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Talking points 
• Overview of the block diagram and RF amplification stages 

• Main reasons to modify the existing amplifiers; 

• Solid state vs tube amplifier as 1st stage; 

• Matching between the new 1st stage and the existing 2nd 

“tube” stage; 

• Test, measurements and operation with our cyclotron; 

• Conclusion; 

• References and discussion. 
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RF power amplifier (Ampegon ex BBC ) 
Pmax 90 kW CW, nominal 75 kW (~1981) 
Frequency range 15-50 MHz Courtesy of L.Piazza 

Standard solid state  
100-200 Watt 
Gain 50-55 dB 
Wide bandwidth 
“DRIVER AMPLIFIER” 

-6dBm (0.25 mW) ~50dBm (100 W) 

Cavity 1 

Cavity 3 

+78.75dBm (75 kW) 

Cav2 

+74.7dBm (30 kW) +45.7dBm (37 W) -10.8dBm (80 µW) 

+73dBm (20 kW) +44dBm (25 W) -12.5dBm (56 µW) 
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Power amplifier   
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Power amplifier   
The 1st stage is a ground-cathode 
configuration. In general this 
configuration is very reliable, 
shows very few technical  
problems and a considerably low 
number of components.  
Grid-control input. 
Class AB.  
Forced air cooled. 
POUT 5 kW 
T1 THALES RS1054L 

T1 
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Not on sal 

60k€, not on SALE… 
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RS1054LSC 
4CW100000E 
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RS1054LSC 
4CW100000E 

MUST BE CHANGED 
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Antonio Caruso CYC_2016 Zurich Switzerland 

Wide band stage 15-50 MHz 

Gain  65-70 dB 

14/09/2016 



BUT TH298 COULD BE NEARLY OBSOLETE TOO… 
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Proposed solution by Eimac 
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As a possible alternative to the originally used RS1054L 

the CPI tube 4CX3500A has been selected. This tube is 

less powerful than the original one but was selected 

because we thought than the final power of 30kW was 

enough as regards normal cyclotron activity. 

The most critical parameter is the input 

capacitance of the 4CX3500A as it 

influences the input circuit negatively. The 

existing wide band circuit has to be 

redesigned in order to cope with the higher 

tube capacitance: 
RS1054 Cin = 57 to 60 pF 

4CX3500A Cin = 111 pf 



Main modifications for the installation of the 4CX3500A 
• Most critical point, input capacitance: redesign the input impedance 

circuit and related board; 
• The tube needs a completely new socket which ends up in a completely 

new design for the driver stage. The outline of the present module will be kept 
so that no major mechanical work is necessary; 

• New filament power supply; 
• Slight modification of control grid power supply (no need for screen grid); 
• Insertion of new crowbar circuit in the anode power supply plus retuning of 

anode matching circuit 
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117.3mm 

120 mm 

RS1054LSC 4CX3500A 

176 mm 

125 mm 
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Cost of the operation, to modify 3 amplifiers 

 (including a single new tube), about 250 k€ 

Risks of the operation 

• The tetrode manufacturer can notify the end of the production of this new tetrode in any 

moment. With a very short margin in terms of time, according to our experience; 

•  It is not possible to store a lot of spare parts, economic and vacuum tube technology; 

• The new solid state technology is going to cover the slice of market under a power of 

100 kW and up to few hundred MHz of bandwidth (most important);  

Positive points 

• 4CX3500 cost relatively low, high efficiency, high reliability, robustness; 

• Apparently no end of production in the near future, according to the manufacture;  

• Econco (CPI group), ensured us about the total assistance to rebuild the tube in 

case of failure (not necessary to buy a bright new tube all the time). 
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The total operation can be divided into two phases: 

1. Design and manufacture the hardware during the cyclotron operation; 

2. Installation of the new parts during a cyclotron long maintenance period . 

Also the distribution of the total cost, after an agreement with the constructor, 

should be divided into two, or better for us, more phases…  

But remain the financial problem of getting the whole budget. 

make a virtue out of necessity  

ENOUGH SPARE PARTS 

SOME IN-HOUSE SOLID STATE AMPLIFIERS 



Frequency & Power range of tetrodes 
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Courtesy of Eric Montesinos, CERN-RF 
LDMOS Transistor 
>1 kW, 2-600 MHz 

In the meanwhile further news coming from the market … 
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 WE THOUGHT OF TRYING 
AN APPROACH WITH A 
SOLID STATE STAGE 

(useful collaboration with 
Warsaw University) 



RULES OF THUMB OF THE SOLID STATE 

OPERATION 
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CHANGE THE TUBE 1ST STAGE WITH A SOLID STATE: 

• MINIMIZE THE HARDWARE MODIFICATIONS, MAINLY IN THE 

SECOND STAGE OF THE AMPLIFIER; 

• NEVER FORGET THE POSSIBILITY TO RE-INSTALL AGAIN THE OLD 

TUBE, IN CASE OF PROBLEMS IN A REASONABLY SHORT TIME; 

• CONTAIN THE COST.  



High power water cooled tetrode EIMAC 4CW100000 (final stage) 

study the technical characteristics, mainly about the input circuit  

14/09/2016 Antonio Caruso CYC_2016 Zurich Switzerland 30 



14/09/2016 Antonio Caruso CYC_2016 Zurich Switzerland 31 

High power water cooled tetrode EIMAC 4CW100000,  

maximum and minimum rated values 



Matching the new solid state driver with the 2nd stage 
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Matching 
network 50Ω 𝑍𝑖𝑛 = 𝑅 ± 𝑗𝑋 
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We need a matching network as impedance transformer from Z0 to cathode impedance Zc 

the real part of the load to be matched RL (Zcathode) 

is much lower than Z0 (50Ω). In this case we may 

use the simple -matching network 

50Ω Zcathode Zshunt 

Zseries 
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Impedance transformer from Z0 to cathode impedance Zc 

the real part of the load to be matched RL is 

much lower than Zo. In this case we may 

use the simple -matching network 

C1 = C2 = 10-1000 pF 

LS = 0.2 – 1.1 H (existing) 

Cbbc1 = 470 pF (existing) 

Cbbc2 = 5-100 pF(recycled) 

MATCHING BOX 

CC 

CATHODE  
EQUIVALENT 

 CIRCUIT 

Ls Cbbc1 

C1 50Ω 

LC RC 
C2 

Zc 
Cbbc2 
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MATCHING BOX 

CC 

CATHODE  
EQUIVALENT 

 CIRCUIT 

Ls Cbbc1 

C1 50Ω 

LC RC 
C2 

Zc 
Cbbc2 

𝑌𝑖𝑛 =
1

𝑍𝐶1 
+ 1

𝑍𝐶2 +𝑍𝐿 +𝑍𝑐𝑎𝑡ℎ𝑜𝑑𝑒
 𝑍𝑖𝑛 = 1

𝑌𝑖𝑛
 𝑍𝑖𝑛 = 50Ω 

𝑍𝑖𝑛  

shunt 
series 
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50Ω 

𝑍𝑖𝑛 = 𝑅 ± 𝑗𝑋 

RFin 

Cyclotron cavity 
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Cbbc1 

Ls 

C2 
C1 

50 Ω 

Inside the amplifier instead of 1st stage 
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V1: THALES RS 1054 LSC 

The matching box 

already installed 

instead of the 1st 

stage RS1054LSC 

in one of the 3 

amplifiers 
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Matching measurements  
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VSWR = 1.024 

 50Ω 

31.87 MHz 



Matching measurements  
14/09/2016 Antonio Caruso CYC_2016 Zurich Switzerland 42 

VSWR = 1.024 

 50Ω 

31.87 MHz 

VSWR = 1.0137 

50Ω 

16.35 MHz 



Matching measurements  
14/09/2016 Antonio Caruso CYC_2016 Zurich Switzerland 42 

VSWR = 1.024 

 50Ω 

31.87 MHz 

VSWR = 1.0137 

50Ω 

16.35 MHz 

50Ω 

VSWR = 1.0137 
43.61 MHz 



6”1/8  
RF switch  

SSA driver test bench block diagram 
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RF 
Generator 
15-50 MHz 

SSA 
FAST  

RF SWITCH  
DIRECTIONAL 

COUPLER 

FORWARD  REFLECTED 

FINAL 
STAGE 

AMP 

MATCHING BOX 

STOP THE RF INPUT IN CASE OF FINAL STAGE FAILURE 

50 Ω 
DUMMY 
LOAD 

Courtesy of L.Piazza 

Cyclotron  
Resonator 

SSA 

PSSA 500W POUT  20kW Gain 16 dB AR 2500A225 Amplifier Research 

2500W, 10 kHz–100 MHz 

2500–1900W, 100 MHz–225 MHz 

Gain 64 dB min 

PIN 200V 
 16 – 43 MHz 

From LLRF 



Beams delivered with SSA as permanent driver of Cavity 3  
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SSA 

PSSA 400W 

  (56 dBm) 

POUT  16kW 
Gain 16 dB 

AR 2500A225 Amplifier Research 

2500W, 10 kHz–100 MHz 

2500–1900W, 100 MHz–225 MHz 

Gain 64 dB min 

CLASS A - AB 

PIN 158V 
 36.8534 MHz 

From LLRF 

SSA PSSA 160W 

  (52 dBm) 

POUT  7 kW 
Gain 16 dB 

2071 EM POWER  

300 W, 1 MHz–100 MHz 

Gain 56 dB 

CLASS AB 

PIN 400V 
 16.35 MHz 

From LLRF 

55 MeV/amu 

10 MeV/amu 
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Beams delivered with SSA as permanent driver of Cavity 3  

PSSA 500W 

  (57 dBm) 

POUT  20kW 
Gain 16 dB 

HERFURTH 

500 W, 10 - 100 MHz 

Gain 58 dB (average) 

CLASS AB 

PIN 0 dBm 
 39.3112 MHz 

From LLRF HERFURTH 

62 MeV/amu 
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SSA as driver amplifier (preliminary test on Cavity 2)  

SSA 
PSSA 650W 

  (58 dBm) 

POUT  30kW Gain 16-18 dB LA1000H KALMUS 

1000 W, 2 - 32 MHz 

Gain 58 dB (average) 

CLASS AB 

PIN 2.9dBm 
 22.9 MHz 

From LLRF KALMUS 

LA1000H 

SSA 
PSSA 670W 

  (58 dBm) 

POUT  30kW Gain 16-18 dB LA1000H KALMUS 

1000 W, 2 - 32 MHz 

Gain 58 dB (average) 

CLASS AB 

PIN 2.9dBm 
 31.87 MHz 

From LLRF KALMUS 

LA1000H 

Not only tested on cavity 3… 



DRIVER BASED ON NEW LDMOS FREESCALE  
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PSSA 500W 

  (+57 dBm) 
POUT  20kW 

Gain 16 dB 
INFN/LNS prototype 

1 kW, 1.8 - 54 MHz 

Gain 27 dB (average) 

PIN 0 dBm 
39.3112 MHz 

From LLRF FREESCALE 
OR NXP 

Output Power ≥ 1kW 

Flatness ± 1.5 dB 

Gain ~ 27 dB 

Mismatch max tested 2:1 

Frequency range 1.8 - 54 MHz 

MRFE6VP61K25HR6 (FREESCALE) 

DUMMY LOAD 

INPUT 

OUTPUT 

1W 

 (+30 dBm) 

We got a pre assembled board and made a driver amplifier… 
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CAV3 



Test bench LDMOS TEST 
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~+59 dBm 
~800 W 



COMPONENTS  
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From January 2015 
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Conclusions  
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• The frequency range 15-50 MHz was achieved; 

• Mismatch up to 2.0:1 was tested too (30%); 

• The system works very well with a lot of final 1st stage configuration 

(tetrode, mosfet, bjt, new LDMOS etc) of the SSA drivers, we used 

commercial ones, amplifier research, Kalmus, EMPower, ENI, 

dB_Science, in-house custom amplifier based on BLF188XR; 

• Enough power, 20-30 kW, at the output of the final tetrode, was 

achieved in the cyclotron cavity; 

• Automatic tuning of the matching network, in the near future. 
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One of the most important result in developing, designing, installing, testing, mostly in-house, the 1st stage 

solid state matching operation, was: 

Gain lot of know-how, useful in the next phase, to prepare the line guide for a proper 1st stage (custom and/or 

commercial device). 

In the end, the solid state solution greatly reduces the cost of the revamp and the maintenance operations. 

Only one amplifier is equipped with this new solution, the other 2 are still working with the tetrode 1st stage, 

until the last spare parts, related to the RS1054L, are used up. 
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until the last spare parts, related to the RS1054L, are used up. 

 

Frequency range 15-50 MHz   

Output Power  1.5 kW Linear P1dB 

Input impedance 50 Ω N connector 

Output impedance 50 Ω 7/16” 

Class  A -AB   

Gain  63 dB CW 

Flatness  1.5 dB   

Harmonic distortion  14dBc   

Spurious  70dBc   

VSWR 100% rated power 
Based on MOSFET MRF151G 
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Thank you for your kind attention 
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