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The results and future perspectives of the 
development of the JINR heavy ion accelerators are 
briefly summarized. The main parameters of the isochr- 
onous cyclotron '5400 presently in operation and of the 
proposed heav ion facility for producing ion beams 
ranging from ;i He to 238 U with energies of 120 to 
20 MeV/nucleon respectively, are given. The results of 
xork aimed at accelerating nuclei to an energy of 
4.5 CeV/nucleon at the Synchrophasotron are presented, 
and the main approaches to the construction of the 
superconducting heavy ion synchrotron NUCLOTRON are 
described. 

Introduction 

During the last decade heavy ion beams have 

found increasingly wide applications in large-scale 

research into various fields of physics and technology. 

This has led to the necessity to build high-intensity 

accelerator facilities of a new generation which would 

cover the entire range of masses of the elements of the 

Periodic Table and a wide energy range up to 10 GeV/ 

nucleon. In the accelerator techniques this is a major 

problem of the nearest future and its solution can be 

achieved by different methods. In my talk I would like 

to touch upon the approaches developed at the JINR 

wnere heavy ion beams are traditionally used in many 

fields of research. 

Low and Medium Energy Heavy Ion Accelerators 

In analysing various possibilities of producing . 

intense heavy ion beams with energies up to 10 MeV/nucl 

now we have given preference to the cyclotron method. 

This line of research has been pursued at our Institute 

during the last 20 years involving a wide range of 

studies to develop high charge state ion sources, to 

form magnetic fields in the region of high saturation, 

to test different systems of beam extraction, etc. 

These studies are underway in bench tests and in exper- 

iments using the existing accelerators. By the present 

time there have already been built 3 isochronous cyclo- 

trons with an average level of magnetic induction B:2T. 

The beams provided by these cyclotrons are used in 

physical experiments. By the end of the present year 

another cyclotron will be put into operation for appli- 

ed purposes /l/. Below are given some characteristics 

of the 400 cm cyclotron U400 and of the new heavy 

ior, cyclotron facility. 

The K&25 cyclotron U400 

Independent operation 

It is known that the main parameters of an 

accelerator system are determined by the possibilities 

of the multiply-charged ion sowce. In designing the 

U400 a plasma-type (PIG! ion source /2/ was chosen, 

of which the comparative CharacLeristics are presented 

in fig. 1. 

ION CHARGE 

Fig. 1. The Xe ion beam intensity as a function 
of charge state, obtained at the input of the 
ion sources: (a) duoplasmatron; (b) PIG source; 
(c) laser icn scurce (data are given for Zr 
ions); (d) ECR; !e) electron-beam ion source. 

This machine is designed for accelerating ions 

uith masses from 4 to 250 to energies of 20 to 

1.7 MeV/nucleon, respectively i3/. The isochronous 

distribution of magnetic induction is obtained using 

4 sectors with straight boundaries ( 8 =O"i at a 

level of B=:.9-2.15 T with a maximum correction 

B(r,0)<5x10-3T. Two dees with 42' angles and RF 

potential Vo=lOO kV allow one to ohtain beams of all 

particles with the ratio 4 <A/Z<20 on the first, 

second, third and fourth harmonics. 

In table 1 there are given the intensities of 

ion beams of the isotopes of various elements ranging 

from 14N to 84Kr /4/. To my knowledge, these are the 

highest intensities so far achieved in this energy 
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region. 

Table 1 7 

Ions 

14,15N2+ 

16$+ 

20,22 Ye?+ 

40 Ar 4+5+ 

4&50Ti J+ 

51v5+ 

52-54Cr5+6+ 

55h6+ 

56, 58Fe 6+ 

j8,64Ni6+ 

j4,70 8+ Zn 

:6,ne8+ 
841r9+ L 

* 

Energy* Intensity 
(MeVhuclj (ions/s) 

8.5-12.6 3x1014 

8.0 3x1014 

8.2-13.5 2x1014 

5.5-8.12 1xIo'4 

5.0-6.0 3x10'3 

5.5 5x10'3 

5.3-6.8 1xIo'3 

5.5 6~10'~ 

5.3 2x1013 

5.3 1x1013 

5.2-6.2 1xIo'2 

5.3 2X 1012 

6.0 5x10" 

The energy required to satisfy the conditions 
of the physical experiment. 

Ion beam extraction is performed from different 

radii by stripping on a carbon target /5/. The extrac- 

tion efficiency is determined by the ion charge distri- 

bution and varies from 20% to 80% depending on the 

atomic number and energy of the bombarding particle. 

The external beam can be transported via one 

of the 12 beam lines located at different levels with 

respect to the median plane. A vertical beam line is 

intended for irradiating a target in the liquid phase. 

Seam emittance is equal to 50 mm-mrad, the particle 

energy spread is about 1%. The maximum beam power is 

about 3 kW. 

Gperation as injector 

In this mode of operation the cyclotron should 

oe capable of accelerating ions ranging from '6 0 to 238Ll 
characterized by the ratio A/Z:i6-20. We have carried 

out the bench tests of a plasma ion source to generate 

high charge state (A/2=10) and relatively low charge 

state (A/Z=201 ions. The results presented in table 2 

indicate that on the fourth harmonic (n=41 it is possib- 

le to obtain beams of the heaviest particles with an 

energy of 1.7 MeV/nucl and with an intensity of more 

than 10 13 part/s. 

The separation of the neighbouring orbits will 

be 10 mm at the final radius, this alloh;ing effective 

beam extraction using an electrostatic deflector. 

Thus the ion charge remains constant until the ions 

reach the central region Of the post-accelerator. 

1 

Table 2 

Intensities (ions/s) of ion beams from a PIG source. 

A/Z = 10 A/Z = 20 

4+ Ca 2x10 16 2+Ca 7x10'6 

5+ Cr 1x10 
16 3+Cr 2xIO16 

6+ Fe 3x10'5 3+Fe 3x,o16 

7'.Ge 4x1014 
4+ 

Ge 2xIo16 

8+Se 2x10'5 
4+ 

Se 4xIO16 

14+Xe 7x20'3 7+Xe 2x,o16 

"+Th 3x10'5 

Heavy Ion Cyclotron Facility 

Based on the beam parameters of the U400 cyclo- 

tron as an injector there has been designed a cyclotron 

facility including as a post-accelerator the cyclotron 

U400M /6/ with a pole diameter of 400 cm. 

In 1971 this system was first tested in accel- 

erating Kr and Xe ions by the tandem system of the 

U300 and U200 cyclotrons /7/. 

The spatial distribution of magnetic induction 

in the cyclotron U400M was investigated using a model 

l/3 of its natural size. In the four-sector variant 

with a spiral angle 6 :40° an isochronous field has 

been obtained for B-1.6-1.95 T with a flutter of 0.12 

and 0.07 respectively. Such parameters provide strong 

beam focussing over the entire range from 20 to 

120 MeV/nucl (fig. 2). 

The four dees located in valleys with an r.f. 

potential amplitude Vo=150-200 kV (f=15-25 mHz) permit 

the acceleration rate E q 8zVo MeV/turn with orbit 

separation R : 4-g mm at the final radius. Ion beam 

extraction will be performed using a system of electro- 

static and magnetic deflectors. 

The injection of the primary beam (2,) into 

the cyclotron U400M is performed so that the ions 

undergo charge exchange near the central region of the 

accelerating chamber (fig. 3). As the ratio of ion 

charges before and after stripping, Z,/Z2, varies over 

a wide range, the distance of the carbon foil from the 

centre of the magnet should also vary between 30 and 

100 cm. 

The correction of the trajectories of ions 

which have passed through the carbon foil to their 

equilibrium orbit is achieved by the smooth correction 
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of the angle of entrance into the fringing field of 

the U400M magnet. The time coordination of the two 

accelerators is achieved by satisfyir,g the condition 
nBZ 222 N = .-- (where the subscripts "1" and '*2" refer to 
n,f.Z 

the injecior and the post-accelerator respectively, 

and n is harmonic number). 

This condition is fulfilled by choosing the 

values of B ,, B2 and charge state Z2. In accelerating 
ions ranging from Ar to IJ the N value is equal to 3 

or 4. 

Pre-accelerator 
cyclotron U400 
44AG250 
202 E> 1.5 MeV/nucl 

Ion source 

Past-accelerator 
cyclotron U400M 
2CAG250 
1202 E>20 MeV/nucl 

Fig. 2. Schematic view of the tandem U400 and 
U400M cyclotron system. 

The expected parameters of external beams from 

the U4OOM are presented in table 3. 

Table 3 

u400 U400M 

lon mass 
Ion energy 
(MeV/nucl) 
Ratio A/Z 
Intensity 
(ions/s I 

16 - 238 16 238 - 

2.5-1.7 120-20 

16 - 20 2=5 

1014 -10'3 5x1o12-1o1' 

lower consumption 1 1 
(Mw) 

,. ...-.,, 

.:. .., B 
. . 

max=2.5 T 1 
: JO+ 

; '. : : STRIPPER i.,, ; 
.;.', .:, : : : 

1% '..'..,:::. 1: . . :.,.: ., ,. ..“ .:. 20 ug/cm2 j ':.i. 
,::: 

_. ..,.” .’ 
._ ., : : :.;- 
. ., .,‘;.‘,.’ 

::::,.:: Bmin=1.2 T : i '_ 
". ',, 

‘. . . 
-.....,: 

Fig. 3. Schematic view of the injection system 

of the U400M cyclotron. 

Possibilities of producing the beams of exotic nuclei. 

The high intensity of beams from the injec:or 

cyclotron operated to accelerate ions with A/Z a10 can 

be exploited for bombarding thin targets located in 

the place of the stripping foil. The recoil nuclei 

emitted at an angle close to 0' and within a solid 

angle not exceeding the acceptance of the cyclotron 

U400M (these nticlei include compound nuclei, direct 

reaction products, etc) can be caught to be accelerat- 

ed and extracted as a beam of secondary particles 

lying beyond the region of stable isotopes. 

The secondary beam intensity varies for differ- 

ent reactions; in each particular case it depends on 

the energy and angular distributions of the nuclei 

produced. In a number of cases, however, the intensity 

of fluxes of exotic ions, especially in the region of 

light nuclei, can amount to lo5 - JO8 par-z/s, thus 

presenting a certain interest for solving a wide range 

of nuclear physics problems. 

On the other hand, if the lifetime of the 

nuclide being accelerated is sufficiently long it can 

be transferred to an ion source located outside the 

cyclotron and then, already in high charge state, 

injected into the central region of the accelerating 

chamber. 

In the U400M cyclotron, for, ion injection 

from an external ion source there is foreseen a vert- 

ical line for a beam turning by 90' in the magnet gap, 

as in the Louvain accelerator /8/. 



265 I 

iligh Ener,gy Heavy Ion Accelerators 

A further energy increase by using the cyclotron 

method will require the construction of an additional 

acc*leraticn stage at a ring-type accelerator (3R* IO Tm) 
f'.2r :i o:.irti,:le enlt~gy of up i;o -1 CeV/nucl. In prin- 

ciple, thiz line of development has been probed in the 

ccnstruction of meson factories (SIN, TRIUMPH) and in 

the projects of kaor. factories for proton energies up 

ti sevsral SeV /9,10/. 

However, along with the development of the 

cyclotron method, in 1971 at Duona work was begtin to 

procluc? the beams of relativistic nuclei at the Sync:]- 

rophasctron. The proposed facility was designed for 

producing proton beams with an energy cf 10 CeV and, 

tterefcre, its reconstruction for the acceleration of 

par,ticles with A/Z>1 required substantial changes in 

almost a11 the main units of the accelerator. 

The development of the CO?-laser-based/ll/ 

pulsed source of fully ionized nuclei and electron-beam 

ion sources (KRION) (121, together with the successful 

sclutlon of all the technical problems, has allowed 

one to accelerate at this facility to an energy of 

4.2 CeV/nucleon the ions cf elements ranging from deute- 

rons to 28Si 1131. 

The beam intensities for nuclei of various 

elements are presented in table 4. 

Table 4 

Beam intensities at the Synchrophasotron. 

Particle 

? 

d 

-2 

3He2+ 

4He2+ 

.jLi3+ 

^2C6* 

“6&L 

19 3+ F 

*& ‘O+ 

‘sMg l2+ 

23Si:L+ 

Number of ions/pulse 

4x1012 

1x10'* 

5x108 

2x1o1o 

5xlo'o 

2x109 

5x’08 

5x107 

1.5x107 

IO4 

lo5 

IO2 

The aevelopmect of this facility has enabled 

one to begin a wide range of atudiec in the field of 

relativistic nuclear physics, as well as to outline 
f'ut,urc prospects for high energy heavy ion accelerators 

at JINH. 

An important stage in this field has been the 

design of economical dipole (9 = 2.23 T) and quadrupole 

[dE/dr : 87.5 T/M) superconducting magnets in which the 

distribution of magnetic induction is shaped by iron 

masses /'4/. 

These elements served as a basis for the 

acting model synchrotron (SPIN) which is currently 

tested on a beam. 

The SPIN magnetic system includes 2 superper- 

iods each containing 12 regular FO;C periods 1.5 m in 

length. The model is capable of accelerating protons 

to an energy of 1.5 GeV and ions %o energies from 2 

to 256 MeV/nucleon /‘4/. 

The results of bench tests and operation in the 

acceleration mode have formed the basis for the 

project of the big accelerator "NUCLOTRON" designed 

tc produce relativistic nuclei of virtually all elem- 

ents and to accelerate them to an energy of 6 GeV/ 

nucleon. The parameters of this accelerator and the 

expected intensities of relativistic beams have been 

presented in more detail in the Proceedings of the 

Conference held in Santa Fe /15/. 

Work is currently underway to design and test 

separate systems of the future accelerator. 
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