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1. Accelerator Design: injection and 

extraction for the SEEIIST synchrotron 

This Chapter will define the injection and extraction hardware for the SEEIIST synchrotron. It consists 

of beam optics study and hardware specifications for multi-turn injection and slow/fast extraction, 

applied to the warm-magnet reference SEEIIST design. 

 

1.1 Introduction and main parameters 

The reference design for the SEEIIST accelerator is a PIMMS-like synchrotron [1] with improved 

features [2]. Figure 1 shows the layout of such a synchrotron, as presented in the original PIMMS 

report [3]. 

 

Figure 1: Layout of the PIMMS machine, as from [3] 

In particular, the SEEIIST baseline foresees delivering the entire treatment dose in one synchrotron 

cycle, to save treatment time and to open the way to new treatment modalities, i.e. FLASH [4].  

Table 1 1 shows the synchrotron parameters. 

Table 1 1: Baseline synchrotron parameters [2] 

Ion p 4He2+ 12C6+ 16O8+ 

Injection energy (MeV/u) 7 

Rigidity at injection (Tm) 0.38 0.76 0.76 0.76 

Energy range at 

extraction(MeV/u) 

60 - 

250 (330) 
60 - 250 100 - 430 100 - 430 

Rigidity at max. energy (Tm) 2.42 4.85 6.62 6.62 

Max. field (T) 1.5 
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# particles /cycle 2.6e11 8.2e10 2e10 1.4e10 

Ramp-up rate (Tm/s) <10 

Ramp-down time (s) <1 

Spill ripple Imax/Imean (at 1kHz) <1.5 

Slow extraction spill duration (s) 0.1 - 60 

Fast extraction (s) < 0.3 10-6 

 

In order to deliver the entire dose in one cycle, the slow resonant extraction will be based on the RF-

KO method. This offers the possibility to change the beam energy in steps during the extraction, 

allowing the longitudinal scanning of the tumour within a single cycle. 

Moreover, the injection in the synchrotron needs to be improved to assure a factor 20 larger intensity 

than the operational European facilities. This is achieved by: 

• optimizing the multi-turn injection porcess 

• employing an ion source of  new generation such as [5] capable of delivering up to 600 A 

of C+4 ,  

• assuring that the injector linac has a very high transmission,  

• and controlling the machine working point to stay away from resonance lines [6]. 

1.1.1 Number of accelerated carbon ions 

The Treatment Planning System (TPS) defines the number of carbon ions to be directed to each voxel 

(or planned spot) so that the dose multiplied by the relevant Radio-Biological Effectiveness (RBE) is 

uniform on the whole 1-litre volume, as shown in Figure 1. 2.  

 

Figure 1. 2: Left: Depth distribution of the physical dose (red – usually measured in gray = Gy) and of the 
‘effective’ dose (blu – usually measured in Gy(RBE) ) that is obtained by multiplying the physical dose by the 

Radio Biological Effectiveness of the irradiated cells. (b) Depth distribution of the RBE, which in this particular 
case corresponds to a 10% survival rate of human salivary gland cells. The target is 60 mm thick, with its centre 

placed at 130 mm from the surface. Figure from [7]. SOBP = Spread Out Bragg Peak. 
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Because of the ion traversing the first target layers, the numbers of carbon ions directed to the planned 

spots of the proximal layers are smaller than the ones directed to the distal layers.  

The number of carbon ions needed to give a 2 Gy physical dose (1 gray =1 J/kg) to the 1-litre target can 

be computed [8] by observing that most of the ions reach the distal layers and thus have a range 

definitely larger than the target radius.  

Using Eq. (1) and assuming, for a surface tumour, an average range Rav = 80 mm, a carbon ion leaves 

in the target an energy of 2300 MeV, i.e. 3.7 10-10 J. Thus, to deliver 2 Gy to a 1-liter surface tumour 

one needs about 5 109 carbon ions.     

Rmm = 0.0094 EMeV/u 
1.72      so that     Etot = A EMeV/u = 15.12 Rmm

0.581     (1) 

For deep-seated tumours, a large fraction of the carbon ions have nuclear interactions along their path 

in matter and do not reach the Bragg spot. As shown in Figure 1.3, about one third of the carbon ions 

fragment before reaching R = 250 mm, so that it can be said that 1.5 1010 carbon ions are needed to 

give the standard 2-gray treatment to a deep-seated 1-liter spherical target.  

 

 

Figure 1.3: Fraction of carbon and oxygen ions that reach a given water-depth without transforming in a 
different nuclear species. From [9] 

Since there will be losses in the extraction process and along the transport line, the acceleration in the 

synchrotron of 2 1010 carbon ions is required. 

One should note that, clinically, a 2-Gy irradiation with carbon ions is more effective than a 2-gray 

irradiation with protons or X-rays. This is quantified by multiplying the ‘physical dose’ measured in gray 

by the RBE (Radio Biological Effectiveness) that depends on the ion energy, the local distribution of the 

ion fragments, the type of cell and the effect considered. Figure 1. 2 (Right) shows a typical RBE 

distribution, used in the clinics, as function of the depth. Different cells and different end points have 

different RBEs, but the behaviours are similar and, in every case, the physical dose has to be multiplied 

by an average factor 2 to obtain the effective dose, which usually measured in Gy(RBE). In other, words 

with 2 1010 extracted from the synchrotron one can irradiate a deep seated 1-liter target with about 4 

Gy(RBE) /(litre) [8]. 
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1.2 Multi-Turn Injection 

A factor 20 larger intensity requires an advanced and optimized Multi-Turn (MT) injection, which 

consists in filling the transverse accelerator acceptance with a large number of injected turns.  

Figure 1. 4 shows a sketch of the MT injection, from the beam dynamics point of view. 

 

 

Figure 1. 4: Sketch of the MT injection 

Before the injection process starts, the circulating-beam closed orbit is displaced toward the septum 

by two or more bumpers, which are fast dipole kickers. In the minimal configuration used by PIMMS 

[3] there are only two bumpers, located at a phase advance of 180 degrees and symmetric with respect 

to the injection point. The injected beam, coming from a transfer line, is bent by Magnetic Septa (MSIs) 

and by one Electrostatic Septum (ESI) – the only one represented in Figure 1. 4 . The septa are special 

dipoles that bend the incoming beam at the entrance (or exit) of the synchrotron to allow it to join the 

circulating beam with the correct angle. “Septum” means “separation”: in this case the dipole is 

separated in two regions by a thin Molibdenum foil. The circulating beam sits in a region with zero field 

and it feels no effect, while the injected beam feels a given bending field, which is either electrostatic 

or magnetic. 

During the injection process, the bump amplitude is reduced and brought back to zero within <100 s 

(which corresponds to about 50 turns, or beam revolution periods), so that the injected beam occupies 

a empty region in the transverse phase-space, close to the already circulating beam.  

The MT injection hardware for the PIMMS synchrotron [3] consists of two magnetic septa and one 

electrostatic septum. The ESI wall at the injection point is at 41 mm from the ring central orbit. In order 

to have injection and extraction in the same straight section, the injected beam is coming from the 

inner side of the ring. The two MSI are powered in series to provide each 250 mrad to the incoming 

beam, while the ESI provides the last 60 mrad final kick.  

For the new synchrotron, the baseline is to rely on similar equipment, however we propose to inject 

in a dedicated straight section, the beam coming from the outer side of the ring, to have more space 

available for proper optimization. Most of the material presented here is based on the work done by 

CERN in collaboration with MedAustron and TERA/CNAO, to design the injection and extraction 

hardware for CNAO and MedAustron, the two facilities born after the PIMMS design [3]. Figure 1. 5 

shows the position of the hardware, as implemented in MedAustron. 

 

Field	

Zero	field	
ring	reference	orbit	

beam	from	
transfer	line	 Septum	

(dipole)	

Kicker	Kicker	
closed	orbit	bump,	decreasing	with	 me	
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Figure 1. 5 MedAustron injection and extraction hardware [10] 

In the 2000 the first hardware development took place, for the CNAO/TERA facility [11].  

Ten years later the design has been revisited, by the same core people, for the MedAustron facility 

under construction in Austria [10] [12] and in particular, the number of different designs for the septa 

has been reduced from 5 (for 7 magnets) to 4 (for 8 magnets).  

 

1.2.1 Electrostatic Septa design for injection (and extraction) 

The injection (and extraction) electrostatic septa are in the vacuum vessel. Figure 1.6 shows the model 

of the MedAustron electrostatic septa, where one can notice (right) the detail of  the hollow anode 

support to preserve the beam RF impedance as much as possible.  

  

Figure 1.6: Left: 3D  model of  the  electrostatic  septum  tank  with  anode/cathode positioning system; Right: 
Cross section of the electrostatic extraction septum. From [JanB, IPAC2011]. 

The electrotatic septa are made of thin (100 m) Molobdenum foils and use a Titanium cathod. Their 

support can be displaced remotely both radially and in angular position. The anode and cathode shape 

are chosen to obtain the required field homogeneity in the gap. Since the injection septum (ESI) 

provides a relatively large deflection angle, the septum and cathode are bent by 60 mrad to minimise 

the required gap width whilst maintaining the required beam acceptance. The extraction septum (ESE) 

however provides a moderate deflection, therefore septum and cathode are straight. Table 1.2 

provides the main parameters for the ESI and ESE [10].  
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Table 1.2: Main parameters for the Electrostatic Septa 

Septa parameters  ESI ESE 
Equivalent electric length [mm] 600 800 
Deflection angle [mrad] 60 2.5 

Septum thickness [m] 100 100 

Gap width [mm] 25 15 
Septum height [mm] 74 74 
V_nom (max) [kV] 70 (150) 64 (150) 
E_nom [Mv/m] 2.79 4.26 
Good field region [mm x mm] 49 x 33  49 x 30 
Field quality [%] +/-1 +/-1 

 

1.2.2 Magnetic Septa design for injection (and extraction) 

As shown in Figure 1. 5, the beam in the injection line is bent by two MSI, powered in series, which 

provide a total of 500 mrad deflection at 7 MeV/u, with a nominal magnetic field of 0.32 T (for C-ions). 

Table 1.3 provides the main parameters for the MSIs. One should note that the same magnet unit is 

also used for extraction (“thin” MSE), where a maximum field of 0.56 T guarantees a kick of 52 mrad 

at top energy. The septum thickness of the MSI is about 10 mm. The table presents also the parameters 

of the three “thick” MSEs, in the extraction line after the “thin” MSE and powered in series with it, 

which provide each a deflection angle of about 100 mrad. 

Table 1.3: Main parameters for the Magnetic Septa (MSI: value in brackets refer to the “thin” extraction design) 

Septa parameters  MSI (thin MSE) thick MSE 
Equivalent magnetic length 
[mm] 

590 840 

Deflection angle [mrad] 250 (52) 100 
Septum thickness + screen 
[mm] 

10.3 + 1.1 20.2 + 1.1 

Gap aperture w x h [mm] 80 x 40 75 x 40 
B_nom [T] 0.32 (0.56) 0.75 
Number of turns 6 8 
I_nom [kA] 1.73 (3) 3 
Good field region [mm x mm] 49 x 33  49 x 30 
Field quality [%] +/-1 +/-1 
Integrated fringe field 1e-3 1e-3 
Power consumption [kW] 9.5 (29) 31 

 

1.2.3 Injection bumpers 

In PIMMS synchrotrons, the horizontal closed-orbit injection bump is excited by two identical dipoles 

MKI, as shown in the sketch of Figure 1. 5, located in section 3 and in section 12.  These  magnets  are 

constructed  from  two  3-piece  ferrite  C-cores,  mounted  face-to-face,  to  form  a  window  frame 

magnet, as shown in Figure 1.7.  
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Figure 1.7: Injection bumper 

Race-track type coils are utilized and the surrounding aluminium box acts as an eddy-current shield 

and  hence limits the stray field which must be carried by the ferrite yoke.  

Their design is similar to the one developed for CERN LEIR [13]. 

The magnets are powered in series and hence form a single electric circuit. The ramping up shape is 

not important, however, the ramp down from  a nominal 27.8 mT (512 A) to 0 T in about 100 s, needs 

to be controlled with precision because it is when the injection takes place (Figure 1.8). 

 

Figure 1.8: Injection bumpers function [11] 

As discussed in the next section, the choice of the horizontal tune during the MT injection is an 

important parameter for this optimization and its modification changes the phase advance between 

the two injection bumpers, making it different than 180 degrees. This causes a residual orbit distortion 

outside the bump, and eventually a reduction of the acceptance. In case this was not acceptable, a 

third bumper magnet, ramped together with the other two but of much smaller strength, can be added 

to better control the orbit distortion during injection. Figure 1.9 shows the residual orbit distortion for 

an horizontal tune of Qx=1.72.  
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Figure 1.9: Simulations with MADX of the PIMMS injection bump, for a horizontal tune of Qx=1.72, which shows 
residual orbit distortion of +/-15 mm in the region outside the bump. The injection point is at s = 0 m. 

1.2.4 MT injection beam dynamics 

Assuming that the available beam current at the injection in the synchrotron is 500 A C+4 ions 

(including the linac trasmission and the efficiency at the stripping foil which converts the C+4 ions into 

fully stripped C+6 ions), 12.5 effective turns, e.g. 25 turns injection with 50% efficiency, are needed to 

obtain 2 1010 ions stored in the ring. The revolution period at 7 MeV/u for a ring of 75 m circumference 

is about 2 s. 

To study and optimize the multi-turn injection, it is convenient to work in the normalized coordinates 

(X,X’) phase space, in which the circulating beam is represented by a circle. 

A code to track particles in the horizontal phase space has been written. Every turn, a new set of 

particle is generated at a position outside the septum. The particles are then transported via the 

synchrotron one-turn matrix, i.e. they experience a rotation in the (X,X’) phase space by an angle 2Qx 

centered on the closed orbit, which is decaying according to a linear bump function. In case, after a 

few turns, particles interact with the septum, they are lost.  

Figure 1.10 shows the optimized particle distribution, in the (x,x’) phase space, right after injection and 

before non-linear effects come into play and smoothen the distribution, for the following two cases. 
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Figure 1.10: Left: Injection, case #1, Right: i=Injection case #2. Courtesy A.Advic. 

The first case (left) studied how to inject as many particle as possible in a circulating acceptance of 

1.6  m mrad normalized, assuming a total emittance of the injected beam of 0.7  m mrad 

normalized. The number of effective turns is 7.45, with an efficiency of 0.33%,, and the optimized 

horizontal tune is Qx=1.72.  

The second case (right) identified the maximum beam acceptance to achieve 20 effective turns, thus 

more than required. The result was 5.6  m mrad, with an efficiency of 66%, obtained for a tune of 

Qx=1.82. Such a large emittance implies a beam size in the synchrotron larger then PIMMS by a factor 

7. The implications on the required magnets aperture need to be studied.  

In both cases losses of 30 to 60% are happening, mostly at the septum location, during the multi-turn 

injection process. Because of the relatively low intensity and injection energy, these losses are easily 

shielded. 

1.2.5 Discussion of alternative methods and ways to improve the 

MT injection 

The MT injection, because of the presence of the electrostatic septum, has the drawbacks of diluting 

the beam emittance, thus increasing the beam size. Moreover, a maximum efficiency of 60-70% means 

losses and requires R&D on high intensity sources. 

1.2.5.1 Charge exchange injection with stripping foil in the synchrotron 
An alternative to improve the brightness (ratio between beam intensity and emittance) can be a multi-

turn injection with charge exchange at a stripping foil positioned inside the synchrotron. This method, 

which does not need the presence of the electrostatic septum, is mainly used in the high intensity, 

high brightness proton rings. The H- ions are converted into p+ via stripping and a closed orbit bump is 

created by four chicane magnet to bring the beam into the foil, as sketched in Figure 1.11. 
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Figure 1.11: Charge exchange multi-turn injection in the CERN-PSB. Courtesy C. Bracco. 

A similar scheme can be applied to the Carbon ions, with a stripping foil that converts C+4 ions (or C+5) 

into C+6.  

The disadvantage of this method is that the geometry of the chicane and of the injection line depends 

of the ions charge-to-mass ratio. Therefore, if different ion species needs to be injected, it does not 

work. 

To overcome this problem, the following reference [14] propose a special septum magnet that allow 

injection by charge exchange of C-ions, and conventional multi-turn injection for the other particles, 

in this case protons. 

1.2.5.2 MT injection with cooling 
Another alternative to achieve a bright beam is to interleave subsequent injections with cooling of 

several seconds. This is the case of non-medical synchrotron, such as LEIR at CERN, COSY and TSR in 

Germany, and experiments at the medical synchrotron of HIMAC, in Japan, where this mode of 

operation has been then discarded. 

For the time being, cooling is not considered for the new synchrotron, as one of the requirements of 

a medical facility is to have a simple and robust operation. 

1.2.5.3 MT injection in 2D or 3D 
The simplest scheme of MT injection involves only the horizonal phase space. A way to improve the 

horizontal emittance is to include also the vertical (and eventually the longitudinal) planes in the 

process. When increasing the vertical emittance at the expenses of the horizontal one, though, one 

needs to be careful because this changes the emittance in the high energy beam transfer lines (and 

eventually in the gantry) therefore one has to evaluate if the vertical aperture in the synchrotron, lines 

and gantry is still enough. The disadvantage of this scheme is the increase of the beam emittance in 

the vertical plane, which has usually smalleraperture. This will lead to particles loss if the coupling istoo 

strong. A good optimization implies the exchange totake place partially 

Introducing coupling with the vertical phase space can be done in tho ways: 

- either by operating the synchrotron with a working point close to the coupling resonance Qx-Qy=0, 

which should be excited to partially transfer the horizontal emittance into the vertical plane, as it was 

done in the CERN PSB [15]. The disadvantage of this scheme is the increase of the beam emittance in 

the vertical plane, which has usually a smaller aperture, and induced losses. The available aperture has 
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to be checked not only in the synchrotron, but most important in the HEBT and in the gantry, for the 

limits in beam sizes at the isocenter. 

- or by using a tilted septum to paint at the same time the horizontal and the vertical phase space, as 

it is done in CERN LEIR [16]; 

In the CERN LEIR, in addition to the tilted septum, longitudinal painting is also done, by varying the 

beam energy from the linac and by creating a large dispersion bump at the septum position [16] [17]. 

Performing 3D injection is significantly complicated, therefore one should evaluate if it is suitable for 

a medical machine. 

1.2.5.4 Beam shaving 
In the synchrotron, horizontal and vertical scrapers are located at specific positions in the ring. They 

are used for measuring the beam profile [18], for machine protection to concentrate the losses at 

specific locations and also to shave the beam if the emittances are exceeding the required values. For 

the latter use, the beam is gently moved toward the scraper as much as needed to remove the 

unwanted tails. The method has the advantage to concentrate the beam losses at specific locations in 

the ring and at low energy, and reduces losses in the HEBT and gantry. This method is used, e.g. in the 

CERN complex in the PSB (where the proton beam emittance is defined) and in the SPS, for machine 

protection, to remove beam tails before injection in the LHC. 

Moreover, in order to improve the emittance in the synchrotron after the MT injection, and reduce 

losses at the septum in case they pose a problem, the transverse tails of the beam after the linac can 

be shaved in the injection line, before entering the synchrotron. As a result, only the core of the beam 

(up to a given number of sigma) is injected and the bump can be decreased more slowly to produce a 

brighter beam after the multi-turn process. This method is used e.g. at GSI [19]. 

 

1.3 Extraction 

1.3.1 Slow extraction with Multiple Energy Extraction and its 

hardware 

The principal design requirement of a medical synchrotron is a smooth extracted spill, to perform 

pencil beam scanning of the tumour. Figure 1.12 shows the pencil beam raster scanning technique 

[20], by which the beam is transversely painting every longitudinal slice in which the tumour is located. 
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Figure 1.12: Sketch of the pencil beam scanning technique. Courtesy GSI [20] 

A poor spill quality makes it necessary to slow-down the treatment by lowering the spill intensity and 

the scanning speed to perform on-line corrections. The PIMMS synchrotron, indeed, has been 

designed after a careful study and full understanding of the slow-extraction process [21]. 

The beam is extracted from the synchrotron using a third order resonance. The machine working point 

is set close to a horizontal tune of 1/3 and a sextupole magnet excites the resonance which is used to 

drive the beam unstable and generate a controlled spill through the extraction septa.  

Figure 1.13 (top) shows how the (X,X’) phase space, which is a circle if only linear forces act on the 

system, is deformed in presence of the resonance driving sextupole, for a tune close to the 1/3. 

 

Figure 1.13: Left: Phase-space map calculated form the sextupole Hamiltonian. The tune is closed to 1/3. Right: 
Steinbach diagram [21]. 

The particles inside the “triangle” move on stable trajectories, however at a given amplitude the 

trajectories are not close any longer and the particles get extracted along the separatrices. Figure 1.13 
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(bottom), shows the so-called Steinbach diagram, which is a very useful representation of the particles 

during the slow-extraction process. The axes are the horizontal tune Qx and the amplitude of oscillation 

A. The particles in the beam occupy the rectangle area. The tune Qx=Qres is  the resonant tune, i.e. 1/3, 

and the two lines that depart from it delimit the unstable region whose width (stopband) is a function 

of the particle amplitude and the sextupole strength. During the slow extraction, the beam is moved 

inside the unstable region in a controlled way and the particles, which are entering the stopband, are 

extracted (spilled). 

Several methods exist to drive the beam toward the resonance [21] [22]. Medical accelerators use 

mainly two of them: 

• Betatron core [21]: an induction coil changes the momentum and therefore the tune of the 

beam (because of chromaticity), which enters in the resonance. This is used in the PIMMS 

synchrotrons: CNAO and MedAustron. 

• RF-Knock Out (RF-KO) excitation [23]: the particles are excited by transverse stochastic noise, 

so that their amplitude grows and reach the unstable region. This is used at HIMAC, at the 

other Japanese facilities, at HIT and at the German synchrotrons. CNAO and MedAustron are 

also moving to this method. 

The baseline for the new synchrotron is the RF-KO extraction, because switching on/off the spill is 

significantly fast (~50 s) and, most important, because it allows spill at multiple energy levels within 

the same synchrotron cycle. Figure 1.14 shows the Multi Energy Extraction (MEE) as implemented at 

HIMAC [24]. The beam is accelerated to top energy, extacted and then decelerated to subsequent 

energy levels for further extractions. The length of the flat-tops can be varied by the control system to 

have the required spill. 

 

Figure 1.14: Multiple-energy operation cycle at HIMAC [24]. 

The RF-KO exciter is a transverse kicker that injects noise in the beam at a frequency close to the 

betatron frequency. The kick is very small, of the order of few rad. Since the beam particles have a 

spread of tunes, a frequency modulation (FM) is needed to swap the entire tune range and a amplitude 

modulation (AM) to regulate the spill intensity [25]. 
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Concerning the other extraction hardware, the first element that the spilled beam encounters is the 

electrostatic septum (ESE), followed by three or four magnetic septa (MSEs), as described in Section 

1.2.1 and shown in Figure 1. 5, for the MedAustron implementation. 

Moreover, correctors are needed to align the beam orbit at the septum and/or to create a bump if it 

is required, and sextupoles of two types need to used: 1) to excite the resonance and 2) to correct the 

cromaticity for extraction  optimization. 

1.3.2 Fast extraction for new modalities (FLASH) and its 

hardware 

The irradiation in FLASH modality consists in delivering high doses at a very large dose rate. The 

biological mechanism behind is not yet clear, as it is not clear the optimal parameters, however there 

are evidences that it spares healthy tissues, while increasing the tumour control [4]. 

Normally a spill lasts tens of seconds, while to profit of the FLASH effect a spill of <500 ms is required. 

For a synchrotron, a good value is between 50-500 ms to control: measure and eventually have a 

feedback to the dose-delivery [18]. 

A “fast” slow-extraction needs therefore to be developed to provide a variable (and fast) spill. Different 

options are possible, most probably a combination of many. Looking at the Steinbach diagram of Figure 

1.13, in order to increase the numbre of particles entering the unstable region one can: 

- excite particles to larger amplitudes by RF-KO 

- rapidly change the beam momentum [3] (or the optics of the synchrotron [COSE])  

- rapidly bring the tune close to the resonance 

- increase the bandwidth by increasing the sextupole strength 

Simulations and machine experiments need to be performed to understand what is the minimum spill 

that can be achieved, and therefore the maximum dose rate for the extraction of 2 1010 carbon ions. 

In addition to this modality, that could in principle use the same hardware as the conventional slow 

extraction, it will be beneficial to have in the synchrotron also a fast single-turn extraction method. In 

this case the entire beam is extracted in 1 revolution period, i.e. in about 1 s. This can be useful for 

research purpose and for fast extraction of the unused beam to the dump. 

Studies should be made to confirm the feasibility to use the same extraction channnels of the slow-

extracted beam, i.e. the same septa, and fast kickers with a rise time of a few 100 ns, at a correct phase 

advance with respect to the electrostatic septum, to send the beam toward the septum channel. 

1.3.3 Chopping system 

Even if the RF-KO extraction can be switched on and off relatively rapidly, a beam chopper in the HEBT 

is required to dump the beam if it is not requested by the treatment room. The chopper works by 

making a closed-orbit bump that bypasses a dump block mounted inside the vacuum chamber. When  

the  chopper  is  off  the  beam  is  stopped  by  the  dump  block. The bump is excited by four equal 

bumper dipoles, powered in series.  
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1.4 Conclusions 

The new synchrotron will have the option to deliver the beam with advanced modalities.  

The synchrotron features a RF-KO slow-extraction system, capable to deliver the entire treatment dose 

in one cycle, with the Multi-Energy Extraction (MEE) scheme. The slow-extraction hardware can be 

similar to the one of state of art medical synchrotron, however the control system needs, from the 

design phase, to be thought such that it support the MEE. A new scheme, that we define “fast slow 

extraction” has to be implemented to deliver the dose within less than 500 ms and a single-turn fast 

extraction will also be present, with the addition of fast extraction kickers.   

Concerning the injection, the need to accumulate in the synchrotron 2 1010 carbon ions to deliver the 

full dose of 2 Gy in a 1-liter tumour, requires R&D for a higher transmission linac, an intense ECR source 

and an optimized multi-turn injection scheme, with precise control of the working point and the 

resonances.   

The baseline design for the electrostatic and magnetic septa follows the development done in the 2000 

and in the 2010 for the two PIMMS facilities. The RF-KO exciter development, together with the 

implementation of the MEE, will be done in collaboration with the European facilities, who are 

presently either envisaging moving to it or improving the existing system. 
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2. Accelerator Design: beam 

instrumentation requirements for the 

SEEIIST facility 

2.1 Introduction 

Beam instrumentation of an accelerator facility is a system of sensors which allows to measure various 

properties of the particle beam in numerous locations along the beam path. It is necessary in 

commissioning phase, for finding and correcting settings errors and faulty equipment as well as in daily 

operation to control and tune beam parameters. 

The measurements of the beam parameters are based on well-known physical phenomena like 

electromagnetic induction, ionization of gases or secondary electron emission induced by particles. In 

the last years, the progress in instrumentation is mainly related to the treatment of the signal. For 

instance: early digitization with very high sampling rates and digital signal processing methods, which 

provide much more freedom in signal treatment than the old methods, based on analog electronics. 

The goal of the South East European International Institute for Sustainable Technologies (SEEIIST) is 

the design and construction of a new carbon ion therapy facility [26]. The facility is planned to start 

operation in 2030, 14 years after MedAustron, which is the youngest European carbon ion therapy 

facility. Because of important advancements in detectors, electronics and most importantly in cancer 

irradiation modalities, it is necessary to review the beam instrumentation system for the new facility. 

The ion therapy facilities are based on synchrotrons, which work in cyclical sequences of beam 

injection, energy ramp and extraction. Every cycle lasts several seconds and includes 1-2 second break 

when no beam can be delivered to the patient. Currently, the intensity stored in the synchrotrons is 

not enough for a single therapy session, therefore several cycles are needed for each patient and the 

total irradiation time is of the order of several minutes. This could be significantly shortened if beam 

intensity in the machine is increased and multi-energy extraction (MEE) [27,28,29] is applied. This 

feature is gaining popularity and most of the existing carbon therapy centers prepare to implement it 

in the daily operation. From the begining the MEE will be a standard operational mode of SEEIIST 

complex. Therefore, the specification of instrumentation must take into account 10-20 times higher 

intensities stored in the synchrotron. 

FLASH is a new irradiation modality [30], in which the prescribed fraction of the dose is applied at a 

very fast rate. It has been recently observed that the very fast irradiation allows for much better 

sparing of healthy tissue while keeping the lethal dose to the tumor cells. The FLASH irradiation rates 

start at about 40 Gy/s, what is about 500 times faster than in conventional radiotherapy. This modality 

of dose delivery is difficult to achieve using pencil beam scanning techniques, and passive scattering 

or hybrid methods should be envisaged [31]. The high dose rates mean new challenges for 



23 
 

instrumentation and possible application of fast extraction devices at the beam transport to the 

patient. The traditional intensity feedback approach in which the number of particles reaching the 

patient is measured by the detectors installed in the nozzle and extracted beam intensity is adjusted 

at the synchrotron have to be replaced by a different mechanism because the extracted beam is sent 

to the patient so fast, that the regulation of intensity is very limited. The instruments should be able 

to cope with the very high beam currents needed for FLASH but they should also keep their 

performance with the beam currents used for conventional treatment. 

Finally, for experimental applications, the instrumentation must be able to measure very low beam 

currents and to measure ion species not used in standard clinical procedures (e.g. oxygen or argon). 

In this Chapter, first we present the layout of the facility and discuss its special features. Then we 

discuss the role of beam instrumentation in various operational phases, we break down 

instrumentation cost and discuss the monitors used in existing carbon therapy centers. Finally, we look 

into potential improvements, which we divide into the ones emerging naturally due to the 

technological progress and the ones required by new modalities of beam delivery, mainly multi-energy 

extraction and FLASH dose rate. 

The existing therapy centers considered here are Heidelberg Ion Therapy Center (HIT) and 

MedAustron. HIT is the oldest carbon center in Europe, which started patient treatment in 2009 while 

MedAustron is the newest in Europe and is based on PIMMS [32,33] design (where PIMMS stands for 

Proton Ion Medical Machine Study, and it was done at CERN in 1998-2000). Those two facilities cover 

very well various aspects relevant for future machine. 

2.2 The facility layout 

The carbon therapy facility accelerates C6+ ions to energies of 430 MeV/u. To reach this energy the 

acceleration and beam transport is done in stages. The main components constituting the facility are: 

• ion sources,  

• low energy beam transfer (LEBT),  

• RF linac (made of RFQ and Drift Tube Linac DTL),  

• middle-energy beam transport (MEBT),  

• synchrotron,  

• high energy beam transfer lines (HEBT) and gantry. 

The layout proposed for SEEIIST is shown in Figure 1. In the following, we will treat the ion sources, 

LEBT and linac together and call it simply “Injector”. The reasons for this grouping is that, the 

instrumentation is mainly located in the LEBT, with rather small number of devices in linac itself. In 

addition, in the discussed facilities, the injectors are very similar with 3 ion sources and almost identical 

RFQs and linacs. The beam in the injector is produced in macropulses of several microseconds length 

and the energy increases from zero to 5-10 MeV/u, what poses negligible problem for radiation and 

machine safety. The SEEIIST plans to use a different injector, based on higher RF frequency and made 

of more acceleration stages. 
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The MEBT has the function of transporting the beam to the synchrotron and matching to the injection 

point. Here it is treated separately because it is different in HIT and in PIMMS machines and it is also 

expected to be unique in the SEEIIST facility. 

In the synchrotron the beam is accumulated, accelerated and extracted to patient. Every cycle lasts 

several seconds and the final energies vary between 40 and 430 MeV/u. The synchrotrons are different 

in HIT and PIMMS. SEEIIST is expected to adopt modified PIMMS synchrotron design and this part of 

beam instrumentation will be adopted from PIMMS machines with some modifications related to 

FLASH therapy. 

Finally, the HEBT transports the beam from the synchrotron to the patients or experiments. Each of the 

existing European facilities adopted a different layout of HEBT, mainly following the specific space 

constraints. SEEIIST layout is not similar to any existing facilities. It features a very large experimental 

areas and newly designed superconducting gantry [34]. 

 
Figure 2.15 Layout of the planned SEEIIST facility. Drawing adopted from [10]. 

 

2.3 Specific features of the next generation 

facility 

As mentioned in the previous sections, the three main distinctive features of a next generation ion 

therapy facilities are:  

• High beam intensity of up to 2∙1010 of carbon ions stored in the synchrotron, what is 20 times 

more than in the current European facilities; 
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• Capacity to extract the beam very fast to provide FLASH dose rates on the patient; in this mode 

the whole beam will be extracted in time less than 50 ms; 

• Fast and reliable switching between therapy and experiments as well as between various types 

of therapy (FLASH, MEE) and various particle types. 

All three features, especially the FLASH therapy and a need to deliver the prescribed dose in a reliable 

way within such a short time, have paramount consequences for the types of installed detectors and 

on ways they are used. The need to assure beam quality after fast switching from experiment to 

therapy also requires a support from instruments that are able to perform fast Quality Assurance (QA). 

2.4 Functions of instrumentations 

The various phases of operation of a medical machine are: beam commissioning, quality assurance, 

medical operation and experiments. Depending on the phase of operation, different instruments are 

used. For instance, some instruments used in commissioning phase destroy the beam during the 

measurement and they cannot be used in medical operation. 

The goal of Beam commissioning (BC) phase is to understand the machine and prepare it for the 

operation. It is done in stages that usually follow the beam path: injector, MEBT, synchrotron and HEBT. 

Very often destructive beam measurement techniques are used, as at this phase the beam is not 

transported to the patient. In some cases, when a part of the machine is commissioned, the 

instruments can be moved and reused for commissioning of the next stage of the facility. This is limited 

to low energy part of the system (injector, LEBT).  

The facility undergoes a reduced commissioning procedure (called recommissioning) after each long 

technical stop or major upgrade. Also development of the machine, reaching new operation setting, 

follow the same procedures as beam commissioning. 

Quality assurance (QA) is the process of measuring various parameters of the machine to assure 

medical quality or the beam. Many standard beam instruments are used in this process, but the most 

important measurements are done using detectors placed in the location of patient. These special 

devices are not discussed here. The QA measurements are done in regular, well defined intervals (e.g. 

every morning or once per week).  

During the medical operation (OP) period the beam is delivered to the patients. Any beam 

measurement in this phase of operation should be non-invasive (having minimum effect on beam 

parameters). The control of the dose delivery is based on a feedback system where scanning beam 

position and intensity is measured by ionization chambers mounted in the nozzle in front of the patient. 

This way of dose control imposes serious limitations on the dose rate. In addition, a potentially rich 

information coming from other instruments is not used. We will examine alternative dose control 

methods using other instruments during the dose delivery in Section 2.7.4.  

Finally, providing various types beams to the experiments require various types of instruments. In this 

case it is difficult to make predictions and a “more is better” rule applies. Instrumentation should fulfill 

broad beam specification. Because the experimental beams are not yet defined, this operation mode 

is not discussed further. 
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2.5 Cost estimation 

An instrument to measure beam properties is usually made of the actual sensor (e.g. tungsten wire 

with a motor allowing its movement into the beam), a vacuum chamber (which can sometimes host 

multiple instruments), the front-end electronics (e.g. preamplifiers), and cables to the electronics 

room and back end electronics. Form electronics room the information is transmitted to the control 

room and to data logging system. The high-voltage (HV) power supplies are often needed to make the 

detectors work. 

The vacuum chamber cost depends on its size and the number of flanges. It is typically between 15 

and 30 kEUR. Here, the cost of vacuum chambers are usually taken once, making preliminary 

assumption about the number of detectors hosted in one chamber. 

Front-end electronics is also included in the price estimate, usually based on modern, commercial 

modules. The modern back-end electronics is often based on Micro TCA or similar standards. The 

chassis are relatively inexpensive and depending on the application, the cost per channel can vary from 

5 to 10 kEUR.  

Cabling cost is not calculated, because the layout of the facility is not yet detailed. 

2.6 Beam parameters and measurements 

Below we describe how various beam parameters are measured across the medical accelerator 

complex. The summary of the instrumentation devices is presented in Table 3, which also contains 

comparison with existing facilities [36,37,38]. 

2.6.1 Beam current 

At low beam energies, in the LEBT, the beam is made of long, several microsecond pulses. The beam 

current is measured using Faraday cups. This is a destructive measurement but it has very high 

sensitivity and accuracy. One Faraday cup should be installed after each ion source and one after each 

analyzing dipole magnet to help selecting the proper ion species for further acceleration. Another 

important measurement location is at the entrance and exit of the RFQ. 

After the RFQ the beam is bunched and the transient magnetic field generated by the bunches induces 

magnetic field which can be measured by beam current transformers (BCT). The BCTs can be divided 

into three main classes: FCT (Fast Current Transformer), ACT (Alternate Current Transformer) and DCT 

(Direct Current Transformer). The measurement is non-destructive. 

Various types of BCTs are usually installed between RFQ and linac and in the MEBT. In the synchrotron, 

the DCT, which measures precisely the total beam current, is one of the most important measurement 

devices, however FCT should also be there to measure the bunching of the beam. 

Finally, the intensity of the beam extracted from synchrotron must be measured in HEBT. The extraction 

is done using resonant slow extraction process and the beam loses its regular high-frequency structure. 

The intensity measurement of such a beam cannot be non-invasive anymore. It is usually done using 

flat ionization chambers which, in most locations, are insertable devices. They can be replaced by 
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scintillators for very low intensities (below 106 ions per second) or SEM plates for high intensities (above 

1010 ions per second). For fast extraction or very fast slow extraction (<50 ms spills, current of 500 nA), 

which will be used for FLASH therapy, the beam current transformers (ACTs) can be installed in HEBT. 

The ACT will also be needed for experimental program using fast extracted beams. The typical 

characteristics of the beam current measuring devices is shown in Table 2.1.  

Table 2.1: Typical properties of beam current measuring devices.  

 Faraday 
Cup 

FCT ACT DCT Ionisation 
chamber 

scintillator SEM foil 

Sensitivity ~0.1 [nA] ~20 [µA] 0.1 [µA] 100 [µA] 104 100 pps 1011 pps 

Time 
resolution 

~ns ~ns ~10 ns ~ms 20 µs ~ ns ~ ns 

Destructive y n n n y y y 

Cost [kEUR] 40 40 40 60 60 40 40 

 

2.6.2 Beam position 

Beam position usually refers to the mean transverse position of the particles in the beam. The beam 

position and transverse beam profile measurements are often done by the same devices, because the 

profile measurement finds also profile center, i.e. beam position. Therefore, in the next two sections 

many monitors are mentioned twice. 

At low energies the beam position is usually measured using wire grids or wire scanners, which function 

based on secondary electron emission. In the injector the transverse beam position measurement is 

done in order to align beam direction with RFQ and DTL. Therefore, a wire grid pair in the LEBT section 

before the RFQ is used and the transmission through the system is optimized.  

In the MEBT the beam has to be matched to the synchrotron injection. A proper injection angle has to 

be assured and therefore the beam position measurement is crucial. This is done by wire grids, but also 

using capacitive pickups because the beam is already bunched. This is allows to cross-calibrate the 

detectors and use the pickups during the medical operation, as they provide non-destructive 

measurement. 

The synchrotron is equipped with Beam Position Monitor (BPM) system. Those are shoe-box BPMs, 

which have good linearity and are sensitive to long bunches as present in ion therapy machine. The 

main improvement, with respect to existing machines, is availability of commercial, inexpensive and 

capable signal digitizers, which can provide turn-by-turn orbit data and orbit feedback from the 

beginning.  The existing facilities often do not have yet these capabilities. In addition synchrotron 

usually features two scintillating screens for first-turn commissioning. 

In the HEBT lines the beam position can be measured by a wide range of instruments: 

• Multi-Wire Proportional Chambers (MWPC) for slowly extracted beams, used in HIT and MIT 

and in the nozzles before the patient, the limit on the extraction rate is of about 109 particles 

per second; 

• Scintillating wire hodoscopes, used in MedAustron, are made of scintillating fibers read out by 

a digital (CMOS) camera; the scintillating fibers promise very high time resolution of the 
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reconstructed position but issues with calibration of the of different fibers, radiation hardness 

and slow camera readout lead to phasing out of this solution; 

• Scintillating screens (called also viewing screens) which can measure beam in very wide range 

of beam currents, starting from fast-extracted beams down to long spills. In order to measure 

a wide range of currents the scintillating screen system must have good camera gating 

capability (to reduce the amount of light) or to be equipped with a system of filters or remotely-

controlled iris [39]; 

• Multi-strip ionization chambers (MSIC) [40]; 

• SEM grids (for fast extraction only); 

• BPMs for fast-extracted beams.  

The last two types of devices are not used in current carbon therapy facilities because no fast extraction 

is foreseen.  

In general the devices are considered noninvasive (BPMs), thin or thick. Thin devices are constructed 

with special care about the material budget seen by the beam. Usually they can stay in the beam during 

the patient irradiation or the experiments. Thick devices are used only for beam setup and 

commissioning. They are retracted from the beam once the beam line is ready for the experiments. 

An important aspect is of course the choice of location of the measurement devices. Because the main 

function of position measurement is trajectory correction, the optimal phase advance between 

corrector magnets and beam position monitors is 90 degrees. Because the SEEIIST HEBT optics is 

relatively unconstrained (more quadrupoles than the degrees of freedom), it has to be assured that 

the phase advance for all used settings is within useful range. 

2.6.3 Beam size/emittance 

In the injector linac the beam emittance will be measured using standard slit-grid (or slit-wire scanner) 

method [41]. This is a destructive measurement, repeated only occasionally, during the commissioning 

and recommissioning of the ion sources. At the end of the linac, in the MEBT, several SEM grids should 

provide information about the beam position as it is transported to the synchrotron. The exact 

positions of these grids should be close to the maximum of the Twiss beta functions. 

In the current European machines, the beam emittance measurement in the synchrotron is done by 

scrapping the beam and registering the decay of the beam current.  This is a destructive method and 

the measurement is done only during the commissioning phase. This is enough for standard mode of 

operation because vertical emittance is very repeatable (depends on the source) and horizontally beam 

is sliced during the extraction process so the horizontal emittance control in the synchrotron is not 

crucial. 

However, for the SEEIIST, the situation is different. First, in order to obtain the required circulating beam 

intensity, the multiturn injection process is conducted over many more turns in comparison to current 

machines. This potentially increases variations of the resulting beam horizontal (if the injection is done 

in horizontal plane) emittance and intensity. Second, the beam extraction has to be performed much 

faster than in the existing machines. Ultimately, for FLASH therapy, the beam may be extracted using 

fast extraction mode. Therefore, the horizontal beam emittance in the synchrotron becomes a crucial 



29 
 

measurable, because the beam transport system must be set up to generate the right beam size on the 

beam scattering elements.   

Therefore, it is proposed that SEEIIST synchrotron is equipped from the beginning with Ionization 

Profile Monitor (see Section 2.7.3), which allows for online, non-invasive beam emittance monitoring. 

Another, very interesting option is use of Schottky signal for emittance measurement, however the 

accuracy of this method should be carefully studied before abandoning the IPM. 

After the extraction from the synchrotron the beam size is measured in the transfer lines.  Here, three 

main methods are the same as in previous chapter. All those methods are destructive or partially 

destructive. The most universal are scintillating screens, which can be used to measure beam size for 

both: slowly and fast extracted beams. When designing the system based on scintillating screens a 

special emphasis should be on its dynamic range. The cameras should be equipped with remotely 

controlled iris or/and with neutral density filters to cover the largest intensity range. 

The typical properties of beam position and beam size measurement devices are shown in Table 2.2. 

The beam position resolution, for wire scanner, depends on the accuracy of wire position 

determination, while for other interceptive devices and IPM the mechanical accuracy is often a limiting 

factor. The accuracy of beam profile measurement is a very broad subject. It depends on the electronic 

noise, signal integration time, physical background due to beam losses etc. Typically it is between 5 and 

10% of the beam size value. 

Table 2.2: Typical properties of beam position and size measuring devices.  

 Pickup 
(Shoe-box) 

SEM wire 
scanner 

SEM grid MWPC Scintillation 
screen 

IPM 

Spatial 
binning 
(pitch) 

n.a. 0.1 mm 2 mm 2 mm 0.1-0.2 mm 0.06 mm 

Position 
resolution  

0.1 mm 0.1 mm 0.3 mm 0.3 mm 0.3 mm 0.3 mm 

Beam profile 
measurement 

n y y y y y 

Destructive n y y y y n 

Beam type bunched High 
current 

High 
current 

Slow 
extraction 

any any 

Cost [kEUR] 40 40 40 60 60 100 

 

2.6.4 Measurements of transverse beam movement in 

synchrotron 

In order to optimize synchrotron operation and, in particular, the slow extraction process, it is 

indispensable to measure the parameters of the transverse motion of the beam. The measured 

parameters are tune and chromaticity.   

The tune measurement is typically done by measuring beam frequency response to a small transverse 

excitation generated by a fast magnet called tune kicker. Analysis of the beam response is done in the 

frequency domain and can be done by standard electronics, however a direct diode detection (DDD) 
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technique [42] is much more sensitive and the beam excitation can be much weaker, saving beam 

emittance. 

A system based on DDD technique is called Base-Band Q-measurement system (BBQ). This kind of 

system is successfully used in CNAO and MedAustron [43]. Further optimization of the sensitivity could 

lead to tune measurement without any excitation, which introduce a few percent emittance blow up. 

The cost of the BBQ electronics is only about 3 kEUR. 

2.6.5 Schottky 

Schottky monitor measures stochastic noise generated by movement of particles in the beam. It is able 

to provide measurements of tune, tune spread, chromaticity, Δp/p, revolution frequency and even 

transverse emittance, however in practice some of these measurements are difficult to interpret or 

carry a large error. Nevertheless, the potential of this device is very interesting and it should be installed 

in the synchrotron. The price of the detector is about 40 kEUR per plane. 

2.6.6 Beam losses 

The operational experience from similar facilities show that the detection of unexpected beam losses 

allow for much faster beam transport optimization and correction of optics errors. Therefore a set of 

detectors will be installed in critical locations around the synchrotron and in HEBT. Typical locations 

are: injection and extraction region of the synchrotron (separate detectors for electrostatic and 

magnetic septa) and the aperture bottlenecks in HEBT. The typical aperture limitations which should 

be surveyed are dipole magnets, where the vertical aperture is usually limited. 

The detector technology should allow for measurement of relatively slow beam losses as well as very 

fast one presented during fast extraction. Because of that the preferred technology would be 

ionization or proportional chamber, which have very large beam loss dynamic range. Scintillation 

detector could easily saturate when a fast loss occurs, therefore technologies based on ionization 

chambers or proportional chamber should be envisaged, however their sensitivity should be carefully 

studied. 

2.6.7 Summary of required instruments 

Table 2.3 summarizes the instrumentation devices present in HIT, MedAustron and present the list of 

foreseen devices in the in SEEIIST facility. It does not include devices in the gantry, because the design 

works on MedAustron and SEEIIST gantries are ongoing. It also does not include the following devices: 

collimators, stripper foils, RF exciters, beam charge monitor and halo counters. They are omitted for 

various reasons, e.g. because they are not core business of instrumentation (RF exciter) or they are 

characteristic for a particular facility and maybe they turned out not to be crucial for operation (halo 

counters). 

The total number of instruments is between 120 and 150, and depends a lot on the length of transfer 

lines. SEEIIST has relatively long transfer lines and is expected to have 3-tank Injector, what means that 

the final number of instruments will be closer to higher end of the range. Only about 30-40 of these 

devices are used continuously for operation. Others are used for beam commissioning or for 

daily/weekly or monthly Quality Assurance session. 
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Table 2.3: Summary of diagnostic devices in various carbon therapy centers and comparison with the proposed 

devices for SEEIIST. The measured quantities are: Ib – beam current, x – beam position, σ – beam width, Q-

synchrotron tune, Q‘- chromaticity. 

Part of 

complex 

Device 

type 

Measured 

quantity 

Use 

case 

Number of devices 

HIT MedA SEEIIST 

Beam intensity 

Injector Faraday cup Ib CO, QA 7 7 6 

 DCT Ib CO, OP 4 0 3 

 ACT Ib CO, OP 1 1 1 

MEBT Faraday cup Ib CO 2 4 2 

 ACT Ib CO, OP 2 2 2 

Synch DCT Ib CO, OP 1 1 1 

 ACT Ib CO, OP 1 1 1 

HEBT IC/SEM Ib CO, QA 11 0 15 

 ACT Ib OP 0 0 2 

Beam position and size 

Injector Wire grid x, σ CO 8 1 10 

 Wire 

scanner 

x, σ CO 0 11 1 

 Slits σ CO 6 5 6 

 pickups x OP 1 1 1 

MEBT pickups x CO, OP 3 1 3 

 Wire grid σ, x CO 4 7 4 

 Slits σ CO 2 3 2 

Synch pickups x, Q, Q‘ CO, OP 12 20 20 

 IPM σ, x CO, OP 0 0 2 

 Scint 

screens 

σ,x CO 2 2 2 
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HEBT MWPC σ,x CO, QA 12 0 7 

 Scint  

fiber 

hodoscopes 

σ,x CO, QA 0 30 0 

 Scint 

Screens 

σ,x CO, QA 5 0 20 

Other 

Synch Shottky Δp/p, Q CO, OP 1 1 1 

 BLMs Beam loss CO, OP 5 1 16 

 

2.7 Additional aspects 

In the discussions with colleagues from HIT, CNAO and MedAustron a few important conclusions, 

related to beam instrumentation, emerged. 

2.7.1 Industrial standards 

Beam diagnostics instruments belonging to different categories often have similar components like 

digitizes, vacuum chambers, flanges, connectors or mechanical drives, which move the instruments 

into the beam. The proper choice of these components is very important. A relatively small laboratory 

like SEEIIST must optimize resources and can afford to have only limited number of spare parts. 

Therefore the devices should be modular and the components of various devices should be inter-

exchangeable, sometimes even at the cost of reduced performance. Facility-wide standardization lead 

to less R&D, better maintainability, reduces spare inventory and saves time and manpower. 

It is preferred to use, whenever possible, industrial standards. Commercially available products with 

second supply source should be preferred. Some of the instruments, e.g. scintillating screens, due to 

their specifications, are off-market products. They could be developed and constructed in 

collaboration with other institutes with similar requirements. 

The storehouse of spare parts should always keep critical components. It should be kept in mind that 

many types of devices, especially electronics, become unavailable within a few years of they release 

on the market. A proper stock of spare parts is necessary to keep the facility well maintained and 

running smoothly. The market availability of these components should be monitored and actions to 

mitigate risks of shortage should be taken in advance. 

The use of open source software and hardware does not always lower the cost of the devices but also 

lead to less bugs and design flaws. 
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2.7.2 Data archiving 

The typical system for carbon therapy contains 100-150 instrumentation devices, among which about 

30-50 are able to take data continuously. Many of these measurements contain valuable information 

concerning long-term stability of the machine and potential failures. Properly used, these 

measurements could be base to predictive maintenance of the components and could simplify and 

shorten the daily Q&A procedures. Storage of this data is crucial for data-driven approach to the 

operation of  the carbon therapy center. 

The separation of Data Acquisition layer within the control system should help to fulfill this task.  In 

the current facilities the machine data archiving systems are not always present or are not properly 

maintained. 

2.7.3 New instruments 

In general, medical facilities use well-tested instrumentation technologies which are stable, 

inexpensive and easy to maintain [44]. However, in the recent years, several new detector 

technologies matured and become reliable enough to be used to improve operation. 

First example is measurement of the beam size or emittance. In existing centers it is always a 

destructive measurement all along the beam production chain, except MWPC in the nozzles of beam 

delivery system, which provide very small beam scattering before the patient. On the other hand, the 

development of the new digital readout system for CERN Ionization Profile Monitors [20] could allow 

for online and nondestructive measurement of the beam emittance all along the cycle. This system 

could be accompanied by gas jet technique, which allows for much faster measurement by creation of 

a local gas curtain in the machine vacuum. 

An interesting development, which may prove very useful for the future facility, are so called “virtual 

instruments”, devices which reconstruct beam parameters using noisy or difficult to interpret signals 

and machine learning algorithms to extract the useful information. This approach could be used on 

transverse Schottky signal or on multi-electrode stripline BPM signals [21] to extract the beam 

emittance. Those techniques are being studied now and it is not excluded that they could prove useful 

for next generation carbon ion facility. 

2.7.4 FLASH treatment 

During the medical operation phase the intensity of the extracted beam is regulated by measuring the 

beam intensity at the nozzle in front of the patient and feeding this signal back to the beam extraction 

system (e.g. RF kicker). This is schematically presented in Figure 2.2, where the beam control system 

gets the information from ionization chambers in the beam nozzles. For FLASH therapy, where dose 

has to be delivered within a few tenths of milliseconds, this kind of intensity feedback and even pencil 

beam scanning are not possible anymore. The response time of the ionization chambers, the signal 

treatment procedure and the response time of RF-kicker (or betatron core) add up to at several 

microsecond time. It is not possible to control the spill intensity. Therefore, another approach has to 

be prepared. 
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This new approach could be a based on a more complete knowledge of the beam parameters in the 

machine. Currently, during the beam delivery mainly the stored beam current is monitored (but also 

the Δp/p and/or Q). If, in addition to that, the beam orbit and beam emittance are monitored, the 

knowledge of beam properties is more complete. By having a proper diagnostics or extraction 

equipment, the repeatability of the extracted beam parameters can be assured to large degree. In 

Figure 2.2, the additional information channels (IPM for beam emittance and orbit information from 

BPM system) are added to the diagram of the current intensity control system of HIMAC accelerator.  

In the proposed scheme the additional information is only used to dump the beam using HEBT chopper 

if, during the irradiation, its orbit or emittance fall out of accepted range. In both cases one could also 

develop correction algorithms, which would correct the beam orbit or adjust the amplitude of the 

extraction excitation signal to correct for emittance growth. It is important to mention that, in this case, 

the additional devices would have to be medically certified, what is normally not done for accelerator 

diagnostics. The beam delivery system and machine instrumentation become much more entangled 

than in the current facilities. 

As already mentioned before the application of pencil beam scanning for FLASH therapy is considered 

impossible [30], therefore a passive scattering or a hybrid dose delivery between passive scattering and 

active scanning should be foreseen.  

 

Figure 2.16: Additional measurements of beam parameters proposed to be taken into account by the machine 
control system (for beam dumping) and for feed-forward correction of the FLASH beams. Plot adapted from 
HIMAC [47]. 
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A study has been started to assess whether this additional information will assure the correct dose 

delivery and what could be the failure modes. Numerous questions has to be addressed, e.g. on 

accuracy of the required measurements and their frequency. 

2.8 Conclusions 

The next generation of carbon ion facility has to face a challenge of operating with much higher beam 

intensities and delivering FLASH therapy. The key findings are: 

• The used devices shall be robust and reliable; the machine operation should not depend on 

new technologies. 

• The total system will contain around 120-150 devices, most of them used only for 

commissioning and QA. 

• The total cost will be around 5-8 MEUR. 

• Online and non-destructive transverse emittance measurement in synchrotron is 

recommended to assure accuracy of the extracted beam parameters. 

• In order to cover very large dynamic range of extracted beam currents in HEBT a robust 

scintillation screen system probably is the most viable option. 

Further studies are needed on the novel aspects of the proposed facility, mainly on high-dynamic range 

scintillation screen system and on closer integration of the machine beam instruments with dose 

delivery system. 
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3. Green Accelerator Design: strategies 

for reducing power consumption and 

environmental impact of accelerator-

based facilities and plan for 

implementing the SEEIIST 

accelerator as a green infrastructure 

3.1 Plans for a green accelerator 

infrastructure at the SEEIIST 

The SEEIIST Research Infrastructure is planned to be the very first of its kind conceived as a “green” 

infrastructure since its initial technical and infrastructure design. A crucial asset will be to keep 

environmental impact and energy consumption as low as reasonably possible, while making large use 

of renewable energies.  

A growing awareness about the importance of these topics is making its way in the field of modern 

particle accelerators, when addressing the specifications of very large facilities that are very 

demanding in terms of capital investment and energy consumption [48]. This triggered, particularly in 

the latest decade, a coordinated effort of several European Institutions, aimed at:  

• maximizing the ratio between the scientific throughput of any research facility and the electrical 

power required to operate it,   

• storing excess energy for compensating power supply interruptions,  

• recovering wasted heat,  

• adapting operation schemes to periods of lower power consumption by the industrial and residential 

needs of the surrounding area, on both a daily and a seasonal time scale. 

The SEEIST takes up the challenge of checking if it is possible to put all these ambitious goals into 

practice, to be a lighthouse for the implementation of most recent technologies following international 

agreements. This is consistent with one of the main priorities of the European Commission, supported 

by EU research and innovation actions [49,50], which is to fight climate change and make Europe 

climate-neutral by 2050.  As a combined therapy and research institution, it will include an ad-hoc 

entity (the Sustainability Hub) with the specific purpose of integrating advanced smart energy solutions 

into its planning, design, construction, operation, and dismantling.  
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The SEEIIST project plans to be a Green Hub since its inception, adopting advanced energy solutions 

and technologies, in accordance with the European Green Deal Investment.  

This research infrastructure will benefit from renewable energy resources, which are available in 

South-East Europe. The amount of green energy and its network is already significant in this region 

and planned to further increase in the coming decades.   

Environment respect is ensured also by a responsible selection of construction materials, for buildings, 

technical infrastructures and machine components and by the complete design of the energy efficient 

SEEIST facility, such that the highest overall throughput (in terms of therapeutic dose for patients, well 

scheduled and prioritized research beam times) is achieved with the lowest use of electrical energy.   

The design of a modern and compact facility insisting on a smaller footprint, compared to facilities of 

the same type, will add to reducing the environmental impact.   

This report addresses in detail (part B) the main choices at the basis of such reduced footprint and 

compares the energy consumption of two layout types proposed for the synchrotron: an advanced 

version of a room temperature, and a layout based on ramped superconducting magnets. All of them 

would employ a superconducting gantry.   

Superconducting solutions have a clear impact on reducing the facility footprint: in the case of a SC 

synchrotron, the reduction in surface for the accelerator is about a factor of ~ 2, to 600 m2 for the 

superconducting option including sources and injector, starting from 1,200 m2 for the warm-magnet 

option. The impact of the reduction in accelerator size is less visible for the whole building. It amounts 

to about 10% of the infrastructure layout which will be described in this report. 

On the other hand, it is not obvious whether SC magnets will be less energy-intensive than the room 

temperature ones:  this depends substantially on the operation cycles of the whole centre, and its 

accelerators in particular.   

 3.2 Main directions of a green infrastructure 

for hadron-therapy and associated research 

3.2.1 Optimization of the entire operation cycle 

Ample margins for energy efficiency optimization, with respect to presently operating hadron-therapy 

facility in Western Europe, come from a careful planning of the entire machine cycle. The operation 

mode called “multi-energy extraction at the flattop” (MEE) [51] is discussed in detail in paragraph 4 of 

part B. It has been proposed by the Japanese facility HIMAC [52]. It makes use of the larger beam 

current accelerated by the synchrotron and delivered to the treatment room at various energies. With 

respect to the traditional mode (one energy per each injection) it translates in shorter treatment times 

(beneficial for patients) and in energy saving. 

SEEIST shall eventually identify, carefully schedule and automatically setup operation schemes. 

Activities requiring no or minor changes of the machine setup (e.g. the same beam type, with similar 

current and energy) will be properly clustered.  
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An efficient operation cycle will be largely eased by the availability of advanced routines for the high-

level control of accelerators and beamlines, which must be accompanied by beam instrumentation 

and component diagnostics, able to anticipate the onset of faults. This is crucial in improving the 

overall machine duty cycle, not only by reducing the time needed for beam preparation, but also by 

anticipating technical issues: these, when not diagnosed in real time, may cause periods of machine 

unavailability which could range between minutes and several hours.  An effort on keeping the 

machine operation setup updated with modern machine learning algorithms will be a crucial asset in 

this respect.  

The control system shall have to judge, in case of faults, which parts of the machine must be kept on 

and running (in view of an efficient restart) and which must be turned down (for energy saving 

purposes).  

Improving MTDF (mean time between failure) and MTBR (mean time between replacement) is 

essential for optimizing the use of the facility.  Most inconveniences appear as short-term 

interruptions, and it is important to interpret them in order to prevent them from becoming real faults, 

making it necessary to stop therapies or research.  Good practices related to various components shall 

have to be adopted, some of which are mentioned here: 

• For magnet power supplies: proper anticipation of lightnings, as well as rupture of 

transducers, achieved through a ring with an oscilloscope anticipating voltage loops, may 

substantially extend their lifetime; 

• Linac amplifiers, ion sources, IGBTs:  proper reading of log files may anticipate their 

irregular behaviour; 

• Electrostatic septa:  important breakdowns are anticipated by 10-20 uA current variations 

on their high voltage supplies; 

• Power converters: periodic control of the current loss on their electrolytic capacitors, 

endangering the analog-to-digital cards, can extend both MTBF and MTBR; 

• Vacuum pumps:  reading vacuum gauges with properly setup thresholds allow anticipating 

vacuum pumps major issues. 

Most of these inconveniences are not easy to interpret; therefore, a human learning process is needed, 

which may then be replaced by artificial intelligence algorithms for automatic hardware protection. 

Optimization of the periods of maintenance, clustering preventive longer maintenance in a few periods 

of the year of a few days each, will improve beam availability. 

In several countries, the cost of electricity varies largely along the day, indicating that a better balance 

over the day would also translate into its global more efficient exploitation.  Planning just a 1 h stop, 

at a peak period in grid electricity demands, can make the overall cost of the electricity bill for the 

SEEIST centre to shrink appreciably. At SEEIST, conceived as a research and therapy centre with therapy 

planned between 8 am and 2 pm, a break of 1 h between 2 and 3 pm can be considered.  This 

advantage is better exploited in a room temperature than in a SC facility, as the refrigerator is on 

continuously.  
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3.2.2 Energy storage 

Capacitor banks are too slow for the time scale of magnet ramps, but they can be usefully employed 

in the case of SC magnets: they compensate for power trips of the order of 0,1 s or more, which would 

cause the cryogenic system to stop [53].  This a relevant measure for both energy saving, and to 

increase the machine efficiency in general. 

It must be observed that synchrotron magnets in the ramp up, besides dissipating power by Joule 

effect, inductively load current (i.e. EM energy) in the magnets, which can be returned to the system 

during the ramp-down: in this phase, the dipole power supply acts as a generator and injects power 

into the facility network:  magnet inductances act as intrinsic energy storage systems. 

3.2.3 Efficiency of buildings and infrastructures 

Recovery of wasted heat is probably not applicable to small size infrastructures such as the SEEIST 

facility. For instance CERN, which reaches a flattop electrical power of 200 MW, planned to recover 

10÷20% in the form of heat. At present it recovers at present a realistic quota of 2÷3%. Heat recovery 

is done from cooling towers: the process is not efficient as it takes place already at low T. The 

temperature must be enhanced through the heat pumps: so eventually the recovery is of 3÷4 MW 

only.  Albeit being marginal in terms of efficiency, it makes CERN spare ~ 30% of the gas consumption 

on site, which is still an appreciated environmental measure. 

In a hadron-therapy infrastructure, an average power consumption of 300÷400 kW would end up, 

scaling linearly with a simplified assumption, in barely 5÷6 kW energy recovery, which would not be 

worth the investment. 

Direct reuse of exhaust cooling water (at around 40°C) for building heating should be assessed, in the 

specific case. 

In general, a green SEEIST infrastructure will: 

• use LED for lighting; 

• use modern building insulations; 

• Adopt a cooling network providing water at 21°C in winter and 26°C in summer, thus 

substantially reducing energy consumption by electrical air conditioners. 

The opportunity to develop a synchrotron with superconducting dipoles, to be assessed during the 

R&D phase, with a higher maximum magnetic field (by a conservative factor 2-3), would allow to realize 

a synchrotron of smaller circumference. This would imply reducing the size of the buildings and their 

conventional infrastructures and the number of beamline components, entailing a smaller overall 

environmental impact. A smaller size facility is also appropriate for a premise connected to a hospital. 

Building excavation material in honey-comb structures could replace full concrete walls for radiation 

shielding walls.  In this respect, both the composition of the soil – where the facility will be built – and 

its evolutions (e.g. water evaporation) must be carefully considered.  
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3.2.4 Cooling plants 

A demineralized water plant will feed the magnets in a closed circuit with heat exchangers, with 

minimal consumption of water from the well to restore leaks.  In a present-generation hadron therapy 

centre, four 900 kW thermal capacity refrigerators (one of which keeps is a spare) are dedicated to the 

accelerator cooling system, absorbing up to 300 kW each.  This COP is not ideal, and there is substantial 

saving that a modern hadron-therapy machine can save with modern cooling plants. 

3.2.5 Air treatment 

Substantial saving is realized if the accelerator hall is designed to be as little energy dispersive as 

possible.  Roofs are planned to be within 5.5 m of height.  Local floor-based cranes can be employed. 

Quality of roof and external walls insulation shall follow the most recent rules to limit heat dispersion. 

Sector-based air treatment – with diverse HVAC specifications - shall be implemented, for the sake of 

electrical saving.  For instance, while the accelerator tunnel and the technical labs must be guaranteed 

temperatures of 18-23 °C in winter and summer, the power supply hall can have a T-range of 20-25°C, 

with the possibility of drifting to 30°C in summer. 

In the underground, where air exchange is needed in any case, this shall have to be done by mixing 

fresh and exhaust air, with a by-pass. In this case, only the inlet fresh air is warmed in winter and cooled 

in summer.  Variable speed fans and variable speed pumps must be the rule, as they bring appreciable 

energy saving. 

Where chillers are needed to refrigerate accelerator components, the condenser heat can be used for 

building heating purposes, on winter months, and by-passed to heat recovery in summer.   

According to the most recent HVAC efficiency practices, mixing of machine and tertiary use of the 

HVAC system should be adopted in a global design approach.  The “production” part of the HVAC 

system should be conveniently located in a single room. Air and water flows, at different temperatures, 

can be shared among the different environments (synchrotron, treatment room, data center, the T-

stabilized linear accelerator, …) according to their needs, and with the specific daily or weekly time 

specifications. 

3.2.6 Synchrotron infrastructures 

Beyond comparing room temperature and superconducting versions of the synchrotron magnets, and 

possibly of the beam line magnets, the sizing of the electrical and cooling infrastructures must be 

compared as well. A fast room-T magnet ramp requires a large peak power and the infrastructure 

specifications may be rather demanding. The electric cabin serving the facility should have a capacity 

not smaller than 15 MVA and the water flux at 6°-10° for cooling the equipment should be produced 

in a cooling tower delivering at least 1000 cubic metre per hour.  Peak consumption of the whole 

infrastructure at CNAO is measured during the synchrotron flattops (about 6 MW).  

This must be compared with the much lower capacity (around 5 MVA) needed by a SC synchrotron. 

But, in this case, He refrigeration and distribution infrastructures must be provided. 
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For a high machine availability, the network must be robust, i.e. designed for the smallest number of 

dips/year. 

Cabling layout must be carefully planned: power supplies must be as close as possible to the fed 

elements; large section cables should be adopted between them, despite their higher costs, as energy 

saving is appreciable and paid back in the long run.  

Many extra-cables, pre-tested, labelled and laid down, will allow to swiftly change power converter in 

case of fault, with minimum intervention time. 

3.3 Energy assessment of the SEEIIST 

accelerators with warm and superconducting 

synchrotrons 

This section compares room temperature and superconducting layouts for the SEEIST hadron therapy 

(HT) and research facilities. Benchmarking with the CNAO HT centre in Pavia (I) [54] was carried out 

and the typical treatment cycles at that centre were taken as reference to translate maximum power 

of the various elements of the SEEIST facility into realistic values of yearly-averaged power, weighted 

on the treatment cycles carried out at CNAO.  

As will be shown, the operation of a facility based on superconducting magnets requires a particular 

operation mode called “multi-energy extraction at the flattop” (MEE) [55]: therefore, before assessing 

the SC option, power values of the SEEIST facility in the traditional mode were converted into the MEE 

mode, for the sake of a fair comparison. 

As it is the declared intention of SEEIST to employ a SC gantry, whatever layout for the remainder of 

the facility is chosen, the energy consumption of a SC version of the gantry was considered in the final 

analysis.   

3.3.1 The warm and SC layouts 

The warm version of SEEIST [56] foresees 16 22.5° warm dipoles while the cold one foresees 4 90° 

superconducting dipoles. 

The overall SEEIST accelerator facility [57] comprises the following main components: 

• three ion sources, providing different beams for experiments and for treatment, with space to add 

more ion sources if needed for future programmes; 

• a linear accelerator (linac) injector; 

• a medium energy beam transport (MEBT) line, which transports the selected ions to the injection 

point of the synchrotron. Multiturn injection is performed in the synchrotron to provide the required 

intensity; 

• the synchrotron, which accelerates the beam to the requested energy for subsequent either fast or 

slow extraction, with very different layouts in the warm or SC versions; 
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• the high energy beam transport (HEBT) lines, which transfer the beam either to the experimental 

area or to the treatment rooms. They serve: 

− two experimental areas, 

− three treatment rooms – featuring (i) a horizontal and a vertical beamline, (ii) a horizontal 

beamline, (iii) a superconducting ion gantry. 

The most distinctive feature of the SEEIIST synchrotron is its capability of storing and accelerating a 

record intensity of up to 2 1010 C-ions per cycle - and equivalent intensities for all the other therapy 

ions, as shown in Ref.4, corresponding to a radiation dose of 2 Gy in a 1-liter target.  The current 

needed from the Electron Cyclotron Resonance (ECR) sources, at the injection point, is 800 μA (12C6+ at 

injection). 

The warm synchrotron features 16 dipoles and 24 quadrupoles, grouped in three families and 4 

chromaticity sextupoles grouped in 2 logical families. For orbit correction, 8 vertical correctors and 8 

vertical beam position monitors, 10 horizontal correctors and associated monitors are foreseen. 

The main features of the SC synchrotron are listed in Table 3.1, where the 4 90° SC dipoles being of the 

CCT type [5]. 

 

Table 3.1 – Main specifications of the SC synchrotron 

The ring is equipped with both slow and fast extraction systems, the latter to enable extracting the 

entire beam intensity in a very short pulse of less than 0.3 μs. 

The current layout of the HEBT beamlines contains:  15 bending magnets (6 switching), 57 quadrupoles, 

10 fast scanning magnets, 10 steering magnets, 16 multi-wire proportional chambers (MWPC) for 

beam size and position measurement (some of which can be replaced by cheaper scintillating screens), 

the superconducting gantry. 

3.3.2 Method for comparing energy consumption of the warm 

and SC options 

The main difference in the electrical energy consumed in the warm and superconducting schemes is 

given by the synchrotron dipoles.  The dipole magnets of the synchrotron and the HEBT lines are among 

the most energy-intensive components of a warm hadron therapy facility. 

The evaluation of their energy consumption is very different in the warm and in the SC cases. Warm 

magnet active power is given by 𝑃(𝑡) = 𝑅 𝐼(𝑡)2, where 𝑅 = 𝑅𝑐𝑜𝑖𝑙𝑠 + 𝑅𝑝𝑐 + 𝑅𝑐𝑎𝑏𝑙𝑒𝑠   is the sum of the 

resistance of the magnet coils, the internal resistance of the power converter and the resistance of the 
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cables connecting them and I(t) is the instantaneous power converter current.  SC magnets, on the 

other hand, dissipate electric power only in the ramps and the power is higher at lower fields (see 

chapter 5).  The situation is indicatively represented in fig.3.1. 

 

Fig.3.1 – Pictorial view of the power required by an AC magnet, of either the warm or the SC type. While a warm 
magnet features a resistive power by 𝑷(𝒕) = 𝑹 𝑰(𝒕)𝟐 (schematically represented by the blue areas in the plot), 
SC ones dissipate only in the ramps, as they require electric power (schematically represented by the orange areas 
in the plot) only when the field is changing, and a higher power higher at lower values of the field (a characteristic 
of SC coils) 

The integration of power over time, following different rules in the two cases, gives the energy 
consumption.  In the SC magnet case, the power dissipated at cryogenic temperature must be 
translated into the electrical power of the cryogenic refrigerator which cools the magnets.  As we shall 
see in chapter 5, both the averaged and peak power losses must be carefully evaluated.   

The only way to compare the energy performance of these two very different solutions is to integrate 
the power at the plug over a whole comparable period of machine operation.  As we shall see, a 1-year 
period has been considered in this report. 

Once we have the global energy consumption in the two cases, the so called “yearly averaged power” 

is calculated by dividing the energy consumption in 1 year 𝑈1−𝑦𝑟 [𝑘𝑊ℎ] by the number of hours in 1 
year: 

𝑃1−𝑦𝑟,𝑒𝑞[𝑘𝑊] =
𝑈1−𝑦𝑟 [𝑘𝑊ℎ]

8766 ℎ
. 

In the following, we shall hence refer equally to “yearly energy consumption” (also called “overall 
energy consumption”, or simply “energy consumption”, in the text) or to the yearly averaged power. 

The 1-year average power analysis was applied to the whole facility in the room temperature and 
supercoducting layouts.  

A fundamental ingredient in the 1-year average power analysis is the operation duty cycle of the 
machine, i.e. the distribution in time, over 1 year, of the ion species and the beam energies which are 
accelerated and delivered to any of the treatment rooms for either therapy or research purposes.  
Without a plausible scenario for operation duty cycle, the energy comparison analysis would be 
pointless. 

The CNAO foundation made available all relevant operation data of year 2020 for this analysis.  Their 
operation cycle in 2020, which - as we shall show -can be convincingly taken as a typical year, was used 
as a basis for all relevant calculations shown in this report. 
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Another hurdle must be overcome, when comparing energy consumption of the magnets of warm and 
SC synchrotrons. Presently operational hadron-therapy facility work in the single energy extraction 
mode: for each treatment energy the beam is injected from the linac, accelerated by the synchrotron 
to the desired energy (while ramping up the synchrotron magnets) and kept at a flattop of a few 
seconds while beam extraction to a treatment room is carried out; then the magnets are ramped down 
and a new cycle (typically at an slightly different energy from the previous one) is performed.  Next 
generation facilities, featuring a much higher beam current given by a combination of higher beam 
current from the injector and a more efficient multi-turn injection (MTI, ref.5), shall work in the scheme 
called multi-energy extraction (MEE) at the flattop [55]. After beam injection and accumulation - with 
x20 higher current versus presently operational facilities - and ramp up of the magnets to the field 
determined by the highest energy required for patient irradiation, the stored beam is spilled in a 
sequence of mini-flattops of decreasing energy. MEE determines a better machine efficiency, by 
eliminating the dead time due to injection and acceleration at each energy of the synchrotron cycles. 
What is perhaps even more important, it will shorten the total irradiation time of a tumour, allowing 
to increase its precision and to alleviate patient’s inconveniences. 

MEE can be applied to both the warm and SC synchrotron SEEIST options, if the needed stored beam 
current is ensured.  However, a synchrotron based on SC magnets can “only” reasonably work in the 
MEE mode: in fact, the much slower (by a factor ~7) ramp-up and ramp-down times would make the 
use of the traditional mode extremely ineffective. 

First of all, we shall report, for benchmarking purposes, on the energy consumption analysis of the 
CNAO accelerator facility (chapter 2). We will then translate the CNAO values into the energy 
consumption of the SEEIST facility based on a warm synchrotron in the traditional operation mode 
(chapter 3.3.4) and in the MEE mode (chapter 3.3.5). Finally, energy consumption of the magnets in 
the SEEIST SC layout in MEE mode will be calculated (chapter 3.3.6) and preliminary conclusions will 
be drawn (chapter 3.3.7). 

3.3.3 Evaluation of the average power of the CNAO accelerators 

The calculation of the overall energy consumption of any accelerator facility is based: 

• on the electric characteristics of the most energy-intensive components (providing i.e. their 
power at the end of their operation scale); 

• on the setting corresponding to their average power; 

• on their duty cycle (i.e. the fraction of time in which they are operated). 

The electric characteristics of the most energy-intensive components can be derived from the machine 
design, which is well enough defined only when it has reached the stage of a Technical Design Report.  
The power-averaged setting and the duty cycle require explicit hypotheses on their realistic operation 
modes. 

As explained in chapter 1, in our analysis of hadron therapy facilities we chose, first of all, to refer to 
the electrical characteristics of the components and to the registered data for machine settings and 
duty cycles of one of the existing European centres, i.e. CNAO in Pavia (I), for which all the information 
related to points a), b) and c) above are known. 

Evaluation of the energy consumption at CNAO has been split into four portions: 

1. the linac injector, most of the energy-intensive components of which are kept “on” even in 

those time fractions when the synchrotron does not require an injected been, or is kept idle; 
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2. the synchrotron, energy-demanding almost only during the periods in which it works at the 

extraction energy flattops, where beam extraction takes place; 

3. the HEBT lines, powered one at a time (only the one which delivers the beam to the patient) 

and the duty cycle of which is longer than that of the synchrotron (details in par.3.3.3.4); 

4. all other elements along the facility (vacuum pumps, beam instrumentation, power cooling 

systems, …), “on” at all times, except during specific maintenance periods  

Calculation of the energy consumption of synchrotron and beam lines (points 2 and 3 above) require 

accurate preliminary considerations on the machine cycles at CNAO and the method to compute their 

yearly averaged power.  This topic will be the subject of the next paragraph.  After this step, for the 

CNAO facility itself calculations of each of the four portions above will be reported.  

3.3.3.1 Yearly machine cycles at CNAO 

 The CNAO facility is characterized by a multiturn injected beam current of up to 1x109 ions/s with a 

maximum energy of 400 MeV/A (12C ions) and 250 MeV (protons). The layout is shown in ref.6. It is 

very similar to the RT1 SEEIST one, as both refer to the original PIMMS design [60]. 

In hadron-therapy facilities like this, tumours are treated via a sequence of irradiation cycles of proton 

and carbon beams at various energies (corresponding to a Bragg peak at various depths where most 

of the beam energy is deposited) and various currents.  

For each irradiation cycle, and each energy, the synchrotron magnets follow cycles like those depicted 

in fig.3.2. After having been raised to the value of the injected beam energy, where multi-turn injection 

takes place, the beam is accelerated to the desired treatment energy, then extracted and sent to the 

patient along a “flattop” of variable time length (ranging typically between 1 and 17 s). At the end of 

the flattop, a short excursion to a higher field is performed, in order to keep the effect of magnetic 

hysteresis constant over the machine cycles, and then it is driven back to the minimum value, where 

a new injection and a new acceleration - to typically a different energy - is carried out. 

 

Fig. 3.2 – Typical synchrotron cycles at CNAO: flattops at different energies, with beam delivery to the treatment 
rooms, are interleaved with MTI’s from the linac 

In the hadron-therapy jargon, each treatment or “cycle” at a certain energy is called a "slice", a whole 

sequence of slices covering the entire energy span is called “field”, while a nursing session in which a 
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patient is placed in various positions and receives several fields in a row is called "fraction".  After each 

fraction the beam is typically passed to another patient in another treatment room.  In the following, 

the terms “cycle” and “slice” are synonymous.  

Data are available for several years in the past, at CNAO.  For simplicity, we took year 2020 as a 

reference.  Despite the issues related to the COVID-19 pandemic, 2020 was a very regular year of 

operation.   

Registered data make it possible to investigate the energy consumption of the CNAO facility in three 

typical periods of the working week: 

a. use of the beam for patient treatment (including early morning setup): at CNAO this goes from 

5 am to 10 pm of working days (Monday to Friday).   

b. use of the beam at night, preceding treatment days (from 10 pm to 5 am, Sunday to Friday) 

c. use of the beam during the weekends (from 10 pm on Friday to 10 pm on Sunday) 

It is interesting to see the distribution of time vs. beam energy, for p and C beams, for these three time 

slots separately: as the SEEIST facility is planning to devote a relevant fraction of the weekly working 

hours to research, any relevant difference among the three categories may be noteworthy and useful 

for predicting energy use at the SEEIST facility.  In fig. 3.3 the use of the facility in 2020 versus beam 

energy is shown for both proton and carbon beams.  It can be noted that the plot of therapy hours 

reflects the distribution of energies required for treatments, while the plots at nights and weekend, 

mostly used for research, are rather flat. In therapy hours, the distribution peaks at ~110 MeV for 

protons and ~220 MeV/A for carbon ions. 
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Fig. 3.3 – Plot of time vs. energy use of the CNAO facility during 2020 for proton beams (above) and carbon beams 
(below): in the time slot reserved for therapy hours (TD, 5 am to 10 pm Monday to Friday), during the weekends 
(WE) and at night during working days (W-night). The ordinate axis is in logarithmic scale. 

The overall sharing of the facility is 44% of the time for proton and 56% for carbon beams.  

The beam energy is directly related to the current value of the dipole power converter, which is 

maximum (corresponding to 2744 A) at 400 MeV/A ion energy.  The power converter current of all 

magnets (the dipoles and all others) during the cycles, together with the overall resistance of the 

power-converter-magnet circuits, delivers the electric power required for each cycle.  Multiplying the 

power required, by each family of magnets in each cycle, by its duration, and summing up for all cycles 

of year 2020, the yearly energy consumption (in kWh) can be obtained, from which the “yearly 

averaged power” required by that family of magnets can be obtained. 

This approach is at the basis of the average power calculations for the synchrotron and the HEBT lines 

of the benchmark (par.3.3.3.3 and 3.3.3.4) and of the SEEIST (par.3.3.4.2 and 3.3.4.3) facilities. 
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3.3.3.2 Energy consumption of the CNAO injector 

The first portion of the facility of which we report the energy consumption is the synchrotron injector. 

As anticipated above, the injector is kept always on – at the required duty cycle - except during the 

maintenance periods.  This is valid for CNAO and will be assumed to be valid for the SEEIST facility too. 

In the following, “injector” is defined as the portion of the facility from the ion sources to the 

electrostatic septum injecting the beam into the synchrotron, comprising the “linac”, which is the 

accelerating part of the injector, i.e. the RFQ and the IH-DTL.  The standard linac injector, in operation 

at HIT and CNAO [59] will be assumed also to be the SEEIST one, until any update version is elaborated. 

The injector comprises 2 ECR ion sources with separate LEBT lines up to the switching dipole, a 

common part of the LEBT, the “linac” consisting in the RFQ and the IHDTL, the MEBT line.  The injector 

front end (LEBT + LINAC + MEBT) is always on.   

The various parts of the injector have been analysed and multiplied by their effective duty cycle.  

The injector is kept on all year long, except for maintenance periods (i.e. for 93,6% of the yearly time).  

After any machine cycle, the injector if left on with the setting required by the latest use of the 

machine, and the setting is changed only when the ion species changes:  this is done to ensure 

continuity of operation. 

The average power of the whole injector, from the sum of the yearly-averaged power of its main parts, 

is ~65,6 kW. 

 

3.3.3.3 Energy consumption of the CNAO synchrotron 

While the calculation of the energy consumption of the linac injector is rather straightforward, being 

it always on - expect during maintenance periods - and being characterized by 2 fixed settings for 

proton and carbon beams respectively, an assessment of the energy consumption of the synchrotron 

and the beam lines is closely related to the considerations on the acceleration cycles which were made 

in par.3.3.2.  The calculation method, benchmarked on the CNAO machine and then applied to the 

SEEIST one, is described in depth for the synchrotron case in this paragraph. The HEBT line calculations 

are treated in the next one. 

As anticipated, in order to calculate the 2020 energy consumption of the synchrotron two classes of 

data are necessary: 

 For all magnets, value of the whole resistance (magnet, cable, p.c.) and of the power converter 

current at the maximum beam energy (400 MeV/A) 

 Registration of the final beam energy (and the corresponding value of power converter 

current) and duration of all machine cycles run during the year, for both proton and carbon beams. 

Table 3.2 shows the contribution of the various synchrotron elements to the yearly-averaged power 

of the CNAO facility. 
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Table 3.2 – Contribution to the yearly averaged power of the various elements of the CNAO synchrotron. 
Comments are in the text.  

As to the columns of tab. 3.2: 

• Quoted maximum power converter current values (column Pmax-T [kW] in table 3.2) are 

those required for a 12C beam at the maximum energy, i.e. 400 MeV/A (CNAO case).  

• Plug power values, including the power converter efficiency, are given in column Pmax-

T,all,plug [kW] for all the power converters of the given type.  

• Ptyp-T,all represents the average value of the electrical power, consistent with the machine 

operation cycles (see chapter 2). From the dataset of the dipole p.c. currents (Icyc) and 

related duration of machine cycles (tcyc) in 2020, we calculated the weighted average of 

the dipole p.c. current, Iav,typ-T, corresponding to the average energy consumption during 

the year.   

𝐼𝑎𝑣,𝑡𝑦𝑝−𝑇 = √
∑ 𝐼𝑐𝑦𝑐

2 𝑡𝑐𝑦𝑐𝑎𝑙𝑙 𝑐𝑦𝑐𝑙𝑒𝑠

∑ 𝑡𝑐𝑦𝑐𝑎𝑙𝑙 𝑐𝑦𝑐𝑙𝑒𝑠

=2151 A 

The average p.c. electrical power, when the machine is on, i.e. column Ptyp-T (power of the 

typical beam kinetic energy for average electrical energy consumption) in table 3.2, is then 

scaled from the Pmax-T through: 

𝑃𝑡𝑦𝑝−𝑇 =
𝐼𝑡𝑦𝑝,𝐶 

2

𝐼𝑚𝑎𝑥
2

𝑃𝑚𝑎𝑥−𝑇 

The same is done for proton beams, where Ityp,p=700 A. 

The p.c. current values of all other elements in table 3.2 are scaled, for proton and for 12C cycles 

separately, with respect to the dipole p.c. current. 

Coming back now to the final rows (“Additional contributions”) of table 3.2, a non-negligible 

contribution is given by the so called “wash-out” operations, i.e. the cycle of all magnets to either 1000 

A (for the proton case) or to the maximum power converter current of 2744 A (for the carbon case) so 

as to keep the effect of magnetic hysteresis constant over the machine cycles, without having to rely 

on magnetic field measurements. 

With all above mentioned points considered, the yearly averaged power need by the whole 

synchrotron, when operational, is ~ 90.5 kW. 

Synchrotron elements Element Number R [Ω] Imax-T [A] Pmax-T,1 [kW] Pmax-T,all [kW] ep.c. Pmax-T,all,plug [kW] Ptyp-T,all [kW]
Yearly 

d.c.
CW-equivalent 

power
Ptyp-T, 1-yr-eq [kW]

Dipoles (17 in 1 series) 1 0,08 2778 617,38 617,38 0,70 882,0 541,91 13,4% 47,2% 34,27

Qpoles (24 in 3 families) 3 0,166 540 48,41 145,22 0,89 163,2 100,25 13,4% 47,2% 6,34

Sext.  2x2 familes 2 0,067 500 16,75 33,50 0,90 37,2 22,87 13,4% 47,2% 1,45

Resonance sextupole 1 0,039 500 9,75 9,75 0,70 13,9 8,56 13,4% 47,2% 0,54

Inj. m. Septa (series of 2) 1 0,00443 3888,82 66,99 66,99 0,58 115,5 115,51 13,4% 100,00% 15,48

Extr.m.s. type-1 (series of 3) 1 0,014 3479 169,45 169,45 0,77 220,1 135,21 13,4% 100,00% 18,12

Dipoles (17 in 1 series) 1 0,08 2778 617,38 617,38 0,70 882,0 57,41 10,8% 49,8% 3,09

Qpoles (24 in 3 families) 3 0,166 540 48,41 145,22 0,89 163,2 10,62 10,8% 49,8% 0,57

Sext.  2x2 familes 2 0,067 500 16,75 33,50 0,90 37,2 2,42 10,8% 49,8% 0,13

Resonance sextupole 1 0,039 500 9,75 9,75 0,70 13,9 0,91 10,8% 49,8% 0,05

Inj. m. Septa (series of 2) 1 0,00443 1745 13,49 13,49 0,58 23,3 23,26 10,8% 100,0% 2,51

Extr.m.s. type-1 (series of 3) 1 0,014 1417 28,11 28,11 0,77 36,5 2,38 10,8% 100,0% 0,26

Dipole washout for p 6,79

Dipole washout for 12C 0,56

Air-core quadrupole
RF cavity (Medaustron) 1 4,0 0,75 5,3 5,5% 0,30

90,46

12C

TOTAL (Synchrotron)

Additional contributions

p



50 
 

3.3.3.4 Energy consumption of the CNAO HEBT lines 

With the same method adopted for the synchrotron, the yearly averaged power needed by each HEBT 

line was calculated for the CNAO facility.  

The CNAO synchrotron feeds three treatment rooms (TRs): the two lateral roomsreceive a horizontal 

beam while the central room receives both a horizontal and a vertical beam.  The field in the magnets 

does not cycle as in the synchrotron, but changes in steps – at the end of each machine cycle – 

according to the beam energy steps. When any TR is served by the beam, finally, only the magnets 

required to bring the beam in that TR are supplied, while the magnets of all other lines are at zero 

current. 

As in the synchrotron case, the largest contributors to the energy consumption of the transfer lines 

are the dipoles. 

 

Fig. 3.4 shows the relative use of the 4 beam lines for both 12C and p beams at CNAO in 2020, where V is the 
vertical beam line. 

 

Tab. 3.3  Power consumption, averaged over year 2020, for the beam lines at CNAO 

With notations similar to those of table 3.2, the yearly-averaged consumption of beam lines at CNAO 

is shown in tab. 3.3, where only the dipole values are reported.  It may be noted that the 90° dipole in 

the vertical beam line (room V) requires a much higher power than horizontal dipoles.  

The total yearly-averaged power of the beam lines, when operational, is ~ 63.1 kW. 

 

Beam Line
Dipole 

number

Dipole R 

[Ω]

Dipole 

Imax-T [A]

Pmax-T,1 

[kW]

Pmax-T,all 

[kW]

P.C. 

Efficiency

Pmax-T,all,plug 

[kW]

Ptyp-T,all 

[kW]

Yearly 

d.c.

Ptyp-T, 1-yr-eq 

[kW]
Unit

T 6 0,005 2778 38,6 231,5 0,59 392,4 241,1 2,4% 5,7 kW

U 5 0,005 2778 38,6 192,9 0,59 327,0 200,9 3,5% 7,0 kW

Z 6 0,005 2778 38,6 231,5 0,59 392,4 241,1 4,8% 11,5 kW

9 0,005 2778 38,6 347,3 0,59 588,6 361,7 2,0% 7,1 kW

1 0,126 2500 787,5 787,5 0,75 1050,0 645,2 2,0% 12,7 kW

T 6 0,005 2778 38,6 231,5 0,59 392,4 25,5 3,1% 0,8 kW

U 5 0,005 2778 38,6 192,9 0,59 327,0 21,3 2,0% 0,4 kW

Z 6 0,005 2778 38,6 231,5 0,59 392,4 25,5 4,0% 1,0 kW

9 0,005 2778 38,6 347,3 0,59 588,6 38,3 1,4% 0,5 kW

1 0,126 2500 787,5 787,5 0,75 1050,0 68,4 1,4% 0,9 kW

Quads in 

% 15,4

TOTAL 63,1 kW

V

V

12
C

p
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3.3.3.5 Scanning magnets (SEEIST case) 
As to the scanning magnets, their calculated peak values Ppeak for the NIMMS/SEEIST study were taken. 

Pf,pk=45 kW and Pc,pk=65 kW, for the one which is farther and the one closer to the interaction point, 

respectively [9]. It must be pointed out that in the NIMMS/SEEIST study the scanning magnets are 

closer to the isocenter than at CNAO, and hence more energy intensive.  This estimation is therefore 

slightly pessimistic, as far as this benchmarking exercise is concerned. 

 

Fig.3.5 – Scheme of the scanning magnets (left) and trend of the B vs. time curve (right) 

Taking into account that 𝐵 ∝ 𝐼 𝑎𝑛𝑑 𝑃 ∝ 𝐼2, a scanning magnetic field pattern as the one reported in 

fig.3.5 with a peak power of 45 and 65 kW translates into an average power P1,av=12 kW and P2,av=18.5 

kW, at the maximum beam rigidity.  Scaling to the typical beam rigidity, these values translate into: 

P1,typ,C=7.4kW;  P2,typ,C=11.4kW  (for C beams) 

P1,typ,p=0.8kW  P2,typ,C=1.2kW  (for proton beams) 

Let us assume that, at those times when the synchrotron is at the flattop (47.2% of the cycle time), a 

couple of scanning magnets is operational in any of the beam lines (i.e. for 13.4% of the time for carbon 

ion plus 10,8% of the time with protons), at all times during therapy hours and for 50% of the remaining 

time (75%).  The yearly averaged power consumption of the scanning magnets (including a 75% plug 

power efficiency) amounts to: 

P1,y-av,C= P1,typ,C (0.472)(0.134)(0.75)=0.35 kW;  P2,y-av,C= P2,typ,C (0.472)(0.134)(0,75)=0.54 kW 

P1,y-av,p= P1,typ,p (0.472)(0.108)(0.75)=0,03 kW;  P2,y-av,p= P2,typ,p (0.472)(0.108)(0.75)=0.04 kW 

Their yearly-averaged contribution amounts hence to ~0.9 kW. 

3.3.3.6 Additional energy consumption contributions 

We finally calculate energy consumption of additional components that are somehow transverse to 

the various accelerator parts. 
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Power converters in idle state 
All power converters (for magnets and RF), when in the idle state but not completely off, need a ~ 0,5 

kW power each. It must be noted that to switch them off completely, when not operational, would 

severely decrease their lifetime, thus increasing maintenance cost by an amount which is orders of 

magnitude larger than the saving on the electricity bill. With around 90 such power systems at CNAO, 

idle for a total time fraction which the complement to 100% of the whole facility duty cycle (i.e. 77%), 

this overall contribution amounts to ~35 kW. 

Vacuum pumps 
As to the vacuum pumps, 2x400 l/s and 19x100 l/s turbomolecular pumps are considered, following 

their footprint on the MedAustron facility [10]. The choice of TMP pumps for the whole facility is 

advised by CNAO [61] as they are fare easier to maintain and replace than ionic pumps. In the good 

vacuum regime [62] their steady-state power is around 150 W per pump. Where necessary, Ti getter 

pumps are added, with negligible power consumption. 

The overall power of 21 TMP vacuum pumps, assumed to work in CW mode for the whole year, is ~ 

3,1 kW. 

Beam instrumention 
Along the whole facility, the number of crates serving BI stations is ~20, with each crate requiring a 

power of ~ 0,5 kW at the plug [63]. 

The overall power of 20 beam instrumentation crates, assumed to work in CW mode for the whole 

year, is ~ 10 kW. 

Cooling power 
A fraction of 30% of total of the electrical power reported so far must be added for the power of the 

cooling chillers. While it is true that not all components require water cooling, the latter is applied to 

the most power demanding ones. Hence, to apply an additional 30% to the total is considered as a 

reasonable approximation. 

3.3.3.7 Overall energy consumption of the benchmark 

Summing up all the contributions of the previous paragraphs and adding the cooling power as 

described in par. 3.3.3.6, we obtain the total yearly-averaged power of CNAO (table 3.4), from the sum 

of the individual contribution of its components, i.e. ~ 346 kW. 
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Table 3.4 Summarized contributions of the various parts of the CNAO hadron therapy accelerator.  

3.3.4 Evaluation of the average power of the SEEIIST RT1 

option 

The main differences in the performance of the SEEIST facility, which represent a new generation 

hadron-therapy facility with respect to HIT [62] and CNAO, are the following: 

• The maximum beam energy will be 430 MeV/u instead of 400 MeV/u for 12C, while the 

final energy of protons will remain 250 MeV; 

• The maximum number of particles per spill will increase from ~4x108 to ~2x1010, thanks to 

a higher beam current from the linac and to an optimized multi-turn injection scheme; 

• Thanks to the previous point, both flash therapy and multi-energy extraction – with RF 

knock-out scheme - at the flattop can be implemented, thus offering a novel therapeutic 

tool and reducing both the number of cycles needed for each treatment (increase in 

overall efficiency) and the time a patient needs to spend in a beam fraction (more comfort 

for patients, smaller machine stability issues) 

• Besides p and 12C, other ions can be accelerated, such as 4He2+,16O8+,36Ar16+, for both 

research and therapy purposes; 

• The fraction of the facility time offered to medical research purposes increases from the 

40% of present facilities (where beam therapy hours are from 5 am to 10 pm, plus 16 hours 

for beam settings during the weekend), to 65%; research hours in daily time will be more 

suitable for scientific interaction, both on site and internationally; 

• A SC gantry, the precise features of which shall have to be defined, will help reducing the 

footprint of the related treatment room and simplifying several engineering issues; 

• The SC option of the synchrotron, if chosen, would allow a reduced facility footprint and 

reduced building construction and maintenance costs. 

Despite those differences, the specifications of the warm option RT1 of the SEEIST facility, at the 

present stage of project development, are not very different from the specifications of the CNAO 

accelerators.  Both machines are based on a 16-dipole room temperature synchrotron.  The linac 

injector, not yet designed specifically for SEEIST, could even be identical with the exception of higher 

current from the source.  The higher beam current does not reflect on any significant changes in energy 

consumption, while for the higher final synchrotron energy consumption changes can be scaled from 

CNAO values.  In this framework, the electric characteristics of most components of CNAO injector and 

synchrotron will be maintained for SEEIST.   

Linac 65,6 kW

Synchrotron 90,5 kW

Beam Lines 63,1 kW

Additional non ramped contributions 47,4 kW
TOTAL 266,5 kW

Cooling power 80,0 kW
GRAND TOTAL 346,5 kW

CNAO overall average power
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The layout and electrical characteristics of the HEBT lines, on the contrary, feature appreciable 

differences and will be computed separately. 

3.3.4.1 Injector 

As anticipated, the CNAO linac – apart from the lower beam current delivered (a factor x20) - and 

from being equipped with 2 rather than 3 ion sources (as is the case for SEEIST) - is perfectly 

compatible with the SEEIST specifications. Therefore, we will assume that it well represents the 

SEEIST injector energy consumption, once a third front-end source has been added to the total.  With 

this minor change, the injector consumption is raised to ~68.4 kW. 

3.3.4.2 RT SEEIST Synchrotron 

In the SEEIST RT1 design, the dipole magnetic field washout at the end of machine cycles shall be 

eliminated, as magnetic probes will control the effect of the hysteresis. This implies a reduction of the 

yearly average power by 7.35 kW, from 90.5 to 83.15 kW.  

The extension of the maximum energy of 12C beam from 400 to 430 MeV/A, while keeping the machine 

circumference of the same length, is assumed to translate – in this report – in an extension of the 

operation range of CNAO-like magnets and power converters to higher current.   

The simplified approach that the distribution of energies will be stretched up to 430 MeV/A makes Ityp,C 

to change from 2151 A to 2234 A, which will raise the yearly average power from 83.15 to 87.9 kW. 

3.3.4.3 SEEIST HEBT lines 

In the RT SEEIST layout, the High Energy Beam Transport lines (HEBT) may deliver the beam to three 

treatment rooms, in one case from the horizontal direction, in another from both horizontal and 

vertical directions, in a third case with a superconducting gantry. Two lines to experimental halls 

complete the layout. 

For the sake of a fair comparison, the same HEBT lines of Ref.3 will be used in the energy comparison 

of warm and SC machine options. 

The gantry proposed for all options of the SEEIST facility is superconducting. For the sake of 

comparison, the power needed by a room temperature gantry - with equivalent features - will also be 

calculated, approximately, on the basis of the big 90° vertical dipole consumption at CNAO. 

Table 3.5 shows the energy consumption of the SEEIST HEBT lines.  Data on the resistance and 

maximum current values of both dipoles and quadrupoles were provided [64].  We assume that the 

beam time distribution will be even among the therapy and experimental beam lines, which is a natural 

optimization of the facility duty cycle [65]: with 4 beamlines for treatment and 2 experimental lines, 

the probability is 16,67% on each.   

The contribution of the gantry will be discussed separately in the following paragraphs and shall have 

to be then added to the total. 
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Table 3.5 - As more extensively explained in the text, the table shows how the yearly-averaged power (last 
column) of the SEEIST beam line elements is calculated.  The upper part refers to the energy consumption of the 

dipoles (24.7 kW) and the lower one to the energy consumption of the quadrupoles (3.3 kW). 

We can conclude from table 3.5 that the yearly-averaged power needed by the SEEIST beam lines is ~ 

28 kW, gantry not included.  

3.3.4.4 The SEEIIST ion gantry 

The basic version of the SEEIST gantry is based mostly on SC magnets, which make it shorter and lighter, 

and therefore easier to move and occupying a significantly smaller footprint.  With respect to these 

major advantages, the energy efficiency issue is less strategic. Nevertheless, it has been considered 

and preliminarily calculated in this paragraph.   

The layout and the main specifications of the SEEIST SC gantry (the version called SIGRUM) are shown 

in ref. 66, with 5 SC combined function dipoles (with 3 T field for the dipole and 3,5 T/m quadrupole 

gradient) and 3 SC quadrupoles (40 T/m). 7 room-T quadrupoles (25 T/m) complete the main magnet 

configuration. The increase rate of the dipole field is 0.1 T/s.  It is planned to be a more modern and 

lighter version versus the HIMAC one [67]. 

A delicate point is the estimation of transient (AC) losses, the T-gradient between the coils and the 

thermalisation point, the verification of the operational margins and finally an estimation of the 

required cooling power.  

The transient analysis assumes subsequent field ramps from 0 to 2144 A and back, in periods of 60 s 

(fig. 3.6).  As a thermal reference, two perfect heat sinks at 4.5K in the iron yoke are considered. 

Beam Line
Dipole 

number

Dipole R 

[Ω]

Dipole Imax-T 

[A]

Pmax-T,1 

[kW]

Pmax-T,all 

[kW]

P.C. 

Efficiency

Pmax-T,all,plug 

[kW]

Ptyp-T,all 

[kW]

"On" time 

in 1 year

Ptyp-T, 1-yr-eq 

[kW]

TR1H 3 0,01483 1300 25,1 75,2 0,75 100,3 61,6 2,2% 1,4

7 0,01483 1300 25,1 175,4 0,75 233,9 143,7 2,2% 3,2

1 0,135 2500 843,8 843,8 0,75 1125,0 691,2 2,2% 15,4

TR2H 3 0,01483 1300 25,1 75,2 0,75 100,3 61,6 2,2% 1,4

TR3 (GANTRY)

EX1 3 0,01483 1300 25,1 75,2 0,75 100,3 61,6 2,2% 1,4

EX2 3 0,01483 1300 25,1 75,2 0,75 100,3 61,6 2,2% 1,4

TR1H 3 0,01483 1300 25,1 75,2 0,75 100,3 6,5 1,8% 0,1

7 0,01483 1300 25,1 175,4 0,75 233,9 15,2 1,8% 0,3

1 0,135 2500 843,8 843,8 0,75 1125,0 73,2 1,8% 1,3

TR2H 3 0,01483 1300 25,1 75,2 0,75 100,3 6,5 1,8% 0,1

TR3 (NO GANTRY)

EX1 3 0,01483 1300 25,1 75,2 0,75 100,3 6,5 1,8% 0,1

EX2 3 0,01483 1300 25,1 75,2 0,75 100,3 6,5 1,8% 0,1

TOTAL 26,2

Beam Line
Quad 

number

Quad R 

[Ω]

Quad Imax-T 

[A]

Pmax-T,1 

[kW]

Pmax-T,all 

[kW]

P.C. 

Efficiency

Pmax-T,all,plug 

[kW]

Ptyp-T,all 

[kW]

"On" time 

in 1 year

Ptyp-T, 1-yr-eq 

[kW]

TR1H 17 0,0641 135 1,2 19,9 0,75 26,5 16,3 2,2% 0,4

17 0,0641 135 1,2 19,9 0,75 26,5 16,3 2,2% 0,4

TR2H 18 0,0641 135 1,2 21,0 0,75 28,0 17,2 2,2% 0,4

TR3 (NO GANTRY)

EX1 16 0,0641 135 1,2 18,7 0,75 24,9 15,3 2,2% 0,3

EX2 21 0,0641 135 1,2 24,5 0,75 32,7 20,1 2,2% 0,4

TR1H 17 0,0641 135 1,2 19,9 0,75 26,5 16,3 1,8% 0,3

17 0,0641 135 1,2 19,9 0,75 26,5 16,3 1,8% 0,3

TR2H 18 0,0641 135 1,2 21,0 0,75 28,0 17,2 1,8% 0,3

TR3 (NO GANTRY)

EX1 16 0,0641 135 1,2 18,7 0,75 24,9 15,3 1,8% 0,3

EX2 21 0,0641 135 1,2 24,5 0,75 32,7 20,1 1,8% 0,4

TOTAL 3,4

TR1V

TR1V

12
C

p

12
C

TR1V

p

TR1V
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Fig. 3.6 - Transient behaviour of the combined function magnets of the SC gantry, considered for energy 
consumption evaluations 

Simulations show that, in these conditions, a quasi-steady-state condition is achieved after 60 s at 

Tmax=4.69K.  It should be noted that this cycle is pessimistic since, in the real case, the magnet current 

would increase with plateaus of a few seconds each, allowing easier thermalization. 

Scaling this case from the experimental conditions of the Discorap experiment (see paragraph on the 

SC syncrotron), one obtains a total coil loss per unit length of 1.25 W/m , to sum up with ~ 0.5 W/m 

loss for eddy currents in collars, collaring keys and iron.  The total power per unit length is lower than 

2 W/m.  For a total length of the dipoles of ~ 7 m (two with 22.5° deflection being 0.87 m long, and 

three with 45° deflection being 1.74 m long), assuming 2 W/m, the overall transient losses of the 

combined-function dipoles can be estimated to be Ptot,dip=14 W. The power per unit length of the 

quadrupoles, which have not been modelled yet, is assumed to be identical to that of the combined 

dipoles: with a total length of ~ 2 m, 4 W must me added.  In total Pdyn,4K=18 W. 

To this, the contributions of the cryostats and of the current leads (operating at a different 

temperature) must be added.  

The static consumption of the cryostats on the 4K circuit amounts to 0.3 W/m, for a total of Pst,4K=2W. 

The dipoles can be powered with two series circuits, for 2 and for 3 dipoles respectively. The 

quadrupoles will also feature 2 circuits, for the first one and for the second+third, respectively. With ~ 

0.27 W/kA per current lead borne by the 4K circuit, this adds 2 W/kA to the total. 

If, however, if HTS-CLs are used, the CL power loss will be  ~ 0.1 W/kA at 4K (which is marginal versus 

the 20 W of the previous paragraph), plus ~2 W at 50 K. 

Summing all the above contributions, the power that the cryogenic equipment must remove at 4K is: 

- 20 W when the SC magnets are in a ramp, and for their time duration; 

- 2 W in the remaining time 

The power supply current rating, assumed as a baseline, is 2.5 kA for the dipoles and 1.5 kA for quads.  

With 24 V power converters at these maximum power rating, with 1 p.c. for all the dipoles and 3 

independent power converters for the three SC quadrupoles, and assuming the same overall 

resistance at room temperature which will be reported for the synchrotron SC magnets (par.3.3.6.2) – 

1.8 m - the overall average power needed on a yearly basis by the power converters is Ppc,gantry ~ 2 

kW. 
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For the dynamic and static losses (20 W) of all the gantry one can use 7 double-stage-cryocoolers, or a 

small refrigerator for 5K supercritical He.  For the CLs, one can use:  in case of HTS leads, suitable 

cryocoolers; for any other lead type, a small-scale refrigerator. 

Two types of cryocoolers are proposed, with the compressor unit (requiring water cooling and 3-phase 

power supply) at ground and the cryocooler heads rotating with the gantry. They feature a cooling 

power of 2 W each. In total, 10 cryocoolers are needed.  Each of them consumes 7 kW, for an overall 

power consumption of ~ 70 kW at the plug. 

Cryocoolers feature a higher failure rate, but they are easier to replace.  On the other hand, a liquefier 

features a storage dewar, e.g. of 5000 l capacity, offering a 1 week time to fix any issue which might 

appear.  Pros and cons must be correctly evaluated with the final user. 

With 7 room-T magnets on its beamline, scaling with the yearly-averaged power consumption of the 

room temperature HEBT lines brings an additional average power of 2÷3 kW. 

Summing all the above-mentioned contribution the yearly averaged power required by the SEEIST Sc 

gantry amounts to 74.5 kW.   

3.3.4.5 Overall power requirement of the RT1 SEEIIST 

accelerator layout 

In summary, table 3.6 represents the whole yearly averaged power of the SEEIST facility, featuring a 

SC gantry: the total is ~ 400 kW. 

 

Tab.3.6 – Figures for the yearly averaged power of the various branches of the SEEIST facility. 

3.3.5 SEEIIST energy consumption with multi-energy extraction 

at the flattop 

The advanced synchrotron design of the NIMMS study, applied to the SEEIST facility, will allow 

accelerating different types of beams, such as helium, carbon, oxygen, neon and argon, reaching 

record intensities of up to 2 ×1010 carbon ions per cycle with equivalent intensities for all the other 

therapy ions, around 20 times higher than present European facilities. These high stored intensities 

will allow using the most advanced dose delivery techniques for the benefit of both patient treatment 

and experimental programme, providing either a ‘slow extraction’ with many flattops at multiple 

energies in one single synchrotron cycle, or a ‘fast extraction’ to reach unprecedented high dose rates, 

e.g. for the FLASH treatment technique. 

Linac 68,4 kW

Synchrotron 87,9 kW

Beam Lines 29,6 kW

SC Gantry 74,5 kW

Additional non ramped contributions 47,4 kW

TOTAL 307,8 kW

Cooling power 92,3 kW

GRAND TOTAL 400,1 kW

Warm SEEIST accelerator in traditional operation mode
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The multi-energy extraction scheme is shown schematically in Ref.68.  Among other advantages, this 

scheme is also more energy-efficient, as each change of energy in between successive energy levels 

requires typically 20 ms instead of ~1.5 s, the latter being the sum of ramp-down, deadtime, injection 

and ramp-up to the next extraction energy. 

Clearly, with this operation scheme available, a hadron therapy centre will be able to treat more 

patients/day. However, in the spirit of this study, we prefer to calculate the energy saving, keeping the 

number and physical characteristics (energy, time at flattop) of the treatments unchanged. 

As anticipated, operation of a SC synchrotron – where the times for ramp-up and ramp-down are much 

slower - can only be reasonably conceived with a multi-energy extraction scheme. Therefore, this 

passage is an essential step in the comparison between the warm and SC solutions for SEEIST: the two 

will be compared in the MEE mode. 

We can easily calculate the saving which one would have had in the cycles of our reference year 2020 

at the benchmark facility (applied hereafter to the SEEIST facility) in the following way (see fig. 3.7 for 

reference).   

For each beam species (p and 12C) we consider the total duration of the “traditional” cycles in the year 

(td in the graph, which is then labelled tp,2020 and tC,2020 for proton and 12C beams, respectively). Sum of 

the whole periods in fig. 3.7, upper plot. 

From these we can calculate the “effective time of treatment”, as the time in which the machine is at 

the flattop in both cases (sum of the red segments in fig. 3.7, upper and lower plots). 

𝑡𝑝,2020,𝑒𝑓𝑓 = 𝑡𝑝,2020 − 𝑡𝑑,𝑝𝑁𝑝,𝑠𝑙𝑖𝑐𝑒𝑠   

𝑡𝐶,2020,𝑒𝑓𝑓 = 𝑡𝐶,2020 − 𝑡𝑑,𝐶𝑁𝐶,𝑠𝑙𝑖𝑐𝑒𝑠   

where td,C and td,C are the dead times in between cycles (or tumour “slices”, in treatment terms) and 

Np,slices  and NC,slices are the number of slices, in 2020 and both for p and 12C, respectively,. 

The total duration of the equivalent multi-energy extraction cycles, 𝑡𝑝,2020,𝑀𝐸𝐸  and 𝑡𝐶,2020,𝑀𝐸𝐸  are: 

𝑡𝑝,2020,𝑀𝐸𝐸 = 𝑡𝑝,2020,𝑒𝑓𝑓 + 𝑡𝑑,𝑝𝑁𝑝,𝑓𝑖𝑒𝑙𝑑𝑠 + 0,02𝑁𝑚𝑖𝑛𝑖𝑓𝑙  

𝑡𝐶,2020,𝑀𝐸𝐸 = 𝑡𝐶,2020,𝑒𝑓𝑓 + 𝑡𝑑,𝐶𝑁𝐶,𝑓𝑖𝑒𝑙𝑑𝑠 + 0,02𝑁𝑚𝑖𝑛𝑖𝑓𝑙  

where Np,fields and NC,fields are the number of treatment fields (each covered by a multi-energy extraction 

round) with p and 12C beams during 2020, and 0.02 s is the time of mini ramp-down in between mini 

flattops. 
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Fig. 3.7 – Pictorial view of a treatment field, carried out in the traditional mode (upper plot) and in the MEE mode 
(lower plot). Dipole magnet p.c. current in the ordinate and time in the abscissa.  For the very same treatment to 
the patient, the duration of a treatment field is significantly shorter in the MEE mode. 

At CNAO in 2020 tp,2020=2770946 s and tC,2020= 2675160 s, with Np,slices=1081605 and NC,slices=823990.  

The average deadtimes were td,p=1.31 s and td,C=1.85 s.  This delivers an effective treatment time for 

protons 𝑡𝑝,2020,𝑒𝑓𝑓 = 1354044 𝑆 and 𝑡𝐶,2020,𝑒𝑓𝑓 = 1150779 𝑠, respectively 48.9% and 43.0% of the 

total duration of the traditional cycles. 

Adding to the latter the contribution of the deadtimes for all treatment fields, which remain, plus the 

20-ms-long mini ramp-downs in between the mini-flattops, gives as an outcome that the overall time 

in MEE mode takes 50.5% of the time in the traditional mode with proton beams and 44.6% with 

carbon beams. 

From the point of view of mere energy consumption, this translates in some reduction of the yearly 

average power value for the synchrotron (see tab. 3.2).  While most of the energy consumption is in 

the flattops in both schemes, where it is identical, in the traditional cycle the consumption for the 

ramps during each field must be added.  This can be accounted for in the “extension” of the flattop, 

which precisely takes this contribution into account.  It was shown that, at Ityp=2150 A value of the 

power converter current corresponding to average power at the flattop, this extension is text=0.25 s 

long in the typical C cycle and 0.08 s in the typical proton cycle. 

This brings eventually a marginal reduction of the yearly averaged power of the synchrotron, from 87.9 

kW to 80.9 kW. 

The saving is larger on HEBT lines which, in the traditional mode, are left on at the value of the magnetic 

field for the latest energy value in between both slices and ramps.  In this case, the shrinking of the 

treatment time by 50.5% for proton beams and by 44.6% for C beams applies entirely, reducing their 

yearly averaged power by 16.3 kW. 
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The overall yearly-averaged power of SEEIST, with a SC gantry, in the mode multi-energy extraction at 

flattop is eventually given in table 3.7. 

 

Tab.3.7 – Multi-energy extraction operation provides a marginal average power reduction on the synchrotron, 
eliminating the power of the ramps, and more substantial savings on the beam lines, for which the deadtime of 
the synchrotron, with all magnets of the HEBT lines remaining on at the latest field value, eliminated. 

3.3.6 Energy consumption of the SC solution 

3.3.6.1 Introduction 

As stated in chapter 1, the exploitation of superconducting magnets (SC dipoles in particular) on SEEIST 

would allow to build a hadron-therapy facility with a significantly smaller footprint.  The SC option has 

been already realized at HIMAC (NIRS-Chiba, J) for a 360° SC gantry, the size of which is much smaller 

than the corresponding room T version of HIT (DFFZ, Heidelberg, D) [69]. Thanks to the progress in the 

SC magnets field, and perhaps limiting the rotation to 180°, the size, weight, footprint and cost of 

future gantries can be further reduced. The SC option is the default solution for the SEEIST gantry. 

SC magnets can be considered, in principle, also for the synchrotron. The originally conceived data 

sheet for the dipoles of the SC synchrotron are given in the table 3.8.:  as mentioned in the caption, 

eventually B=3.5 T was taken as the design value for the synchrotron diploe magnets, with a curvature 

radius =1.89 m and a length L=2.97 m. 

 

Table 3.8 – Datasheet originally at the basis of the dipoles and quadrupoles for the SC synchrotron.  In the 
meantime, it was decided to take 3.5 T as the design value for the synchrotron magnets (those proposed for the 

Linac 68,4 kW

Synchrotron 80,9 kW

Beam Lines 14,4 kW

SC Gantry 73,3 kW

Additional non ramped contributions 47,4 kW

TOTAL 284,3 kW

Cooling power 85,3 kW

GRAND TOTAL 369,6 kW

Warm SEEIST accelerator in MEE operation mode
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SC version of the SEEIST facility) with a curvature radius =1.89 m and a length L=2.97 m, while R&D on the more 
ambitious prototype (with the parameters displayed on the right column) will be started. 

For He-cooling, either cryocoolers or a He plant can be considered. Cryocoolers are simpler to handle 

in a hospital environment, as they are modular and their swift replacement does not require high 

cryogenics qualifications.  A He plant, while requiring proper maintenance and assistance contracts, is 

a topologically simpler and less power demanding solution.  In case a He plant for the synchrotron 

were chosen, it could be extended – if convenient - to HEBT line dipoles and perhaps to the 

quadrupoles of both. 

3.3.6.2 Energy consumption of the SEEIIST SC dipoles, scaled 

from the DISCORAP values 

A useful reference to calculate the energy consumption of ramped SC magnets is the prototype for 

dipoles realized in the so called DISCORAP experiment at INFN [70], originally developed in the context 

of the SIS300 synchrotron for the FAIR project, for which both analytical calculations and an initial 

experimental campaign were carried out. It is a 3.9 m long SC dipole, designed for Bmax=4.5 T, a ramp 

rate up to 
𝑑𝐵

𝑑𝑡
=1 T/s, a large curvature radius ( > 66 m) and a coil aperture of 100 mm. 

First of all, energy consumption calculation will be carried out for 4 magnets of the DISCORAP design 

(i.e. based on its power vs. magnetic field data), but with the length of the SEEIST ones weighting their 

annual exploitation on the very same data used for the SEEIST warm version.  Later on, we will translate 

the results into the characteristics of the four magnets of the SEEIST SC synchrotron, with proper – 

albeit preliminary - scaling laws. 

For fast pulsed dipoles it is important, in general, to evaluate and control the power dissipated in the 

cold mass during the rapid cycle of the magnet, which adds up to the static losses.  The main sources 

of dissipation are: magnetic hysteresis in the superconductor, eddy currents in the conductor (inter-

filament and inter-strand   coupling currents), eddy currents in collar, beam tube and yoke, magnetic 

hysteresis of iron yoke. 

Calculations for DISCORAP show that the major contribution comes from the persistent current in the 

superconductor Ppc.  𝑃𝑝𝑐 = 𝑀𝑝𝑐 �̇� (the largest contribution for conductor losses, whose total value is 

in red bold in next table) [71] where Mpc is the magnetization, proportional to the critical current in 

the conductor, which is higher at lower field.  This is very different from the magnetoresistance of Cu, 

which is higher at high field. From this comes the apparently counterintuitive conclusion that losses 

are higher al lower fields. 

Tab.3.9 shows the total losses calculated at 1 T/s. 
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Table 3.9 – Losses of the DISCORAP ramped magnet, a 3.9 m long SC dipole, designed for Bmax=4.5 T, a ramp rate 

up to 
𝒅𝑩

𝒅𝒕
=1 T/s, a large radius of curvature ( > 66 m) and a coil aperture of 100 mm. Partial losses are given in 

W/m for the straight section (upper table) and the coil ends (lower table), broken down by their location.  

The DISCORAP magnet has a much higher radius of curvature than the SEEIST magnets: to this respect 

it must be pointed out that, while to realize SC magnets with a much small radius of curvature is a 

technical challenge, it is expected that the energy consumption is not affected by . 

Putting the total consumption values of the first frame of table 3.9 in a graph, and interpolating them 

with a power function (in fig. 3.8 the graph and the displayed equation), allows to integrate it between 

the field extremes of 0.4 and 3.5 T.  Considering that the field changes at the rate of 
𝑑𝐵

𝑑𝑡
= 1𝑇/𝑠, then 

𝑈𝑠𝑝,𝑟𝑎𝑚𝑝 = ∫ 𝑃𝑠𝑝𝑑𝑡
𝑡𝑚𝑎𝑥

𝑡𝑚𝑖𝑛

= ∫ 𝑃𝑠𝑝

𝑑𝐵

𝑑𝑡
𝑑𝑡

𝑡𝑚𝑎𝑥

𝑡𝑚𝑖𝑛

= ∫ 𝑃𝑠𝑝𝑑𝐵
𝐵𝑚𝑎𝑥

𝐵𝑚𝑖𝑛

 

obtaining the specific energy, or energy per meter (Usp,ramp in J/m) of each single ramp from the 

minimum to the maximum field (or viceversa). 
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Fig. 3.8 – Power-per-meter vs. B (T) or time (s) at 4.5K required by the straight section of the DISCORAP magnet 
(the same values of table 3.9 are plotted here and interpolated). 

For example, a full ramp for C ions covering the 0.4÷3.5 T range requires Usp,ramp~13 J/m at 4.2K. 

The B-dependance of losses at the coil ends (second frame of table 3.9) is on one side more difficult to 

reasonably interpolate, on the other less significant. Hence, we take here an average value of 2.2 W at 

all B-field values of the ramp. 

Considering the power consumption of the SC magnets themselves, restricting the calculations to the 

SC dipoles (the quadrupoles would dissipate far less and could be chosen as normal conducting), power 

dissipation takes place only during the ramps (up and down), from the injection field to the maximum 

field value required by the treatment and back.  No dissipation takes place at the flat tops.  In the 

context of multi-energy extraction, which is the more efficient and only suitable operation mode of a 

superconducting synchrotron, for each field of treatment the required energy is therefore equivalent 

to the one needed by a full excursion from the minimum to the maximum magnetic field and 

backwards (where the mini-rampdown periods can be all summed up to the ramp-down period).  In 

conclusion, to calculate the full energy required by the SC magnets in one year, it is necessary to sum 

up the contributions of each individual field from the minimum field to the maximum magnetic field 

and viceversa. 

To be consistent with the evaluation of a normal conducting synchrotron described in the previous 

chapters, we relied on the same database built with all treatments performed at CNAO during year 

2020 as far as the actual exploitation of the facility is concerned.  We analyzed, therefore, all individual 

treatment which were administered to patients during that year and identified - for each therapy field 

- the maximum level of the beam energy, which we translated into the maximum B-field of the SC 

dipoles of table 3.9.  The analysis was made for both proton and carbon treatments.  As therapy is 

provided at CNAO between 5 am and 10 pm Monday-to-Friday these are the periods which we took 

into account in the first part of the analysis.   Finally, on the basis of the energy consumption ratio 

during therapy hours, the overall energy consumption including nights and weekends can be 

approximately scaled.  

Fig. 3.9 shows the distribution of the number of all ramps versus maximum value of the dipole 

magnetic field, which one would have performed for carbon and proton beams for carrying out - with 

a SC synchrotron and in multi-E extraction mode - the same treatment fields which were performed 

with the CNAO room T synchrotron during the treatment hours of year 2020. 
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(a)                                                               (b) 

 

Fig.3.9 - Distribution of all SC dipole magnets ramps which one would have performed in multi-E extraction mode, 
in order to perform on a SC synchrotron the very same treatment fractions, with C (plot a) and p (plot b) beams 
respectively, which were carried out at CNAO during 2020. 

We calculated then the total energy consumption per unit length, needed to go from the injection field 

for carbon beams (0.4 T) to each of the final fields shown in the abscissa of plot (a), and did the same 

for proton beams, starting in this case from the injection field of 0.2 T up to each of the final fields 

shown in the abscissa of plot (b).  We multiplied the energy of each single ramp by the number of times 

that a therapy fraction going up to that energy was performed in 2020, for both C and p, by 2 (ramp-

up and ramp down) and by the total length of the 4x2.97 m long dipole magnets.  

We then included the contribution from the end coils, calculated in a similar way for both p and C, but 

- instead of multiplying the result by the length - the energy consumption of one coil-end is multiplied 

by 8 (number of coil ends for 4 dipoles). 

By putting everything together, the overall energy consumption over 1 year at 4.2K, in therapy hours, 

from the therapy cycles of year 2020 at CNAO ends up in 6.206 MJ, corresponding to 1.724 kWh. Taking 

into account that the therapy hours account for the 36% of the time use of the facility, we can conclude 

that the full yearly-average power is ~ 4.8 kWh, translating into a yearly-average power, at 4.5 K, of 

0.55 W. 

The current leads (CL) for the SC magnets also contribute to the losses at 4.2K.  The most suitable 

technical solution seems to be a single couple of CLs at high TC , with a SC busbar connecting the 4 

magnets to one another, possibly cooled at an intermediate temperature.  The expected cryogenic 

load at 4.2K is ~ 0.27 W/kA per current lead, similarly to what happens for the SC gantry. With Ityp,SC~5.5 

kA (power converter current for the SC magnets corresponding to average electrical power) and with 

2 CLs, PCL~3 W at 4.2K must be added to the 4.2K losses, when power is dispensed, and 40% of this 

value at zero current, i.e. 1.2 W, when heat is introduced in cold mass for conduction through the 

current leads.  In a ramped regime, this holds – as we have seen – with a ~ 50% duty cycle during the 

ramps and for 25% of the time of the year, which brings around 0.15 W to the yearly averaged power 

of the SC synchrotron at 4.2K. 

With 0.3 W/m static power dissipation at 4.5 K [72], considering a 50% increase for scaling reasons, 

the cold cryostats dissipate an additional a yearly-average power of 3.6 W   The whole yearly-averaged 

power at 4.2K is hence: 4.3 W. 
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This is a very small average value which, if it were constant in time, could be dealt with by 2÷3 

cryocoolers for the whole ring, with a power need of ~14÷20 kW at the plug.  However, the energy 

dissipation dynamics is more complicated, as it features peak power values during the ramps which 

are much higher than the average power, and this translates into heat which needs to be removed in 

order to prevent the magnets from quenching.  This asks for sizing the cryogenic system for the worst 

case of peak energy dissipation, i.e. for those therapy fields which are more energy-intensive:  in the 

multi-energy extraction scheme, this happens where ramps denser in time, with ramp lengths 

requiring the largest peak power.   

 

Fig.3.10 The typical scheme of multi-energy extraction is recalled (upper plot). Subsequent ramp-up and ramp-
down periods, taking the beam to the maximum energy with a 1 T/s rate and interleaved by around 1 s of break 
for beam injection (lower plot), are the fraction of the cycle when most power dissipation is concentrated and 
represent the worst-case-scenario from the point of view of the power loss. 

The upper plot in fig.3.10 recalls the pattern of use of the machine in the MEE mode, while the lower 

plot shows that the most demanding fraction (from the point of view of energy removal) is between a 

ramp-down and a subsequent ramp up, in particular when going from the maximum field of 3.5 T down 

to 0.4 T and backwards. 

To investigate the power loss dynamics of the worst case among the scenarios offered by an 

operational facility, we selected one full month of operation at our reference facility (January 2020): 

we investigated the relationship (fig.3.11) between duration of a field (abscissa), i.e. the time lap 

between subsequent ramps-down-ramp-up sequences, time length of the related ramp (red +) and 

the energy consumption of the entire correlated field (ramp-up and ramp-down during multi-energy 

extraction, blue +). 
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Fig. 3.11 - For the month of January 2020 at CNAO, the relationship among duration of a field (abscissa), i.e. the 
time lap between subsequent ramps-up, time length of the related ramp-up (blue +) and the energy consumption 
of each field (ramp-up and stepwise ramp-down during multi-energy extraction). is shown. 

The blue crosses represent the energy needed for each period “ramp-down + ramp-up”, while the 

corresponding red ones represent the duration of each ramp. The curves are to be read like this: for 

each interval between pairs of successive ramps (abscissa), blue crosses show the corresponding 

energy consumption at 4.5K in the down-up process and red crosses show the duration of each ramp. 

The energy is indeed consumed in a time equal to the sum of the two ramps (down and up) and the 

dead time (1 s lap, for injection) in between them.  The curve indicates a rather linear dependance 

between the energy consumption of each field, the time needed to ramp the field from the injection 

energy to the maximum beam energy required and back and the duration of the treatment field (i.e. 

the time of multi-energy extraction).   

In fig.3.11, let us consider the zone around the value 50 [s] of the abscissa: ~ 250 J are consumed in a 

time span of 0.6 + 1 + 0.6=2.2 s; then there is a 50 [s] "interval" before the next energy consumption 

peak. Since there is also a diluted consumption along the downward “ladder” of mini-flattops, we can 

conclude that ~200 J are burnt in 2.2 [s] (i.e. 90 W of power for a time span of 2.2 s) followed by an 

interval of 50 s in which additional 50 J are consumed (i.e. 1 W of power for a time span of 50 s). This 

is taken as a reasonable worst case, as when moving to the right in the curve of fig.3.11 values are less 

critical. In the 200 s abscissa zone, for instance, approximately 225 J are consumed in 3 s, with 75 W 

power for a time span of 3 s (more energy to be disposed, but at a lower rate) follower by a 200s period 

at 0,4 W. 

This holds for 4 SC magnets of ~3 m each. Splitting the power by the number of magnets, the energy 

dynamics is the following:  90/4 = 22.5W power (on each of the 4 dipoles) for 2.2 s and then recovery 

in a 50 s period, along which there is an additional 0.25W power loss. 

As anticipated, we are referred so far to the DISCORAP data, just scaled in length for the SEEIST case.  

It is now time to translate these values, although roughly, into values for the specifications of the 

SEEIST SC magnets.  First of all it must be noted that DISCORAP is designed for Bmax=4,5 T, while in the 

SEEIST magnets we go up to 3.5 T maximum. If the peak field is lower, the current density can be raised. 

Considering that the field Bj=0 is about 9.5 T at 4.2 K and that the current density of the NbTi scales 

linearly with the field, as shown in fig. 3.12, j may be increased by 20%, implying that d can be 

decreased by the same amount. 



67 
 

 

Fig.3.12 – Schematic diagram of the plot of critical current jC vetsud magnetic field B in a SC magnet 

From an ideal cos-theta configuration we have that =
𝜇0

2
𝑗𝑑 , where d is the radial thickness of the 

conductor. As a consequence, at the first order, the conductor thickness d decreases by 23% because 

the field is lower, in addition to the mentioned 20% because the current density has increased, taking 

the whole decrease to 43%.   The lower opening of the SEEIST SC magnet (90 mm) with respect to the 

DISCORAP one (100 mm) gives a further 10% reduction of the amount of needed conductor, which – 

in first approximation – is linear with the decrease in power loss per unit length.  The total reduction 

in the power loss is hence ~ 60%. 

In conclusion, this first-order calculation brings the power loss on each of the 4 dipoles, in the worst 

cycle case, to: 14 W for 2.2 s, with 0.15 W loss in the subsequent 50 s. 

3.3.6.3 Cryocoolers or a small refrigeration plan for the SEEIIST 

SC synchrotron 

For the SC magnets refrigeration, either cryocoolers or a regular liquefier can be used.   

Let us investigate if cryocoolers are a viable option. For simplicity, let us assume that one 2W-

cryocooler/magnet is dedicated to just removing the static power (~1 W/magnet) and so we do not 

include it in considerations on dynamic losses, although the available residual ~1 W/magnet cooling 

power would help. 

When designing a SC magnet, an important rule-of-thumb in static conditions is to have a T-margin of 

at least 1.0 K with respect to the transition temperature of the conductor at the peak field and 

operating current; this transition temperature is also called generation temperature, because it is the 

temperature when the conductor starts to dissipate heat via Joule effect. This allows, if we assume 

that TC=5.5K at the magnetic field and current density which we are considering (DISCORAP design 

case), T-drifts T~ 0.3 K, from the steady state 4.2K, when operating in dynamic conditions. From the 

definition of thermal capacity: 

𝑑𝑇

𝑑𝑡
=

𝑃

𝐶
=

𝑃

𝑚𝑐𝑝
 

where P is the power, C is the thermal capacity, cp the specific heat of the material interested by the 

power loss.   
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A flow of supercritical He (or a pressurized He liquid-gas mixture) in contact with the coils, what one 

would have if a He refrigerator were used, is able to remove efficiently the heat from conductor for 

the thermal contact through the surfaces in contacts.  This does not apply to cryocoolers, for which 

heat removal by the cold mass is less efficient than by He gas because the heat removal has to deal 

with the thermal conduction through the material. Even if this conduction is optimized, it is still 

necessary to consider the very low thermal capacity at cryogenic temperature, as shown in table 3.10 

(specific heat of materials for SC magnets at various temperature values).   

 

Tab. 3.10 – Specific heat at selected values of temperature, for materials used in SC magnets. 

If we conservatively consider the cp value of Cu (the least favorable case), with the above-mentioned 

energy to be removed (14 W for time spans dt=2 s, of which 2 W are removed by the cryocooler) from 

a mCu=400 kg coil, we can calculate the number (Ncc)of 2W-cryocooler needed to keep Tdyn < 0.15 K: 

𝑁𝑐𝑐 ≥
𝑃 𝑑𝑡 

∆𝑇 𝑚 𝑐𝑝
= 4 

We can conclude that we should equip each of the 4 SC magnets of the SEEIST synchrotron with 5 

cryocoolers, 1 of which dedicated to the static losses. 

Considering that each 2W-cryocooler requires a plug power of ~ 7 kW, and assuming that they are on 

all year long, this translates in a yearly-averaged power of Pcc=20*7=140 kW.  This number must be 

compared with Ps,MEE=75.8 kW of chapter 4, which was the yearly-averaged power of the whole warm 

synchrotron in the same multi-energy extraction mode. It is rather obvious to conclude that, even from 

the point of view of mere energy consumption, to extend the option of SC magnets with cryocoolers 

to the HEBT lines is pointless, as they have the same energy dynamics of the synchrotron dipoles and 

this solution would not bring any significant reduction in the footprint of the facility. 

A more elegant and energy efficient solution for the refrigeration of the magnets of the SC version of 

the SEEIST facility is to employ a small refrigerator.  The standard refrigerator LR70 [73] for instance, 

may provide 130 W refrigeration power at 4K (with liquid nitrogen precooling) with a plug power of 45 

kW only.  This refrigeration power can accommodate the average power of both the synchrotron and 

HEBT lines (assuming all HEBT dipoles being SC). With 1.3 W per magnet, the total power to be 

dissipated at 4.2K by all magnets of synchrotron and lines for the large SEEIST facility of Ref.3 would 

be ~ 30 W (4 ring and 20 HEBT lines dipoles), leaving enough capacity for losses of the long cryogenic 

lines plus an appropriate 50% operational margin. The high specific heat of the liquid He bath can easily 

cope with the above-mentioned peak power losses. 
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3.3.6.4 Energy consumption of power converters, cables and 

current leads for the SC synchrotron 

To complete the energy consumption picture of the SC magnets, losses of power converters and cables 

up to the current leads can be computed. 

Let us start with the p.c. used for the DISCORAP magnet, i.e. a 24 V – 9000 A converter. The inductance 

of the DISCORAP magnet, by the way, is 11 mH, with L adding up in the magnets in series. For simplicity, 

until the SEEIST SC magnets are carefully designed, we take these numbers also for SEEIST.  

When considering the fraction of dissipation at room temperature, we must add L and R values of the 

busbar carrying the current from the p.c. to the magnet (room T section).  Their resistance is calculated 

by the voltage drop from the p.c. to the magnet. In the DISCORAP case the voltage drop was from V=3 

V (18-to-15 V, as indeed DISCORAP never went to 24 V, i.e. to the maximum field). Hence, with a 

current of 9000 A at 24 V, i.e. 6750 A at 18 V, the busbar resistance is 𝑅𝑏𝑏 =
3

6750
 W = 0,44 𝑚𝑜ℎ𝑚.  If 

all 4 magnets, in series, were connected via room T busbars, then 𝑅𝑡𝑜𝑡 = 4𝑅𝑏𝑏 = 1.78 𝑚𝑜ℎ𝑚  with an 

associated power: 

𝑃𝑡𝑜𝑡 = 𝑅𝑡𝑜𝑡𝐼2 = 1,78𝑥10−3 (9𝑥103)2 = 144 𝑘𝑊. 

Being it, however, in the room temperature regime, considerations must be done for the effective 

yearly consumption of the busbars, which are similar to those applied to the magnets of the warm 

synchrotron, where the current to be used in the calculation is the one of the typical-energy value of 

the dipoles; similar considerations regarding yearly usage of the machine for C and p beams apply, as 

well as the equivalent flattop fraction, but the latter has to take into account the efficiency gain of the 

multi-energy extraction mode, the only one that can be used in a SC synchrotron.   

 

Table 3.11 -Calculation of the yearly-averaged power required by the power converters of the SC magnets and 
their room-T lines until the current leads. 

Calculated values are shown in table 3.11.  The power converters add Ppc~4.2 kW to the yearly 

averaged power of the SC synchrotron dipoles. 

3.3.7 Conclusions and possible improvements 

The yearly-averaged power required by all the configurations of hadron-therapy facility analysed in 

this report are summarised in table 3.12. 

Beam 

species
Element No. R [Ω] Imax-T [A]

Pmax-T,1 

[kW]

Pmax-T,all 

[kW]
ep.c.

Pmax-T,all,plug 

[kW]

Ptyp-T,all 

[kW]

Yearly 

d.c.
CW-equiv. 

power

Ptyp-T, 1-yr-

eq [kW]
CW-equivalent 

power, m-E extr

Ptyp-T, 1-yr-eq, m-E extr 

[kW]
12

C SC magnet 24V-9kA 1 0.0018 7000 87.22 87.22 0.70 124.6 76.54 12.6% 47.2% 4.55 39.9% 3.84

p
SC magnet 24V-9kA 

P.C. 1 0.0018 7000 87.22 87.22 0.70 124.6 8.11 10.4% 49.8% 0.42 46.7% 0.39

4.97 4.24TOTAL (SC magnet PS and room-T cables)
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Table 3.12 – Comparison table of the average power needed by the hadron-therapy facilities analysed in this 

report. 

As to the injector, the layout and the average power required by CNAO is copied to all, as long as an 

upgraded design shall be completed.  

The SEEIST synchrotron requires more power as it goes to 430 MeV/A instead of 400, but the power 

decrease due to removed magnet washing at the end of the cycle has more weight.  The use of MEE 

on the SEEIST warm synchrotron bears a marginal energy saving, mostly due to removing the dead-

time – with magnets on, on the HEBT lines. If SC, the cryocooler solutions (with 20 cryocoolers) is 

extremely energy intensive, while the use of a L70 refrigerator with N-precooling reduces it to a value 

which, overall, gets rather close to the room-T option, albeit remaining larger than it. 

The design of the beam line elements, inspired to the MedAustron [74] facility, requires less power 

than the CNAO one. Moreover, on the SEEIST facility, the gantry line is added separately and energy 

consumption is equally split among 6 beam lines, which lowers the weight of the vertical one, featuring 

a very energy-intensive dipole.  An energy saving of a factor ~2 is ensured by the MEE mode on the 

beam lines. 

The SC gantry, in this preliminary conservative version, is designed with 10 cryocoolers. Its average 

power shall have to be evaluated, however, with an algorithm consistent with the synchrotron one, 

and a reduction in the number of cryocoolers is to be expected.  The CNAO facility features no gantry. 

Concerning the additional CW contributions, few information were available and coming from diverse 

sources, hence their overall power was kept flat among the considered layouts and should be better 

assessed in the future.  Their difference is anyway expected not to be decisive in any case. 

For all the elements considered above, the cooling power is added as a flat 30% of the total. 

In conclusion, the least energy intensive layouts are: the warm one in the MEE mode, followed by the 

SC one with a refrigeration plant for magnet cooling. 

As a general statement, the electrical energy assessment did not bring any remarkable difference, 

among the solutions considered. And, in general, the overall average power required by a hadron 

therapy facility is rather small, being equal or lower than 0.5 MW. 

It will be interesting to carry out the comparison between the warm and SC versions of the SEEIST 

accelerator facility, when a more intensive use is considered, i.e. higher than the overall 24.2% of 

CNAO. 

CNAO
Room-T 

SEEIST

Room-T SEEIST 

with MEE

SC SEEIST with MEE, c.c. for 

the synchrotron

SC SEEIST with MEE, refr. For the 

synchrotron
Pdiss 

Linac 65,6 68,4 68,4 67,4 67,4 kW

Synchrotron 90,5 87,9 80,9 192,0 97,0 kW

Beam Lines 63,1 29,6 14,4 14,0 14,0 kW

SC Gantry 74,5 73,3 73,3 73,3

Additional CW  contr. 47,4 47,4 47,4 47,4 47,4 kW

TOTAL 266,5 307,8 284,3 394,1 299,1 kW

Cooling power 80,0 92,3 85,3 118,2 89,7 kW

GRAND TOTAL 346,5 400,1 369,6 512,3 388,8 kW



71 
 

With respect to the technology to choose, other arguments will prevail, such as capital cost and energy 

saving due to a larger or smaller building, capital cost of the accelerators and their infrastructures, 

reliability of the technical solutions, need of specialized personnel for running and maintaining the 

accelerator and the plants.  
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List of acronyms 

 

AG-CTT Alternating Gradient Canted Cosine Theta 
BNL Brookhaven National Laboratory 

CERN Conseil Européen pour la Recherche Nucléaire 

CNAO Centro Nazionale Adroterapia Oncologica 
DBA Double-Bend Achromat 
DTL Drift-Tube Linac 
EBIS Electron-Beam Ion Source 
ECR Electron Cyclotron-Resonance 
FFA Fixed Field Alternating gradient 
HIT Heidelberg Ion Therapy center 
HT Hadron Therapy 

INFN Istituto Nazionale Di Fisica Nucleare 
LET Linear Energy Transfer 

LLRF Low Level Radio Frequency 

MIT Marburg Ion-beam Therapy 

NIRS National Institute for Radiological Sciences 

PAMELA Particle Accelerator for Medical Applications 

PIMMS Proton-Ion Medical Machine Study 

PMQ Permanent Magnetic Quadrupoles 

QA Quasi-Alvarez 

RBE Relative Biological Effectiveness 

RF Radio Frequency 

RT Radiotherapy 

RF-KO Radio Frequency-Knock Out 

RFQ Radio Frequency Quadrupole 

SCDTL Side Coupled Drift Tube Linac 

SEEIIST South East European International Institute for Sustainable Technologies 

TERA TErapia con Radiazioni Adroniche (Foundation) 
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