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Introduction 

The main characteristics of the Milan Superconduc
ting Cyclotron are extensively reported elsewhere l - 4. 
For the sake of completeness we just recall that the rna 
chine has a K=800 and a 3 sectors geometry , with an ave 
rage magnetic field ranging between 22 and 48 kG . The 
accelerating structure of the cyclotron consists of 3 
spiral dees, in the valleys, each dee being the high 
voltage part of a symmetrical coaxial resonator5 . 

The acceler~tor design calls for an RF frequency 
range between 15 and 48 MHz for harmonic operation from 
h=l to h=4 and 100 kV peak dee voltage in the injection 
and extraction regions. Depending on the harmonic used , 
the three dee voltages can be either in phase or ± 1200 
out of phase . The design phase stability is ~ 0 . 20 for 
an AM noise on the accelerating voltage better than 
1 ' 10-4. 

While the other RF parameters are similar to those 
of the MSU K500 , we note that the frequency range is v~ 
ry different. The rational of this c~oice , which compli 
cates the RF design because of the higher frequency , i; 
that to accelerate all the ions from 100 MeV/n to 8 . 5 
MeV/n with just one harmonic and particularly h=2. This 
is important because , when the machine operates with in
ternal ion source or axial injection, the center region 
is strictly connected to the harmonic in use and to 
change harmonic means to open the cyclotron . 

This paper presents the main components of the Mi 
lan RF system, its present status and the results of 
the tests carried out so far. 

RF cavity 

A vertical cross section of the RF cavity fitted in 
to the cyclotron is presented in Fig . 1 , 'lhere all its
main parts are sketched. The resonator consists of two 
~/4 half cylindrical cavities tied together at the cen
ter and symmetrically placed about the median plane. 
For the whole length of the short circuit movement the 
cavity is in air. Separation between air and vacuum is 
made by an alumina insulator, which is designed to re
quire only normal viton seals. Also the air part of the 
cavity is tight, enabling a dry air operation with a 
cooling flow at the insulator edge . 

To obtain an upper frequency of 48 MHz, the high 
voltage insulator , which limits the sliding short move
ment, is placed inside the magnet yoke at 620 mm from 
the median plane . This solution strongly reduces the i~ 
sulator dimensions and makes quite critical the design 
of the insulator region . 

Each sliding short, to cover the frequency range, 
mo.,-es :Or om 0.85 to 3 . 5 m from the median plane . A 4 . 2 m 
length has been chosen for the cavity to have a margin 
in case of reduction of the lower frequency and to have 
a region at the edge which can be opened for sliding 
short assembling . 

The coupling capacitor is placed below the median 
plane to simplify the lifting of the YGke upper cap . 
The respective position of the trimming and coupling ca 
pacitor has been reversed with respect to the previous
design 5 because of the 6 1/8" coaxial line connecting 
the coupling capacitor to the power amplifier . The hole 
in the magnet yoke opposite to the coupling capacitor 
is actually free. It will be probably used for the 3 
phases operation neutralizing network, which has been 
not designed yet . 
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Fig . 1 - Vertical cross section of the RF cavity fit
ted into the cyclotron. 
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A free region inside the dee is guaranteed for high 
vacuum pumping system4. In Fi g. 1 the splitted cryopump 
which is now under t est is sketched. 

Some detail of the main components of the cavity 
is presented in the following. 

Coaxi als 

The two coaxial copper tubes , along which the sli 
ding short moves , have a thickness of 8 mm and an outer 
diameter respectively of 208 mm and 486 mm, the last 
being dictated by the hole in the magnet yoke (¢ 50Omm). 
They have been manufactured by Kabelmetal , Germany , in 
two different ways . The small one has been cold-drown, 
using an oxygen free copper billet and , after that, it 
has been machined and polished. The big one has been 
electroformed using a patented procedure which guaran
tees mechanical properties close to those of cold-drown 
copper. 

While the outer coaxial i s cooled by copper pipes 
soft soldered on the outside, the inner tube has a co
axial cooling system . The water flow is guided by a pro 
perly shaped rubber seal (refer to Fig . 2). -

High voltage insulator 

In the high voltage insulator region the geometry 
of the coaxials is strongly modified. Fig . 2 shows a 
vertical cross section of the upper half cavity insu
lator region. 

Fig. 2 - Vertical cross section of the upper half caVl
ty insulator region. Dimensions are In mm. 

The shape of the upper and lower nose and the tape
ring of the outer coaxial have been optimized using a 
finite elements computer code . This code called MACSPE9 
originally written for mechanical structures calcula
tion, was modified for electrostatic problems . The op
timization was carried out in order to have a very low 
voltage gradient at the insulator edges and an almost 
uniform electric field in the central part of it . with 
the actual design the maximum power dissipation on the 
insulator would not exceed 200 W. Moreover with a volt
age of 100 kV on the upper nose, the maximum field on 
it s surface exposed to the air is below 30 kV/cm . We 
are confident that this fi eld value is reasonable be
cause the whole air part of the cavity is tight and a 
controlled atmosphere is used. 

The pure alumina (99 .7% ) insulator is symmetrical 
and the two edges have an U shaped silver plating hav
ing a thickness of 0 .4 mm . The rational of this choice 
is to avoid the use of metallic seals which need for 
tightness very large pressure ( ~ 40 kg/cm). In the ex-

panded detail of Fig. 2 the silver plated upper insula
tor edge fitt ed into the high voltage nose is pres
ented , together with the viton O-ring and the RF con
tacts on both sides . Silver plating and RF contacts , mQ 
difying the RF current path, pr otect the viton seal. 
Large plating thickness is needed for a proper heat con 
duction. 

In the picture of Fig. 3 the insulator during as
sembling into the cavity is shown. An air cushions sys
tem is used for this purpose in order to gently insert 
the insulator between RF finger contacts . 

Fig. 3 - Upper dee stem insulator during assembling . 
Air cushions system is also shown . 

Dee 

The dee i s splitted in two halves , symmetrical with 
respect to the cyclotron median plane , electrically co~ 
nected at the extraction r egion . Another connection 
will be supplied according to the center region requi
rements . 

Each half dee is composed by two separated copper 
and aluminum parts which can be easily disassembled . A 
picture of the upper half dee is presented in Fig . 4. 

Fig . 4 - First cavity upper half dee. 

The copper part , connected to the inner coaxial , is 
an internally beaded box made from 2 .5 mm thick soldered 
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copper sheet. Its mai~ purpose is to contain the high 
vacuum pumping system . The second part is a solid pure 
aluminum piece machined with a numerically controlled 
milling machine. 

This design has in our opinion a certain number of 
advantages. Namely: 

any modification of the center region geometry is Slm 
pIe and reliable; 

- shape of the high voltage profile of the dee can be 
optimized; 
activation of the dee during cyclotron operation lS 
strongly reduced. 

The main problem we had for a proper dee manufactu
ring was related to the connections between aluminum 
and copper . The solution was to spray a copper layer on 
the aluminum piece upon all those limited regions in 
which RF contacts or soft soldered water pipes are 
needed. A picture of t he dee seen from the median plane 
side , showing copper piping, water connectors and spra
yed copper (left side) , is presented in Fig. 5. 

Fig. 5 - Upper half dee seen from the median plane side. 

Sliding short 

Because of an expected current density on the short 
plate of 50 A/cm at 48 MHz, the design of a reliable 
sliding short was one of the RF system major problems. 
We decided for a rather new design in which the contact 
between coaxials and short plate is obtained using small 
silver-graphite spheres (10 mm in diameter) . A picture 
of the sliding short fully assembled on the dummy coax
ials support is presented in Fig. 6. 

Fig . 6 - Sliding short fully assembled on the dummy 
coaxials support . 

There are 144 and 63 balls respectively for the two 
coaxials, each one being pressed with a force of 2 kg 
against coaxial and short plate. A set of 12 air cylin-

ders is used to reduce the force on the contacts during 
the movement . 

For the final insertion into the cavity , the sli
ding short fully as sembled is spli +.ted in three parts, 
the spheres being sustained by proper thin aluminum sec 
tors. In the picture ~f Fig. 7 the short reassembled 
into the cavity is presented. 

Fig . 7 - Sliding short assembled into the cEwi ty. 

To give an idea of its internal structure, two of 
the three sectors which compose the short are presented 
in the picture of Fig. 8 during assembling. 

Fig. 8 - 'I\w sliding short sectors during assembling. 

Referring to the picture of Fig. 8 , both rings 
which press the spheres for contact can move freely In 
order to compensate radial forces induced by an even
tual defect on the coaxials straightness. The sliding 
short can accept overall defects of the coaxials walls 
position within z 2 mm. 

Since the use of balls for contacts is quite unusu
al, a set of test s with 50 Hz current was performed 
using a single 10 mm sphere on a water cooled prototy
pe. A current up to 1500 A was carried reliably, the 
limit being dictated by the current wires. At this cur
rent level the temperature on the sphere was 260°C 
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Fig. 9 - Single sphere performances. 
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and the total power dissipated in the two contact re
gions more than 300 W. 

Fig . 9 shows the experimental results on the proto
type together with an extrapolation of the performances 
of a single sphere carring a 48 MHz RF current. ~T lS 
the temperature of the sphere referred to the cold walls 
temperature , R being the overall resistance of the sphe 
re and contact regions . 

Coupling capacitor 

The RF design calls for a coupling capacitance ran& 
ing between 2 and 5 pF , depending on the frequency . We 
adopted a solution based on the same type of insulator 
used in the new SIN injector cyclotron . A cross sect ion 
of the actual coupling capacitor is presented in Fig.10. 

Fig . 10 - Coupling capacitor cross section . 

Only a few comments are in order: 
- finger contacts on the coupling head protect the bel

low from the RF field ; 
- head stroke is 50 mm; 
- a cylindrical alumina insulator (86 mm in diameter) 

with U shaped metallic edges is used , the edge closer 
to the coupling head being water cooled (refer to the 
central expanded detail in Fig . 10); 

- a modified 6 1/8" tee (manufactured by Spinner , Germa 
ny) is used for a reliable access of water pipes and
rotary actuator ceramic shaft . 

A picture of the coupling capacitor head (left) to
gether with the tuning capacitor and the upper dummy li
ner (for first cavity tests) is presented in Fig . 11 du
ring assembling . A linear hydraulic actuator drives the 
trimming capacitor , the measured small signal unity gain 
bandwith being 25 Hz . 

Fig . 11 - Coupler, tuning capacitor and upper dummy 
liner during assembling. 

Po"er ampli fier 

The RF power system of each of the three cavities 
consists of a two stages power amplifier, driven by a 
commercial solide state broad band amplifier. The power 
amplifiers were expecially des igned and manufactured by 
Brown Boveri Co., Switzerland, according to our specs . 

The first amplifier was extensively tested for ac 
ceptance on a 50 ohm dummy load. Particularly it was 
tuned continuously fr om 15 to 50 MHz at 90 kW output 
power, looking with an high quality spectrum analyzer 
into the power tube tank circuit . No parasitics were 
detected . The main features of the power amplifier are 
listed in Table I. 

Table I - Power amplifier maln features 

Frequency range 

Output power on 50 ohm load 

Cla,ss 

Gain variation from 10 mW to 
90 kW output power 

Effic i ency at full power 

Maximum input power (on broad 
band 50 ohm input) 

Residual amplitude and phase 
modulation at full power 

Harmonic distortion at full 
power 

Tuning 

15 -;- 50 MHz 

o -;- 90 kW 

B 

~ + 1 . 5 dB 

6,% 
60 W 

,..; - 60 dBc 

More than 40 dB 
below fundamental 

Automatic - 6 motors 

In the picture of Fig . 12 the power amplifier RF 
cubicle with the door open is shown . The final stage 
has a grounded grid configuration, the power tube being 
an EIMAC 4cw 100.000E . Both capacitance and inductance 
of the output tank circuit are separately tunable . The 
output coupling is inductive. A pi circ~it, with three 
tunable elements , connects the driver tube anode with 
the cathode of the power one. The driver grid circuit 
has a 50 ohm broad band input impedance . 

One of the three identical units which were deliv
ered one year ago has been installed at the present cy
clotron laboratory and it is now connected to the caVl
ty and to the 50 ohm soda water dummy load, via a mo
torized coaxial switch. 

Fig. 12 - Power amplifier RF cubicle . 
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Control electronics 

The present control electronics for the first cavity 
power tests is composed by tbe turn-on and the fine tu
ning systems7 . These two systems are intended to provi
de easy and reliable full power operation of the RF re
sonator . Particularly: 
- The turn- on system modulates the amplitude of the RF 

voltage fed to the resonator in order to break through 
multipactoring in minimum time ; it also detecs any PQ 
tentially dangerous condition and cuts off the RF dri 
ving signal (~3 p s) . 

- The fine tuning system continuously keeps the RF .ca
vity tuned by adjusting the position of the trimming 
capacitor . 

Both systems are now operative during power tests on 
the RF cavity. Fig . 13 shows the general block diagram 
of the systems. 

Prototypes of phase and amplitude controls of the 
accelerating voltage have been designed and assembled. 
In the near future they will be tested on the cavity. 

Low power tests 

Due to a significant delay in the construction of 
the new building which will house the cyclotron, the o
riginal tests program has been modified and the first 
cavity has been assembled in the machine shop where it 
has been constructed (Zanon , Schio). The assembling was 
carried out in order to perform a preliminary set of 
electrical measurements for checking the computed data . 
These measurements were important because we can install 
i n the present cyclotron building only one half of the 
cavity . This installation ,while adequate for power 
tests on the system components, cannot provide informa
tions on the resonant frequency and power dissipation 
of the whole cavity . 

In September 1983, the cavity was assembled and 
ready for tests. Electrical measurements have been car
ried out exciting the cavity in a non perturbative way . 
Small probes have been installed on the two symmetrical 
sliding shorts , coupling and trimming capacitors. Dummy 
sliding shorts and dummy trimming and coupling capaci
tors were used for this set of measurements. In the pic 
ture of Fig. 14 the cavity fully assembled is shown . -

Fig . 15 shows the experimental results relatively 
to the short circuit distance from the median plane and 
the Q factor. Also total power dissipation is presented 
like an extrapolated figure. Few cow~ents are in order: 
- the maximum frequency is 47 MHz instead of the calcu-

lated 48 MHz ; 
- the Q factor is smaller by about 10% and the power 

dissipation is therefore greater than expected. 

Fig. 14 - RF cavity assembled in the machine shop where 
it has been constructed . 

We think that these results are rather successfull , 
looking at the complexity of the cavity geometry and 
consequently at the number of approximations introduced 
in the computer code. 

Looking at the RF requirements of the Milan Super
conducting Cyclotron , the two main discrepances quoted 
above have a different weight. The lower Q factor is 
probably due to poor polishing of the cavity and inef
ficent contacts on the provisional components. There
fore we expect an increase of it and in any case the RF 
pm,er amplifier can supply the power we need. Concern
ing the maximum frequency we plan to modify the insula
tor region, slightly reducing the characteristic impe
dance. This will be done when the dee geometry , includ
ing the center region, will be frozen. We point out 
that the dee which has been tested is the most capaciti 
ve, namely that which is placed between the two electrQ 
static deflectors. 
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Fig. 13 - General block diagram of the operating control electronics . 
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Fig . 15 - Experimental results relatively to the short 
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and Q factor . Also total po,rer dissipation(P) 
1S presented like an extrapolated figure. 

Preliminary high power tests 

In the pictur e of Fig . 16 the upper half cavity ful 
ly assembled in the present cyclotron laboratory is pre 
sented together with the power amplifier and control -
electronics. By the end of February 1984 the system was 
considered ready for a first power test , the vacuum be
ing poor (1.10-4 mbar) due to a leak in the water pi
ping . The turn-on circuit broke through the multipacto
ring and a dee voltage of 35 kV at 15 MHz was obtained, 
the first mUltipactoring level being at less than 100V. 

Fig . 16 - Upper half cavity, power amplifier and con
trol electronics during pmrer tests. 

After that the cavity was partially disassembled to re
pair water p iping in order to improve the vacuum by at 
least a factor ten for reliable testing . 

A second set of power tests was carried out at a me 
dium dee voltage (~ 30 kV) in order to check frequency -
range and coupling capability. A frequency range from 
13 to 39 MHz was measured for the half cavity. During 
these tests the tuning capac itor servo system was suc
cesfully tested and the alarm board controlled attenu
ators calibrated via the microprocessor . 

By the end of March the whole system , including con 
trol electronics, was ready for cavity conditioning up
to the full power. Unfortunately , when the resonator 
was running at 65 kV dee voltage , the frequency being 
15 MHz, the high voltage dee stem insulator broke. 

Since the high voltage insulator should be in prin
ciple a reliable component of the RF cavity , we decided 
to stop power tests in order to investigate the problem. 
Opening the cavity , first look was that of an intact i~ 
sulator, but a grazing light carefull observation 
showed a number of branched circumferential cracks in 
the i nsulator median region . 

A complete set of tests is now unrrer way , the insu
lator having been repaired with a cyanoacrylate adesive 
(Loctite Is407) . Up to now mechanical stresses induced 
by the cavity have been excluded , while a strongly ano
malous insulator heating was observed. Particularly , 
operating the cavity at 15 MHz ,ri th the repaired insula 
tor , the dee voltage being 50 kV, in few minutes the -
pressure rised up to 3 .10- 4 mbar . Ten minutes were 
enough to recover a pressure of 2·10-5 mbar and start 
again : the same effect on the vacuum was observed . D'.l
ring this test the insulator temperature went up to 
150 aC , to much for the power involved , to low to justi 
fy insulator break. 

During May ,re plan to complete insulator tests and 
to take a decision. Nevertheless , while there was no 1n 
dication of high power problems in the rest of the 
structure , we are confident to be able to start the 
whole RF system final construction before spring 1985 . 

Acknowledgements 

The autor wants to thank G. Varisco, P. Michelato 
and J . Camon for their important contribution on the RF 
system design . Credit for this work goes to P. Galleni 
for his collaboration and to people of the RF staff 
(M. Bonezzi, R. Finardi , W. Lovati and F. Zibra) for 
their precious technical support. 

References 

1 . E. Acerbi et al. , The Milan Superconducting Cyclo 
tron Project, Proceedings of the IX Inter . Conf . on 
Cyclotrons and their Applications, Caen (France) 
1981 , Les Editions de Physique 1981 , pag. 169. 

2. E. Acerbi et al. , Status of the Superconducting Cy
clotron Pr oject in Milan , INFN/TC 82/12 . 

3. E. Acerbi et al ., Status of the Milan Superconduct
ing Cyclotron Project , IEEE NS-30, 2126 (1983) . 

4 . E . Acerbi et al. , The Milan Superconducting Cyclo
tron Project , paper presented at this Conference . 

5. C. Pagani et al ., RF Design of the Milan Supercon
ducting Cyclotron , Proceedings of the IX Inter. Conf. 
on Cyclotrons and their Applications , Caen (France) 
1981, Les Editions de Physique 1981 , pag. 423. 

6 . ~lacspe - J .M . Baze, GANIL, internal report . 
7 . C. Pagani and V. Venturini , Control Electronics for 

the Milan Superconducting Cyclotron RF Cavity, to be 
published. 

8 . C. Pagani et al ., Preliminary Measurements on the 
first RF Cavity for the Milan Superconducting Cyclo
tron , INFN/TC 83/18 . 

Proceedings of the Tenth International Conference on Cyclotrons and their Applications, East Lansing, Michigan, USA

310 CH1996-3/84/0000-0310 $1.00 c○ 1984 IEEE


