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SUMMARY 

This paper describes the activity on optimising the parameters of a 
compact protosynchrotron in the energy range of 80-200 MeV. Based 
on the 200-MeV protosynchrotron under development at the Budker 
Institute for Nuclear Physics at Novosibirsk, the work was 
stimulated by the Italian "Progetto Adroterapia" whose aim is to 
diffuse cancer therapy with protons and ions. The innovative aspect 
of the project is the use of4-Tesla warm pulsed dipole magnets that 
allow an accelerator diameter of the order of 2 meters, thus 
permitting the machine to be transportedpre-assembled. 

RIASSUNTO 

In questo articolo e' descritto il processo di ottimizzazione dei 
parametri di un protosincrotrone compatto nell'intervallo di 
energia 80-200 MeV. Il lavoro, basato sul protosincrotrone da 200 
MeV in corso di sviluppo presso il Budeker Institute for Nuclear 
Physics di Novosibirsk, e' stato stimolato dalla fondazione italiana 
di ADROTERAPIA che si propone di diffondere la terapia contro il 
cancro tramite l'impiego di fasci di protoni e ioni. L'aspetto 
innovativo del progetto consiste nelluso di dipoli magnetici 
impulsati "caldi" che consentono di avere un diametro 
dell'acceleratore dell'ordine di 2 metri e di poter trasportare la 
macchina "pre-assemblata". Lo studio concerne l'ottimizzazione 
della sezione del magnete e del valore del massimo campo 
magnetico allo scopo di ottenere un campo magnetico nei dipoli 
privo di componenti multipolari, l'accurata investigazione 
dell'apertura dinamica della macchina, il sistema di iniezione con 
l'introduzione di un ciclotrone iniettore da 12 MeV e lo studio di un 
sistema di iniezione a scambio di carica, il sistema a radiofrequenza 
con la possibilità' di usare una coppia di sistemi a doppia cavita' e 
altri parametri. 
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1 - INTRODUCTION 

1.1 -Introduction 

This paper describes the optimization study of a compact protosynchrotron in 

the energy range 80 - 200 MeV (acronym STAC (Sincrotrone Tecnologicamente 

Avanzato e Compatto)), f ig . l . l . l . The starting point was the prototype study still under 

development at the Budker Institute for Nuclear Physics at Novosibirsk (BINP). The 

experience gained there in high (5 Tesla) magnetic fields based on conventional 

windings [1] has been applied to the project of a very small 200 MeV synchrotron with 

the aim of using it in cancer therapy. 

This is also the aim pursued by the "Progetto Adroterapia" [2] led by Ugo 

Arnaldi which envisages a large therapy centre using a conventional 250 - MeV 

protonsynchrotron, as well as several smaller therapy centres equipped with compact 

accelerators. One possible scheme for such accelerators is the high-field short-pulse 

synchrotron suggested by BINP which, however, was seen to still require exhaustive 

study and improvements. For this purpose, a collaboration was set up between BINP 

Fig. 1.1.1 STAC layout 
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and the ENEA INN-FIS Department at Frascati to carry out the study and to reach a 

better understanding of the main problems in design and technology [3]. 

The study concerned primarily the synchrotron dipole magnet, which is one of 

the most crucial components of the whole accelerator. Several cross sections have 

been considered and a reduction of the maximum field from 5 Tesla (BINP design) to 4 

Tesla retained, in order to reduce the multipolar components of the magnetic field 

(especially the sextupole component) below acceptable values. The dynamic apertures 

were computed in various conditions and ?n optimal working point selected. A 

preliminary analysis of the errors was also made. A suitable injection system has been 

envisaged, which implies a 12 MeV H" cyclotron (also suitable for positron emission 

tomography) and a charge exchange injection scheme. Since the injection energy is 

higher than in the original BINP scheme, the RF frequency sweep is reduced. The RF 

system has also been redesigned. Finally, the gantry system and its isocentric 

operation and movibility have been redefined. 

More accurate measurements on the pre-prototype components already 

constructed at BINP are, however, still necessary. In addition, further studies on the 

achievable reliability and on the performances of the accelerator are necessary. Only 

after completion of all this R&D work will it be possible to freeze the design of a 

commercial machine. 

1.2 • Main Parameters of the STAC 

The main parameters of the compact proton accelerator are: 

Maximum Energy 

Intensity per pulse 

Pulse repetition rate 

Pulse length 

Injection type 

Injection Energy 

Maximum dipole field 

Total surface of the accelerator and therapy compie 

Rough coat estimation 

200 MeV 

1010 protons 

1 Hz 

300 nsec 

Charge-Exchange 

12 MeV 

4 Tesla 

300 m2 

< 10 M$ 

Fig. 1.2.1 shows the layout of the complex and iig. 1.2.2 is a photograph of the 

BINP synchrotron magnetic structure already mounted on its support 
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* * IL5-

Fig. 1.2.2 - B/JVP synchrotron magnetic structure mounted on its supported and being transported 
on a truck 

Z - SYNCHROTRON: MACHINE PHYSICS 

2.1-Lattice 

The STAC lattice chosen is similar to that of the BINP [1]. Its parameters are 

summarised in the table below: 

The BODO lattice is simple and particularly suitable for a compact synchrotron. 

The horizontal focusing is left to the dipole bending action and the vertical focusing 

to four quadrupoles, each one placed very close to one dipole end. Dipoles without 
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Period 

D'pole magnet: 
Radius 
Bending angle 
Field index 

Short drift 
Q-pole (focusing in vert, plane) 
Long drift 
Number of periods 
Total length 

BODO 

54 
rr/2 
0 
12.4 
8.4 
54.2 
4 
6.393 

cm 

cm 
cm 
cm 
cm 
m 

edge focusing have been chosen in order to make the accelerator more compact, even 

though this leads to a more complicated laminated structure. 

The size of the accelerator has been increased with respect to the BINP 

structure due to the reduction of the maximum field from 5 to 4 Tesla. Both the 

bending radius and the drift spaces have been increased with a consequent increase of 

the {^-functions, compatible, however, with the dipole apertures. The larger drift 

lengths allow more space for RF cavities, injection and extraction magnets, and 

corrections. 

Figure 2.1.1 reports the values of the betatron tunes vs the Q-pole gradient at 

the maximum energy of ZOO MeV, varied in a range from 1 to 40 Tesla/m. 

The betatron functions, the dispersion and the transition energy have also been 

computed in the same Q-pole gradient range. 

Figures 2.1.2, 2.1.3, 2.1.4 show, respectively, the maximum value of p functions, 

STAC 
B - 4 T, Drift - 76 cm, C-6.4 m 

10 " 80 
Q-poU gradient (T/m) 

Fig. 2.1.1 - Betatron tunes vs Q-pole gradient at 200 MeV proton energy 
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STAC 
B - 4 T, Drift • 76 cm, C-6.4 m 

Fig. 2.1.2 - Maximum value of0 functions 

Diapason 1 
0.96 

0.9 

0.86 

0.8 

0.76 

0.7 
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0.66 

0.6 ^ 
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B - 4 T , Drift-76 an, C-6.4 m 

/ 

/ / 

/ ^ 

yS 

1 20 1 
10 30 

Q-pofe gnmrat (TAm) 

40 

Fî . 2.1.3 - Dispersion v$ Q-pole gradient 

the dispersion function and the transition energy: as the acceptance in a ideal 

machine is proportional to the square root of the inverse of the maximum j) we can 

see that going from 5 to 40 T/m the acceptance varies by a factor of 1.4 in the 

vertical plane and 1.1 in the horizontal plane. 

Thus, there is a better admittance for higher Q-pole gradients, but in this region 

the transition energy is below 200 MeV, implying a more complicated r.f. system. The 

useful region of the Q-pole gradient is to be fixed below 19 Tesla/m. 
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Transition 
En«gy 340 
(M*V) 320 

300 
280 
260 
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Fig. 2.1.4 • Transition energy vs Q-pole gradient 

Qy 

Third-onkr rMooanctf 
and STAC working lina baio» tfanatian 

Fig. 2.1.5 • Diagram of third-order resonances 

Tn the real machine, the non-linearities that appear in the magnetic field, due to 

saturation of the iron during the acceleration cycle, reduce the values of the 

acceptance. The diagram of the third-order resonances (driven by the sextupole 

terms) (fig. 2.1.5), shows that the useful region is reduced to lie between 4.5 and 16.5 

Tesla/m. 

Moreover, the main fourth-order resonances (fig.2.1.6) (which have the same 

superperiodicity as the machine) again reduce the useful region for the working point, 

which has to stay within the range of 5.5 and 13 Tesla/m. 
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The working point has been chosen so as to correspond to a Q-pole gradient of 

11 Tesla /m at 200 MeV, The betatron tunes are: 

Qx = 1.422 

Pi,max — 1-38 m 

Dx.max = 0.63 m 

Qy = 0.54 

Py.m,x = 2.1 m 

Figure 2.1.7 shows the behaviour of the optical functions over one period. 

Fourth-ordar rwonancM 
and STAC working bna balow transition 

Fig. 2.1.6- Diagram of fourth-order resonances 
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Fig. 2.1.7 • Optical functions behaviour overone period 
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2.2 • BINP Magnet Dynamic Aperture 

The calculation of the dynamic aperture has been performed by the 

RACETRACK [4] code in which the non-linear elements have been included in the 

thin-lens approximation. In particular, the effect of multipoles in bending magnets 

has been approximated dividing the bending magnets in six parts and introducing five 

multipoles in between. 

We began considering the BINP original magnet as the bending magnet. This has 

been studied in detail by a Russian bidimensional code (MERMAID), which also deals 

with dynamic situations (see §3.4). This analysis produced the multipole coefficients 

at various times during the 2.5 msec pulse (fig.2.2.1). 

The corresponding dynamic apertures are reported in fig. 2.2.2. 

BINP5Teala 
BywB*«un(«n*CM(&*fi)(i/n>)An) ra-lcm 

18 
16 
14 
12 
10 
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4 
2 
0 

-2 

c o i 0.4 
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ko.J 0.1 J 

A 

IS 

<' r 

V 

V 
r 

1" 

, • 
' 

•J 

I 
<* 

5 

s 

21 

/ 

2.A 

/> 

2.Ì 
TbMhnMc) 

« Da2 * 0«4 
• n-6 * na8 

Fig. 2.2. J • Time evolution of multipolar coefficients 

BINPPROTO8YNCHR0TRON 
DYNAMIC APERTURE 

« V J * 10 * lì * li 
MabUB«ia.AapliM*<m) 

Fig. 2.2.2 • Time evolution of dynamic aperture 
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It can be seen that, above 80 MeV, the dynamic aperture shrinks noticeably, 

leading to a difficult propagation of the particles in the machine. Corrections in the 

magnets have to be applied to try to overcome this problem. A study of suitable 

correction-coil system is described in §3.4. 

2.3 - Optimisation of the Dipole Magnet Cross Section 

From the considerations reported in the previous section, it transpired that for 

a new (STAC) magnet, it was necessary to re-design the magnet cross section in order 

to reduce the multipolar coefficients without introducing any correction coil from the 

beginning. Therefore, an optimisation study of the magnet has been set up, using the 

MERMAID code and then evaluating the multipolar coefficients and the corresponding 

dynamic aperture. 

Fig 2.3.1 shows a sketch of 1/4 of each of the magnet geometries compared so 

far; the hatching represents the coil area. Three different dipole apertures A 

(2cmHx3cmV), B (2cmHx4cmV), C (2cmH*5cmV) were considered, with and without a 

compensation tip on the pole. 

The multipolar coefficients of the dipole vary during the pulse because of the 

combined action of the iron saturation and different diffusion of field in the copper 

conductor (skin layer) and, as will be seen, the sextupole coefficient for STAC must 

be held below 0.2% to get a good dynamic aperture. However, the magnet behaviour 

Fig. 2.3.1 - Magnetic geometries considered for the new magnet design 



16 

varies at the end of the pulse according to the magnetic field levels, which are used 

to extract particles at different energies corresponding to different treatment depths 

in the body. Therefore, the comparison had to take into account not only the 

behaviour of the magnet during a single pulse but also at the end of the pulse at 

different field levels. 

Figure 2.3.2 shows the comparison of the sextupole component at end of pulse 

for the different magnetic fields corresponding to the extracted energies. 

It can be seen that the slope of the curve depends on the height of the aperture, 

and the vertical position of the curve in the diagram depends on the size of the 

pole tip. 

Among the configurations examined, A3 and C4 show a fairly good sextupolar 

coefficient at 200 MeV. The first (A3) has a smaller gap and low power consumption; 

the second (C4) shows a better behaviour of the sextupole during the whole excursion 

of beam energy, but the magnet must be driven by a 20% higher current (which, 

however, is below 200 kA). 

Therefore, we compared the first four multipolar coefficients for these two 

configurations also during the pulse (Figs. 2.3.3 and 2.3.4). 

Both the configurations have coefficients that remain below 0.2% during 

the pulse. 

Saxtupol* 6 
(•dim*E-3) 

0 

100 140 
Energy (MeV) 

Al: Without tip, 'ITesIa, 3.5 ms 

A2: Tip 2Hx 1V mm, 'ITesIa, 3.5 ms 

A3: Tip 3.6H»15V mm, UTesIa, 3.5 ms, Inl„=15»l kA 

Bl: Without (ip, 5Testa, 2.5 ms, \mdx\78 kA 

B2: Without lip, MTesIa, 3.5 ms, l „ „ I'I3 kA 

CI: Without tip, 5Tesla, 2.5 ms, Iau=22t| kA 

C2: Without tip, 'ITesIa, 3.5 ms, lBaJ=168 kA 

C3: Tip 2H*2V mm "Tesla. 3.5 ms, ln„=176 kA 

CM: Tip 2H«3.5V mm, UTesIa, 3.5 ms. I„„=180 kA 

C5: Tip 2H»5V mm, 'ITesIa, 3.5 ms, lm„=18'l kA 

Fig. 2.3.2 • Comparison of sextupole for different magnet shapes 
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STAC 4 T A3 version 
By*B*aum(ui*cM(n*fiXEfa>)*ii) ro-lcm 

Fig. 2.3.3 - Time evolution of multipolar coefficients for A3 version 
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/*i£. 2.3.4 - Time evolution of multipolar coefficients for C4 version 

2.4 - STAC Dynamic Aperture 

Following the conclusions of the preceding section, we can compare the 

dynamic apertures for configurations C4 and A3 during the pulse (figs. 2.4.1 and 

2.4.2). In the figures, the different time instants are labelled with the corresponding 

beam energies. 

The comparison shows that both the solutions are fairly sat'.sfactory, especially 

considering the adiabatic shrinking of the beam dimensions with the 0y increase 

during acceleration. 

An analogous comparison was made at fixed time for various extraction 

energies (Figs. 2.4.3 and 2.4.4). 
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V«tkal 

STAC A3 version 
DYNAMIC APERTURE 

16 18 

Fig. 2.4.1 • Dynamic aperture during pulse for A3 version 

STAC 4T C4 version 
DYNAMIC APERTURE daring pute 

2 " 6 ~ 10 
Stable Boris. Amplitude (mm) 

18 

Fig. 2.4.2 - Dynamic aperture during pulse for C4 version 

It can be seen from the above graphs that configuration C4 allows the beam to 
propagate through the machine when it is set at almost any energ (above 50 MeV), 
while the A3 configuration is satisfactory only above 160 MeV. 

In general, the calculations performed demonstrate that the sextupolar 
component of the field must be kept below 0.2% (adim value) for the STAC 6.4 ro 
circumference lattice; while for a shorter lattice, a slight increase in the coefficient 
can also be tolerated (up to 0.35% for 5 m circumference). 
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STAC 4X A3 «moo 
DYNAMIC APERTURE «t 3.6 

6 ~ 10 
IhiMi nirtiwul ft^lin 

Fig. 2.4.3 - Dynamic aperture at different final energies for AS version 

STAC4TC4 
DYNAMIC APERTUBE at 3 6 

Fig. 2.4.4 - Dynamic aperture at different final energies for C4 version 

The lattice dynamic aperture at injection energy (12 MeV) for STAC was 
evaluated at 3 different values of momentum spread (-0.005,0,0.005) corresponding to 
a typical energy spread of an injector cyclotron. Figure 2.4.5 shows that the stable 
amplitude area drops a good deal for dp/p different from zero, especially for 
dp/p=0.5%. 

This is due to the high value of the chrotnaticity. In fact, the multipolar 
coefficients present in the magnet increase the value of the chromaticities from 
1,% = -1.017, £y=-0.29, which are the natural chromaticities of the lattice (ideal 



20 

STAC (Injection energy) 
Btelw araft far diHiraKfc dp/p 

MMn^^^i^ 
•taooifavaiHfata) 

" dp/p-O.006 
dp/p-0 • dp^p-0.006 

Fig. 2.4.5 - Z>ynamtc apzrture at injection for different values of momentum spread 

STAC (injection energy) 
Tune variation far dinerat dp/p 

M'J^Wi^i 
Q-poU gr«A«nt at 200 ltoV (Tariate) 

Fig. 2.4.6 - Tun* variation for different value of momentum spread 

magnet), to Sx= -12.59 * -16.11, $y= 25.66 * 15.95, in the range from 6 to 19 T/m of 

the q-pole gradients (see figs. 2.4.6, 2.4.7). 

In order to reduce these values we placed 8 scxtupoles, 2 for each magnet, at 

the ends of the magnet: the sextupoles are 3 cm long and have gradients of 82B/8x2 = 

167 T/m2. Figures 2.4.8 and 2.4.9 show, respectively, the stable areas and the tune 

variation obtained with this sextupole configuration. 

2.5 • Effect of Field and Alignment Errors 

Using the RACETRACK program, we investigated the effects of some errors on 

the dynamic aperture and on the closed orbit. 
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ThirchnttarMonancas 
and STAC working area far -0.6%<dp/p<0.6% 

Qy 

Fig. 2.4.7 - STAC working area for different values of momentum spread 
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Stable area with Mxtupoles 
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Fig. 2.4.8 • Stable area with sextupoles for different values of momentum spread 

A systematic error was supposed to influence the dipole magnets: an asymmetry 

of dB/B = 3x10-3 at 1 cm radially inward-outward, with respect to the machine 

centre, was added, in order to simulate the combined effect of dipole magnet 

curvature and its saturation. This error is reflected in a 6% reduction of the dynamic 

aperture. 

We inserted random errors in the dipole magnets with the following r.m.s 

values: 
Ax = 0.5 mm (horizontal displacement) 

6 - 0.5 mrad (tilt angle with respect to the longitudinal coordinate s) 
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STAC (injection energy) 
Tune variation with sextupoles 
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Fig 2.4.9- Tune variation with sextupoles for different values of momentum spread 

AB/B = 5x10-4 

The effect of the errors was computed on a statistic sample of 20 lattices, 

obtaining: 

0.3 mm for the maximum amplitude on the horizontal plane 

1.5 mm for the maximum amplitude on the vertical plane. 

The consequent reduction of dynamic aperture is, at most, 20%. 

3-MAGNETS 

3.1 • Magnet Description 

The STAC magnet design takes advantage of the great experience achieved at 
BINP in the technique for the production of high pulsed magnetic fields in warm 
magnets. This technique is mainly used for dipole magnets where such high magnetic 
fields allow accelerator compactness. The cross sections of the dipole magnet 
constructed by BINP and of the new STAC magnet are shown in Fig. 3.1.1. 

In order to reach such high magnetic fields (5 Tesla), the magnet is excited by a 
single turn (copper buses) in which a very high current (up to 200 kA) flows for a few 
milliseconds. The current actually flows only in the skin layers of the copper buses, 
the skin layer being related to the dischage parameters by the formula 
8 = Vp(4t)/(rruo), where p is the copper resistivity and i is the acceleration time. With 
the BINP magnet data this leads to less than 7 mm at the maximum field, after 2.5 
msec. The remaining portion of the copper bus (cross section of 15 mm) is used to 
locate cooling channels. This technique of producing high fields is as good as the pulse 
is short, because the shorter the pulse, the less the skin layer, and the field lines are 

*r+* 
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BINP MAGNET STAC (vera C4) MAGNET 
Fig. 3.1.1 • Cross section of BINP and STAC magnets 

compressed in the magnet gap and are parallel to each other, leading to a good field 

uniformity. In addition, of course, the shorter the pulse, the less the total power 

dissipated by the system. 

The magnetic field in the gap, below 1.5 Tesla, is determined by the magnet 

pole shapes but, above 1.5 Tesla, it is mainly determined by the distribution of the 

currents. The iron in the return yoke is always far from saturation, while the iron 

close to the gap saturates deeply, increasingly so during the pulse. Iron saturation and 

the penetration of the current into the copper buses produce strong disuniformities in 

the magnetic field distribution, corresponding to high multipolar components in field 

expansion. In the BINP design, the uniformity of the magnetic field distribution in the 

aperture strongly depends on the ratio between the full vertical aperture of the 

magnet and the radial aperture. The value of 2 chosen for this ratio (4 cm vertical per 

1 cm horizontal) was a compromise between energy storing in the magnet and the 

magnetic field uniformity in the aperture, still correctable by means of the 

correction coil located inside the aperture. In order to avoid using the correcting coil 

at this stage of the project, several other cross sections of the magnet were studied 

utilising powerful numerical codes such as MERMAID. As shown in the next sections, 

the profile and the dimensions of the buses were optimised, thus substantially 

improving the field uniformity during the whole pulse previously achieved in the BINP 

design. Anyway, the modifications in the magnet design were applied only to the cross 

section, leaving the electromechanical characteristics practically unchanged. 

Therefore, in the following a brief description of the STAC dipole magnet is given, 

extending to it the electromechanical characteristics of the existing BINP magnet. 
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3.2- Dipole Magnet and its Power Supply 

The STAC dipole magnets (fig. 3.2.1) are 9° bending magnets with 0° edge angle 

faces and with a radius of curvature of 54 cm. The magnetic pressure is very high at 

maximum induction, and a powerful bandage preloaded by conic clamps is used to 

withstand the stresses which tend to make the structure explode. The iron lamination 

is 0.5 mm and is made in two halves electrically insulated from each other, but each 

firmly connected to the copper conductor (the turn) on its side. In order to achieve 

the curvature of the magnet, a half sheet every five iron sheets is included. 

The insulator position in the magnetic structure has been very well studied. The 

insulation between the iron sheet and the copper conductor has been moved to the 

outer side between the iron and the outer bandage in order to lower the pressure on it 

generated by the copper-bus repulsion during the pulse. Indeed, the force between the 

turns is of the order of Z0 tons at maximum induction. 

Complicated copper terminations have been developed at BINP in ordsr to avoid 

problems at the two magnet ends. A similar structure is used on each side (short 

circuit side and power supply side) of the magnet: the two copper conductors are 

brazed to two 2-cm-thick copper plates which can be connected by another 2-cm-

• 277 mm 

Fig. 3.2.1 - STAC dipole magnet 
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thick copper plate by means of six special copper bolts with current feeding 

capability. 

The four magnets are situated on a square table in whose centre an anti-

inductive current bus is placed. The bus cross section is roughly visible in fig.3.2.2. 

All the electrical and mechanical connections are made by several special conical 

clamps which have been tested individually up to 200 kA. The magnets are supplied in 

series and a single magnet contributes to the total inductance by 0.7 uH and the 

whole current bus by 0.4 uH. Another similar but smaller bus carries the quadrupole 

current. 

In actual fact, the bus is connected via a multiple strip-line to a large current 

transformer (1.5 m3 about) placed at about 1 m from the synchrotron. A new current 

matching transformer is under development at BINP in order to reduce the high 

acoustic noise level that occurs during operation and to produce a smaller object that 

can be placed just below the synchrotron support, thus also facilitating the high 

current connections. 

As already said, the magnet is excited by a single-turn current loop, in which a 

180 kA maximum current flows. The time shape of the current is a half sine function 

with 7 ms duration, which comes from the discharge of a 2.3-mF capacitor bank 

through the inductive load (3 uH) composed of the magnets and the connections via a 

12:1 step-down trasformer. A thyristor bridge connection between the capacitor and 

the inductance allows the recovery of the unused energy (about 50%) in the same 

capacitor bank, avoiding in the meantime the inversion of the capacitor polarity. 

The vacuum chamber is obtained from an elliptical section titanium tube. Its 

thickness (0.2 mm) allows the penetration of the magnetic field, even though the eddy 

Fig. 3.2.2 • BINP proton synchrotron 
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current distribution on the vacuum chamber surface affects the topography of the 

magnetic field at the beginning of the current pulse. The vacuum chamber is 

prevented from collapsing - due to atmospheric pressure - by the force acted on it by 

the magnet aperture contour. 

3.3 - Quadrupoles 

The STAC quadrupole design (fig. 3.3.1) is the same as tliat for the BINP 

protosynchrotron: the quadrupole is 8.4 cm long and has a circular aperture of 4 cm 

diameter. The gradient can be varied up to 40 T/m. From the lattice investigation it 

appears that the best value for the quadrupole gradients is about 10 T/m: a current 

peak of 3.2 KA is sufficient to achieve this value, so power consumption is negligible 

with respect to the bending magnet consumption. 

Pulsed quadrupole lens design 

3.4 - Magnetic Calculations 

The calculation of the magnetic field topography was performed using different 
codes, such a» ANSYS (Vax version) [5] and MERMAID [6], which calculate static and 
dynamic magnetic fields with saturated iron. 

ANSYS is a nvlti-purpose bi- and three-dimensional code developed for 
different problems (mechanic, acoustic, thermal, electromagnetic): its application 
results in a rather complicated way of inputting data. 

Fig. 3.3.1 - Pulsed quadrupole lens design 
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MERMAID is a bi-dimensional code developed ad hoc in the last three years at 

BINP. It runs on IBM PC compatible computers and has a user-friendly graphic 

interface during pre- and post-processing. This code was well suited to our particular 

application and was preferred to ANSYS for bidimensional computations. 

Nevertheless, a three-dimensional computation of the magnetic field with ANSYS is 

foreseen in the forthcoming months in order to investigate the effect of the magnet 

curvature and of the magnet ends at different levels of iron saturation 

Figure 3.4.1 shows a typical MERMAID output representing the flux lines at 

different times during the pulse; it is possible to observe the different depths of 

penetratici of field into the current buses during the pulse evolution. The accuracy of 

the field determination is near 0.1%. 

We compared the computed values of the magnetic field on the median plane 

(fig.3.4.2) and on the vertical symmetry plane (fig. 3.4.3) with the experimental data 

and the agreement is within the experimental error which is 0.5% . 

Fig. 3.4.1 • Flux lines at different times during the pulse for STAC magnet 
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The program also includes a routine that gives the coefficients of the Fourier 

multi-polar expansion of a bi-dimer ,.onal magnetic field within a circle of radius r0: 

By = BQ £ ( - J (ofico«vn8) + b^sininQ)) 
n = 0 ro 
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This expression with m=8 was used in beam dynamic calculations in order to fit 

the magnetic field. The an's are the normal coefficients and the t^n's are the skew 

coefficients; all of them are adimensional. Of course, in bi- dimensional symmetrical 

computation, the b's are all zero, while in the measurements they can be different 

from zero. 

3.5 - Magnetic Measurements and Corrections 

New series of magnetic field experimental measurements were performed in 

May-July 1993 on a straight 20-cm-long prototype of the BINP protonsynchrotron 5-T 

pulsed magnet. 

The coil-probe method is used to measure the magnetic field, i.e., a coil is 

placed in a fixed location inside the aperture of the magnet and the signal induced in 

it by the pulsed field is integrated. The value of the field B is related to the signal VL 

induced in the coil by the relation: 

•*—sliv* 
where N is the number of turns in the coil, S is the average cross section of the coil. 

Copper wires of 40 *m of diameter are used to make a coil of 3.5 mm diameter 

per 3 mm height consisting of 1300 turns, for a global resistance ranging from 160 to 

ZOO Ohm for different coils. Each measuring coil is calibrated in a separate magnet 

providing a pulsed field of 0.5 T with an estimated 10-4 homogeneity. The correct 

value for equivalent NS/RC (RC is the characteristic time of the integrator) values is 

given, thus taking into account also the electronic channel characteristics. Correcting 

coefficients for each coil are estimated in order to normalise the result of 

measurement. 

Measurement are performed using a matrix of 25 coils to obtain the value of the 

magnetic field in a rectangular mesh whose point3 are located in the positions: 

x=0, ±0.375, ±0.75(cm) z=0, ±0.73, ±1.46(cm) 

and in a rectangular mesh with an elliptical plastic support whose dimensions 

are exactly those of the vacuum chamber, which contains 17 coils located in the 

positions: 

x±0.1,±0.63(cm) z=0, ±0.65, ±1.3(cm) 
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It is also possible to use one single coil and to move it by a stepping motor 

inside the whole aperture of the magnet. 

So as to have a pointlike evaluation of magnetic field in its geometrical centre, 

the shape of the coil was optimised. The effects of possible errors in the mechanical 

positioning of the coils inside the plastic support on the values of the multipolar 

coefficients of the field were taken into account by a simulation of a random 

deviation in the position of the coils. The estimated value of 0.1 mm in coil position 

does not generate any significant fluctuations in the values of the most significant 

multipolar coefficient. 

Owing to some instability of the discharge generator, the central coil of the 

matrix is used also as a reference coil, thus giving information about amplitude 

variation of the pulse and allowing a comparison of results from different pulses. 

The discharge of the capacitor bank is started by computer input through a 

generator-delayer that changes the voltage of the logic (5 V) into a voltage capable of 

turning on the thrystor (100 V), thus allowing the discharge. The capacitor bank has a 

capacity of 4.8 mF; a voltage of 1.63 kV was used to generate a sinusoidal pulse with 

rise time 1.4 ms and peak current 185 KA in the main current buses, after a pulse 

transformer of ratio 40. A parasitic inductance had to be added in order to achieve a 

2.5-ms pulse with a corresponding voltage of 2.52 kV. The parameters of the 

discharge pulse, i.e., current and time evolution, are measured through a resistance of 

1.9 mOhm in the transformer primary. The layout of the experimental apparatus is 

reported in fig. 3.5.1. 

This generator-delayer has 6 channels and can also be used to start, with an 

appropriate delay, the pulse in correction coils. Correction coils are supplied 

independently through the discharge of a second independent capacitor bank with 300 

pF whose operation is started by the computer. The initial time of the pulse in the 

correcting coil can be chosen by adjusting its delay with respect to the main pulse in 

Primary 
Winding 

Magnat 
Inductance 

..Coll proba* 

Fig.3.5.1 - Layout of experimental apparatus for pulsed magnet measurements 



31 

the generator-delayer, while the length and the peak value of the pulse can be varied 

adjusting the parameters of the capacitor bank. The pulse produced when the 

capacitors are charged at 1.1 kV has a sinusoidal shape with a rise time of 100 us and 

a peak value of 3.Z kA.. 

The signals from the matrix of the coil probes (typically 50 V for 5 T pulses), 

are attenuated through a series of resistances of about 150 KOhm and are sent 

directly to the integrator, after which one gets a topography of 25 or 17 points inside 

the aperture. 

The integrator consists of a standard ADC-type double integration, made in 

BINP, whose cut-off frequency is estimated to be about 1 MHz, thus avoiding 

problems of pulse distortion over the Z.5 ms used in our magnet. It has 16 input 

channels so that it can simultaneously measure the field in 16 different locations 

inside the aperture. A pulse from the computer, synchronous to the pulse that starts 

the discharge, starts the integration of the signal from the coils in each of the input 

channels, up to when a second pulse stops it. It is thus possible to select the phase 

inside the main pulse at which to read the field value. The ADC converter stores the 

values, which are then returned to the computer where a program processes the 

normalisation of the data according to the RC/NS values for different coils and 

furnishes the topography of the measured field. 

Table 3.5.1 reports the experimental field topography at a peak field of 5 T, 

i.e., at 2.5 ms; tab. 3.5.2 the corresponding values of the multipolar coefficients for 

the expansion up to the fifth harmonic. 

The analysis of the possible correction was performed with the help of 

numerical codes: different corrections were investigated by varying the cross section 

of the correcting wires, placing them in different positions in the space left free in 

the aperture, outside the vacuum chamber, and varying the current values. The field 

topography obtained is then analysed to extract the numerical coefficient of the 

multipolar expansion of the field and then used in the tracking program to verify 

quantitatively what the reduction of the dynamical aperture of the machine is. 

Tab.3.5.1: Values referred to the centre of the aperture to a peak magnetic field of 5T 

X/Y (cm) 

1.46 

0.73 

0. 

-0.73 

-1.46 

-0.75 

0.9822 

1.0005 

1.0107 

1.0002 

0.9873 

-0.375 

0.9488 

0.9923 

1.0037 

0.9917 

0.9546 

0 

0.9393 

0.9879 

1 

0.9886 

0.9411 

0.375 

0.9496 

0.9921 

1.0025 

0.9915 

0.9494 

0.75 

0.9813 

1.0020 

1.0108 

1.0034 

0.9842 



32 

Tab. 3.5.2: Multipolar expansion through least-square method of Tab.3.5.1 data 

Quadrupole 

Sextupole 

Octupole 

Decapale 

Normal (x 10-3) 

-0.1 

18. 

-0.1 

-4.5 

Skew (x 10-3) 

0.4 

0.1 

0.1 

0.1 

Besides the field uniformity, other topics need to be taken into account: the 

voltage induced in the correction coil at the beginning of the pulse may cause 

additional requirements on the generator characteristics; the eddy current induced in 

the coil at the beginning of the pulse (i.e., at injection) leads to the requirement of a 

small wire cross section, while Joule heating of the coils themselves leads to the 

opposite. From the experimental investigation, it appeared that the diameter of the 

correction coil must not exceed 1.5 mm. 

Penetration of the field from the main pulse and from the correction coil into 

the vacuum chamber also needs a careful experimental investigation. Furthermore, 

space must be left free for the location of a sufficiently rigid support for the 

correcting coils. 

Three-turn coils of 1.4 mm, located in the positions showed in fig. 3.5.2 and 

supplied with a current of 2.5 kA of 100 us duration, seemed to be the best 

compromise between the requirements imposed by the above-reported items. 

The best results achieved are shown in tab. 3.5.3 and refer to measurements 

performed with the rectangular matrix with elliptic support. 

Position of th« eorractiaf coil contrw: 
1) 0.27,1.88 em; 2) 0.65,1.76 em; 3) 0.88,1.46 em. 
Radiuta0.7 mm 

Fig. 3.5.2 • BINP magnet cross section with corrections coils 
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Tab.3.5.3: Numerical computation of 5-T field topography with correcting coil 

X/Y(cm) 

1.3 

.65 

0. 

-.65 

-1.3 

-0.75 

-

1.0036 

0.9973 

0.9982 

-

-0.375 

0.9952 

0.9972 

0.9997 

0.9986 

0.9949 

0 

-

-

1 

-

-

0.375 

0.9965 

0.9970 

0.9995 

0.9973 

0.9936 

0.75 

-

-

1.0017 

-

-

Tab. 3.5.4: Multipolar expansion of data in tab. 3.5.3 

Quadrupole 

Sextupole 

Octupole 

Decapole 

Normal (x 10-3) 

0.7 

0.6 

0.2 

-0.2 

Skew (x 10-3) 

-0.1 

-1.5 

-0.1 

-0.3 

Table 3.5.4 gives the corresponding multipolar expansion showing a reduction of 

a factor of 30 for the normal sextupolar coefficient and a factor of 23 for the normal 

decapole coefficient, which from a dynamic aperture analysis appeared to be the 

most dangerous. The dependence of the sextupolar coefficient on the current values 

ic the correcting coils is shown in fig. 3.5.3. 
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Fig. 3.5.3 - Sextupole value for BINP magnet vs current in correction coils 
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4 - RF SYSTEM 

Based on BINP experience, we used ferrites for accelerating cavities with deep 

frequency tuning [7] for the synchrotron RF system. The same type of system had 

been built in 1976 for the B-5 synchrotron operating at St. Petersburg. Schematically 

the cavity is a quarter-wave coaxial line with high capacitive load, with the inductive 

part entirely filled with ferrites, The cavity is tuned by means of an external magnet. 

The magnetization field penetrates into the ferrites through windows longitudinally 

cut in the cavity body. The windows are shut with a thin foil transparent to the 

external magnetic flux (thickness . skin depth). Removal of power dissipated in the 

ferrites is achieved by a good thermal contact with the body. 

The accelerating voltage is produced by means of two cavities mirror-faced and 

oppositely phased (push-pull), each one driven by its own tube. In order to achieve the 

desired gap voltage, the ferrites have to have a high quality factor. In this regard, 

obtaining the correct dynamic tuning of and between the cavities and with the 

frequency modulated generator can be problematic. 

The B-5 synchrotron RF system has the following parameters: 

Initial frequency 

Final frequency 

Gap voltage 

Sweep time 

Max Sweep rate 

Repetition rate 

Max RF power in resonator 

Max specific power in ferrites 

Average power in ferri tea 

2.5 MHz 

30.8 MHz 

3.3 kV 

10 msec 

5600 MHz/sec 

50 Hz 

13-15 kW 

5 W/cm3 

1.2 W/cm3 

The total length of the push-pull cavity system is 470 mm. The 9 ferrite rings 

placed in each of the two cavities have an external diameter of 110 mm and an 

internal diameter of 180 mm with a thickness of 20 mm each. The final tube is a 

Russian GU-75A with a 7-kV anode voltage and 10-A current. 

The RF voltage necessary to operate with the compact protosynchrotron is 

determined as Vsin<p=Cp(dB/dt), where C is the synchrotron circumference. For an 

acceleration time of 3.5 msec at an energy of 250 MeV, V sincp is 7 kV. At equilibrium 

phase sin<p=0.5 and V=14 kV. This voltage is twice the B-5 value. 

To solve the RF problem in the compact accelerator, two options are presently 

being considered. 
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Fig.4.1 - Straight section of STAC with RF cavity, extraction kicker, Q-pole lens, and diagnostic 
port 

1) Two of the four synchrotron drifts are occupied by injection and extraction 

systems, but the other two can be devoted to RF. The length of each free straight 

section allows the installation of a push-pull couple of cavities almost identical to 

the B-5 cavities (see Fig. 4.1). Even if not very elegant, this solution is considered 

reasonably safe and differs from B-5 operation only in the reduced sweep time, 

from 10 to 3.5 msec. Thus, the RF tube can be the same or the equivalent (e.g., 

Thomson TH520 or EIMAC 4CW100). 

2) In the future, a new RF cavity system in only one drift could be developed, to 

provide the total RF accelerating voltage. In this case, ferrite rings with a larger 

cross section (requiring of course a bigger magnetization system) and a more 

powerful RF tube would be considered. 

5 - INJECTION 

5.1 - Charge-Exchange Injection 

Charge-exchange injection is the most effective way to inject protons into the 

synchrotron. Using a thin stripping target (a 1-um-thick foil) injection can be 

performed for the duration of many particle revolutions in the synchrotron. This gives 

a large number of stored particles with a relatively small injecting current, as well as 
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homogeneous filling of ring admittance with particles. Consequently, this method of 

injection does not require the high-voltage devices necessary for one-turn injection. 

Charge-exchange injection is carried out by means of a shift of the ring 

equilibrium orbit to the centre of the stripping target located beside the ring 

aperture. Thus, the protons arising ui the target enter the ring and the betatron 

oscillation amplitude is defined by their angles and coordinates about the injecting 

beam axis only. By circulation in the ring, the particles hit the target many times and 

thus undergo multiple scattering and energy losses, resulting in the increase of the 

circulating beam emittance. When the beam emittance becomes of the order of ring 

admittance, their loss of will lead to stabilisation of their number at a constant level, 

which could be considered the end of injection. After injection, the ring-orbit shift 

has to be shut off for a short time to minimise any additional loss of particles. 

The maximum number of stored particles obtained with a fixed injecting current 

depends on both target thickness and transverse size, the former defining the 

frequency of particles hitting the target (fig.5.1.l). The figure shows the number of 

circulating particles versus time for different values of target thickness and 

transverse size. The injection energy is equal to 12 MeV. The most promising case 

seems to be when the target thickness is equal to 0.5 um and the transverse size to 

3x3 mm2 . 

The number of circulating particles increases almost linearly with time for 300 

turns, thus providing more than 300 times the injection current. Increasing the 

thickness to 1 um while keeping constant the transverse size results in an injection 

time twice as short and a particle number twice as small. The same result is obtained 
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Fig. 5.1.1 • Number of injected particles for different thickness values of injection target 
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with a target transverse size of 5x5 mm2 and a target thickness of 0.5 una. The 

increase in target transverse size gives an increase of a factor of 1.5 in the frequency 

of particles hitting the target. 

The orbit distortion for shift to the centre of the stripping target is worked out 

by using two pairs of bump magnets located in one of the straight sections of the 

synchrotron. Parallel shift of the orbit between the pairs of magnets is equal to the 

sum of the aperture envelope function and half the size of the target. The field 

magnitude in the magnets is kept constant during the injection time and switched off 

fairly soon after. This is achieved by supplying the magnets with a half sine current 

pulse with a flat top produced by the third harmonic mix. The back side duration in 

such a pulse is of the order of the flat-top duration. The loss of particles stored at the 

flat top is not crucial when the field is switched off (fig.5.1.2). 

Shown in fig.5.1.3 is the final number of circulating particles for fixed injection 

current versus time of injection for equal duration of the flat top and back side in a 

magnetic field pulse. 

The injecting beam transverse size at the target is taken equal to the size of 

target; the angular spread is supposed less than ± 2 mrad . 

Figures 5.1.4 and 5.1.5 show the radial and vertical beam distributions for the 

300-tum injection. 

The vertical admittance is filled to its total size, whereas, radially, the filled 

area is smaller and shifted from the centre according to the average value of the 

energy distribution of the particles (fig. 5.1.6). Indeed, a monochromatic beam 

acquires an energy spread due to the losses in the target and to the differences in the 
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Fig. 5.1.2- Number of captured particles after energy compensation 



38 

STAC4T Charge Exchange Injection 
Cyclotron current • 500 uA 

100 * w 300 *"" 600 ^ 
Number of turns (lTura-133 DMC) 

DRFOFF + RFON 
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Fig. 5.1.4 - Radial beam distribution for the 300-turn injection 

number of passages through the target of the particles injected at different times. An 

initial beam energy spread equal to ±0.06 MeV leads to the injection efficiency 

decreasing by several percents. 

To keep the beam at the centre of radial aperture, the RF voltage could be 

switched on during injection. This, however, results in half the efficiency due to the 

increase in the number of particles hitting the target (fig. 5.1.3). A more efficient 

way to compensate the average energy loss is to inject the particles with an energy 

slightly different from the equilibrium energy. With an energy difference equal to 0.1 



39 

N(adna) 

STAC 4T (Injection) 
Vortical beam dietribatioo 

~-l I -0.6 I -0.2 
-0.8 -0.4 " M " 0* » 

E (cm) 
OFF 

Buanmii|WBa.OW 
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Fig. 5.1.6- Energy spread acuired by injected beam after charge-exchange injection 

MeV, the final distribution becomes almost symmetric and the stored number of 

particles increases by about 20%. 

The efficiency dependence on the primary beam angular spread at the target, 

shown in fig.5.1.7, is negligible in a region ±2 mrad. 

For the case where the target thickness is equal to 0.5 f m and the transverse 

size to 3x3 mm, the injecting current of 0.5 mA allows storage of 1011 protons by an 

injecting beam emittance of less or about 3n mm mrad and kinetic energy spread 

within ±0.5%. 

http://�fa9-12.laO.MIUr
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Fig. 5.1.7- Injection efficiency vs primary beam angular spread 

5.2 - Stripper Foil 

At present, charge-exchange is the basic injection method in the largest modern 
accelerator facilities under design or construction, such as FNAL, SSCL, PSR-
LAMPF, INR (Moscow), ISIS (Rutherford Lab.), and the next- generation pulsed 
neutron sources. 

The most important component of the injection system is the stripper foil, 
whose lifetime determines the operation reliability of the whole system. The main 
factors determining the lifetime of the stripper foil are: 

1) Radiation damage of its crystal structure, depending on the total number of 
particles passed through the foil and on the ionization losses. 

2) The cyclic mechanical stresses, caused by pulsed heating, which limit the total 
number of injection cycles. 

The technology of producing graphite and diamond foils of 0.1*1 um thickness 
has been well assessed. A wide number of studies has been made on the foil lifetime 
and on the dynamics of the foil destruction under different irradiation regimes [8] and 
experience accumulated during operation of available accelerator facilities at high 
injection energy (Ejnj = 400+800 MeV). 

In our case, at quite a low injection energy (E,nj = 12*20 MeV), the value of 
injection losses (dE/dx = 40 MeV g-1 cm2 ) is 20 times the value at higher (400+800 
MeV) energy. However, comparing our operation regime to, for example, the PSR-
LAMPF [9] regime, with respect to other parameters, such as stored particles (our 
case = 10", PSR =1014), the number of injection turns (our case *300, PSR =1000) 
and the repetition frequency (our case =1 Hz, PSR =120 Hz), it can be estimated 
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Fig. 5.2.1 - Design of "postage stamp" foil irradiated in 1990. Two lOVy.g/cm.2 carbon foils 
supported by 4-5p.m diameter carbon fibres. Frame aperture 83 mm by 120 mm. Foil size 

16mm by 16 mm. After M.J. Bordoneial, Long-life carbon-fibre-supported foils 

that the foil lifetime of two weeks, obtained experimentally [9] for PSR nay become 

practically infinite in our case. 

The required size of the target is 3x3 mmZ . The aperture of the machine is 

ArxAz =20x40 mm? and the production cost of the foil can be compared to that of the 

PSR, where the foil itself is 16x16 mm? , the aperture ArxAz == 83x120 mm? and the 

cost of fixture is $ 2,500 (fig. 5.2.1). 

Similar foils, fixed on a rigid frame with graphite filaments of 4*5 um in 

diameter, are manufactured by a number of firms in the USA and Japan 

(Westinghouse Hanford Company, Arizona Carbon l'iil Company, University of 

Tokyo). 

5.3 - Cyclotron Injector 

The possibility of storing particles during about 300 turns by means of charge-

exchange injection allows one to use a H- cyclotron operating in pulsed mode as 

injector. 

The cyclotron looks preferable in comparison to linear accelerators because it is 

extremely compact and economical from the point of view of power consumption in 

pulsed mode operation. 

However, in ordinary cyclotrons, used for isotope production, acceleration of H" 

ions is used to simplify the extraction by means of charge- exchange on a stripping 

foil. 

Thus, using a cyclotron ar injector requires some modifications: 

- design and testing of an effective extraction system for the cyclotron in order to 

obtain a pure H~ ion beam 
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- attainment of a high intensity beam (0.5-1 mA), within the required emittance of a 

few mm mrad, in pulsed mode. 

At BINP a cyclotron is being designed (see table 5.3.1 below and figs. 5.3.1 and 

5.3.Z) that could meet these requirements . 

A special pulse-compensation system (CS) partly compensates the DC magnetic 

field along the extraction trajectory and in combination with electrostatic septum 

provides an effective extraction of pure H~ beams. The CS is supplied by a half sine 

pulse current of 30 kA amplitude and 1 msec duration with a 100 usee flat-top and 

can operate at a 10 Hz repetition rate. To obtain the required beam intensity in the 

pulsed mode, a high dee voltage (50 kV) and high energy external injection with 

preliminary beam bunching is foreseen. 

Commercially available machines are principally devoted to PET radioisotope 

production, so the characteristics of the output beam are oriented to satisfying the 

requirement of high power on a target; protons are usually extracted. 

Table 5.3.1 : Cyclotron parameters 

Energy 

Current 

Pulse duration 

Repetition rate 

RF Frequency 

Voltage on dees 

RF Power 

Magnet geometry 

Outer diameter 

Height of yoke 

Weight 

Radius at extraction 

Maximum field 

Minimum field 

Magnet power 

Ion source 

Injection energy 

Extraction 

Mode 

Pulsed 
CW 

Pulsed 

Pulsed 

Pulsed 
CW 

Pulsed 
CW 

Pulsed 

Pulsed 
CW 

12 

1 
50 

100 

10 

63 

50 

0.5 
20 

3x60° 

1.6 

0.6 

14 

0.4 

2 

0.3 

4 

150 

MeV 

mA 
uA 

usee 

Hz 

MHz 

kV 

kW 
kW 

poles 

m 

m 

tons 

m 

T 

T 

kW 

Plasma surface source with Penning geometry 
Water steam source 

kV 

Magnetic field pulsedcompeneation 
Stripping foil 
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aisec 

•'.^| - Electrostatic septum 
i 2j - RF-cavit:es 
^ - RF power input 
G) - Dees 

\^i - Electrostatic deflector 
(5) - Magnet poles 

(^7) - Injection channel 
(fi) - Pulse compensation system 

Fig. 5.3.1 - Azimuthal cross section of cyclotron 

The table below reports the characteristics of a PET cyclotron, MCI7 from 

Scanditronix, slightly adapted to the injection in the compact protosynchrotron: 

Energy 

Energy spread 
Average current 

Emittance 

Size 
Weight 
Power consumption 

H+ or H- Deuterons 

CW 
Pulsed 
Hor. 
Vert. 

si MeV 

0.35 MeV 
50 uA 
100 
35 n mm mrad 
15 n 

2X2X2 m3 
17 tons 

100 kW 

As can be seen, the characteristics do not match the requirements of the STAC 

perfectly. Efforts have to be made to increase the peak current of the H- beam by 
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Fig. 5.3.2- Injection and extraction system of cyclotron 

means of an external injection system, and to decrease the emittance figure by a 
factor of ten. 

A comparison can also be made with a linear accelerator, e. g., model PL11, an 
11-MeV DTL linac produced by the ACC-SYS company, whose cost is similar to that 
of the cyclotron. 

Energy 

Energy spread 

Current (215 fs-120 Hz) 

Emittance 

Size (length) 

Weight 

Power consumption 

H+orH-

Average 
Peak 

Hor., Vert. 

(Max) 

11 MeV 

± 0.5 % 

50 uA 
100 

1 n mm mrad 

6 m 

2 tons 

120 kW 
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5.4 - Mechanical Drawings 

A sketch of the injection system with the injection septum and bump magnets is 

shown in figs. 5.4.1 and 5.4.2. 

Fig. 5.4.1 - Injection system lateral view 

6 - EXTRACTION 
6.1 • Beam Extraction Method 

Beam extraction is obtained by means of a time-dependent shift of the ring 

equilibrium orbit towards the septum magnet window. The shift is obtained by a 

special magnet placed half a revolution upstream of the septum. The magnet is 

supplied by a half-sine current pulse with duration equal to several tens of beam 

revolutions. The linearly rising part of the pulse is used for extraction: the beam is 

uniformly displaced together with the ring orbit towards and over the septum. To 

avoid large losses at the septum, the displacement per revolution has to exceed the 
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Fig. 5.4.2 - Injection system frontal view 

septum thickness. With a 0.5 mm septum thickness, 10 mm above the median plane of 
the ring, the extraction duration is less than twenty revolutions. This is confirmed by 
the extraction efficiency dependence on the velocity of the shifting magnet field rise 
shown in fig. 6.1.1. The rise of field integral over the shifting magnet length of 1.125 
kOe*cm per revolution corresponds to a 20-revolution extraction at 200-MeV energy. 
However, the real extraction of particles takes place during the last five revolutions 
only because of the fairly small size of the accelerated beam compared to the ring 
aperture. The extraction efficiency is better than 60%. With a further increase in 
field rise velocity, the efficiency increases up to more than 80% at 4.5 kOexcm, 
which corresponds to a 6-revolution extraction. At higher values of velocity, the 
particle losses in the dipole magnets, besides those at the septum, become significant. 
Mean-square emittance of the extracted beam defined as e = 2 V<z2><ez2>-<z9I>2 
grows linearly with field rise velocity growth to about 6 kgauss per revolution (fig. 
6.1.2). 

In the above investigation, the dipole magnetic field was considered as ideal. 
Taking into account the real magnetic field topography in dipoles results in some 
decrease in extraction efficiency, which is dependent on tunes (fig. 6.1.3) and is 
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STAC 4T (Extraction) 

0.7 
Efficiency 

0.6 

Shifting Fidd Integral [(Koe'cm) / turn] 

Fig. 6.1.1 - Extraction efficiencu vs shifting magnet integral 

STAC 4T (Extraction) 

1 " 3 ' T * 7 
Shifting Raid Integral [(Intern) / turni 

Fig. 6.1.2 - Extracted beam emittance VB shifting field integral 

considered when choosing the operating point. The curves shown relate to different 

phases of the dipole field pulse corresponding to different energies of extracted 

beam. The rise velocity of the shifting magnet field corresponds to 2.9 kOe*cro per 

revolution at 200 MeV energy, which means about an 8-revolution extraction. At a 

chosen operating point with a quadrupole gradient equal to 1.1 kOe/cm for maximum 

energy, the extraction efficiency is in the limits from 60% to 75% for all extraction 

energies. 
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STAC 4T vers A3 (extraction) 
Shifting field integrai «2.9kOe cm/turn 

»' o.i •* «1 * , i " J *'< i 
Q-pole gradient (kOe/cm) 

'•' ideal magnet 
80 MeV» 120 MeV 160 MeV- 200 MeV 

Fig. 6.1.3- STAC extraction efficiency vs Q-pole gradient for different values of extraction energy 

6.2 - The Extraction System 

In its design the shifting magnet is a typical "one-current turn" structure with 

two conducting bases surrounded by a laminated iron yoke. With a magnet length 

equal to 15 cm, the field rise velocity for an 8-revolution extraction at maximum 

energy 200 MeV is equal to 5 kOe/us with an extraction duration of 0.3 us. This 

determines the field pulse duration as about 1 us and the amplitude as 2.5 kOe. With 

such a low magnetic field, the cross section of the laminated magnetic yoke 

surrounding the current bases can be made small enough for a magnet aperture of 4x4 

cm to have an 8-cm external diameter, which is less than the cylindrical internal hole 

in RF cavity. This permits one to place the additional RF cavity in the drift space 

used for the shifting magnet, which can be placed inside the cavity. The vacuum 

chamber in the drift is made of a 3.6-cm outer diameter ceramic tube which is 

transparent for both RF field and fast altering field of the shifting magnet. The 

magnet inductance is 100 nH, the necessary current 8 kA and voltage 2.5 kV. The 

magnetic yoke lamination is 50 um thick. 

The extraction septum magnet (fig.6.2.1) onsists of two parts. The upstream 

part has a thin (0.5 mm) septum and operates with a magnetic field pulse of 10 kGauss 

amplitude and a short (20 us) duration, which is necessary to assure the mechanical 

stability of the septum. The second, downstream part of the magnet, with a thicker 

septum (5 mm), operates at a 30 kGauss magnetic field and a longer pulse. 
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1) Extraction septum magnet (part 1) 
2) Extraction septum magnet (part 2) 
3) Double coaxial input 

Fig. 6.2.1 - Extraction system 

7 - GANTRY SYSTEM 
7.1- Description 

This description refers to a gantry system already developed at BINP (fig. 
7.1.1). 

The rotation of the proton beam around the patient, located on the horizontally 
oriented beam axis, is accomplished (fig. 7.1.2) by shifting the beam away from the 
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Fig. 7.1.1 - BINP gantry system schematic 

Fig. 7.1.2 - BINP gantry system 
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axis by a distance h by using two magnets Ml and M2, and then bending the beam by 

the 90 magnet M toward the target. 

Mechanical rotation of the whole system around a horizontal axis allows target 

irradiation from any direction. The gantry height h is determined not only by the 

magnet radii of the Ml and M2 magnets, but also by the distance between the ideal 

point source of the beam and the patient position. The distance cannot be made 

smaller than the limits imposed by the skin-to-tumor dose ratio and the lateral 

penumbra of the beam, which have to be as low as possible. 

The longitudinal dimension, on the contrary, is determined primarily by 

the geometrical bending solution and by the radius of curvature of the magnets 

Ml and ME. 

In our case, the quasi-single turn extraction, which causes a short duration of 

the proton beam («200 nsec) allows the use, in the beam delivery system, of ironless 

magnets, supplied by short current pulses, whose field can be as high as 5 Tesla, 

providing there be a bending radius of less than 50 cm. 

A considerable simplification also occurs if this magnet is used only as the last 

90° magnet that delivers the beam to the patient, and whose radius determines the 

transvers size h. If h s 1.5 m, the gantry can be installed in a normal room avoiding a 

large hole in the floor. In addition, this type of pulsed magnet, due to the small size 

of the one-turn excitation winding, has a small transverse size compared to the usual 

magnets. 

The M magnet is equal to the main dipole magnets of the protosynchrotron, but 

the driving current pulse is shorter (1 msec) leading to a better field uniformity in the 

gap. The magnet current of slightly less than 200 kA is supplied through the matching 

transformer with a step-down ratio of N=20, and a current of 10 kA in the primary 

winding. The voltage at the magnet is 400 V, the magnet inductance L = 0.6 uH, the 

stored energy is W=12 kJ, and at 1 Hz frequency the consumed power is 6 kW. The 

magnet has intense water cooling and can operate up to 10 Hz. 

It is reasonable to apply a field not larger than 1.5 Tesla in the Ml and M2 

magnets. The bending radii are 55°. The magnets have an aperture Az=2 cm and Ar=4 

cm and are supplied with current pulses of 30 kA, 1 ms. The inductance of each 

magnet is 3.5 uH and the voltage at each magnet is 350 V. The stored energy of both 

magnets supplied in series is 4 kJ and the consumed power at 1 Hz is 2 kW. 

In order to be able to work also with a beam directed along the horizontal axis, 

the first magnet Ml has been split in two parts (M5 and Ml, respectively 5° and 50°). 

The two magnets are split 1.4 m horizontally and 20 cm vertically in order to let the 

beam pass along the axis when M5 is switched off. 
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With such a magnet geometry, the gantry transverse and longitudinal sizes are 

1.6 m and 3.1 m, respectively. Some focusing lenses are added in the gantry beam 

line. Two quadrupole doublets have been included, one between magnets M2 and Mr 

and the other at the system exit. The quadrupole strengths were chosen in order to 

get a minimum of the beta function and of the dispersion at the exit. In fig.7.1.3, the 

Pr, pz and q» functions are shown. In fig. 7.1.4 the beam envelopes in the two planes 

are reported. An emittance of 7.7 mm mrad and a momentum spread dp/p of ± 0.2% 

are estimated. With these parameters the beam size in the focus will be ar=1.22 mm 

and az=1.64 mm. Variation of the gradients of the exit doublet within the limits 

59siG3ls75 T/m and 64<lG4ls72 T/m results in a variation of the beam size within 

ar^3.1 mm and a zs7.8 mm. The beam size can be made much wider by changing the 

lens parameters and even their polarity. 

The lens structure is the same as that of the synchrotron. At gradient G=70 

Tesla/m the current should be 23 kA. With a 1 msec pulse, the inductance of the 

longest section with L=17 cm is L = l uH, the voltage drop is V=75 Volts and the 

stored energy W=300 J. The total energy stored in the lenses does not exceed 1 kJ; 

the consumed power at a frequency of 1 Hz is P=0.5 kW. All the sections have an 

independent supply, thus enabling the focusing condition to be varied. 

At a distance of 1.5 m from the gantry, there is a stationary quadrupole doublet 

matching the input beam parameters, allowing the beam passage through the system. 

During the rotation for each angular position, the doublet parameters should be automa

tically changed for optimal matching of the p function and the optical system inlet. 

The gantry design in fig. 7.1.1 also shows the built-in support in the wall, with 

its two 400-mm-int-diam bearings. The gantry itself, located in the treatment room, 

Fig. 7.1.3 • P functions and dispersion for 
gantry system 

Fig. 7.1.4 - Horizontal and vertical 
envelopers 
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is a rigid cantilever construction, supporting the magnet elements and the detectors. 

On the other side of the support, a supply box is fixed on the rotating support. The 

box contains matching transformer and auxiliary electrotechnical equipment. The 

transformer is heavy enough (1.5- 2 tons) to counterbalance the gantry construction, 

whose magnetic elements weigh about 1 tun. The rotation of the system is performed 

by means of the worm-wheel drive from the drive box, which contains electrical and 

electrotechnical devices that provide programmed rotation with the necessary 

accuracy. The matching transformer is connected to the magnetic elements by low-

inductance feeders passing through a pipe of the built-in support. Current arrives at 

the primary windings of the transformer via flexible cables that, during the ±180° 

gantry rotation, are wound by half turn or rewound from a special drum. The water 

cooling system, the beam diagnostics cables and the system for measuring the 

magnetic-element parameters are similarly connected. 

A thin-wall vacuum chamber of stainless steel, closed by hermetic windows at 

system inlet and outlet, passes through all the magnetic elements. Its pump-out is 

performed by a magnetic-discharge pump. If the chamber is opened, the system is 

pumped out by an easily connected, stationary, forevacuum pump. 

The pulsed generators for the supply of the magnetic elements are storage 

capacitors commuted at the loading inductances by thrystor valves. Generators with 

charging and stabilizing devices as well as electronics are placed at a distance of 

10-20 m in 1x1x2.3 m electrotechnical boxes. 

The beam parameters in the system are measured using two coordinate grid 

probes, a current transformer and a range ionization chamber on-line with a 

computer. A feedback with the control and supply of the magnetic elements allows 

automatic regulation of the beam parameters according to a special program 

corresponding to the irradiation regime. 

To release the beam from the proper distance - in order to reduce the skin-to-

tumor dose ratio - and from the correct direction, a special patient couch with four 

degrees of freedom is under development at BINP. 

7.2 - Dose Field Formation 

The possibility of being able t > operate the compact synchrotron only in the fast 

extraction mode seems, at first sight, a big disadvantage from the point of view of 

the large size of the dose-field formation. Ordinary passive methods of dose-field 

forming by scattering (fig 7.2.1), which do not require long beam duration, can be 

used in conjunction with the compact gantry, but only to produce small field sizes 

(<6cm diameter). 
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Fig. 7.2.1- Creation of a uniform field using an annular ring plus post occluder assembly 

Col li mated 
field 

The methods of active large dose-field formation, being developed at the main 
proton therapy facilities [11] (such as the Wobbler magnet system with its remote 
handling dynamic collimator, spot scanning, and raster scanning) can be used only 
with long duration pulsed or CW beams. 

However, in our case, it is possible to use some sophisticated strong focusing 
pulse optical devices, such as a cylindrical lens with axially - symmetrical focusing 
and a wedge-type lens provided with one-dimensional focusing. 

The general idea of using a strong cylindrical lens to obtain a large uniform dose 
field consists in linear transformation of particle distribution from the lens entrance 
to the irradiation plane at a distance L from lens exit by means of axial-symmetrical 
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defocusing (or focusing with intermediate focus). It is assumed that particle 

distribution on the lens entrance is uniform. This can be obtained by means of double-

scattering in thin foils located in arbitrary points of free drift space upstream of the 

lens. As a first step, we intend to use the aluminum lens (fig 7.2.2) with the 

parameters given in the following table. 

Using a lens with the preceding parameters but made of lithium, <62>LÌ = 2.48 

10~3 and AELÌ = 2.24 MeV (practically beam transparent). In this case, it is possible to 

obtain a dose field at the irradiation plane of definite shape with a sharp cut-off in 

dose distribution at the boundary by locating a small-size collimator (smaller than the 

lens aperture) at the lens entrance where the beam angular spread ae is smaller than 

the scattering angle <92> in the lens material (fig. 7.2.3). 

To obtain 9=±50 mrad by passive scatter we have to use, for instance, tungsten 

wi h a thickness tw=0.9 cm <92>^=5xl0-2 and AEw=?8 MeV. However, a passive 

scatterer will give a Gaussian distribution of the density with a rms size <r2>=10 cm 

at 2 m distance, and a beam size with a density uniformity of q±.5% will occupy 

r = 2.3cm. The cylindrical lens works like a Wobbler system but its advantage is that 

the small-size dynamic collimator located far from the patient reduces neutron flux 

to the patient and simplifies collimator design. 

^ N N W S S S V ^ 

^ w ^ 

Fig. 7.2.2- Drawing of the aluminum cylindrical lens 
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LENS PARAMETERS 

Length (1) 

Diameter (2R) 

Magnetic Held 

Current 

Pulse duration (half Bine with flat
top) 

Flat-top 

Energy dissipation in lens body 

Full power consumption at 1 Hz 

Cooling system 

Proton beam maximum energy 

Focal length 

Convergence angle 

Energy losses in lens matter ( AE) 

Scattering angle <8 2 > rms 

Distance from lens to patient 

2 cm 

1.5 cm 

5 Tesla 

188 kA 

1 msec 

0.2 msec 

100 J/pulse 

200 W 

air 

200 MeV 

16.5 cm 

± 50 mrad 

16.2 MeV 

12.4 mrad 

1 + 2 m 

Fig. 7.2.3- Schematic of active dote field forming by mean» of an axially symmetrical 
defocusing lens 
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Another promising lens system, which focuses the beam only in one dimension is 

the wedge lens. It can be called the "line scanning method", since it operates like a 

spot-scanning scheme. The wedge lens (figs. 7.2.4, 7.2.5) is a pulse focusing system 

consisting of a wedge-shaped thin-wall conductor (1) situated between two flat 

laminated poles (2) and rigidly fastened to them. The lamination is pressed into two 

H=10KOe l = 32kA 
Ep = 200MeV F = 20cm 
4 = 0.5 mm 0rms = 6mrad 

Beam 

Fig. 7.2.4 - One-dimensional wedge lens 

Fig. 7.2.5- Cross section of the wedge lens 
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rectangular-shaped bandages (3) and the wh-It composition is a single rigid unit -

inner conductor connected on one side to outer conductor (4) forming a closed coaxial 

system (fig. 7.2.4, 7.2.5) When a pulsed current passes along the inner conductor 

between the flat laminated poles, a homogeneous magnetic field forms. For a beam 

passing through the thin current walls, this system acts as a linear one-dimensional 

lens, because the integral of the magnetic field along the particle trajectory linearly 

increases with distance from the axis due to the conical shape of the magnetic field 

distribution. The focal length of the lens is 

Pc-tga 
600 H 

where 2a is the wedge angle. 

The combination of such a lens with a quadrupole makes has interesting 

possibilities for conformai therapy (fig.7.2.5.). A single quadrupole with a focal length 

of 1.5 m will transform, in the focal plane, a 2x2 cm beam into a thin 4-cm-long line. 

The wedge lens, located downstream, will increase the defocusing to a line length 

depending on the lens magnetic field, which will be varied according to a 

predetermined law. Moving the patient couch step by step along the y direction 

(fig.7.2.6), and changing the magnetic field of the wedge lens pulse to pulse, will 

assure the coincidence of the line-shaped beam with the dimensions of the tumor. 

Simultaneously, it could be possible to move the patient couch slightly along the 

x-direction to follow any asymmetrical shape of the tumor. This method is as effec

tive as the repetition rate (>10 Hz) is high, thus enabling the irradiation procedure to 

be repeated a number of times, which increases the dose distribution uniformity. 

The line thickness will be determined mainly by the scattering angle in the 

wedge lens walls. With a wall thickness A=0.5 mm and a wedge angle 2a- 80 mrad, the 

path of a particle in the walls is t=2A/a=2.5 cm which, for aluminum, corresponds to a 

multiple scattering angle 6rm8.=6 mrad. The thickness of the line shaped proton beam 

will be 2o=1.2 cm at a distance from the wedge lens of 1 m. If the target velocity 

along the y axis is such that a displacement equal to o is performed after each pulse, 

a tumor with a longitudinal dimension of 30 cm can be irradiated for 50 sec at a 1-Hz 

repetition rate. To compensate the change of dose with line length, the beam 

intensity is varied according to the dose field shape. 

The electrotechnical parameters of the lens can be stated as follows. The 

inductance for az=ar=2cm, L=12 cm and a=0.2 rad is about 80 nH. For a magnetic field 

B=1.5 T, a current of 48 kA is necessary. The current pulse can have a half-sine shape 

with 10 usee duration and 1 usee flat-top. The voltage on the lens is 1.2 kV. Short-
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Fig. 7.2.6 • Scheme of the line scanning system 

pulse duration, less than the period of mechanical oscillations, is required to provide 

the mechanical stability of lens operation. 

The lens can be supplied by means of a toroidal matching transformer with a 

step-down ratio of 15. A primary current of 3.2 kA and an 18-kV voltage can be 

driven by a hydrogen thyratron at a 100-Hz repetition rate. In this regime, the energy 

dissipation in the current walls will be about 150 W and the total energy consumption 

of the system will not exceed 300 W. Thus, the system is very compact, not more than 

30 cm in diameter including the matching tranformer, 15 cm in length and weighs 

about 30 kg. 
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8 - CONCLUSIONS 

A preliminary design of a STAC, (technologically advanced and compact 

synchrotron) for proton therapy of cancer has been described. The STAC is a 

modification of the compact protosynchrotron designed at BINP some years ago and 

presently under development. The solutions proposed by the joint Italian/Russian team 

(which includes the designers of the compact synchrotron and Italian experts in the 

accelerator field) for the more relevant problems encountered in this kind of 

accelerator seem satisfactory but have to be checked experimentally. Therefore, a 

second stage of intense collaboration is foreseen for next year, with tests on existing 

components at Novosibirsk. 

Even though the STAC output parameters do not completely satisfy the 

requirements of a sophisticated proton therapy machine, because it is not a very 

flexible accelerator, its design is, to date , the most compact and enonomic for proton 

accelerator therapy. 

Therefore, we would like to stress that it has to be considered first from the 

point of view of accelerator R&D, checking experimentally the correct operation and 

the reliability of the machine. Only after the first phase, will it be possible to start 

work on the practical application to radiotherapy. 
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9 - PARAMETERS OF STAC 

GENERAL PARAMETERS 

Energy(E) 

Equilibrium orbit circumference 

Periodicity of cells 

Type of magnetic structure 

90° dipoles with uniform field 

Dipole magnet radius (r) 

Maximum magnetic field magnets (B) 

N° of quadrupole section 

Length of quadrupoles (physical) 

Lens aperture 

Lens gradient 

Length of free space in s.s. (L) 

Amplitude function at grad. 1.1 KOe/cm : 
px(max) 
Px (min) 
Py(max) 
Py (min) 

Frequency of betatron oscillations : 

vy 

Transition energy (Et) 

Aperture of dipole magnets: 
A, 
Ay 

Aperture of vacuum chamber : 
A, 
Ay 

Acceptance 

e 

Time of acceleration (i) 

80-e-200 MeV 

6.4 m 

4 

BODO 

4 

54. cm 

4 T 

4 

8 cm 

±2 cm 

0 + 1.1 KOe/cm 

75 cm 

138 cm 
41 cm 

209 cm 
176 cm 

1.42 
0.54 

270 MeV 

± 1 cm 
± 2 5 cm 

±0.9 cm 
± 1.25 cm 

5.9 cm mrad 
7.5 cm mrad 

3.5 ms 
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INJECTION 

Type of injector: 

Injection energy (Einj) 

Injection field (Binj) 

Injection particles 

Injection type: 

N° of injection turns 

Time of one turn 

Time of multitum injection 

Injection current 

N° of accelerated particles 

Coulomb limit of particles at AQ = 0.1 

12 

0.92 

H 

Cyclotron 

MeV 

Tesla 

Multiturn charge exchange by means of 
thin carbon foil stripping 

360 

0.1342 

48.3 

0.46 

1010 

3X10>0 

us 

us 

mA 

PPP 

PPP 

EXTRACTION 
Method of extraction: 

Fast multiturn extraction (5-6 turn at vertical plane by 
means of fast shift of median plane 

Extraction efficiency 

Output Beam remittance 

70% 

l.5ii mm mrad 

RF SYSTEM 

Harmonic of RF system 

Frequency at injection (fmin> 

Frequency at 200 MeV (fm„) 

Rate of tune (fBU/fmiii) 

RF amplitude (V sin (p) 

Number of cavities employed 

Peak voltage on one cavity gap 

1 

7.42 MHz 

26.5 MHz 

357 MHz 

7 kV 

4 

3.5 kV 
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POWER SUPPLY OF DIPOLE MAGNETS 

Current amplitude 

Half sine pulse duration 

Magnet inductance 

Magnet resistance 

Energy stored in magne*, at curr. max. 

Energy dissipation to curr.max. 

Energy stored in condenser battery 

Full energy dissipation in magnets 

Repetition rate at 80 MeV 

Repetition rate at 200 MeV 

Energy consumption at 1 Hz 

Voltage drop of magnets 

Matching transformer coefficient 

Capacity of condenser battery 

Capacity voltage 

180 kA 

7 ms 

25 uH 

5.2 X I 0 - 4 Q 

40 kJ 

30 kJ 

80 kJ 

70 kJ 

5 Hz 

1 Hz 

80 kW 

280 V 

12 

13.8 mF 

3.4 kV 

POWER SUPPLY OF QUADRUPOLE LENS 

Current amplitude (G = 1.1 KOe/cm) 

Lens inductance 

Lens resistence 

Energy stored at current max 

Full energy dissipation 

Energy comsumption at 1 Hz 

3.52 kA 

2 uH 

0.25 mil 

15 J 

20 J 

20 W 
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