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Abstract

The accelerator community is making the transition to
inductive output tube (IOT) technology for a number of
high-power UHF and L-band applications as a result of
their inherent benefits. Scientists, funded by the Office of
Naval Research and Naval Research Laboratory, are
investigating the physics of the beam-wave interaction of
the IOT. The time-domain electrostatic PIC code
MICHELLE [1], in conjunction with the Analyst® [2]
suite of electromagnetic codes, were used to model the
cathode-grid-anode structure that comprises the input
cavity. Our investigation has led to the discovery of a
delay mechanism responsible for intra-bunch charge
formation, as evidenced by IOT X-ray generation with
energies significantly higher than the cathode accelerating
potential, increasing with RF output power. Time-domain
PIC results of this effect will be shown. We will also
present simulation results of the large-signal beam wave
interaction in the output cavity using the code TESLA [3,
4]. Examples of single beam and multiple-beam (MB)
10Ts will also be discussed.

INTRODUCTION

The IOT is a linear beam amplifier that is ideally suited
to high-power operation at UHF [5] and L-band [6]
frequencies. The IOT RF gridded electron gun directly
bunches the beam resulting in a highly efficient, compact
device. A key feature of the IOT is its linear transfer
characteristics at the maximum efficiency point — users
can maximize operating efficiency while maintaining a
level of back-off to provide amplitude modulation
headroom for accelerator beam control systems. These
appealing features have resulted in a number of
laboratories around the world making the transition to
IOT technology for their next-generation machines [7-9].

The lack of availability of end-to-end modeling and
simulation tools has limited the designers’ ability to
develop high-level intuition that can lead to novel
performance-improving designs. Historically development
has been a lengthy and expensive cut-and-try endeavor for

Radio Frequency Systems

TO08 - RF Power Sources

tube manufacturers. Product improvement has been a
slow evolutionary process, hampered by yield-impacting
issues manufacturers still experience today. The majority
of the yield-reducing problems are associated with the
least understood area of the IOT: the electron optics of the
input cavity and the time varying nature of the emission
process. A greater understanding of the dynamics behind
electron beam formation is needed to improve the yield
and performance of IOTs.

Although conceptually simple, the design and
optimization of an IOT is quite difficult. The input cavity
is extremely complex due to the intrinsically three-
dimensional topology. Two factors greatly complicate the
modeling and optimization of the RF gridded gun of the
input circuit:

e Disparate spatial scales (~1000 to 1) of the
electrodes and accelerating gap compared to the
extremely fine grid and cathode-grid gap.

e Difficulty of accurately modeling beam emission at
low voltages, which occur at the beginning and end
of each RF extraction cycle (beam head and tail
effects).

Our choice of conformal mesh finite-element methods
forms the basis of the selection of codes for this approach.
Our solution solves two problems; not only can conformal
meshes resolve all the geometric detail (surface and
volumetric), but our solution uses methods that are not
constrained by the Courant condition. The need for
extremely fine mesh resolution in the emitter-to-grid
region has been confirmed to be beyond the scope of
tractability of finite-difference methods and requires
finite-element methods with conformal meshing
capability.

Under development are a suite of computationally
efficient finite-element modeling and simulation tools to
provide end-to-end simulation of IOTs. The primary
codes are MICHELLE, a 3D time-domain PIC code,
Analyst®, a 3D electromagnetic simulation suite, and
TESLA, a 2.5D large signal code for modeling cavity-
type linear beam amplifiers. These physics-based design
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tools have been applied with great success by the vacuum
electronics industry to develop an assortment of new and
improved devices. Our goal is to achieve that same level
of success for the case of the IOT and eventually the MB-
I0T.

2) Output Cavity
TESLA & Analyst 3) Collector
2 \ MICHELLE & Analyst

=

1) Input Cavity / Electron Gun
MICHELLE and Analyst

Figure 1: Three regions and codes used to model an IOT.

PRELIMIARY RESULTS
Input Cavity/ Electron Gun

Our starting point was to benchmark the codes as they
exist today to determine their current capability of
performing end-to-end modeling and simulation of a
single beam IOT. To perform this task the IOT was
broken up into three sections: 1) input cavity/ electron
gun, 2) output cavity and 3) collector, Figure 1. As
expected our effort focused primarily on the input cavity/
electron gun section of the simulation, although a study of
the output cavity and collector simulation capabilities was
also performed. To simplify the simulation a 12-fold axis-
symmetric electrostatic model of the input cavity/ electron
gun was created.

Initial simulation started with an analysis of the mesh
density requirements on the cathode and grid surfaces and
its affect on steady-state emission current. Finite element
maximum edge lengths on the cathode and grid surfaces,
and the volume between, were explored. Finite element
edge lengths were varied from 100 microns down to 40
microns on these surfaces. We found that the quiescent
current for a given set of electrode voltages was changing
with mesh size — attempts to reduce the mesh below 40
microns were not possible due to the 32-bit limitation of
the Analyst® mesher. A 64-bit version of the mesh
generator is currently under development and will be used
once it becomes available.

The next step in the analysis was to simulate the time-
domain behavior of the emission process using
MICHELLE. The RF fields that drive the emission are
modeled using the Anadyst®-OM3p eigensolver, then
imported into MICHELLE for the time-domain
simulation. The RF field amplitudes were imported onto
an identica grid and scaled to simulate the effect of
changing the input power to the device. Time-domain
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results of one simulated input power level can be seen in
Figure 2.

Some extremely interesting physics are observed. Note
that there is current that is not immediately captured by
the static field setup in the grid to anode gap — instead
these particles move radially inward, towards the
centerline of the geometry. This charge eventually makes

Figure 2: Time domain snapshots showing the evolution
of anti-bunch current.

its way out of the cathode to grid gap and is accelerated
by the grid to anode fields, however the transit delay
places the current between bunches. Current between
bunches, referred to as anti-bunch current, will traverse
the output cavity gap when the gap fields are phased for
maximum acceleration and the particles will pick up
energy as they move into the collector. This effect
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explains how I1OTs can create X-rays with energies much
higher than the operating voltage, as evidenced by
measurements on a number of high-power 10Ts, even
though they may be biased for Class-C operation. Up until
now the transit delay mechanism responsible for the
formation of anti-bunch current has been a mystery.

15 |

—— Emitter Current —— Anode Current

12.5

Current (A)

N N
o o o o o
L L L

0.00

2.86

5.71

Time (ns)

Figure 3: MICHELLE time-domain current density
profiles.

Output Cavity

Time-domain anode current was tracked as it crossed a
predefined surface in the drift tunnel for usein TESLA. A
sample MICHELLE current density profile, with 3.4 A of
average emitter current and 2.7 A average anode current
a 40 kV and frequency of 700 MHz, can be seen in
Figure 3. This is but one of a series of current density
profiles used for an output cavity gap optimization study,
Figure 4, which shows how the output power varies as a
function of gap resistance, the product of RsQ and Q, at
resonance, for several beam currents (input power levels).
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Figure 4: TESLA output gap optimization.

FUTURE EFFORT

Our focus moving forward will be to improve the
various code modules in order to allow the modeling and
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simulation of MB-IOTs. Our simulation has been of a
sector of a single-beam IOT geometry — an MB-IOT will
have at least one full cathode/grid structure in the
simulation space, and hence will require significantly
more computational resources. A  number of
improvements are planned:

e Improved meshing capabilities — mesh exclusion and

mesh interpolation.

e Develop an electron beam loading model.

e Develop advanced emission models.
This effort will lead to a greater understanding of 10Ts
and other density modulated devices, allowing designers
to gain the insight and intuition necessary for improved
device performance.
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