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1. Abbreviations 

CERN Conseil Européen pour la Recherche Nucléaire 
CNAO Centro Nazionale Adroterapia Oncologica 

CT Computer Tomography 
CTT Canted Cosine Theta 
EU European Union 

FWHM Full Width at Half Maximum 
HEBT High Energy Beam Transport 
HIT Heidelberg Ion Therapy center 
HTS High Temperature Superconductor 

I.FAST Innovation Fostering in Accelerator Science and Technology 

INFN Istituto Nazionale Di Fisica Nucleare 

LBNL Lawrence Berkeley National Laboratory 

MEE Multi Energy Extraction 

MRI Magnetic Resonance Imaging 

MWPC Multi-Wire Proportional Chamber 

NIRS National Institute for Radiological Sciences 

PET Positron Emission Tomography 

PIMMS Proton-Ion Medical Machine Study 

PSI Paul Scheerer Institute 

RF Radiofrequency 

RF-KO Radiofrequency-Knock Out 

SAD Source-to-Axis Distance 

SEEIIST South East European International Institute for  
Sustainable Technologies 

SPS Super Proton Synchrotron 

TR Treatment Room 
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2. Introduction 

In this report, we address the challenges related to the extraction of the beam from the SEEIIST 

synchrotron and the design of the further beam transport to the patients and the experiments.  

The beam extraction is a complex process and there are several methods of doing it. The extraction 

process determines the temporal characteristics of the extracted beam. The role of the beam 

transport lines is to transport the beam with minimal losses and to provide a specified beam focus 

and divergence on the patient or on the experimental target. 

The following proposals are based on an extensive review of existing solutions. For instance, the 

design of the transfer lines was preceded by a study of the Heidelberg Ion Therapy Center (HIT, 

Germany) [1], MedAustron (in Neuer Wienerstadt, Austria) [2] and Centre Nationale Adroterapia 

Oncologica (CNAO, in Pavia, Italy) [3] approaches to the beam line designs.  

The final beam delivery to the patient is done in the horizontal or vertical plane or by means of a 

gantry, where the delivery angle is adjusted gradually according to the therapy plan. The gantry is a 

complex part of the system and currently there are only two operational ion gantries in the world. 

The three new gantry concepts, presented here, show how important the subject is for the com-

munity.  The construction of a superconducting gantry in Europe would be very beneficial not only 

for SEEIIST but also for other European ion therapy facilities. 

3.  Beam extraction 

The SEEIIST facility will be equipped for both: fast and slow beam extraction. In fast extraction, the 

whole beam is extracted from the synchrotron within half turn, i.e. about 160 ns (Carbon ions at 

maximum rigidity).  In the slow extraction process, the beam is extracted over multiple turns and a 

typical duration of the spill is between about 200 ms and several seconds. 

SEEIIST will be the first European ion therapy facility with fast extraction capability. The requirement 

to include the fast extraction originates in the rediscovery of the FLASH effect [4], in which healthy 

cells are much better preserved when irradiation is conducted at very high dose rates. The fast ex-

traction will provide extreme dose rates, orders of magnitude higher than currently considered for 

FLASH1. It will also be useful for plasma physics experiments and material research. This type of 

extraction requires fast kicker magnets (extraction kickers) capable of increasing their strength with-

in half turn of the synchrotron. The extraction channel is equipped with electrostatic and magnetic 

septa magnets, which divide the transverse space into regions with and without electric and mag-

netic fields. 

The slow extraction is typically done by bringing the beam close to the third order resonance [5] 

and controlling the speed at which particles leave the stable region of the phase space. In the pre-

sent medical machines, this control is done by transverse excitation (Knock-Out) of the beam using 

a transverse deflector called RF-kicker (RF-KO extraction) or by moving the beam to the resonance 

                                                
 

1 Currently it is usually assumed that the FLASH effect starts at rates exceeding 40 Gy/s, however, much high-
er dose rates, of the order of 106 Gy/s are investigated. 
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by accelerating using betatron core [6]. Both methods are well proven; however, RF-KO can pro-

duce spills of shorter duration (down to about 200 ms) and allows for a better control of the ex-

tracted beam current. This last feature is critical for the treatment plans, which use gating due to 

respiration. In addition, the RF-KO extraction is done without debunching of the beam that greatly 

facilitates the multi-energy extraction (MEE). This is planned to be a standard mode of operation of 

the new facility. Therefore, in SEEIIST, it is foreseen to use RF-KO extraction as a baseline. However, 

it is necessary to ensure that the transverse exciter has enough power to reach short spill duration. 

A new type of exciter will be designed within the I.FAST (Innovation Fostering in Accelerator Sci-

ence and Technology) Innovation Pilot project for accelerators of the Horizon 2020 EU programme, 

and SEEIIST will take part in this development.  

The research on the FLASH effect is ongoing and the required duration and intensity of the beam 

pulses (spills) is yet to be defined. It is not excluded that the production of FLASH-type spills will be 

impractical in RK-KO extraction scheme. In this case, another approach will be developed. Various 

driving mechanisms of resonant slow extraction are shown in Figure 1. In experimental facilities, the 

most common approach is moving the resonance by controlled change of the machine tune driven 

by quadrupoles. There are also several ways of accelerating the beam to the resonance: the beta-

tron core (used in MedAustron and CNAO), RF- noise and RF-channeling. Finally, the slope of the 

unstable region can be changed by trimming the sextupole strength. This method alone is not use-

ful, but its combination with other methods could be considered. The moving resonance (tune 

change) method is probably the most flexible and most promising method to generate very short 

spills of high intensity. In fact, extremely short spills were produced using this method for neutrino 

experiments already in 1970‘s [7]. 

 

Figure 1. Steinbach diagram illustrating various driving mechanisms of resonant slow extraction. Figure from 
[6]. 
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An interesting development is burst mode [8] of slow extraction, demonstrated at CERN SPS which 

could be, potentially, of interest for medical applications. In this mode, the spill is divided into 

‘bursts’ with duration down to 20 ms. This method is based on a fast change of the machine tune 

(i.e. moving the resonance). It could be further optimized by use of fast air-core quadrupoles. The 

success of this method depends on a flexible control system and power converters capable of very 

fast regulation. Some of the requirements of the power converters of air-core quadrupoles are simi-

lar to the ones for fast scanning magnets (see Section 8). 

Another way to generate short spills would be the use of the second order resonance, which is 

stronger than the third order one and leads to faster extraction of particles. This method is used in 

the oldest functional proton therapy facility in Loma Linda University Medical Center (California, 

US).  Simulations and tests must be done to assess the particle extraction rate. The development of 

an optimal dose delivery in FLASH mode will be a part of the SEEIIST scientific programmes related 

to accelerator technology. The control of the dose, delivered in FLASH mode, is also a rich research 

programme. 

An important aspect of slow extraction methods is the temporal structure of the spill. The problems 

with the temporal structure of the spill arise from the power converters, which regulate the current 

in the magnets with various frequencies. Those frequencies are transmitted to the beam and finally 

are reflected in beam intensity fluctuations at millisecond and shorter time scales.  

There are numerous techniques to ensure sufficiently good spill structure. The most popular are fast 

feedbacks with air-core quadrupoles [9] or with transverse RF kicker, injection of specific frequen-

cies to the power converter regulation loop [10] or use of feedback on the delivered dose by 

rescanning the tumour. The spill control and quality are still subjects of active R&D.2 

The slow extraction requires a precise alignment of the electrostatic septum magnet. Additional 

equipment, needed to perform the slow extraction, are sextupole magnets placed in particular loca-

tions around the ring defined by the so-called Hard’t condition [11] and RF-KO exciter (kicker). 

 

4.  Transfer line design 
The High Energy Beam Transfer lines (HEBT) connect the synchrotron extraction with the therapy 

rooms (TR) and experimental stations (EX). The first consideration, when designing the layout of 

HEBT, is the number of therapy rooms, experimental stations and separation between them. 

                                                
 

2 A series of workshops about slow extraction has been organized in recent years, see for example: 
https://indico.fnal.gov/event/20260/   

Fast extraction and RF-KO type of slow extraction are the baseline for SEEIIST; however, the ma-

chine will be ready for the moving resonance method which may turn out to be important for 

FLASH therapy. 
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The number of therapy rooms depends on the duration of a single irradiation session, which con-

sists of the preparation stage (positioning and immobilization of the patient, fixing mold or mask, 

etc.) and the actual irradiation. The duration of a single therapy session is between 20 minutes and 

one hour (average room occupancy time is about 25-30 minutes), and the preparation procedures 

take a large part of this time. HIT, which optimized the duration of the preparation stage, reports 

that they can efficiently use between 2 and 3 therapy rooms [12]. Therefore, the next optimization 

will come from the irradiation process itself and shortening of the actual irradiation time is indeed 

one of the main goals of the SEEIIST facility. It will be achieved mainly by storing 10-20 times larger 

beam intensity in the synchrotron and using multi-energy extraction technique. Therefore, the sin-

gle therapy session will use one synchrotron cycle. This approach will increase comfort of the pa-

tients, especially the ones with large tumours, and will decrease the average room occupancy time. 

Studies suggest [13] that the average room occupancy time can be reduced to about 15 minutes. 

Therefore, the construction of minimum three therapy rooms is proposed with the possibility to add 

a fourth one in the future. In addition, if the irradiation time is significantly optimized, a reduced 

experimental programme, which does not require change of the operational mode, could be al-

lowed during the treatment time in order not to waste the beam. 

SEEIIST will be the first ion facility in Europe designed not only to perform irradiation of patients but 

also to host a rich experimental programme. The operational time will be split between treatment 

in the morning and experiments in the afternoon and night. Therefore, the proposed design incor-

porates two experimental beam lines. The experiments are often performed in vivo, preferably on 

large animals and therefore an ample separation between therapy rooms and experimental area is 

one of the critical design constraints. The two experimental beam lines end in the same large and 

configurable room with two separate entrances.  As required by biophysicists, at least one of the 

beam lines will be equipped with exactly the same scanning magnets and nozzle as the horizontal 

medical beam line (TR2).  

An interesting aspect of FLASH treatment is that the sophisticated active scanning techniques may 

not be the most useful for fast dose rates. Current passive scattering techniques require different 

beam line design, different equipment (range modulators, collimators, compensator bolus) and 

different optics. The design of the beam lines provides enough space and aperture to build multi-

purpose lines capable of active scanning and passive scattering or to convert one to another. Com-

parisons of the active and passive dose delivery techniques for high-dose rates will be a part of the 

SEEIIST scientific programme and at least one of the experimental beam lines should be adequately 

equipped. 

The therapy rooms should provide enough space around the patient’s bed to allow for a comforta-

ble access to the patient and for installation of medical diagnostic equipment (see Section 3). In 

existing facilities, the room width extends between 5.5 meters (HIT) up to 8 meters (MIT). In SEEIIST 

we foresee room width of about 9 meters to leave space for future diagnostics needs. 

The radiation generated by the ion beam has to be confined, in order to allow access to one room 

while the neighboring one is in operation; therefore, it is foreseen to have 3-metre thick concrete 
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walls separating the rooms3. This shielding and spacious treatment rooms ensure enough space and 

freedom in designing appropriate HEBT lattices. 

The principal considerations regarding the beam optics are the following: 

1. The dispersion DH and dispersion derivative D’H of the beam extracted from the synchrotron 

are set to zero after the extraction section to limit the beam envelope in the common 

section of the transfer lines and allow for dispersion-free measurements of the beam 

properties. The segment in which the dispersion is matched to zero is marked as DIS in 

Figure 2. 

2. A space has been reserved for a fast chopper, made of an internal dump and four steering 

magnets, which allows for fast spill abort. 

3. The beams deviate from the main beam line towards the treatment rooms and 

experimental stations by 45⁰  angle using two 22.5⁰  dipoles; the bending sections (marked 

BEN in Figure 2) are achromatic; so, the dispersion is closed after the bend.  In addition, the 

bending segments use dipoles of identical bending angle as the ones used in the 

synchrotron. 

4. The horizontal and vertical scanning sections (HSC and VSC) perform the final beam shape 

formation and contain fast scanning magnets for tumour painting. Their design includes a 

3-metre long drift space where the beam lines cross the shielding walls. 

The main clinical parameters controlled by the transfer line optics (primarily in HSC and VSC sec-

tions) is the beam size and convergence. The range of the required beam sizes on the patient is 

between 4 and 10 mm in both planes and should be stable over the spill duration. The beam 

should have minimum divergence so that the beam spot size inside the patient body should, to 

large degree, correspond to the measurement done in the nozzle detectors. These clinical require-

ments are translated into beam constraints on six optical parameters (Twiss parameters, dispersion 

and dispersion derivative): 𝛽𝐻,𝛽𝑉, 𝛼𝐻, 𝛼𝑉 and 𝐷𝐻, 𝐷′𝐻. In addition, for the vertical beam line, the 

vertical dispersion (𝐷𝑉, 𝐷′𝑉) must be constrained as well, but here we will focus on the horizontal 

plane. 

The dispersion and dispersion derivative have to be close to zero, because of the requirement of a 

very precise control of the beam size and divergence for the pencil beam scanning dose delivery 

method. The Equation 1 shows how the dispersion and dispersion derivative affect particle position 

in the phase space: 

𝑥 = 𝑥𝛽 + 𝐷𝐻𝛥 𝑝 𝑝⁄ , 𝑥′ = 𝑥′𝛽 + 𝐷𝐻
′ 𝛥 𝑝 𝑝⁄                                          (1) 

Having dispersion and dispersion derivative equal to zero is especially important for the resonant 

extraction methods in which the extracted beam momentum changes during the spill. In this case a 

non-zero dispersion in the isocenter could lead to the movement of the beam spot position during 

irradiation. The RF-KO extraction does not suffer from this effect, but the tune shift method (mov-

                                                
 

3 Preliminary calculations show that this is enough to limit the dose to the environment to 1 mSv/year. Precise 
calculations and refinement of the shielding concept will be done in the next design phase. 
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ing resonance) does. However, one can also argue [14] that too strong constraints on 𝐷𝐻 and 𝐷′𝐻 

are not necessary. Dispersion smaller than 0.2 m (|𝐷𝐻| < 0.2 𝑚) and dispersion derivative smaller 

then 1.2 (|𝐷′𝐻| < 1.2) have negligible effect on beam spot quality, which is then dominated by 

natural range straggling and multiple Coulomb scattering on patient’s body. Nevertheless, SEEIIST 

adopts a conservative constraint of 𝐷𝐻,𝑉 = 𝐷′𝐻,𝑉 = 0 on the patient. 

For a similar reason a condition 𝛼𝐻 = 𝛼𝑉 = 0 has been adopted. It reflects the clinical requirement 

of the smallest possible beam divergence, making sure that the leading contribution to the beam 

spot increase, in the patient’s body, is the inevitable phenomena of scattering. 

The vertical shape of the extracted beam is the same as the circulating beam in the synchrotron and 

can be approximated by a Gaussian. The beam size, in the isocenter, is tuned by matching the 𝛽𝑉. 

However, in the horizontal plane, the resonant slow extraction process generates a particular beam 

shape, known as bar of charge. Due to this shape, the horizontal beam size on the patient can be 

regulated in various ways.  

The HIT approach is minimalistic, because the facility has been designed with strong restrictions 

concerning its footprint. As a result, the shortest beam line contains only six quadrupoles. In theory, 

they provide six degrees of freedom necessary to set the six optical parameters on the patient. 

However, in practice, some settings are very difficult [15] and the beam envelope along the beam 

line reaches large values ( 𝛽𝑉 = 450 m), that requires large-aperture dipoles, which are bulky, heavy 

and expensive.  

A different approach has been developed by the PIMMS collaboration (Bryant P. , et al., 2000) and 

implemented in MedAustron. In this approach, the horizontal beam size is regulated by the rotation 

of the bar of charge in the phase space, i.e. using the phase advance between the extraction sep-

tum and the patient. This requires additional degrees of freedom. In the original PIMMS design 

both, the phase advance and the vertical beta functions are set by a 6-quadrupole module (called 

phase shifter-stepper) common to all beam lines. This module works correctly only with beam with 

zero dispersion. The PIMMS solution is mathematically elegant; however, it requires a lot of addi-

tional quadrupoles and significantly longer beam lines. 
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The SEEIIST HEBT layout is shown in Figure 2. The first section after extraction (DIS) is used to sup-

press dispersion. The three treatment lines and the two experimental lines branch from a common 

section at 45⁰ . The bending sections (marked as BEN) are achromatic. They are ended by scanning 

sections (HSC and VSC) or gantry (GAN) which contain scanning magnets. Those sections are also 

used to tune the beam size, except the gantry, which uses upstream quadrupoles. The treatment 

rooms (TR1-TR3) are on the opposite side of the common HEBT line than the experimental beam 

lines (EX1, EX2) allowing for a good separation of both.  The location of the H/V treatment room, 

 

 

Figure 2. Layout and segmentation of the SEEIIST High-Energy beam Transfer lines. 

 

The SEEIIST approach to the HEBT optics is a middle path between the approaches of HIT and 

PIMMS, in which the dispersion is matched to zero after extraction from the synchrotron and 

after each bending section. However, the beam size on the patient is adjusted by matching the 

alpha functions to zero and beta functions 𝛽𝐻,𝑉 to appropriate values and not by trimming the 

phase advance. The length and complexity of the beam lines is smaller than in MedAustron, 

while the number of quadrupoles is larger than in HIT, allowing for small beam envelope and 

significant flexibility. This approach is similar to the one used in CNAO; however, the layout of 

the beam lines is very different. 
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as the first one after extraction, gives more flexibility to this beam line setting and leads to better 

shielding between the treatment rooms. 

One of the possible solutions to the beam optics of the first horizontal line is shown in the Figure 

3a. The vertical beta function in the dipoles is below 50 metres allowing for small vertical aperture 

of the magnets of the order of 70 mm. 

 

The Figure 3b shows an example of the beam trajectory deviation due to quadrupole alignment 

errors. In the regions with large deviation, the beam position measurements and corrections are 

most effective. Keeping in mind that the dipoles can act as steer magnets and that nozzle detectors 

can be used for accelerator measurements, the estimation of the number and the positions of the 

steering magnets and beam-position measuring instruments has been done. 

The current layout of the SEEIIST HEBT contains (without the gantry, which will be discussed later): 

 15 large bending magnets with bending angle 22.5 degrees (6 switching); 

 1 large 90-degree dipole for the vertical beam line; 

 50 quadrupoles, 0.45 m long each; 

 10 fast scanning magnets; 

 10 steering magnets; 

 8 multi-wire proportional chambers (MWPC) for beam-size and beam-position 

measurement; some of those MWPC can be replaced by cheaper scintillating screens or 

scintillating fibre hodoscopes; this number does not include the medical-grade detectors 

installed in the nozzle. 

Additional instrumentation includes Beam Position Monitors, for non-destructive measurements of 

fast extracted beam, allowing for fast setup. Due to significant beam intensities, the installation of 

 

Figure 3. A possible optics for the horizontal transfer line to the first treatment room (a) and trajectory 
deviations due to random errors of the quadrupole alignment (b). 
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Beam Loss Monitors to localize the losses is recommended. To measure the beam intensity and 

transmission, the standard devices are beam current monitors for fast-extracted beams and mova-

ble particle counters for slowly extracted one. An interesting development, not used up to now in 

medical facilities, is the Cryogenic Current Monitor, which allows for non-destructive monitoring of 

slowly extracted beam intensity. Another promising instrument, also not yet used in the current 

facilities, is an Ionisation Profile Monitor, which can constantly monitor the beam quality. 

5.  Treatment and experimental rooms 
The two experimental beam lines (EX1, EX2) will deliver the beam to a single, large experimental 

area with two independent entrance mazes equipped with an access control system. At least one 

of these beam ports will be equipped with the same scanning features and a nozzle with position 

and energy detectors as the horizontal treatment beam lines. The experimental space is ample, 

which will allow for time-of-flight measurements, often required by the experiments. Usually, it will 

be divided, using movable concrete blocks, into two independent rooms.  A crane installed under 

the roof of the experimental area will move the shielding blocks and experimental equipment. 

An example of reconfiguration is the installation of an additional switching magnet and the separa-

tion of the area into three independent zones. Also, the beam dumps downstream of the beam 

lines will be adapted to the energies and intensities of the planned experiments.  

As explained before, it is planned to build three treatment rooms with a horizontal beam (TR2), 

horizontal and vertical beams (TR1) and with a gantry (TR3). An additional room with a gantry is 

envisaged for potential later construction, or alternatively a conversion of the TR1 room into a gan-

try room is considered. Two aspects of the treatment rooms, investigated in this work, is their size 

and the access maze. As mentioned before, the size of the rooms is chosen to be comfortably 

large, similar or larger than MedAustron (see Table 1). This feature is very important due to addi-

tional medical diagnostic equipment required in the rooms. This diagnostic is typically X-ray radiog-

raphy machines (CT-scanner), but also PET scanners or even MRI devices. Installation of additional 

diagnostic becomes an issue in facilities with small treatment rooms, therefore, SEEIIST is planning 

to have large rooms, especially, since there is no reason to limit their size, as the design of the facili-

ty is done for a ‘green field’ case. 
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Table 1. Typical sizes of treatment rooms (TR) in European facilities. 

 

The gantry foreseen for SEEIIST rotates by 210⁰ , which makes the gantry room different from the 

other gantry rooms and especially gives the possibility of additional space for medical instruments. 

This option is another potential advantage of the gantry rotating by half-angle and will be studied 

in the future. 

The access maze is needed because a major part of the radiation field generated by the ion beam 

are neutrons, which undergo a nuclear scattering process, and, therefore, are able to change their 

direction and ‘leak’ through the shielding. A maze, made of two or three 90⁰  turns, allows for at-

tenuating those neutrons before they reach outside of the bunker. An additional measure is posi-

tioning of the entrance to the TR upstream of the patient’s bed. In this case, the maze can be 

shorter because a much smaller a flux of neutrons is produced in the direction opposite to the 

beam direction and is reaching the entrance of the maze. Guidelines for shielding of a particle 

therapy facility are discussed in [17]. 

 

 

6. Gantry options 
Currently only two gantries capable of transporting 430 MeV/u carbon ion beams (i.e. beams with rigidity of 

6.6 Tm) exist in the world. The first one, build in HIT, is made of normal-conducting magnets and weighs 

approximately 600 tons. The overwhelming size of this construction is pictured in Figure 4 .  

Facility Width [m] Distance to back wall 
[m] 

HIT 5.5 3.5 

MIT 8.0 3.0 

MedAustron 6.3 4.5 

CNAO 6.1-6.7 3.0-5.0 

SEEIIST 9.1 5.0 

 

The SEEIIST facility will have three large treatment rooms, including the gantry room, with an 

access maze upstream the patient’s bed if possible. The experimental area will be large and con-

figurable, with two experimental stations as a baseline configuration. 
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The second gantry, build in NIRS [18] (Japan), uses superconducting magnets and is shown in Fig-

ure 5. It is still very massive (300 tons) but the experience gained from operation reassures that 

quenching due to the gantry movement can be kept under control. 

As the superconducting magnets give further opportunities to reduce the gantry size, cost and 

weight, several new projects have been started around the world. An example of superconducting 

magnets for a proton gantry, constructed in LBNL, is shown in Figure 6. Those are Alternating Gra-

dient Canted Cosine Theta (AG-CCT) magnets, which are a very promising technology for the gan-

try and the synchrotron. In AG-CCT magnets, the quadrupoles are nested as additional layers inside 

the dipoles. 

 

Figure 4. Carbon ion gantry in Heidelberg Ion Therapy centre. Image credits: Heidelberger Ionenstrahl 
Therapiezentrum (https://www.klinikum.uni-heidelberg.de). 

 



SF(16) – SEEIIST – Deliverable 2.2 
 
 
 
 

16 

 

The three concepts of the ion gantry, presented here, are at various stages of development. They all 

make use of superconducting magnets to limit their mass and size.  

The first of the presented concepts is a 4 T gantry.  It assumes the use of 4 T AG-CCT magnets, 

with an aperture much smaller than the one in Figure 6, i.e. only 70 mm coils aperture instead of 

200 mm, but still requires significant amount of R&D before the final design. The second, most 

conservative concept has been defined with the goal of having a superconducting gantry available 

in an amount of time of the order of 10 years. It assumes 3 T dipole magnets with racetrack coils 

and does not require extensive R&D.   

Both designs assume a novel mechanical solution in which the gantry is attached to a wall and can 

rotate by about 210 degrees, without counterweight. Finally, the third gantry presented here is the 

GaToroid, a solution without moving parts, in which the beam is guided by a static toroidal field 

encompassing the patient. This solution has, potentially, very large momentum acceptance and the 

possibility to vary rapidly the beam energy and treatment angle. However, it is at relatively early 

stage of development and the beam optics is not trivial.  GaToroid could provide a compact and 

lightweight solution (with also a potential reduction in cost) if realised with a limited number of 

coils, but it still has to be evaluated whether such a configuration could fully satisfy the clinical 

needs. 

As stated in the introduction, a European gantry design would be crucial for SEEIST, as well as for 

the other carbon-ion facilities. CNAO and MedAustron do not have ion gantries4, and are actively 

                                                
 

4 MedAustron has a proton gantry. 

 

Figure 5. Drawing of NIRS 430 MeV/u carbon ion gantry [18]. The gantry has an external radius of 6.3 
m and weighs 300 tons. 
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looking into the solutions presented here, evaluating their maturity and timescale. They are sup-

ported by CERN and INFN. 

 

 

7. Gantry with 4 T dipoles 

In the years 2015-2017 a group of engineers at TERA designed a light (35 tons) room temperature 

proton gantry without counterweight and attached to the wall of the treatment room. Based on 

this project, a study of a superconducting carbon ion gantry has been launched, for which the most 

interesting solutions proposed for the proton gantry could be adopted [19]. In addition, a design of 

a synchrotron, based on the same 2-dipoles/1-quadrupole bending system, has been proposed. This 

includes a new, powerful, ion injector linac having large energy (10 MeV/u) and small emittance so 

that enough carbon ions could be accelerated (about 2∙1010) to treat an one-liter tumour in a single 

acceleration cycle (Benedetto, et al., 2020). 

Based on this initial design, it has been proposed to use Canted Cosine Theta type magnets in 

which alternating quadrupolar components of the magnetic fields are added by modulating the 

conductor geometry. This gantry magnetic layout is schematically shown in Figure 7a. Figure 7b 

shows the rotating structure, which distorts by less than 1 mm while the gantry is at any angle be-

tween +110° and -110° with respect to the horizontal plane. The Source-to-Axis Distance SADs are 

the distances between the centers of the scanning magnets (sources) and isocenter. They are im-

portant parameters defining the speed of the scanning system and comfort of the patient. For this 

design, they are 2.0 m and 2.5 m, and the external diameter of the gantry is 5.0 m. The vacuum 

chamber has a diameter of 40 mm. A single magnet weighs 4 tons, the rotating part of the gantry 

weighs 33 tons (and can be transported as a single piece) and the support, attached to the wall, 

weighs about 15 tons. 

 

Figure 6. The prototype of the canted cosine theta magnet, built at LBNL for a proton gantry. It has a 3 
T field and a very large aperture so that the momentum acceptance is ±15% and a thick target can be 
irradiated without changing the magnetic field [26]. 

 



SF(16) – SEEIIST – Deliverable 2.2 
 
 
 
 

18 

The principles driving the design of the gantry mechanics have been compactness and simplifica-

tion. Simplification means removing all the mechanical structures that are not functional to the 

beam transport and it ultimately leads to compactness. The gantry is rotated by a special gear-

motor system (Figure 8) that is powerful enough so that the gantry does not need a counterweight. 

This choice by itself, reduces the weight and the space occupied by the gantry by about a factor 

two. A further very important simplification, with a consequent weight reduction, has been intro-

duced by using the magnets as a part of the mechanical structure, thus increasing the overall rigidi-

ty of the system. These two measures eliminate the need of the cradle to support and guide the 

movement of the rotating part, making it possible to attach the gantry to the wall. The rotation of 

±1100 is enough for most of the treatment plans [21] and for all of them, if the patient bed is rotat-

ing by 1800. The gantry rotation is driven by an electric motor with a high-torque planetary gear, 

which moves the gantry precisely to any angular position. Finite element analyses show that all dis-

tortions - with the gantry in any position between +110° and -110° - are smaller than 1 mm. 

 

 

 

 

 

 

 

 

Figure 7.  The magnetic layout (a) and CAD visualization (b) of a carbon-ion gantry based on CCT mag-
nets. The green and blue colours on the left plot show the three quadrupoles superimposed on the 
bending magnets (nested-quadrupoles). 
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Figure 9 shows the beam size along the gantry for both – the horizontal and vertical planes. For all 

magnet configurations with the beam size at the isocentre between 3 and 10 mm, the beam radius 

along the gantry is always smaller than 20 mm, so the beam stays within aperture. 

 

 

 

 

 

 

Figure 8. A drawing of a high-torque epicycloidal gear by the Brevini company. This kind of mechanism 
is a standard industrial product. 

 

 

Figure 9. Horizontal (sx, upper curves) and vertical (sy, lower curves) beam envelopes along the gantry, 
at 430 MeV/u. Different curves correspond to different beam spot sizes at the isocentre, which is at the 
left of the horizontal axis. Plot a: the gantry rotation is 0°, i.e the magnets bend in horizontal plane. Plot 
b: the gantry angle is is 900, i.e. gantry is in vertical position. 
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8. Gantry with 3 T dipoles 

In 2019, CNAO expressed interest in collaborating with CERN, MedAustron and INFN, on the de-

sign of the carbon- ion gantry, whose construction should start in 2023. This time scale is compati-

ble with the preliminary planning of the SEEIIST facility, therefore, SEEIIST joined the study. On such 

a short time scale, it is not possible to build and test magnet prototypes that are not extensions of 

existing designs. After numerous discussions, the following design choices have been made: 

1. the maximum bending field is 3.0 T; 
2. the maximum bending angle is 45 degrees and only a single gradient can be added to the di-

pole (combined function magnet) of maximum 0.6 T; 
3. being a combined function magnet, the ratio between the quadrupole field and the bending 

field is fixed by the coil construction; 
4. the diameter of the vacuum chamber is 60 mm; 
5. the aperture of the coils is 70 mm; 
6. the radius of the gantry can be as large as 6.5 m (neither CNAO nor SEEIIST are strongly lim-

ited in gantry radius); 
7. the minimum Source-to-Axis Distance (SAD, see Figure 4 for visual explanation) is not smaller 

than 2.4 m; 
8. the scanning speed is at least 20 m/s; 
9. the scanned field is at least 25 cm x 25 cm; 
10. the magnet ramping speed is not greater than 0.1 T/s. 

The scanning system designed for this gantry is shown in Figure 10. It is placed close to the end of 

the gantry and the SAD is 240 cm. Taking into account the length of the scanning magnets (SM), 

the pole face of the last dipole is at L=300 cm from the isocenter. Because the distance between 

the scanning magnets and patient is rather small, they require exceptionally fast and powerful 

power converters. Preliminary investigation shows that such power converters, with current change 

rate of the order of 100 kA/s, are feasible; however, the power supply and control, which need to 

provide 100-ppm accuracy at 5 kHz, are challenging and require important development works 

[22]. 

The radius of the gantry defines the size of the required room. To calculate this radius, note, that in 

a 3 T field, 430 MeV/u ions have a radius of curvature  = 220 cm; however the bending magnet is 

split with quadrupoles in between, and therefore, in this case L +  = 637 cm. To that, the mini-

mum cryostat radius (30 cm) and the minimum distance between the external part of the cryostat 

and the beginning of the magnetic field (25 cm) have to be added.  Thus, 692 cm is the minimum 

radius of the gantry shown in Figure 11. 
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The layout shown in Figure 11, foresees two cold bending sections. The first bending of 45o is 

achieved with two combined-function dipoles of 22.5o and a quadrupole in between, to make it 

achromatic. The second bending section is of 135o and it is achromatic as well, with three com-

bined-function dipoles of 45o interleaved by two quadrupoles. 

 

Figure 10.  The scanning system of the 3 T gantry. It provides a minimum Source-to-Axis Dis-
tance SAD = 240 cm and the last bending dipole is at radius L = 300 cm. 
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The choice to have achromatic bending sections is motivated by the wish to keep dispersion small 

and under control, resulting in a relatively large momentum acceptance. This is achieved by the 

superconducting quadrupoles between the dipoles. Moreover, the small gradient in the combined 

function magnets, helps in providing vertical focusing, keeping both horizontal and vertical beta 

functions under control. 

The five (warm) quadrupoles in the straight section at 45°, plus the 2 quads at the beginning are 

used to fulfil the optics requirements: 

 achromaticity; 
 optics is independent of the gantry rotation angle; 
 magnification factor of the beam size (from the gantry coupling point to the isocenter) is 

G=1; 

 divergence is zero at the gantry coupling point and at the isocenter; 
 maximum beam size plus excursion due to 1% momentum offset is within the +/-30 mm 

aperture. 

 

Figure 11. The layout of the 3 T gantry. This gantry requires two cryostats. The first one contains two 
22.5° bending magnets and one quadrupoles in between. The second cryostat contains and three 45° 
bending magnets and two quadrupoles. 
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The optics functions, from MADX [23] computation, are shown in Figure 12. 

The beam optics has been optimized for FWHM transverse dimensions of the spot in the range  

4.0 mm – 8.0 mm with a momentum acceptance of 1%. A spot size of 10 mm can also be 

achieved and in this case, the momentum acceptance is still 0.6%5.  The beam envelopes, defined 

as containing 95% of particles and including the excursion due to the momentum offset, are plot-

ted in Figure 13 for two extreme operational scenarios: 4 mm beam spot at 430 MeV/u and 8 mm 

beam spot at 100 MeV/u. 

The mechanical structure is the same as described in the previous section, for the 4 T Gantry.  

 

                                                
 

5 This is sufficient to vary the longitudinal position of the Bragg peak of +/-4.2 mm at a 200 mm depth (water 
equivalent), corresponding to more about 3 longitudinal planes, without changing the field in the supercon-
ducting magnets. 

 

Figure 12. Gantry optics. Optics parameters at the entrance to the gantry are: βx = βy= 10 m, Dx = Dy = 0. 
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9. The GaToroid 

GaToroid is a steady-state toroidal gantry able to deliver the dose at a discrete number of angles 

with neither rotation of the magnets nor of the patient. The concept has been developed by Luca 

Bottura from CERN in 2016, and is described in detail in the corresponding patent application6. 

The basic principle is to use the axis-symmetric magnetic field between each pair of coils constitut-

ing the torus to bend and focus accelerated particles down to the isocentre. The GaToroid concept 

comprises two main elements, visible in Figure 14: a vector magnet and a toroidal magnet. The 

vector magnet is situated at the end of the transfer line from the accelerator, and it kicks the ion 

beam so that it enters the toroidal field at the right place for the desired treatment direction. The 

toroidal magnet deflects the beam onto the patient.  

The steady-state current and magnetic field are appealing features, implying simplified demands on 

stability, powering, mechanics and cooling, as well as for the clinical perspective, allowing rapid 

variations of beam energy and treatment angle.  

                                                
 

6L. Bottura, “A Gantry and apparatus for focussing beams of charged particles,” Patent publication 
WO2019/224215, 2019. Available: 
https://worldwide.espacenet.com/patent/search/family/062235811/publication/WO2019224215A1?q
=WO2019224215A1 

 

 

Figure 13. Horizontal and vertical beam sizes with offset due to momentum excursion, for the two 
spot sizes mostly used in operation: 4 mm at the isocenter at 430 MeV/u (plot a) and 8 mm at 100 
MeV/u (plot b). In both cases the momentum acceptance is 1%. 
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At present, detailed studies [24] have been performed for the option of a GaToroid for a proton 

machine with an energy range of 70 MeV to 250 MeV. To create a proper magnetic field distribu-

tion, the coils have been designed with peculiar asymmetric shape and the windings have been 

graded. The coils were designed and optimized through a complete integration of magnetic field 

map calculation and bi-dimensional particle tracking. On the resulting torus, preliminary magnet 

design and studies on mechanical structures and quench protection were performed to evaluate 

the feasibility of the machine. A scaled-down High-Temperature Superconductor (HTS) demonstra-

tor, of a single coil, was designed and the first prototype, shown in Figure 15, in stainless steel 

tapes on glass-filled nylon spacers, was wound.  

Further investigations are necessary to evaluate the gantry feasibility, including detailed analyses of 

integrated vacuum and cryogenic systems. Since 2019 CNAO, MedAustron and INFN have ex-

pressed their interest in evaluating GaToroid as an option for a carbon-ion gantry, and have been 

meeting regularly with CERN to evaluate the feasibility, maturity level, cost and possible timescale. 

 

 

Figure 14. Schematic representation of the GaToroid concept and components, for a given beam ener-
gy. The vector magnet is represented as a block that can kick the beam in any direction. The patient is 
located in the bore of the toroidal magnet, where the field is zero (courtesy of Daniel Dominguez, 
CERN Design and Visual Identity Service). 
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In 2019, CERN and INFN obtained EU funding through the ATTRACT initiative7 to develop an inte-

grated design for delivery, beam, and range monitoring based on the GaToroid concept. If proven 

successful, the idea of a steady-state toroidal gantry, realized with superconducting magnets, could 

result in a quantum step for hadron therapy technologies. However, its economic viability in com-

parison with the other gantry designs remains to be demonstrated. 

 

 

10.  Overall Layout and conclusions 
The layout of the technical part of the facility is shown in Figure 16. The beams originate in one of 

the three ion sources. In the ion source room, there is space for additional sources. This room is 

                                                
 

7 https://attract-eu.com/selected-projects/hybrid-high-precision-in-vivo-imaging-in-particle-therapy-h2i2/ 

 

Figure 15. First layer of GaToroid dummy prototype. 

 

In the choice of its gantry, SEEIIST will follow the recommendations of the committee 

CNAO/MedAustron/CERN, which in October 2020 will select the most suitable design for a 

common European gantry.  At the moment, the 3 T gantry appears as the only design that can 

be realized in the foreseen time window, at a cost that is competitive with a similar gantry that 

is produced in Japan by Toshiba, and has the full performance required by the European ion 

therapy facilities. Production of this gantry in three units (CNAO, MedAustron, SEEIIST) will con-

siderably reduce the unit cost. For these reasons, the 3 T gantry has been adopted for the pre-

liminary design of the SEEIIST facility. 
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accessible during operation, allowing for source servicing; however, each ion source must be 

fenced off because of high voltages needed for their operation.  

The injector linac is in a separate room shielded from X-rays, which are generated by high-power RF 

equipment. This room is not accessible during operation. The RF power sources (e.g. klystron) can 

be installed in the same room, next to the linac.  

After the injector linac the beam splits. One branch is used for low energy experiments and radioi-

sotope production, while the other branch brings the beam to the injection to the synchrotron. The 

synchrotron is placed in a separate room with thick shielding walls because, in case of beam losses 

at synchrotron energies, the radiation can be substantial.  

 

The above is true especially in the extraction region, where typically 5-10% of the beam is lost on 

the electrostatic septum. After extraction, the beam path splits to one of the three therapy lines or 

two experimental lines. Large service areas above the machines and next to the synchrotron allow 

for comfortable installation of all necessary equipment like power supplies, cooling water systems, 

etc. 

The gantry located in the last, leftmost room is the 3 T gantry. This gantry is preferred for SEEIIST 

because the time needed to design it is the shortest and the required development does not con-

 

Figure 16. Overall layout of the technical part of SEEIIST facility. 
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tain any potential showstoppers. In addition, when SEEIIST will be finished, most probably, this gan-

try will be already operational in CNAO, and this experience will simplify the installation and com-

missioning of the SEEIIST gantry. The proposed mechanical design is very innovative, without a 

counterweight and uses the mechanical rigidity of magnets to enforce the structure. The 3 T gantry 

will be a significant upgrade over existing gantries due to its much smaller weight and size. The 

external radius of this gantry will be less than 7 metres; therefore, the gantry room must have a 

floor level about 6-7 metres below the other rooms to allow for gantry rotation.  

This preliminary layout is a feasible solution for the mixed-function SEEIIST facility. It fulfils medical 

and experimental requirements and leaves flexibility for future upgrades. 

Figures 17 and 18 show in 3D the layout of the beam lines to the treatment rooms and to the gan-

try developed in this report. 

 

 

 

 

 

 

Figure 17. 3D layout of the technical part of the SEEIIST facility. 
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Figure 18. 3D layout of the HV line and of the 3T gantry area. 
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