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Abstract  

For the high voltage tubes replacement in pulsed laser applications, CEA developed a technology of 
matrixes of small standard components for kilo-Amps and kilo-Volts commutation. MOSFET matrix 
switches are used for microsecond and sub microsecond pulses. Small thyristors matrix switches are 
used for tens of micro-second pulses, up to milliseconds. Standard ultrafast diodes matrixes are used 
for freewheeling or blocking the current. 
This technology proved to be cost effective and a very high reliability. For laser, the MOSFETs matrix 
switch has the same cost than the gas tube (thyratron) one and the reliability is 200 times higher. The 
tube lifetime is 1000 hours. The matrix switch lifetime is 200 000 hours. The matrix is failure tolerant. 
So it’s not a random failure with MTBF specification, but a full lifetime without risk of failure for the 
switch for years.  
This technology has been used in a large area of applications. An industrial society has a licence to 
develop this technology with the necessary technical and EMC know-how. 
The purpose of the presentation is to give an overview of the applications and of the technical perform-
ances. 
 

1 Matrix switches 
technology  

1.1 First application: pulsed power 
lasers 

In pulse power applications, vacuum and gas 
tubes and spark gap are the standard solutions 
for the kilo-Amps and kilo-Volts switching. The 
life time of vacuum and gas tubes is around 1000 
hours. The number of commutations is limited for 
spark gap. 
In 1992, the cost of tubes replacement in copper 
laser was a blocking limitation for a uranium en-
richment process in CEA. Theses lasers run 24 
hours a day and more than 300 days per years. 
Because of these needs, the replacement of 
tubes with matrixes of MOSFET was developed. 
In a laser the initial 25kV 1600A 20ns switch is 
designed with two thyratrons in parallel. This 
switch was replaced in the same volume by a 
matrix of 3500 MOSFETs [1]. As for the tubes, 
the all components are in mineral oil for cooling 
and high voltage insulation. 
Because of the low cost of standard MOSFETs 
connected together on printed circuit board the 
cost of the switch system is the same as the 
tubes one (tubes, auxiliaries, enclosure, me-
chanical parts…). 

In case of the failure of one MOSFET, there is 
one stage less for voltage sustaining. This is 
compatible with the small (10%) voltage safety 
margin. But because of the powerful drive, all the 
others MOSFETs in parallel with the failed MOS-
FET are conducting in the one state, and the cur-
rent spread in all the components. There is no 
failure propagation. The switch is failure tolerant, 
up to six failed MOSFETs. In this application the 
switch design provides 200 000 hours [2] without 
failure. 
 
The circuit of a copper vapour laser pulsed power 
supply is:  
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The charging circuit is a resonant one. The main 
capacitor is charged by the power supply with the 
low frequency resonance between Cmain and 
Lcharge. The values of the others inductors are 
negligibles. The charging current goes through 
the gas inductor, not to go through the laser. This 



inductor is done with a tube to provide the circu-
lating gas for the laser at the laser head. The 
charging time is around 70µs to 100µs for exam-
ple.  
After the charging phase, the diode DHT blocks 
the reverse current. Cmain voltage is twice the 
power supply voltage if the Cmain initial voltage 
is zero. If a negative Cmain initial voltage exists, 
the charging voltage is higher. 
When the switch turns on, a negative voltage is 
applied to the laser. The discharge circuit is a 
multi resonant one to accelerate the voltage 
slew-rate on the laser head and the current slew-
rate in the laser. 
The current pulse duration is only 200 ns. For this 
very short duration MOSFETs with a powerful 
drive are well adapted. 
.  
1.2 Turn-on and turn-off and short cir-

cuit switches 

 

In a second phase, MOSFETs switches with turn-
on and turn-off and short circuit proof are de-
signed.  
 

 
Fig. 1 500A 10kV turn on and turn off switch. 
 
The upper figure is relative to a block of two 5kV 
printed circuit boards associated in series and a 
anti parallel matrix diode. The matrix diode is only 
the association of avalanche selected diodes in a 
matrix without any additional component for equi-
librium or clamping. 
 
A specific drive is designed around the specific 
high voltage transformers. These transformers 
are done with standard ferrite cores and high 
voltage cable which goes through the cores. 
 
As for the diode, the MOSFETs are selected with 
the criteria of avalanche current. MOSFETs and 
Zener diodes are associated to bear the maxi-
mum short circuit current. 
 
For the same printed circuit board surface the 
maximum current is 1000 A for thyristor function 
switch and 500 A for full control switch (turn-on 
turn off and short circuit proof). 

 
This technology is easier to use than competitors 
ones which are not short circuit proof. An addi-
tional resistor or inductor is necessary to limit the 
short circuit current to an acceptable level for the 
switch. This additional component limits the 
switching speed for normal turn-on and turn-off. 
In our technology, the limitation is done by the 
MOSFETs (saturation current) and there is no 
additional component. The voltage drop of the 
MOSFET matrix switch is less than 20 ns.  
 
An application is high current high voltage invert-
ers for plasma generators [3]. Another one is the 
replacement of vacuum tubes in Tokomak [4]. 
These tubes are used as 10 Amps, 50 kV 
switches for short circuit protection. These appli-
cations are described later. 
 
1.3 Resonant switches 

 
For the realisation of high voltage converters, two 
designs of resonant switches are developed: 
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These switches are tested for a buck converter. 
The application is the high voltage regulation and 
protection for high voltage power supplies. 
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For this design, the switch is an association of 
ZVS ZCS resonant cells, the input and output ca-
pacitors are capacitors in series, the diode is an 
association of diodes in series. The inductor is an 
association of standard winding on ETD49 fer-
rites in series. This inductor design is well 



adapted to provide a low internal parasitic capaci-
tance.  
Due to the resonant switch, the stray capacitan-
ces of the high voltage connections between the 
components themselves and with the metallic 
enclosure don’t generate additional commutation 
losses but only resonance frequency modifica-
tion. 
This design was tested for a 10 kV 10 kW con-
verter 
 

1.4 Electromagnetic Compatibility  

Because of the huge voltage and current slew 
rate, electromagnetic compatibility is a difficult 
challenge. For example, the first 25 kV 1600A 
MOSFET switch turn on with a 20 ns voltage fall 
time. The dV/dt is 1 MV/µs. The second genera-
tion of “thyristor function switch” with three times 
more current in the same printed circuit board 
surface has a voltage fall time of around 7 ns. 
It’s the same problem of EMC than in the others 
standard power supplies, but the orders of mag-
nitude are higher. With the faraday effect of the  
enclosure, low distance between the wires and 
metallic foils, and a cascade of some common-
mode chokes, it’s possible to have a good design 
with the drive on the enclosure and digital func-
tions and the controls on the switch. 
For all this high voltage pulses applications as  
for the high voltage power supplies (which have 
very fast dV/dt in case of short circuit) a very 
good EMC know-how is necessary [5]. 
 
2  Applications 

 
2.1 Bacteria electroporation 

application 

 
The goal of this part of the presentation is to do 
an overview of applications for the matrix switch 
technology. 
 
The initial application of the turn-on and turn-off 
and short circuit proof switch is to do an inverter 
for bacteria electroporation in water. 
 
A mean to kill bacteria in food or in water is to 
generate a very short high voltage pulse. 
 
The voltage around the bacteria generates a hole 
in its membrane. Depending of the size of the 
hole in the membrane the bacteria is killed. 
This phenomenon is the electroporation. One of 
the key interests of this technology is to maintain 
the organoleptic quality of the food. For water the 

advantage is the low energy consumption for 
high volume treatment. 
  
The structure is a half bridge with two 30 kV po-
wer supplies. The two 60 kV switches are an as-
sociation of 5 kV 500A printed circuit boards in 
series. Direct diodes for blocking the reverse cur-
rent and antiparalel matrix diodes are used.  
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The diodes matrixes are made with small stan-
dard diodes. These diodes are avalanched proof. 
They are not specific diodes but power electronic 
standard diodes which are selected. The diodes 
are not individually tested. It’s only a reference 
and supplier qualification test. 
 

 
Fig. 2 500 A 10 kV turn on and turn off switch 

 
The global generator was tested in short circuit 
with a tunable spark-gap on the output. 
 



 
Fig. 3 Short circuit test with a spark gap 

on the output 
 
The equipment was qualified for water treatment 
for an industrial cooling circuit. 
 
  
 

 
 

 
 

Fig. 4 +/- 30 kV 500A inverter for water 
purification (bacteria electroporation) 

 
 
 
 
2.2 High power excimer laser ap-

plication 

 
Because of the MOSFET technology evolution, 
it’s possible to switch 3000A with the same sur-
face of PCB than the initial 1000 Amps one. 
 
With these MOSFETs matrixes a high power ex-
cimer pulsed power supply has been realised. 
In this application the specifications are: 
- 30 kV 
- 30 kA 
- 200 ns pulse duration 

- 500 Hz repetition rate 
 

 
Fig. 5 30 kV 30 kA switch for excimer laser. 

 
For this application a switch with 20 000 MOS-
FETs in a single switch has been done. There are 
ten individual switches in parallel. Each switch is 
a 3kA one with six printed circuit boards in series. 
With these MOSFETs the voltage fall time is 
about 7ns. 
 
2.3 plasma generation application 

 
The first realizations are in oil because thermal 
transfer reasons and high voltage insulation. For 
low frequency or burst applications, some realiza-
tions are in air.  
 

 
Fig. 6 High voltage inverter  

for plasma application 
 
The internal structure is a half bridge. It’s the 
same structure than bacteria electroporation one. 
 
2.3 Protection for megawatt high 

voltage power application 

For Tokamak, a high number of high voltage 
power supplies are used for high frequency tubes 
generators. 
The level of voltage is around 50kV. The range of 
power is half a megawatt up to megawatts. 
Tubes are used in parallel on the same power 
supply. In case of spark in one tube, it’s neces-
sary to protect the tube with a defect very quickly. 



Matrices of small thyristors are used for this ap-
plication. But the impact is the loss of power not 
only from one tube but from all the tubes in the 
same power supply.  
A difficult problem is to design an individual open-
ing switch to protect individually each tube. 
This switch is normally on.  
With specific drive, it’s possible to do 10-20 Amps 
of permanent current with a sustaining voltage of 
100 000 volts. 
This switch provides the serial protection for 
megawatts power supplies in Tokamak applica-
tions. 
 

 
Fig. 7 High voltage serial protection switch for 

megawatt power supplies 
 
 
3 Conclusion 

A technology using small standard components 
for specific research or industrial applications 
was developed and proved cost effectiveness 
and very high level of reliability.  
The applications domains are large and compo-
nents progress allows reaching new challenges. 
This technology is transferred to industry with a 
long time partnership. 
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