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Fur ther  development in the physics of nuclear reactions between complex nuclei is bound up with the 
use of fast  ion beams of even heavier  elements  in these reactions and also with an increase in their  energy 
and intensity. For  this purpose, a f o u r - m e t e r  isoehronous cyclot ron (accelerator  U-400) has been designed 
in the JINR Laboratory  of Nuclear Reactions on the basis  of the results  obtained in the construct ion of the 
JINR two-mete r  isoehronous cyclotron U-200 [1]. At the present  time, work at JINR involves the fabr ica -  
tion of parts  and sections of the U-400 accelera tor ,  which is being built on the foundations of the existing 
310-cent imeter ,  c lass ica l  heavy- ton cyclot ron (accelera tor  U-300) [2]. 

The pa ramete r s  of these acce le ra to r s  are given in Table 1, f rom which it is apparent that practically 
all the sys tems of the U-400 acce le ra tor  differ significantly f rom those of the U-300. The U-400 cyclotron 
is vei:y much like the U-200 accelera tor ,  which can be considered as a model of the la rger  acce le ra to r  on 
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Fig. 1. Energy of ions with various values of A/Z (numbers in c i rcles)  in 
the operating range of the levels of the average field H and rotational f r e -  
quency f of the ions at the final radius Rf = 180 cm for  the U-400 cyclotron.  
The Roman numerals  I-IV correspond to the values 0, 0.04, 0.21, and 0.25 
for v 2 
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Fig. 2. Electromagnet  of the U-400 cy-  
clotron: 1, 3) upper and lower beams; 2) 
columns; 4) sector;  5) chamber  cover; 6, 9) 
upper and lower spacer  discs; 7) supple- 
mentary  iron yoke; 8) excitation, coils; 10, 
11) new and old pole stacks.  

a 1:2 scale.  Some differences pr imar i ly  concern  the mag-  
netic field s t ructure  in connection with the expansion of the 
mass  and energy of the accelerated ions. Figure 1 shows 
the energy E for  ions with different A/Z and the rotational 
frequency of these ions in the selected range of working 
levels of the average magnetic field in th e cyclo t ron  (16- 
20 kOe at the final radius of 180 em). In the figure, the 
hatched regions correspond to the areas  where the b reak-  
down of betatron oscil lat ion stabil i ty ar ises .  Expansion_ 
of the range of final energies  of the ions accelerated in the 
cyclotron f rom E =5-10 to E =1-50 MeV/nueleon and of 
the range A/Z ratios f rom 5-7 to 3.5-.25 are ensured by 
an increase  in the magnetic field level, by the introduction 
of azimuthal variations,  and by other changes in the cyc lo-  
tron s t ructure .  

Magnet S t r u c t u r e  

To increase the level of the magnetic field to 20 kOe, 
the cross section of the magnetic circuit of the electro- 
magnet (Fig. 2) was increased by 13%, and the spacing 
between the main excitation coils was reduced by 500 ram. 
The conical pole tips (Dma x =400 era, Dmi n =310 cm) 

were replaced by cylindrical ones 400 cm in diameter. The new pole tips were built up from separate 
discs using the same technology as for the U-200 cyclotron [3]. The average air gap between the poles 
was reduced f rom 540 to 200 ram. 

Magnetic circuit  calculations and extrapolation of experimental  results  obtained with the U-200 cyclo-  
t ron showed that after completion of the changes listed above, an average magnetic field of 20-20.5 kOe 
could be obtained with an excitation current  of 2200-2500 A in the main coils.  This made it possible to keep 
the old e lec t romagnet  supply sys tem without change. 

The magnetic gap of the U-400 cyclotron is shown in Fig. 3. The spacing between the steel vacuum 
chamber  covers  is 300 ram. The elements for shaping the magnetic field (sectors,  concentr ic  coils, etc). 
and the dees are located in this gap. These elements were designed with the results  obtained on the U-200 
cyclotron kept in mind. The isochronons shape of the magnetic field is determined by the express ion  

H5 
~is = 7. /  2w 

V 
where W is the ion kinetic energy per nucleon and E~- is the proton rest  energy; this shape is ensured by 
c i r cu la r  shims and concentr ic  coils.  The calculation of the required configuration of the c i rcu la r  shims 
was done on a computer.  As experiments  performed on the U-200 showed, the accuracy of these calcula-  
tions is about 10~o of the total shim contribution (~ 1.5 kOe); consequently, fur ther  field cor rec t ion  will be 

Fig. 3. Geometry of the air  gap in the U-400 cyclotron: 1) steel chamber 
covering; 2) sec tor  shim; 3) c i r cu la r  co r rec t ion  coil; 4) central  shim; 5) 
removable central  plugs; 6) chamber  cladding; 7) dee. 
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Fig. 4. Dependence of the magnetic field f lutter  in the U-200 cyclotron 
{- --) and of the U-400 cyclotron flutter  cor rec ted  for sec tor  height ( . . . .  ) 
on the average field level at the final radius of the acce le ra tor .  

Fig. 5. Diagram of U-400 accelera tor :  1) e lect romagnet  column; 2) exci ta-  
tion coil; 3) vacuum chamber;  4) VA-8-4 high-vacuum pump; 5) t r ans fe r  
probe; 6) dee; 7) resonator;  8) supplementary iron yoke; 9) magnetic chan- 
nel; 10) e lect ros ta t ic  deflector; 11) ion source; 12) concentr ic  coil; 13) sec -  
tor  shim. 

accomplished experimental ly.  In the U-400 cyclotron,  such shims are located only in the sec tors  and are  
fabricated together  with them. This type of shim ar rangement  complicates sec to r  construct ion somewhat, 
but makes it possible at the same time to reduce the height of the c i rcu la r  shims and simplifies their  fabr i -  
cation technology. 

Correc t ion  of the average magnetic field over the entire operating range of field levels is accom-  
plished with concentr ic  coils.  Calculation of the ampere - tu rns  required for cor rec t ion  was performed on 
a computer  by the l eas t - squares  method for  two vers ions  of radial coil d i s t r i bu t i on -  uniformly in r and r 2. 
To obtain an isochronous magnetic field shape and permiss ib le  radial gradients,  the number Of coil pairs 
was varied f rom 8 to 12. It should be noted that for a coil distribution uniform in r 2, the ampere - tu rns  for 
each coil were nearly the same.  The U-400 cu r r en t - co r r ec t i ng  sys tem contains ten pairs  of concentr ic  
coils (total number of ampere - tu rns  IW = 22,500). Each c i rcu la r  coil consists  of three turns of a hollow 
copper conductor  11.5 • 11.5 mm in size with a centra l  opening 8 mm in d iameter  for cooling. The turns, 
which were insulated with a f i be r -g l a s s - epoxy  compound, were put down in an aluminum housing located 
under the sec tors  (see Fig. 3). 

Each concentr ic  coil is fed f rom a s ix-phase silicon rec t i f ier  through a choke fi l ter.  Current  regula-  
tion (from 0 to 900 A) is accomplished by a magnetic amplifier  connected in the p r imary  circuit  of a s tep-  
down t r ans fo rmer .  Separate supplies for  the upper and tower coils a reprovided for three pairs  of concentr ic  
coils in o rder  to achieve medianpiane cor rec t ions .  Amplitude and phase control  of the lower harmonics  of 
the magnetic field nonuniformity is accomplished by six pairs of azimuthal coils. 

Azimuthal variation of the magnetic field is created by four sector pairs. The sector height and the 
magnetic field flutter was calculated with the results obtained on the U-200 in mind. The proposed magnitude 
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TABLE i.  P a r a m e t e r s  of the U-300 and 

U-400 Cyclo t rons  

System characteristic I U-300 U-400 

E l e c t r o m a g n e t  
Diameter of pole tips, cm 

Final acceleration radius, 
cm I 

Magnet weight, tons 
Average air gap, mm 

Number of turns in main 
excitation coils 

Operating current in 
electromagnet coil, A 

Averakoe ge ma~ notiCE field, 1' 
I 

Number of sectors 
Angle of spiral ] 
Radial drop in magnetic 

field, % 
Number of auxiliarycoils 
Hf - sys t em 
Number of does 
Azimuthal extent of dee 

Dee voltage, kV 

Wavelength range, m 
Dee aperture, mm 
Dee- c'hamber cladding 

gap, mm 
Tunable element 

Dee voltage stability, % 
Mode of operation 
Vacuum system 
Vacuum chamber vol- 

ume, m a 
Chamber pressure, mm 

Hg 
Nmnber of high-vacuum, 

oil-vapor pinups 

Capacity of a single 
pump, sec" 1 

E x t r a c t i o n  and Beam 
Transpor t  systems] 

Azimuthal extent of 
deflector, dee 

Entrance and exit gaps, 
mm 

Deflector working volt- 
age, kV 

AzimuthM extent of 
focussing magnetic 
channel, dog 

Field gradient in chan- 
nel, Oe/cm 

Number of extracted 
beams 

Number of switching 
magnets 

Number of working direc- 
tions 

Extraction efficiency. % 
Beams 
Energy of accelerated 

ions, MeV/nucleon 
Total energy, MeV 
Mass-to- charge ratio 

A/Z 
Energy spread, % 

310 

i38 

t900 
5~0 

2 • 224 

t870 

16,7 

0,8 

4 

2 
,180 ~ 

150 

50--100 
40--t40 

80 

Shorting 
plate 

None 
Pulsed 

75 

6.t0-~ 

5 

20 000 

t03 

8/22 

40--60 

34 

450 

1 

2 

12 

30 

5-- i0  

250 Z~/.i 
5--7 

0,5 

400 

180 

2260 
200 

2X224 

1000--2500 

16--20 

4 
30 ~ 

Isochronous 

19 

2 
45 ~ 

70--i00 

25--50 
80--40 

7fi 

Movable panel 

0,2 
Arbi~ary 

25 

1.t0-6 

5 (7) 

8000 

45 

6 

40-60 

45 

1500 

2 

3 

16 

30-- t 00 

t--50 

400--625 Z2/A 
3,5--25 

0,2--0,3 

of the f l u t t e r  as  a func t ion  of the average  m a g n e t i c  f ie ld  

level  at the f inal  r ad ius  of the a c c e l e r a t o r  is shown in 
Fig .  4.  Using" these  f l u t t e r  va lues ,  the s p i r a l  angle  of 
the s e c t o r s  was chosen  with c o n s i d e r a t i o n  g iven  to the 
fol lowing cond i t ions .  With the i n t roduc t ion  of he l ic i ty ,  
v e r t i c a l  focuss ing  is i n c r e a s e d  and the a l lowance  for  
shaping the m a g n e t i c  f ield,  p a r t i c u l a r l y  at high levels ,  is 
r educed .  However,  at l a rge  angles ,  the t im i t s  of f ield 
r egu l a t i on  a re  reduced  because  the quant i ty  v z r i s e s  to 
0.5 with a d e c r e a s e  in  the fieId level .  The s e c t o r  he l i c i ty  
angle was chosen  to be 30~ so that  Yz -< 0.5 for  ions with 
e n e r g i e s  up to 5 M e V / n u c i e o n  at a magne t i c  f ie ld  leve l  

of 16 kOe. 

Thus the magnetic field structure selected for the 

U-480 cyclotron makes it possible to accelerate ions over 

a broad A/Z range and with smoothly controlled energy 

(see Fig.  1) without  us ing  f l u t t e r - c o r r e c t i n g  co i l s .  

M a g n e t i c  F i e l d  M e a s u r e m e n t s  

The i n c r e a s e  in  a c c e l e r a t o r  d i m e n s i o n s  and the ex ,  
p a n s i o n  in  the r a n g e  of magne t i c  f ie ld  o p e r a t i n g l e v e l s  l e a d t e  

art i n c r e a s e  in  the vo lume  of m a g n e t i c  m e a s u r e m e n t s  by 
a lmos t  an  o r d e r  of magn t iude  h~ c o m p a r i s o n  with the vo l -  
ume of m e a s u r e m e n t s  on the U-200 c y c l o t r o n  [4]. In shap-  
ing the magne t i c  f ie ld  of the U-200 cyc lo t ron ,  the totM 
n u m b e r  of m e a s u r e d  f ie ld  va lues  was 400,000, which took 
about 300 h on  the whole. 

[f the p rev ious  ra t e  of m e a s u r e m e n t  is re ta ined ,  the 

p e r f o r m a n c e  of the magne t i c  m e a s u r e m e n t s  would r e q u i r e  
about  3000 h. Th i s  n u m b e r  inc ludes  only the t ime  of aetuM 

m e a s u r e m e n t ,  and does not include the t ime  which would 
be spent  on the f a b r i c a t i o n  of the m e a s u r e d  v e r s i o n  of a 
sh im,  on the f a b r i c a t i o n  of equipment ,  e tc .  At the p r e s e n t  

t ime ,  work  is  going on to improve  the m e a s u r i n g  t e c h n i q u e  
developed for  the U-200 c yc l o t r on  for  the pu rpose  of i n -  
c r e a s i n g  the ra te  of m e a s u r e m e n t  by f a c t o r s  of t h r ee  or  
four  while m a i n t a i n i n g ,  and even  i n c r e a s i n g ,  a ccu racy ,  
and a lso  for  the purpose  of i n c r e a s i n g  the r e l i a b i l i t y  and 
r e c o r d i n g  speed of the m e a s u r e m e n t s .  

H f - S y s t e m  

A d i a g r a m  of the a r r a n g e m e n t  of the bas ic  uni ts  o f  

the U-400 a c c e l e r a t o r  is shown in  Fig .  5. P r e s e r v a t i o n  
of the old e l e c t r o m a g n e t  yoke m a k e s  the use of m o r e  than  
two dees  diff icul t .  The choice  of f r e que nc y  range  (6 - i2  
MHz) for  the two-dee v e r s i o n  was decided by the f o l l o w i ~  
cond i t ions .  F i r s t ,  the use of the ampl i tude  of the acce l e r=  
at ing vol tage should be m o s t  e f f ic ien t  fo r  the a e e e i e r a t i o n  
of ions  with A / Z  = 7 - 12  (the heav ie s t  for  which t h e r e  is 
the g r e a t e s t  i n t e r e s t ) .  The m a x i m u m  e n e r g y  r i s e  ex -  
p e r i e n c e d  by p a r t i c l e s  p e r  t u r n  in  such a s y s t e m  is 

AEma x =: 4ZeUg s i n @  , 

where  n is the o rde r  of the a c c e l e r a t i n g  voltage h a r m o n i c .  Second, the ampl i tude  of the a c c e l e r a t i n g  vo l -  
tage should be such that  b reakdown in  the c h a m b e r  is p r a c t i c a l l y  comple te iy  e l i m i n a t e d  for  the se lec ted  
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Fig. 6. Model of U-400 cyclo t ron  r e -  
sonator: 1) dee; 2) stem; 3) resonator  
housing; 4) copper cladding of resonator;  
5) movable panel in maximum frequency 
position (dashed lines show minimum 
frequency position); 6) coupling loop; 7) 
t ransi t ion fitting; 8) flange. 

TABLE 2. Energy and Intensity of Ions to 
be Accelera ted in the U-400 Cyclotron 

Type of ion accel-I Energy, MeV Intensity of inter- 
nal beam, patti- 

crated /nucleon eles/~ec 

" + 2  N%o 
Ne;2 
Ne:~i s 

Zn~ 
Kr~2 
Kr~' 

" +12 X e l a 2  
+13 -Xe13~ 

6,2 
t4,1 
11,6 
9,8 
7,5 
5.7 
7,2 
5,2 
6,i 

4.1014 
4.101a 
6-i013 

2,5.'1013 
t,8-i01a 
t,3.t01~ 

5.f0 u 
I011 

dee-chamber  cladding gap (7 cm); this ensures  stable ma -  
chine operation in both continuous and pulsed modes.  Fi-  
nally, the third condition for  the choice of frequency range 
was that it should be a multiple of the frequency range of 
the existing "Apatit" genera tor  (f =3-6 MHz). 

On this basis ,  an acce lera tor  mode in the second- 
fourth harmonics  was chosen for ions with A/Z =7-12 (see 
Fig. 1). With a dee voltage amplitude Ug =100 kV, these 
tons, accelerat ing to the final energy, will then complete 
about 200 revolutions. Increase in the number of revolu-  
tions and operat ion at higher harmonics  of the ion rotation 
frequency require stabil ization of the accelerat ing voltage 

amplitude to an accuracy of the order of I0.2%. The frequency of the dee circuit is Controlled in the given 
range by means of a moving panel. 

The resonator model with a single rotating panel [5] selected for the U-400 cyclotron makes it pos- 
sible to achieve changes in the frequency of the dee circuit by a factor of two comparatively simply. A 
model of the U-400 cyclotron resonator is sketched in Fig. 6. One edge of the rotating panel makes con- 
tact with the cladding of the resonator by means of a crimped copper plate, and contact of the second stage 
is provided by the capacity of the vacuum condenser formed by the shoe and the resonator wall. Measure- 
ments of resonator Q and impedance, made with a full-size model, showed that a dee voltage amplitude of 
100 kV is provided at any frequency in the assigned range with generator power from 75-100 kW. 

Ion S o u r c e s  

The comparat ively  large gap between the vacuum chamber  covers  in the U-400 cyclot ron (see Fig. 5) 
makes it possible to use ion sources  in horizontal  and vert ical  a r rangements .  Horizontally constructed 
sources  are mainly intended for producing ions f rom elements which are normally only in the solid state 
because the chamber  dimensions are increased in this case by the presence  of a vapor izer  for the working 
mater ia l ,  which is located in the immediate vicinity. A vert ical  opening in the e lect romagnet  yoke permits  
the use of an ion source in a ver t ical  a r rangement  [6, 7]; in addition, it can be used for  the external injec- 
tion of a beam of heavy ions f rom sources  operating on other principles [8]. The ar rangement  of such 
sources  in the acce lera tor  chamber  and their  operat ion in the magnetic field of the cyclo t ron  presents  some 
difficulties. 

Beam E x t r a c t i o n  

Extract ion of the beam f rom the U-400 cyclot ron will be accomplished in two ways - by an e l ec t ro -  
static deflector  and by charge-exchange of the ions in a thin foil [9, 10]. As experience with the U-200 has 
shown, the real izat ion of these two methods encounters no fundamental difficulties; however, because of 
vaporizat ion and eros ion of the charge-exchange foils, the extract ion of intense beams of heavy ions with 
A ~ 40 by the charge-exchange method is limited. 

Thus the increase  in energy and the expansion of the range of A/Z ratios of the accelerated ions 
makes it possible to increase the intensity in beams of ions of standard elements (neon, argon) with mass  
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A -< 40 because of acceleration in the isochronous mode of ions of the elements at lower charge, or to in- 

crease their energy by ~ceeleration of ions with their previous charge, and, finally, to accelerate ions 

with a mass A -< 132. Table 2 Shows the intensity and maximum energy of va, rious heavy ions which will 

be accelerated in the U-400 cyclotron. 

The authors are grateful to G. N. Flerov for his continuous concern with the work and to L F. N[aly- 

shev for valuable advice. 
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