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1. Lifetime
- Unpredictable life span , Short average lifetime

2. Fault Characteristic

3. Maintaining characteristics
(Rise time, On-state resistance and so on)
- It is difficult to maintain these characteristics consistently over the life of the Thyratron

4. Additional Power Supplies 
- It is needed that  cathode heater and the reservoir heater are supplied from

independent power supplies

5. Jitter / Delay Time Drift

6. Heating Time

7. Cost (Operation, Installation)

8. Repairable

Mis-firing Fault Reverse Conducting Fault

Associated with Reliability

Disadvantages of Thyratron Compared to Solid-State Switch

Reservoir & Cathode Heater Power 
Supply

Thyratron Stand
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PAL (Pohang Accelerator Laboratory) and KERI (Korea Electrotechnology Research Institute) Collaboration 

Induction Heating Power 
Supply

Nano-Second Pulse 
Modulator

For Pseudo Single Pulse Mode 
(40kV, 40ns]

NEG Coating Power 
Supply

(5kV, 1.5A)
Replacement of Thyratrons with Solid-State 
Switches: (20kV, 10kA), (50kV, 10kA) Ratings

Korea Electrotechnology Research Institute
(KERI)

Pohang Accelerator Laboratory
(PAL)

Enhancing Thyratron 
Performance through Power 

Supply Research

16kV, 10kA Solid-State Switch 
and Kicker Modulator
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Key Technological Elements for the Development of High-Power Solid-State Switches

3

Voltage
Balancing

Voltage
Balancing

Voltage
Balancing

S_1 S_2 S_N

Gate
Driver_1

Gate
Driver_2

Gate
Driver_N

Output+

TR_1 TR_N

On/OFF Pulse Generator
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1. Voltage Balancing Circuit

2. Switch & Structure

3. Gate Drive Circuit

4. Gate Powering

5. Control Circuit
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Development of Synchronous Operation & High Current Driving Technologies for Switch 
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1) Design of Switch Synchronous Operation Scheme

- Simultaneous Supply of Isolated Driving Power & Signal
using a Transformer

(vs. Multiple High-Voltage Insulated Power Supplies + Opto-
Coupler Driving)

→ Reduced Implementation Cost of Driving Circuit and
Precise Synchronous Operation

- Long Pulse Driving Method using Short On/Off Pulse → Gate TR Size ↓
- On/Off Pulse Rectification Circuit → Simplified High-Voltage Insulated Driving

Power Supply
- Gate Charge Equalization & Minimization → Optimized synchronous operation

and High current driving

2) Design of Gate Driver for Switch in High Current Operation
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Design of Voltage Balancing Circuit & Inductance-Reducing Series-Stacking Structure
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3) Design of Voltage Balancing Based on RCD Snubber 4) Design of Inductance-Reducing Series-Stacking Structure

- Considerations for Component Series-Tacking→ Voltage Balancing & Inductance Reduction for Achieving Fast Current Rise Rate

 

     

  
 

  
  

  

    
  

 
 
 

   

     

  
 

  
  

  

    
  

 
 
 

   

 

     

  
 

  
  

  

    
  

 
 
 

   
     

  
 

  
  

  

    
  

 
 
 

   

<Photo of Switch Stacking Circuit and Fabrication 
based on RCD Snubber>

<Photo of Inductance-Reducing Stacking Structure 
and Fabrication>
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Selection of Optimal Stacking Components under Pulse Operation Conditions

Part Name FF450R12KT4 SKM600GM12E4 SKM900GA12E4 FZ600R17KE4 T0960VC17G

Photo

Structure

Manufacturer INFINEON SEMIKRON SEMIKRON Infineon IXYS

DC Voltage/Current 
Ratings

1200V(×2) / 450A 1200V / 600A(×2) 1200V / 900A 1700V / 600A 1700V / 960A

Pulse Current Rating 900A @ 1ms 1800A(×2) 2700A 1200A @ 1ms 1920A @ 1ms

Review Results Internal Gate Drive Line Issues in Switch Ease of Stacking Structural Design Price and Stacking 
Structure
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<CX1154C (E2V)>

Min Typical Max

Peak Forward Voltage (kV) 16

Peak Inverse Anode Voltage (kV) 13.5

Peak Operating Current (kA) @ 6μs 10

Rate of Rise of Anode Current (kA/μs) 6

Average Anode Current (A) 0.37

Ambient Air temperature (℃) 0 40

Anode Delay Time (ns) 100

Time Jitter (ns) 2

<The Specifications of Thyratrons>

<The Required Specifications for Thyratron Replacement>

Existing Kicker Newly Fabricated Kicker

Min Typical Max  Min  Typical Max  

50 Peak Forward Anode Voltage (kV) 35

<10 Peak Inverse Anode Voltage (kV) 35

10 Peak Anode Current (kA) 10

Rate of Rise of Anode Current (kA/μs) >100

10 Average Anode Current (A) 2

10 Cathode Heating Time (min) 15

10 Reservoir Heating Time (min) 15

0 40 Ambient Air temperature (℃) 0 40

200 350 Anode Delay Time (ns) 100 250

3 10 Time Jitter (ns) 1 5

20 Recovery time (μs)

<CX1836A (E2V)>

Switch Specifications for Kicker Modulator
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CX1836A (PAL-XFEL) L4888 (PLS-II)

Min Typical Max  Min  Typical Max  

50 Peak Forward Anode Voltage (kV) 55

<10 Peak Inverse Anode Voltage (kV) <10

10 Peak Anode Current (kA) 15

Rate of Rise of Anode Current (kA/μs) 25

10 Average Anode Current (A) 8

10 Cathode Heating Time (min) 15

10 Reservoir Heating Time (min) 15

0 40 Ambient Air temperature (℃) 0 40

200 350 Anode Delay Time (ns) 400

3 10 Time Jitter (ns) 10

20 Recovery time (μs)

<L4888 (E2V)>

Min Typical Max

Peak Forward Voltage (kV) 46

Peak Operating Current (kA) @ 10μs 8.5

Non-Repetitive Peak Current (kA) @ 10μs 17

Rate of Rise of Anode Current (kA/μs) 10

Average Anode Current (A) 0.64 @10Hz 3.83 @60Hz 7.66 @120Hz

Ambient Air temperature (℃) 0 40

Anode Delay Time (ns) 200

Time Jitter (ns) 1

<The Specifications of Thyratrons>

<The Required Specifications for Thyratron Replacement>

<CX1836A (E2V)>

Switch Specifications for Klystron Modulator
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<Circuit and structure for the development of IGBT-based high-power switch unit module >

<Implemented unit module><On/Off pulse gen. & gate drive circuit>

On/Off pulse gen.

Teflon insulation plate

Voltage applied to Gate TR

<Circuit diagram of the unit module>

Design of Solid-State Switch Unit Modules for Multi-purpose Use

9



2023 POCPA Workshop

From Thyratron to Solid-State Switch Kicker Modulator Conversion

1. Remove power supplies for Thyratron drive.
2. Remove Snubber Circuit for Thyratron.
3. Remove auxiliary circuit for Thyratron.
4. Add Reverse Current Blocking Diode for Solid-state Switch

(5. Replace Tail Resistor for Energy Recovery with an Inductor.)
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<Current Kicker Modulator Configuration>

<Configuration Diagram of Kicker Modulator with Solid-State Switch>
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<High Power Switch based 
on IGBT>

<High Precision High Voltage 
Capacitor Charger>

<High Voltage Blacking 
Diode>

<High Voltage Capacitor 
Bank>

<Reversal Diode & 
Tail Diode>

<Circuit Design for Solid-state based Kicker Modulator> <Simulation Analysis Results of Component Operating Conditions>
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1. Charging Resistor 

(RLimit1)

Peak Current Peak Voltage Pulse Energy Average Power

100A 5,000V 0.4J 20W

2. Reversal Resistor

(RLimit2)

Peak Current Peak Voltage Pulse Energy Average Power

100A 16,000V 1.4J 50W

3. Reversal Diode

(Dcrowbar)

Peak Current Peak Voltage (V) Average Current RMS Current (A)

80A 20,000V 0.1A 1A

4. Tail Resistor

(RTail)

Peak Current Peak Voltage Pulse Energy Average Power

4,400A 9,000V 110J 1,053W

5. Tail Diode

(DTail)

Peak Current Peak Voltage Average Current RMS Current

4,400A 20,000V 0.3A 26A

6. Main Capacitor

(CStorage)

Peak Current RMS Current Peak Voltage Peak Reversal Voltage

13,000A 60A 16,000V -8,000V

7. Reverse Blocking Diode

(DBlock)

Peak Current Peak Voltage RMS Current Reverse Recovery Time

13,000A 16,000V 60A < 100ns

Optimizing In-house Design and Fabrication of a Solid-state switch-based kicker modulator.
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<Experimental waveforms>

Iload,peak 10kA

(2kA/div.)

2us/div.

VCsource 12kV

(5kV/div.)

Vhalf,SW

(5kV/div.)

6 us

HV CCPS

Solid-

State

Switch

Source

Capacitor

<Developed kicker modulator system>

<Detailed modeling of the Solid-State based accelerator Kicker Modulator>

Solid-State Switch

CCPS

Tail Resistor

Blocking Diode

Capacitor Bank

Fabrication and Testing Results of the Kicker Modulator
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Voltage:15kV

(5kV/div.) Current:10kA

(2kA/div.)

On/Off Pulse(500V/div.)

2us/div.

<Maximum 15kV Voltage and 10kA Current Performance> <Jitter Standard Deviation 780ps Performance>

Current:10kA

(2kA/div.)

Repetition Rate: 60Hz 

4us/div.

4ns/div.

Current:10kA

(2kA/div.)

1us/div.
1us

6.4kA

<Max Current Rise Time 6.4kA/us Performance> <Maximum Repetition Rate of 60Hz Performance>
<Korea Testing Laboratory (KTL) Certified Test 

Report>

Performance Verification Test Results and Certification

13



2023 POCPA Workshop

<Switch & Tail Resistor Temperature Measurement Results>

<Diode & Capacitor Module Temperature Measurement Results>

<Experiment setup and performance verification 
equipment diagram>

<Reliability Test Log>

<Reliability Test Set-up>

<Accumulated Output Current Waveform of 5 million Shots>

Reliability Testing of Solid-state Switch and Test Results
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<15kV,10kA & 50kV, 10kA Solid-State Switch Prototypes>
(PAL Kicker & Klystron Modulator)

<25kV,10kA & 50kV, 10kA Solid-State Switch (Packaging)>
(4GSR Kicker & Klystron Modulator)

Solid-state switches Developed thus Far.
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Application to the Modulator for DIRAMS' LINAC-based Experimental Animal Irradiator

<6MW PFN Type Pulse
Modulator>

<6MeV C-band Medical LINAC>

<E2V CX1154C Thyratron>

- Dirams is a radiological research institution in South Korea
- PAL & KERI are currently underway in replacing the thyratron switch of the Pulse 

Modulator in the Experimental Animal Irradiator with a solid-state switch.
- Initial experiments completed, final implementation testing in progress
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Future Plans

<PAL Injection Test Facility Gun, Injector, Klystron& Modulator>

<E2V CX1836AX>

<200MW PFN Type Klystron Modulator>

- The PAL Injection Test Facility is a facility that simulates and allows 
experimentation with the actual LINAC components such as the gun, injector, 
klystron, and modulator, which were used during the construction of PAL-XFEL. 
Currently, it serves as a facility for testing devices and beams.

- The plan is to utilize the Solid-State Switch for long-term reliability testing by 
replacing the Thyratron with it.
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Thank you for listening to my presentation.

If given the opportunity, I would like to share our developed switch and technology and have the 

chance to discover its shortcomings together, so that we can work on improving them collaboratively. 

Thank you

Suk-ho, An whiteyan@postech.ac.kr

Sung-Roc, Jang scion10@keri.re.kr

mailto:whiteyan@postech.ac.kr
mailto:scion10@keri.re.kr

