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Topics

• Driver circuit and Chopper topology for PIP2-IT beam test 

• Chopper system switching plots

• Summarize present chopper capabilities

• Triggering issue and solution

• PIP2 chopping pattern calculations 
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Chopper driver (high-side topology shown)
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• The kicking waveform is reconstructed at the SR latches.
• The GaN FET Driver stages turn-on and turn-off delay times are 

matched to <.1ns.
• The GaN FET Driver rise times are matched to <.1 ns.



Chopper assembly
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• (1) Through-voltage is monitored at 220 V/V
• The Chopper spec is ±500 V, but many tests were performed at 600 V

(1)

(1)

(1)



Top view

12/6/2016G. Saewert, D. Frolov | PIP-II technical meeting5



Air-side view
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Helical kickers
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200 Ω strip lines
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Chopper assembly  side view 
showing strip line alignment 
with driver circuit



Drivers and loads
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Drivers and Loads

High-Side Switch

Low-Side Switch

Loads



200 Ω Chopper Response
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• Re-reflections:  <50 V
• Dispersive effect:  <50 V (integrated)
• Rise time:  ~3 ns (5-95%)
• Fall time:  <5 ns (5-95%)  

Performance of the difference
(measured at through-voltage outputs) 

(offset +600V)



Frequencies to demonstrate PIP2 Phase 1 capability

Pulse patterns for the beam test and for PIP2 Phase 1:

kick 1 pass 1 – 81.25 MHz

kick 2 pass 1, or kick 1 pass 2  – 54.1666(6) MHz

kick 2 pass 2 – 40.625 MHz

kick 2 pass 3 – 32.5 MHz

We made tests with 10 ms bursts, 10 Hz repetition rate
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Switching at 81.25 MHz, ±600 V; kick every other bunch
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Difference 
Voltage

Upper Helix
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Simulated beam 
bunches as a 
reference where     
6 σ bunch length is 
1.3 ns.
Thus pulse width 
as shown is wider 
than real beam 
bunches.

Horizontal:  
2 ns /div

Through-voltages



Switching at 81.25 MHz, ±600 V; kick every other bunch
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Switching at 81.25 MHz, ±600 V; kick every other bunch
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Amplitudes are consistent up to 40 ms bursts at 81.25 MHz 

Through-voltages
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Switching at 32.5 MHz, ±600 V; kick 2 pass 3

12/6/2016G. Saewert, D. Frolov | PIP-II technical meeting15

Horizontal:  
4 ns /div

Through-voltages

+1200 V

+600 V

-600 V

Simulated beam 
bunches

Vertical
≈ 220 V /div

Upper Helix

Difference 
Voltage

Lower Helix



Switching at 32.5 MHz, ±600 V; kick 2 pass 3
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Switching at 32.5 MHz, ±600 V; kick 2 pass 3
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Switching at 54.16(6) MHz, ±600 V; kick 2 pass 1
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Switching at 54.16(6) MHz, ±600 V; kick 2 pass 1
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Switching at 54.16(6) MHz, ±600 V; kick 1 pass 2
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Switching at 54.16(6) MHz, ±600 V; kick 1 pass 2
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Switching at 40.625 MHz, ±600 V; kick 2 pass 2
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Switching at 40.625 MHz, ±600 V; kick 2 pass 2
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Switching at 40.625 MHz, ±600 V; kick 2 pass 2
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Switching at 81.25 MHz, ±600 V; kick every other bunch, 12 ms burst
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Pattern suitable and long enough for PIP2-IT beam tests



First pulses when switching at 81.25 MHz
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First 150 ns has small timing irregularity is due to trigger issues 
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AND….
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Switching 1100 V PIP-2 Phase 1 (45 MHz for 600 ms @ 20 Hz) 
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FET power dissipation

• Sources of FET power dissipation

– Cds (switching loss)

– Transition, turn-on and –off (switching loss)

– PCB parasitic capacitance, at the FET source, to ground 

(switching loss)

– I2Rds

• Energy dissipated for this GaN FET in this application

– ~1 mJ per cycle per FET

• PIP-II Phase 1 operation

– 0.54 W average (200 V per FET, 45 MHz for 600 ms at 20 Hz)

– 45 ºC junction-case increase during 600 ms bursts
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200 Ω Chopper performance – current driver version

• Helix 
– b = 0.0665 or  0.43% slow, both helices

– Impedance = 190-195 Ω, both helices 

• Driver voltage
– Driver operates at ±550 V reliably for PIP-2 Phase 1, ± 600 V for PIP2-IT beam 

tests 

– Operation at 600 V provides a 20% performance margin above spec

• Switching rise/fall time 
– <3 ns rise time

– <5 ns fall time using output compensation
• Time was NOT spent optimizing fall time

• Switching patterns
– Any combination up to and including 81.25 MHz

• Reflections
– Re-reflections:  <25 V operating at ±600 V per helix

• Dispersion
– <25 V (integrated) operating at ±600 V per helix

• GaN FET power issues
– PIP-II Phase 1: 45 ºC junction-case rise at 45 MHz for 600 ms bursts at 20 Hz

• Timing issues
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Cooling the FETs in attempts to eliminate delay shifts 
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Are delay shifts during long 
bursts due to FET junction 
temperature increase?
Alex Chen and Dave Frank 
provided compressed Argon 
gas cooling system



Cooling the FET junctions
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FET

Junction
Temp.

Without cooling With cooling

Switching conditions
• 550 V
• 45 MHz
• 0.6 ms bursts (27k pulses)
• 20 Hz rep rate



Timing changes at the end of the burst 

before & after cooling the FETs
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A

B

C

A – 550 V, 45 MHz after 12 ms; j = 23 C
B – 550 V, 45 MHz after 600 ms at 20 Hz; j = 61 C
C – 550 V, 45 MHz after 600 ms at 20 Hz; j = 24 C

Virtually NO timing changes occur with cooling.
Timing shifts are NOT due to junction 
temperature increase!



Transformer benefits from shielding  (high-side switch only)
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High-side switch at 550V, 600 ms burst

High-side switch at 550V, 600 ms burst

Added shielding 

enclosure around 

transformers

No shielding enclosure



Triggering issues related to use of transformers

• Issues regarding transformers 

– Transformer cores require time to recover

• Recovery time allowance is <10 ns switching at 81.25 MHz 

– Parasitics on the secondary side cause ringing that cannot be damped

– There is pick up of both high voltage pulses and the other transformer

• Efforts to maximize transformer performance

– Circuits to minimize core recovery time 

– Different winding schemes to minimize leakage inductance

– Many different shielding schemes 

• Less than ideal effects remaining

– Edges are not infinitely adjustable

– Edges become unstable pulse-to-pulse

– Undesirable timing shifts

• There is a solution!
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Present Trigger System

• For proper operation, especially in CW mode, to achieve 

power sharing and fast pulse edges all FETs in the string 

should be triggered at the same time

• Present chopper driver configuration uses ferrite trigger 

transformers to deliver isolated trigger signals to each FET
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“Set” 
transformer

“Reset” 
transformer



Limitations of Present Trigger System

• Magnetic properties of ferrite and number of turns in transformer defines its 

finite frequency response and minimum time necessary to release energy 

stored in the core. 

• Unfortunately, when operating at 81.25 MHz, even with 1 turn and low μ

ferrite, transformer needs more that 10 ns to release stored energy.
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The problems are: parasitic ringing, low resistance to high voltage noise 
and core recovery time!

81.25 MHz 54.16(6) MHz

Set Reset
Set

Reset



Solution: New Photonic Trigger System 

• The idea – convert the electrical signal to light and deliver it 

to each FET driver.

• Implementation – Start with a laser and switch the light with 

electro-optical (E/O) modulator, split the modulated optical 

beam into several beams and detect it with photodetector.

• Main components – laser diode, fast E/O modulator, 

splitters, photodetectors and fibers.
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New Photonic Trigger System: Idea
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Laser 
diode

Electrical 
Pulse
Generator

Photonic
Transmitter
Board

6 dB
Optical
Splitter

Photonic
receiver

Photonic
receiver

Photonic
receiver

Photonic
receiver

Driver
& FET

Driver
& FET

Driver
& FET

Driver
& FET

-600 V

185Ω load

150V

150V

150V

150V

~2 mW
@ 1550nm

~4 mW
@ 1550nm

~1 mW
@ 1550nm

0.6 V p-p
Signal in 50 Ohm

Coax

Fiber

One system can be used to drive two 
kickers by simply adding splitters !



Photonic Transmitter Heart – SOA as an optical shutter!

• The Semiconductor Optical Amplifier (SOA) is used in microwave photonics 

systems operating at signal wavelengths between 0.85 µm and 1.6 µm and can 

generate gains of up to 30 dB.

• The benefit of using SOA instead of Mach-Zehnder interferometer is 

because it provides optical gain and better operates with long square 

pulses.
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Photonic Transmitter Board was designed:
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Optical attenuatorPhotonic output

Electric input

SOA

Narrow spectrum
1550 nm laser

The Photodetector: 1 photodetector 
VS 

2 transformers 



Photonic Trigger Test Setup
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Laser 
diode

SOA Driver
and Cooling 
Controller 

Laser optical
power
controller

SOA -6 dB

~2 mW
@ 1550nm

Optical
absorbers

6 dB
Optical
Splitter

~13 mW
@ 1550nm

~3 mW
@ 1550nm

~0.8 mW
@ 1550nm

Wideband 
optical pulses

Wideband 
electrical 
pulses

Pulse
Generator

Photonic transmitter

Amplifier
&

Comparator

~30 mV
@ 50 Ohm

Photonic receiver

To oscilloscope 
input

SOA is used as an optical shutter: 
it is turned ON and OFF to produce wideband 
pulses of light, that can be split into many 
fibers and delivered to multiple photonic 
receivers with high stability and electrical 
noise protection

1550 nm 
photodetector



Photonic Trigger Test: Optical Power After Splitter… 
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4 ns

280 μW
@1550 nm

280 μW
@1550 nm 10 ns

100 ns

280 μW
@1550 nm

These are optical signals measured at one of 
the 4 way optical splitter outputs , other 
outputs were terminated with optical 
absorbers…

This power is enough to make the 
photodetector generate 

up to 30 mV on a 50 Ohm load ! 



Photonic Trigger Test: Receiver Response at 81.25 MHz

• Waveforms from the photodetector + amplifier + comparator:
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2 ns

Photonic system main advantages:

- No SET and RESET signals 
like in transformers !
- Should be very resistive to 
high voltage noise

10 ns

2 ns



Photonic Trigger First Pulses Timing Problems 
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12.20 ns

12.20 ns 12.31 ns

12.31 ns 12.31 ns

12.31 ns

When switching at 81.25 MHz, first 2 pulses have ~110 ps shorter period
Transformer trigger has similar problem, but with first 10 pulses and up to 1 ns error !

Possible reason: comparator in the receiver. 
Simplest solution: set Arb generator to make first pulses slightly longer for particular pattern. 



Photonic Trigger Jitter Test: ~ 30 ps for 81.25 MHz
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400 ps

Photonic receiver 
output

Photonic transmitter 
input

~132 ps

~100 ps

NOTE: This is jitter from burst to burst (10 Hz rep. rate) !!!
Real jitter from pulse to pulse in the burst is hard to measure, but seems to be less

IN/OUT DELAY 
IS ~50 ns



PIP-2 Patterns Calculations (for Booster injection)

• Booster frequency = 44.7 MHz, RFQ frequency = 162.5 MHz

• Inject when Booster phase is in interval from -90 to +90 deg

Green – passed bunches, Red – kicked bunches
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Blue – kicker pattern, Red – beam0 us 0.16 us



PIP-2 Patterns Calculations (for Booster injection)

• We need to define clearly, how strictly should we follow the -90 to +90 deg

injection rule, because careful examining of the pattern shows that there 

are bunches that will be very close to 90 degrees, but out of range.
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0 us 0.1 us



PIP-2 Patterns Calculations (for Booster injection)

If strictly follow -90 to +90 deg. injection rule, 

for 0.6 ms interval the pattern will contain:

26820 pulses 

~ 45 MHz average switching frequency
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0 us 1 us



Pattern Generator Problems

• We don’t have arbitrary waveform generator with enough memory to load 

the 600 ms pattern in it

• Neither do we have arbitrary waveform generator with enough GS/s, that 

allow to load only small part of the pattern without generating much jitter

• Fermilab has somewhere an Agilent 81130A Pulse Pattern Generator, 

that may work for near future tests (but need to be checked!)

• We need to think about buying Arb. Waveform card from Chase Scientific 

or some other generator.

But !! Studying of the calculated pattern shows that

common patterns for PIP2 injection test are:

- kick 2 pass 2;

- kick 2 pass 1;

- kick 1 pass 2;
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Frequencies to demonstrate PIP2 Phase 1 capability

- We use Tektronix AFG3252 2 GS/s Arb. generator that 

can generate bursts with fixed frequencies, variable pulse width 

in the burst and can be locked to 10 MHz.

- We defined frequencies for the test that allow to:

kick 1 pass 1 – 81.25 MHz

kick 2 pass 1, or kick 1 pass 2  – 54.1666(6) MHz

kick 2 pass 2 – 40.625 MHz

kick 2 pass 3 – 32.5 MHz

We made most tests with 10 us bursts, 10 Hz repetition rate
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Chopper Test System (as used on the bench)
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R&S SMY-01
RF Generator

10 MHz

HP 8130A
Pulse Generator

Trig IN

162.5 MHz

162.5 MHz 
sinewave

CH1 OUT

162.5 MHz, 1.3 ns pulses
beam simulation

Tek AFG3102
Arb Generator

Ref IN CH1 Out

Ref IN

Trig IN

Tek AFG3252
2 GS/s Arb Generator

CH1 OUT

CH2 OUT

Trig OUT

200 Ω CHOPPER
81.25 MHz (or other)

81.25 MHz (or other)

Low Level
Power Supply

High Level
Power Supply

+600V -600V

IN + Switch Control

IN - Switch Control

Tek MSO4104B
Oscilloscope

CH4 IN

CH3 IN

Trig IN

10 Hz, 1 us pulses 
Trigger

10 MHz Ref sinewave

Ref  OUT
RF OUT

CH1 IN+ Monitor OUT

- Monitor OUT

10 Hz, 1 us pulses 
Trigger



Requirements for Chopper Test System

• If in the nearest future we continue using Tek AFG3252 

then, to lock chopper to the machine we will need:

• 10 MHz CW locked to the RFQ (can be taken from 1.3 GHz 

LLRF reference generator)

• 10 Hz (or other) trigger signal locked to RFQ (Josh tells that 

LLRF is working on that)

• ALSO:

To easily synchronize chopper with bunches, it will be very 

good to have some signals from bunches  !!

Maybe we can take these signals from kicker protection 

electrodes??
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Chopper Test System
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Conclusions

• For upcoming PIP2-IT beam test we can generate any beam 

pattern up to 81.25 MHz for 40 ms bursts

• The differential kicker voltage will operate up to 1200 V

• Existing setup will be installed in PIP2-IT

• We demonstrated operation up to 45 MHz average for up to 

600 ms to satisfy PIP2-IT Phase 1 requirements 

• Photonics trigger version will also be prepared and installed 

to the PIP2-IT as well

• The photonic trigger version is designed in a way to provide a 

path for PIP2-IT Phase 2
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