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Abstract 
The following paper embarks on an in-depth exploration 

of extraction kickers employed at some of the most re-
nowned particle physics and neutron science facilities 
worldwide. Specifically, we delve into the extraction kick-
ers utilized at the Spallation Neutron Source (SNS), Fermi 
National Accelerator Laboratory (Fermilab), Los Alamos 
Neutron Science Center (LANSCE), and delve into the 
novel inductive adder structures. These facilities represent 
the forefront of scientific research, housing state-of-the-art 
technologies and extraction kicker systems that play a fun-
damental role in advancing our understanding of particle 
physics, neutron science, and related domains. Throughout 
the paper, we will investigate the design principles, opera-
tional intricacies, and technological innovations associated 
with these extraction kickers. By analysing existing re-
search and scholarly works, we aim to provide a compre-
hensive overview of the unique challenges and advance-
ments encountered at each facility. Furthermore, we seek 
to uncover the contributions made by these extraction kick-
ers in enhancing the precision and reliability of experi-
ments, elucidating the mysteries of the subatomic world, 
and propelling scientific discovery forward. 

INTRODUCTION 
Kickers play pivotal roles in the operation of modern lin-

ear and ring-based accelerators, both in terms of beam 
steering, selection and guidance; and in terms of diagnos-
tics.  In LINACs (Linear Accelerators), kickers are used to 
provide fast steering and directional control of the acceler-
ated beams.  In rings, kickers are used to inject and extract 
beams.  In both LINAC and ring-based accelerators, kick-
ers can play vital roles in beam diagnostics via introduction 
of short, controlled perturbations to the beam trajectory. 

This review will focus on the design principles, opera-
tional intricacies, and technological innovations associated 
with these extraction kickers. By analysing existing re-
search and scholarly works, the aim is to provide a com-
prehensive overview of the unique challenges and ad-
vancements encountered at each facility. Furthermore, the 
underlying narrative is to uncover the contributions made 
by these extraction kickers in enhancing the precision and 
reliability of experiments, elucidating the mysteries of the 
subatomic world, and propelling scientific discovery for-
ward.  

LANSCE – PSR FAST KICKER 
The fast extraction kickers in the LANSCE proton stor-

age ring (PSR) use coaxial cables in a Blumlein configura-
tion as a means of delivering a 50 kV bipolar pulse to the 
storage ring kicker structures.[1] These kickers are 

triggered by a set of thyratrons. The FX2535 receives the 
fire pulse and triggers the CX1725 thyratron which closes 
the circuit to deliver the 50 kV pulses. After the pulse has 
been sent out of the kicker modulator tank, it is directed via 
strip line to the storage ring and is finally terminated at a 
50-ohm load comprised of four 200-ohm resistors in paral-
lel. The electrical components are all insulated with Diala 
dielectric oil to provide increased electrical hold off for 
arcing. The kickers run at a rep rate of 24 Hz during pro-
duction and have a gap of 108 ns.  The rise/fall time for 
these kickers are 50 ns and 60 ns respectively and have a 
pulse flat top that is unique to each kicker.[2] SRFK71 ex-
periences a pulse flat top length of 250 ns where SRFK81 
experiences a flat top of 360 ns.[3] These pulses are made 
possible using the H- beam chopper located in the low en-
ergy beam transport section of the LINAC. 

As far as reliability is concerned, the LANSCE PSR 
kickers have worked for over 40 years, however newer and 
more efficient technology is widely available and is used 
worldwide. Vacuum tube thyratrons are considered obso-
lescent, have become increasingly hard to source, and have 
been almost completely replaced by solid state switches. In 
addition, the kickers are currently limited by the length of 
the Blumlein cable [e.g., Fig 1]. 

 
Figure 1: LANSCE fast kicker Blumlein Schematic. 

Pulse length is controlled by the length of this cable 
which in turn means that the experiments and beam manip-
ulations that can be performed are also limited, as kicker 
pulse duration cannot be altered dynamically. In the future 
it would be ideal to have a modular design for the kickers 
that would be capable of changing the pulse length easily 
and without requiring hardware changes. The key parame-
ters of LANSCE fast-extraction modulators for PSR kicker 
are summarized in Table 1. 
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Table 1: Fast Extraction PSR Kicker Parameters 

Parameter Value Reference 

Particle Species Protons 1, 2 

Particle Energy 800 
MeV 

1, 2 

Beam Current 46A 3 

Impedance 50 Ω 1 

Voltage Amplitude ±45 kV Measured 2008 

Load Impedance 50 Ω 1 

Current Amplitude ±900 A Measured 2008 

Current Rise Time (5%-
95%) 

51 ns Measured 2008 

Pulse Jitter ≤ 5 ns 1 

Pulse length (flat top) 329 ns Measured 2008 

Rep rate 20 Hz Measured 2008 

FERMILAB – FAST KICKERS 
Fast Kickers at Fermilab transfer beams between accu-

mulation rings, accelerating rings, and target beamlines.  
The kicker magnet structures are segmented with built-in 
distributed capacitances to create at traveling wave mag-
net.[4] They are terminated with a matched impedance to 
eliminate reflections. This construction allows them to pre-
sent a pure impedance to a matched driver, resulting in fast 
rise and fall times. 

The Main Injector Ring and associated Recycler Ring 
Injection kickers’ performance is relevant to the require-
ments of the LANSCE PSR extraction kickers. In 2013, the 
recycler ring injection kickers were upgraded to achieve 
kicker field rise and fall times of < 57 ns.[5] To achieve this 
field risetime at the magnet, the kicker modulator system 
produces current risetimes of 15 ns on a 1.6 µs flattop pulse 
of 25 kV, 1 kA into a 25-ohm load. The chosen topology 
was a floating thyratron switch and the resistive termina-
tion mounted at the traveling wave magnet.  The pulser per-
formance parameters are given in Table 2. 

The quality of the fields within these kickers depends in 
part on cable quality. Two 50-ohm cables are used in par-
allel to match the 25-ohm impedance of the traveling wave 
magnet structure and its termination load.  Cable imped-
ance variations within the pulse forming cables and within 
the 45 m of coax separating the modulator from the magnet 
can degrade the flatness of the pulse.  Cable dispersion can 
cause the pulse to spread out, increasing the rise and fall 
times.  The +/- 1% voltage stability requirement on the 1.6 
µs flat top is met by using an improved version of 
RG220/U coax cable with more consistent impedance (+/- 
0.4 Ohm) for voltage stability. More stable impedance is 
achieved by imposing tighter requirements on the center 
conductor dimensions and surface roughness.[5] Lower ca-
ble dispersion is achieved by bonding two foil layers to the 

polyethylene core under the cable’s outer conductor braid 
[5] which can be thought of as presenting a smoother and 
more uniform surface than braided copper to the smaller 
wavelengths within the dielectric. 

Table 2: Recycler Ring Injection Kicker Performance 

Parameter Value Refer-
ence 

Impedance 25 Ω 5 

Voltage Amplitude 25 kV 5 

Load Impedance 25 Ω 5 

Current Amplitude 1000 A 5 

Current Rise Time (10%-90%) 15 ns 5 

Pulse length (flat top) 1.6 µs 5 

Flat Top Amplitude Regulation ± 1.0% 5 

Rep rate 15 Hz 5 
 

The quality of the fields within these kickers depends in 
part on cable quality. Two 50-ohm cables are used in par-
allel to match the 25-ohm impedance of the traveling wave 
magnet structure and its termination load.  Cable imped-
ance variations within the pulse forming cables and within 
the 45 m of coax separating the modulator from the magnet 
can degrade the flatness of the pulse.  Cable dispersion can 
cause the pulse to spread out, increasing the rise and fall 
times.  The +/- 1% voltage stability requirement on the 1.6 
µs flat top is met by using an improved version of 
RG220/U coax cable with more consistent impedance (+/- 
0.4 Ohm) for voltage stability. More stable impedance is 
achieved by imposing tighter requirements on the center 
conductor dimensions and surface roughness.[5] Lower ca-
ble dispersion is achieved by bonding two foil layers to the 
polyethylene core under the cable’s outer conductor braid 
[5] which can be thought of as presenting a smoother and 
more uniform surface than braided copper to the smaller 
wavelengths within the dielectric. 

SNS – FAST KICKER 
The SNS extraction kicker was reviewed for its parame-

ters to decide if it would meet the specifications of the 
LAMP PSR upgrade project.  SNS uses 13 separate modu-
lators and magnets to provide beam extraction from the 
SNS accumulator ring.  This setup allows for a robust de-
sign with discrete components, leading to low down time.  
The gap (amount of time between pulses) in the SNS ring 
is ~250 ns.  Compared to the ring at LANSCE this is very 
long, allowing for a relatively long rise time of ~150 ns [6].  
In addition, the SNS extraction kicker has a very long fall 
time of ~16.6ms which is several orders of magnitude 
longer than the extraction kicker currently used at 
LANSCE.  Where the SNS kicker excels is with its jitter.  
The jitter of the SNS extraction kicker is ~2 ns which is 
very low and attributable to their solid-state switching sys-
tem [6].  The SNS kicker also has a suite of built in 
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diagnostics that help maximize the overall lifetime of the 
discrete components.  A multitude of temperature monitors 
in key locations  allows real-time monitoring of the system 
[7].  An oil circulation system also assists with cooling and 
leads to longer component life cycles [7].  The separation 
of the extraction system into 13 separate magnets allows 
for lower kicking force needed per kicker.  The kickers op-
erate at 35 kV and 2.5 kA with an output impedance of 25 
ohms [8].  The kicker also has an output pulse with a 750 
ns non-variable pulse width [9].   A lower kicking force 
eases voltage and current requirements, in turn making it 
easier to find components.  The kicker modulators are built 
from off the shelf capacitors and inductors making repairs 
quick and relatively easy.  The maximum rep-rate for the 
kicker is 60 Hz [8].  The SNS extraction kicker is a robust 
design that has operated for several years.  The long rise 
and fall times of the SNS kickers make their use impracti-
cal for the future ring here at LANSCE but there are some 
lessons learned that could be used to improve the system 
eventually deployed for LANSCE.  The use of oil circula-
tion to reduce temperature as well as the use of strategically 
placed temperatures sensors could be useful in detecting 
problems before they lead to damaged components. The 
key parameters of the SNS kickers are summarized in Ta-
ble 3. 

Table 3: SNS Extraction Kickers Main Parameters 

Parameter Specification 

Maximum extraction rate 60 Hz 

Pulse flat-top length > 700 ns 

Pulse rise time 200 ns (1% - 95%) 

Pulse fall time < 16.6 ms 

Kicker magnet inductance  695 nH to 789 nH per 
section 

Operating voltage  ~ 35 kV per section 

Operating current ~ 2.5 kA per section 

Beam Impedance Termina-
tion 

~ 25 Ω 

INDUCTIVE VOLTAGE ADDER KICKER 
The conceptual design of a solid-state, inductive voltage 

adder pulse generator [10] for extraction kicker using 
wide-band-gap semiconductor devices involves several 
key components and considerations to achieve optimal per-
formance and reliability. Wide-band-gap semiconductor 
[11] devices are at the heart of this pulse generator design. 
These devices offer superior power handling capabilities, 
low on-resistance, and fast transition response. With their 
wide bandgap properties, wide-band-gap devices can effi-
ciently handle high-frequency switching and deliver high-
voltage pulses, making them ideal for high-power applica-
tions like the beam kicker [12]. The pulse generator oper-
ates based on the concept of inductive adder. It utilizes a 
pulse transformer with multiple primary windings to add 

up the voltage at the secondary winding. The transformer 
is designed to handle high currents and high frequency op-
eration to generate the desired 50 kV voltage pulses at high 
repetition rate [13]. Careful consideration is given to the 
transformer's core material, winding configuration, and 
physical dimensions to ensure efficient energy transfer and 
minimal energy losses. To achieve fast and precise control 
of the pulses, a high-speed switching mechanism is em-
ployed. Wide-band-gap semiconductor devices, known for 
their excellent switching speed, are utilized as the main 
switches in the pulse generator. These devices can handle 
the high voltage and current requirements of the system 
while offering fast and efficient switching characteristics 
[14]. 

The pulse generator's control circuitry is responsible for 
generating and shaping the desired pulses. A pulse shaping 
circuit is employed to control the rise and fall times of the 
pulses, ensuring that the beam kicker receives well-defined 
and accurately timed pulses [15]. This circuitry may in-
volve additional components such as capacitors and resis-
tors to shape the waveform precisely. The pulse generator 
is typically integrated into a larger control system that man-
ages the operation of the entire beam kicker. It includes in-
terfaces for external control signals, synchronization with 
other systems, and monitoring of various parameters such 
as pulse duration and repetition rate. These interfaces en-
sure seamless integration into the overall beam control in-
frastructure. The conceptual design of a solid-state, induc-
tive-adder pulse generator for a beam kicker using wide-
band-gap semiconductor devices encompasses careful se-
lection of components, efficient energy transfer with induc-
tive adder mechanism, precise pulse generation and shap-
ing, robust voltage regulation and protection, and seamless 
integration with the overall control system. This design en-
ables the generation of high-voltage, high-frequency pulses 
with precise timing and control, crucial for beam kicker ap-
plication. 

CONCLUSION 
In summary, this literature review has surveyed the 

kicker systems in use at LANSCE, Fermilab and SNS, pro-
vided performance summaries, and identified key features 
of their operation.  
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