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Abstract 
Since 2020, NHa and IBA collaborate on the develop-

ment of the C400 cyclotron dedicated to hadron therapy. 
This machine accelerates C6+ and He2+ up to 400 MeV/n 
and H2

+ up to 260 MeV/n. The H2
+ are extracted by strip-

ping and the other particles by an electrostatic deflexion. 
Vacuum management in the injection line and in the cy-

clotron are of prime importance to avoid large beam losses. 
Indeed, C6+ ions are subjected to charge exchange during 
collision with the residual gas. On the opposite, H2

+ will 
suffer from molecular binding break up. According to cross 
section data, the constraints on the residual gas pressure is 
driven by C6+ in the injection line and by H2

+ in the cyclo-
tron. An electrical equivalent model of the vacuum system 
of the cyclotron, its injection and extraction lines has been 
developed in LTSpice® software to determine the pressure 
along the particle path. Contributions from outgassing sur-
faces, O-ring outgassing, and permeation are included, and 
vacuum pump requirement could be obtained. The ex-
pected beam transmission is then evaluated based on cross 
sections available from the literature.  

INTRODUCTION 
Detailed theoretical studies has been conducted to esti-

mate the beam transmission expected in each sub-part of 
the C400 hadron therapy system. Electrical equivalent cir-
cuits are built using inputs as detailed as possible and com-
ing from the IBA design office, including the complex ge-
ometries of the numerous components located inside the 
cyclotron accelerator chamber (RF parts, elements of the 
extraction systems, etc.). This enables to compute the pres-
sure level expected in any point of the circuit which in turn 
drives the dimensioning and location of the vacuum pumps 
to achieve the required pressure level. Combining these 
outputs with the relevant cross-sections of the interaction 
of the ion beam with the residual gas, the transmission can 
be estimated with a reasonable level of confidence. 

VACUUM MODEL IN LTSPICE® 
Electrical Equivalent Circuit 

Thanks to the similarity between the electrical equations 
and the molecular flow equations, it is possible to make use 
of modelling tools such as LTSpice® [1] to build simulated 
vacuum circuits providing the equivalencies shown in Ta-
ble 1. Providing the vacuum system can be approximated 
by an ensemble of elements connected either in series or 

parallel and defined by their conductance and/or gas 
throughput, such a model can provide a relatively precise 
estimation of the pressure at any point in the circuit. 

Table 1: Electricity/Vacuum Equivalencies 
Electricity Vacuum 
Voltage / [V] Pressure / [mbar] 
Current / [A] Gas throughput / [mbar.L/s] 
Resistance / [Ω] Conductance / [L/s]-1 

Conductance 
The general conductance equation for a vacuum element 

is: 

 𝐶 = ௔஺௩ସ  (1) 

where 𝑎 is the transmission probability ϵ [0,1]; 
 𝐴 is the vacuum element transverse cross

section in [m²]; 
 𝑣= ඨ8𝑅𝑇𝜋𝑚  

is the average speed of the gas molecule
of molar mass 𝑚 in kg/mol at temperature 𝑇 in K; 𝑅 = 8.3144621 J/mol/K is the 
gas constant. 

In the electrical equivalent circuit, the generic conduct-
ance is a simple resistor with resistance value equal to the 
inverse of the conductance. 

The coefficient a is component dependent, in particular 
function of its geometry, see [2] for more detailed infor-
mation of how the transmission probability is modelled us-
ing tabulated data for specific geometry taken from [3]. 
Moreover, parametric formula is directly implemented in 
LTSpice® to enable modelling of various geometries: 
tubes of different inner diameter, conduct having rectangu-
lar slit-like shapes, etc. The impact of the gas nature is 
modelled entirely into the gas speed through its molar 
mass. Therefore, to consider multiple gas effect, specific 
runs must be performed for each gas. 

Gas Throughput 
All gas throughput present in a vacuum system (outgas-

sing surfaces, permeation, leaks) are modelled in the soft-
ware by means of a source current. For example, an out-
gassing pipe will be represented by two resistors in series 
whose conductance value is computed as explained previ-
ously and with a source current connected between them. 
The total gas throughput is parameterized with the product 
of the inner pipe surface times the outgassing rate of the 
considered material.  ___________________________________________  
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Contributions to the Residual Pressure 
The following contributions were identified and mod-

elled as precisely as possible within the model: 
 Inner wall outgassing: The outgassing rate formula and 

values for different material used in this study are 
taken from [3], including time dependent formula to 
compute pumping speed, recovery after venting, etc. 

 O-rings: Vacuum flange gaskets made of rubber like 
material provide contribution both from their permea-
tion and outgassing of the material itself. In the C400 
system, a mix of metal (no permeation), nitrile and Vi-
ton gaskets are used. The permeation rate values of 
water vapor for those materials are taken from [4]. 

 Outgassing and O-rings permeation calculations were 
performed with only water vapor as source of gas 
since it is the major contributions in those cases. But 
specific calculations were also performed using the 
neutral support gas coming out from the ion source 
(C2H2), since it is the major contributor in the first few 
meters downstream the extraction point of the ion 
source. 

 Vacuum pumps are modelled as ideal diodes with a re-
sistance in the passing current direction equal to the 
inverse of the pumping speed and infinite resistance 
in the blocking direction.  

THE C400 VACUUM MODEL 
Description of the Model 

In the C400 system, the ions of interest are generated 
with dedicated ECR ion sources. The ion beams are ex-
tracted at 26 keV/Z, selected by a 90° switching magnet 
and transported down to the cyclotron through a ~10 m 
long vertical line. In the cyclotron, the Carbon and He 
beams are accelerated up to 400 MeV/u whereas H2 are 
stripped to protons and extracted at about 260 MeV. There-
fore, two extraction lines are present that are finally re-
grouped before reaching the degrader [5].  

In the vacuum model, the system is divided into three 
sub parts: injection, cyclotron, and extraction. Each of 
them can be connected with each other to study their po-
tential interdependencies and standalone run can be per-
formed to investigate their specific dynamics. For brevity, 
only the cyclotron part is shown in Fig. 1. Representing the 
injection and extraction lines as equivalent electrical circuit 
is rather straightforward since their geometries naturally 
follow a linear layout. But for the geometry of the cyclo-
tron, the inner volume needed to be ‘unfolded’ by approx-
imating it as a succession of hills and valleys connected in 
series, as ‘seen’ by the accelerated particle trajectory. The 

 

 
Figure 1: LTSpice® model of the C400 cyclotron. 
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valleys themselves are considered as infinite conductance 
vacuum chambers but all elements present in those sectors 
and impacting the vacuum are included: 
 the surfaces of all objects together with their materials, 

even from complex mechanical design like the Dees 
or the RF tuners and couplers,  

 the pumping ports, including the flange diameter of the 
pumps to the estimate pumping efficiency, 

 the O-rings of all sockets (pumps, valves, etc.).  

The hills are represented by pie-slice shaped conducts 
whose conductance can be approximated by the integration 
of a bunch of variable thin, rectangular slit-like pipes con-
nected in parallel [2]. 

Results and Discussions 
Using these modelling tools, the conducted studies pro-

vided the following outputs: 
 the dimension and performance of the cryopumps in 

the cyclotron have been increased to fulfil the required 
pressure level, 

 the numerous O-rings in the cyclotron should not sig-
nificantly compromise the pressure level, especially 
the two very large pairs of 3.65 m diameter O-ring be-
tween the yoke and the cryostat ensuring the vacuum 
of the accelerator cavity, with a separate differential 
pumping for the volume between the two O-rings of 
each pair. 

 the pressure level in the extraction line whose require-
ment (~10ିହ mbar) are lower than inside the cyclo-
tron is not compromising the vacuum in the cyclotron 
either, 

 the design of the injection line has been updated to stay 
as close as possible to the ~10ି଺ mbar pressure level 
or below, especially in the first few meters down-
stream the ECR source extraction point. The critical 
point is to pump as efficiently as possible the neutral 
gas coming out of the source. A differential pumping 
system is foreseen to be located at this position (see 
Fig. 2). 

 
Figure 2: Pressure level coming from the contributions of 
the neutral ion source gas source gas and water vapor along 
the injection beam line. 

TRANSMISSION CALCULATION 
The general formula for transmission calculation with 

pressure and beam loss cross section is the following: 

 𝑇 = 1 െ ௗேே = 1 െ 𝜎ሺ𝐸ሻ ௉௞ಳ் 𝑑𝑙 (2) 

where N is the number of particles, σ the total gas stripping 
cross section, P the pressure, T the temperature and dl the 
elementary particle trajectory length. In the case of the 
transport beamlines, one must integrate only over the beam 
line length considering potential pressure variation, 
whereas the treatment is more complex inside the cyclo-
tron. In the latter case, it is necessary to compute the closed 
orbit separated by the energy gain per turn and integrate 
over the energy range and length, also considering the var-
iation of the cross-sections over the increasing energy. 

In the injection line, beam losses are dominated by 
charge exchange cross-section of C6+ ions, whereas in the 
cyclotron, the pressure requirements are driven by the mo-
lecular break-up cross-section of H2

+ ions [6]. 

H2+ Cross Sections 
Literature has several references for the molecular hy-

drogen break-up cross section (Fig. 3). Olson has proposed 
a fit of the experimental data [7] that is being used here as 
the nominal case for the present study and for which σ goes 
from ~2 ⋅ 10ିଵହ 𝑐𝑚ଶ at low energy (<50 keV/u) down to ~3 ⋅ 10ିଵ଼ 𝑐𝑚ଶ at max energy (~200 MeV/u). Berkner-
Gryzinski and Berkner-Born [8] cross section fits are used 
as maximum and minimum uncertainty limits. 

Carbon Cross Section 
The value of 𝜎~6.8 ⋅ 10ିଵହ 𝑐𝑚ଶ  representing the elec-

tron capture by C6+ from H2O already used in the C400 
preliminary design report from 2009 [6] has been used in 
this study since no better input was found in the literature 
after cross-checks. The value 𝜎~9.5 ⋅ 10ିଵହ 𝑐𝑚ଶ is used 
for the electron capture by C6+ on the source support gas 
C2H2 at 26 keV/Z, following [9]. 

 
Figure 3: Molecular hydrogen break-up cross section from 
the literature as function of H2

+ incident energy. 
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Injection Line Results 
Using the pressure output level from the electrical cur-

rent model and the cross-section described before, it is 
found that a transmission between 80% and 95% should be 
achieved in the injection line and mainly depends on the 
pressure level at the extraction point driven by the support 
gas coming out from the source. The ECR source to gener-
ate the C6+ beam is still currently under development, but 
preliminary studies show that with such transmission level, 
the required carbon beam current of several A should be 
easily achieved at the cyclotron injection level. 

Cyclotron Results 
Depending on the actual pressure achieved in the accel-

erator vacuum chamber, the beam transmission consider-
ing only the beam losses due to the interactions with the 
residual gas have been calculated and are shown on Fig. 4. 

Outgassing of materials in vacuum depends not only on 
the material, but also on its surface state. In the case of an 
iron-dominated cyclotron, the surface of the poles there-
fore may play an important role. This is especially true for 
an accelerator dedicated to medical applications since the 
downtime following maintenance opening is one of its crit-
ical performance parameters. It was therefore studied 
whether pumping time could be significantly improved 
with the application of nickel-plating on the inner poles of 
the cyclotron. According to the simulation results (the dif-
ferent surface state cases are pointed out on Fig. 4), only a 
limited gain on transmission could be saved after a given 
pumping time. Therefore, since this procedure would not 
significantly impact the clinical functioning of the system 
and because of the risk presented by the manufacturing 
process (manual application of the nickel was mandatory 
due to the very large yoke size), it was decided not to pro-
ceed with the nickel plating of the poles. 

 
Figure 4: Beam loss versus cyclotron pressure after a given 
pumping time, with or without nickel plating, and accord-
ing to different stripping cross section limits. 

CONCLUSION 
Models for the vacuum computation of the critical beam 

parts of the C400 system have been performed to help and 
orient various design steps. They confirmed that the pres-
sure level was well under control to ensure a beam trans-
mission matching the performance requirements. Those 
studies also permitted to optimize the vacuum, mechanical 
and manufacturing processes. 
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