuracy of many important 
e a r l i e r  performed invest igat ions and 
thus t o  considerably r a i se  t h e i r  scien- 
t i f i c  value. 

Strong current  accelerators  open 
new wide v i s t a s  f o r  invest igat ions i n  
other branches of science too: radio- 
chemistry, s o l i d  s t a t e  physics, chem- 
i c a l  k ine t ics ,  byology, radia t ion  ther- 
apy (even the treatment of cancer with 
pion beams) a s  well  a s  the  so lu t ion  of 
problems on radia t ion  safe ty  of long- 
term space f l i g h t s  of the man, etc .  

The construction and u t i l i z a t i o n  
of meson fac to r i e s  w i l l  be a very i m -  
portant  s tep  i n  the  course of develop- 
ing i n  fu ture  the accelerators  of hund- 
reds of times s t i l l  more powerful. The 
l a t t e r  having neutron breeder reac tors  
w i l l  be large power systems of practic- 
a l  value (production of nuclear f u e l  
with simultaneous releasing some amount 
of power t o  the  supply system). Such 
systems may a l so  be needed i f  it is 
necessary togobtain neu4gon f + ~ e s  sf 
high density (about 10 - 10 n/cm sec)  
the production of which with convention- 
a l  nuclear reac tors  may tu rn  out prac- 
t i c a l l y  impossible. 

3 .Development of Theory 
a )Pa r t i c l e  Dynamics 

After  the l i n e a r  theory of s t ab i l -  
i t y  i n  s p i r a l  ridge accelerators  had 
been invest igated and a study was made 
of the nonlinear resonance such a s  

eQ2 (1  
where N i s  the per iodic i ty  of the mag- 
n e t i c  f i e l d  s t ruc ture ,  p and q are  in- 
t e g r a l  numbers, nonlinear e f fec t s  i n  the 
regions between resonance values of 
na tura l  frequency-osci l lat ions were 
studied. 

By using the JINR elec t ronic  com- 
puter  the  numerical solut ions of the 
s e t  of equations were analysed 

f o r  the  magnetic f i e l d  of the  form 

- 
with p = const. 

The invest igat ions showed t h a t  along 
with the  c ange of na tura l  frequency os- 5 c i l l a t i o n s  which is due t o  the non- 
l i n e a r  terms of equation (2)  there takes 
place the var ia t ion  of f r e e  osc i l l a t ion  
frequency due mainly t o  the  dependence 
of the magnetic f i l e d  along the axis  Z. 
The sca le  of t h i s  e f f e c t  dfor  i n j t i a l  
amplitudes close t o  1/2( OS/dz ) t u rns  
out t o  be su f f i c i en t ly  large and cannot 
be compensated by the e f f e c t  of damped 
osc i l l a t ions  which is  defined by the in- 
crease of the average magnetic f i e l d  
along the radius. For the beam whose 
s i ze  is  not l a rge r  than 1.5 cm in the 
a x i a l  d i rec t ion  these e f fec t s  can be 
neglected. 
b)  Effects  of the  Proper Fie ld  Beam 

Since the tolerance of the Z-com- 
ponenhof the  magnetic f i e l d  s trength 
i s  10 i n  r e l a t i v i s t i c  cyclotrons, it 
is in te res t ing  t o  evaluate the mean in- 
t e n s i t y  of the  magnetic f i e l d  produced 
by the beam (3) incident on the target .  
It can be shown t h a t  the f i e l d  i s  de- 
scr ibed by the -expression - 

where 

'4) 

eV i s  the average energy gain per turn ,  
K, E a re  e l l i p t i c a l  i n t eg ra l s  of the 
I and I1 kinds. 

The maximum value of the in t eg ra l  
modulus i n  expression (4) f o r  the ac- 
ce l e ra to r  of the energy E = 2Eo 

t 5) 

t h a t  is 

If acce le~aFor  current  i s  341 mA, the  
mean value of the Z-component of the 
beam magnetic f i e l d  does not a f f ec t  
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isochronism. 
Limitations introduced by the com- 

ponent of the e l e c t r i c a l  f i e l d  (EZ) q6,11 
the beam have been considered i n  fl . 
Much l e s s  a t t en t ion  was paid t o  two 
other  components of the magnetic f i e l d  
E r , E  

:uppose t h a t  f o r  isochronous cyc- 
lo t rons  the value of the f i e l d  component 
E is insu f f i c i en t  t o  cause noticeable 
cffange of the revolution period, i.e. 

S - 0  . (7) 
This supposition 1s equivalent t o  the 
absence-of the  phase mixture of par- 
t i c l e s  i n  the  course of accelerat ion,  
i.e. there w i l l  be no e f f e c t  of negative 
mass and the change of densi ty can ap- 
pear only due t o  the var ia t ion  of par- 
t i c l e  r ad ia l  s tep  i n  the bunch. Since 
the e l e c t r i c a l  f i e l d  of 'the accelerated 
bunch i n  the r e l a t i v i s t i c  cyclotron i s  
screened with closely place conducting 
surfaces of the dees and the  chamber, 
the determination of the f i e l d  compon- 
ents  Ep , E, can be reduced t o  a two- 
dimensional problems. The bunch cross 
sect ion along the  axes (P (sometimes 
we use distance along other  ones) i s  
taken t o  be close t o  e l l i p t i c a l  with 
half -axes 1 and b o r  t o  the rectangle 
having the s ides  2 i ,  2b. I n  t h i s  case 
the azimuth component of the e l e c t r i c a l  
f i e l d  of the  bunch a t  r e s t  E, can be 
wr i t ten  i n  the  form 

tween conducting surfaces; &, is  the di- 
e l e c t r i c  constant. 

Table 2 

Table 2 e n l i s t s  the  value 

~ ( h )  = f o r  a rectangle and an 
e l l i p s e  h a v G  x = f ,  three  values f o r  f 
and b = 1 cm obtained b numerical in- 
tegra t ing  expression (8y on the  electron- 
i c  computer. 

A s  is seen, with a rectangular sec- 
t i o n  of the bunch the component g, does 
not  depend upon f within t e given--lim- 
i ts  and exceeds the value f o r  an e l -  
l i p s e  3-4 times. Pa r t i c l e  density i n  a 
bunch can be erpressed ghrough current  
on an immoveable t a r g e t  . IP t h i s  case 
the energy gain per  revolution (eV) is 
determined by the external  accelerat ing 
f i e l d  and the longitudinal  component of 
the bunch f i e l d .  'Peking t h i s  in to  ac- 
count we obtain the  q r e s s i o n  f o r  
current  

Rectangle 

5 0 - 1 5 0  

l .g0 

Cross Ell ipse 
sect. 

where R i s  the  given radius of the beam 
cross sect ion under study, r,, is  the 
c l a s s i c a l  proton radius  (r -1.535.10-'~m) 

P- 
K & X ) ~ S  the main body of the  equation 
determined by the  bunch configuration, 
b, i s  the =sal  s i z e  of the  bunch, 

equation (9 ) ,  evalu- 
a t e  the e f r e c t  of the longitudinal f i e l d  
considering t h a t  S= .&7TR&/t/<<l. For 

150 

0.3'7 

small S one can consider the bunch uni- 
formly charged under pro e r  in jec t ion  
conditions. Then from (97 f o r  a bunch 
edge a t  which the eff'ect of the  proper 
f i e l d  decreases the ener gain per tu rn  
one can f i n d  9 assuming fl- 3 , 

n- RA* 

0.55 0.45 
0.64 0.53 
0.72 0.59 

100 

0.44 

3 
4 

5 
L 

2 

where Ap, is  the azimuthal dimension of 
the bunch, ~(h) is  found from Table 2. 
Let us take, a s  an example, protons with 

r 4 . 7 5 ,  ,6 ~ 0 . 8 2 ,  Ap=O. 5, A =2 cm, 
D= ,7 cm, S = 1/10? we obtain 

V = 9.2 J 
where v(Mv), I(A). With J =  4 mA the (1'1) 

energy gain per t u r n  i s  eV = 290 keV. 
It is  natura l  t h a t  eq. (10) gives over- 
estimated r e s u l t s  of the required energy 
gain per revolution. A s  calculat ions on 
the e f fec t s  of the  beam space charge are  
approximate whereas resonance e f rec t s  
due t o  the presence of the chamber con- 
ducting walls ( o r  electrodes)  have not  
been checked up experimentally f o r  con- 
f igura t ions  of the accelerated beam, the 
electron model of the  r e l a t i v i s t i c  cyc- 

0.76 
0.88 
0.99 

0.61 
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9 lo t ron  is  assumed t o  s t a r t  a t  the  Labor- about 10 electron/cm3, which w i l l  al- 
a tory  of Nuclear Problems of the J o i n t  l o w  t o  invest igate a l l  e f f e c t s  due t o  
I n s t i t u t e  f o r  Nuclear Research i n  1967. the  se l f - f i e ld  of the  beam including in- 
With t h i s  model whose parameters a re  t o  terraal beam currents  of t ens  of mA. 
reported a t  t h i s  conference it is (The general view of the  s e t  ups is  
planned t o  obtained charge dens i t i e s  t o  shown i n  the Figure). 

Fig.l.The general view of the analogue 

4.Central Optics i n  the  Re la t iv i s t i c  
Cyclotron 

To insure the  safe  operation of the  
stabi;t>zation system of the f l i g h t  
phase and t o  introduce the  amplitude 
of f r e e  ion  osc i l l a t ions  on which the 
ef f ic iency of the extract ion system and 
the phase washinq out of ion  bunches 

grea t ly  depend ' it is  necessary t h a t  
i n  isochronous acceptancg the ion ghases 
should remain within -15 GP,( + l 5  with 
respect t o  the  maximum of accelerat ing 
voltage. Ions having negative phases un- 
dergo e l e c t r i c a i  defocusing and i n  order 
t o  avoid t h e i r  l o s s  a t  the beginning of 
motion it was decided t o  introduce the 
ion  pgase s h i f t  a t  t he  first  half-turn 
a t  20 in the pos i t ive  d i rec t ion  asjgord- 
ing  t o  the  scheme proposed i n  ref .  . 
The introduced phase s h i f t  should be 
compensated a t  the moment of the  beam 
entering the  radius &corresponding t o  
the  s t a r t  of isoc'nronous acceleration. 
The de ta i led  analys is  of ion motion 
with the account of the r e a l  d is t r ibu-  

t i o n  of the  magnetic and e l ec t idca l  
f i e l d s  h3s been made on the e lec t ronic  
computer . The magnetic f i e l d  yas given 
by the  expression R(r)=H,(I-hr ), the  
e l e c t r i c a l  f i e l d  configuration was found 
with an e l e c t r o l i t i c  ;yk2Wi th  
H =637000 A/m, hz8.10 (m- ) and the  
e%ergy gain 400 keV/turn, RiS =35 cm i s  
obtained a t  the t en th  revolution,.phases 
being d i s t r ibu ted  symmetrically wlth re- 
spect t o  the maximum of the accelerat ing 
voltage, whereas t h e i r  region i s  nar- 
rowed approximately 2 times. 

The cen t ra l  region f o r  the 700 h1eV 
RC was t e s t ed  experimeqfally on the RC 
model of the  scale 1:2 . A s  a r e s u l t  
of the  analys is  of t h e  obtained data the 
conclusion can be d r a m  t h a t  the experi- 
mentally chosen geometry of the cen t ra l  
region has suf f ic ienty  well coincided 
with t h a t  calculated theore t ica l ly .  
Besides, a s  compared t o  the system vrith- 
out the  cent ra l  op t i ca l  region the re- 
duction of current  a t  f i r s t  revolutions 
became smaller,  the  stacking of o r b i t  
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centres near the accelerator geometrical 
centre was improved, the beam vertical 
dimensions were reduced at small radii, 
the shape of current pulses of acceler- 
ated particles was improved. 
5.Development of the Cyclotron 
Acceleration Method 
As follows from the consideration 

of the effects of the space charge, in 
order to increase the limit intensity 
in a relativistic cyclotron, one has to 
increase free oscillation frequencies 
(Qr. 2 1  ) and the ion energy gain per 
tuI.li. 

The first and second conditions can 
be carried out in circular cyclotrons 
having external particle injection. 
Since the limit current of the internal 
beam with Q,., >l is about hundreds mA, 
further rigi6ity of the system (as it 
takes place in SOC) is unnecessary. A 
still larger number of "independent" 
units of the magnetic system causes, as 
is known, the statistical growth of the 
free oscillation amplitude, a rigid tol- 
erance for the corresponding harmonics 
in the field structure close to the 
value of natural oscillations frequen- 
cies being conserved. All the abovesaid 
proves the reasonability of considering 
the structure of the circular field 
having a small number of units and ac- 
celerating systems producing great ion 
energy gain per revolution. 

The utilization of a linear acceler- 
ator as a meson factory is of special 
consideration. 

There is no doubt that at the pres- 
ent-day level of development, it is 
difficult for a linear accelerator to 
compete with a circular machine at aver- 
age currents close to 1 mA, which is 
due mainly to the pulrje duty ratio de- 
termined by greater loss at a running 
meter of the linear accelerator cavity. 
Hoviever, in passing over to intensities 
of about 100 mB the beam power will con- 
siderably exceed this loss and the ad- 
vantages of circular systems are quite 
evident in this case. 
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DISCUSSION 

LIVINGSTON: At the Dubna Conference in 1963 
you had not fully decided what type of extraction 
sys tem you would plan fo r  the 700-MeV machine.  
Have you narrowed the choice, o r  made a deci-  
sion on the type of extraction sys tem? 

DMITRIEVSKY: A preceeding paper ,  r e a d  by 
V. V. Kolga, dealt  with this problem. 
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