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MW-class 800 MeV/n molecular H2+ cyclotron for ADS-Reactor application:  

Challenges and design studies 

This poster addresses challenging questions regarding a cyclotron 

based high-power proton driver in the range of 8 to 12 MW with 

a kinetic energy of 800 MeV, for accelerator-driven sub-critical 

reactor application. The cyclotron technology contemplated 

brings highest performance in beam energy and power, while 

maintaining cost effectiveness. The accelerated particle is 

molecular H2+, the magnetic sector uses superconducting 

technology, acceleration is of the order of 4 MV/turn, extraction 

is based on stripping. Beam dynamics simulations show that the 

maximum energy is achievable with a six sectors ring-

superconducting cyclotron. This solution allows reducing the 

cost and leaving enough room for installation of the RF cavities 

and for the magnetic device to inject and extract the beam. 

The poster also summarizes on-going studies regarding magnetic 

field computations and beam dynamics assessments, and a 

design of the injection channel. 

ABSTRACT 

8-sector machine 

 L. Calabretta, INFN/LNS, Catania, Italy; A. Calanna, D. Campo MIT, Cambridge, MA 02139, USA  

6-sector machine 

 A new 6-sector machine is favoured. Optimization & Acceleration results: 

  - lower price of building a smaller number of magnets. 

  - more space around the winding to accommodate the structural coil 

case and the cryostat. (8-segment design required a small in-plane 

distance between the coils. This calls for placing two coil pairs into 

one cryostat. This may be possible but definitely is more complex 

than one spit pair per cryostat).    

   

 The design of the coil is fixed and the feasibility study is on-going. The  

iron shape will be slightly adjusted to achieve an isochronism of 10-4 

and a  phase shift lower than +/-20 deg. Yet, the Walkinshaw resonance  

is crossed three times.   

 

Injector 

cyclotron 

The accelerator complex: 800 MeV proton beam, 1.6 MW [2] 

Design of the INJECTION CHANNEL 

The injection system needs to transport the beam from a point outside 

the cyclotron ring to the first orbit suitable for acceleration. The 

main constraints of the design are : 

●  The beam has to match the equilibrium orbit at a reference azimuth 

that  in our simulations is θ = 150◦. This position is referred to as the 

matching point : the injected beam functions (betatron functions) as 

well as the beam coordinates have to be matched to the periodic 

machine functions at this point. 

● The beam envelope has to be kept small along the injection 

trajectory: in our case, the maximum beam size allowed in both the 

vertical and horizontal plane is 4 cm in the region                           

150 cm <R< 500 cm. 

 

An easy and straightforward solution to the injection problem is to 

track backwards using Zgoubi [3]  (≡ clockwise) starting from the 

matching point. So the field  map had to be flipped. Then, to insert 

the injection elements, the  magnetic field was recalculated by 

adding the equivalent magnetic field  to, either electrostatic or 

magnetic devices. The solution obtained is shown in the figure 

below. [4] 

Element label Type Strength Effective length 

ED1 Electrostatic septum 50 kV/cm 0,55 m 

ED2 Electrostatic septum 50 kV/cm 0,39 m 

B1 Magnetic septum 9 kG 1,13 m 

B2 Magnetic channel 18 kG 0,42 m 

The ED was divided into two 

pieces in order for the 

electrodes to be tailored to the 

trajectory of the beam.  

The next step was to focus the beam properly. For that, a gradient was 

applied to magnet B2. Below, the axial and radial beam envelope 

respectively are shown:  A conservative value of 0.68 kG/cm for the 

gradient was found which ensures that the beam size does not 

exceed 4cm inside the pole gap. 

    The green and red curves show the result when a 0,68 kG/cm  or      

0 kG/cm  gradient is applied to the magnet B2. 

Axial beam envelope Radial beam envelope 

ADS-R layout 

Possible arrangement of a pair (out of a series) of 12.5 MW beam  

power sub-critical units, based on a 10 MW SRC and its two 60 

MeV/amu injectors [1]. In case of failure in a cyclotron, it is 

possible to increase the beam power from the others and 

maintain a total 12.5 MW per unit. 

If we keep a 8-sector 

machine, a  possible 

solution is with 

symmetry 4 at the 

inner radii. 

 

BEAM DYNAMICS STUDIES 

Closed orbits across one of the six cells of the cyclotron, at different 

energies. The magnetic field along these orbits is shown on the 

right. 

 

Improvement of the field map 

 

The time of flight evolution is still far 

from optimal and more work is 

needed to achieve dT/T < ± 0.01% 

departure from isochronism.  

The time of flight corresponding to an 

improvement of the field map at 

inner radii is displayed as well. It 

can be seen that the requirement 

dT/T < ± 0.01% is fulfilled at this 

region.  

 

Paraxial tunes along the acceleration range 

are displayed here. Resonance lines up 

to 3rd order, normal multipoles, random, 

are shown. The Walkinshaw resonance is 

crossed three times. Yet, given the 

strong acceleration rate, this should not 

be harmful. Further investigation with 

tracking simulations are in progress. 

We essentially focus here on lattice parameters and dynamic aperture 

performance in relation with the design of the SRC 60 degrees spiral 

sector superconducting magnet. 

Beam Envelopes 

The beam envelopes on the injection (top row) and extraction 

(bottom row) orbits are shown below: horizontal (left col) and 

vertical (right col) 

 

The dynamical acceptance (DA) is    

the limit of stable motion in 

(r,z) space, resulting from 

misalignments, field defects, 

nonlinearities, and is normally 

expected to exceed the 

geometrical acceptance.             

Field nonlinearities are only 

considered here. 

Horizontal betatron functions  at extraction energy have about 4% 

larger value value than at injection, whereas  βγ is a factor about 

4.16 larger. Hence envelopes at extraction are smaller by a factor 

about  
ε𝑥𝑡𝑟 β𝑥𝑡𝑟 

ε𝑖𝑛𝑗 β𝑖𝑛𝑗
≈

1×1.03

4.16×1.4
  ≈ 0.42  (left column) 

 
Vertical betatron functions at extraction energy are about 6 times 

greater than injection. Hence the difference is of                            

about  
ε𝑥𝑡𝑟 β𝑥𝑡𝑟 

ε𝑖𝑛𝑗 β𝑖𝑛𝑗
≈

1×11.0

4.16×1.16
  ≈ 1.5  (right column) 

 

The DA gives an idea of possible 

radius values in the ring where 

some local shape of the field 

could excite resonant motion 

causing particle loss after a 

small number of turns. 
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