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Introduction

Momentum exchange between waves and particles caused by nonlinear synchronisation is a

key process, responsible for Landau damping as well as for the amplification in devices like

gyrotrons, free-electron devices or traveling wave tubes (TWTS) [1, 2, 3]. But a complete de-

scription of the wave-particle interaction is a challenge due to the large number of parameters

involved.

To model TWTs, we use the N-body (many-body) description of wave-particle interaction.

This description is often deemed impossible in classical electrodynamics and for microscopic

dynamics of plasmas, but we show that it is, in fact, a viable alternative to the traditional vlaso-

vian (kinetic) approach, especially for time simulations of turbulence and instabilities generated

by nonlinear particle dynamics (trapping, chaos, three- or four-wave couplings). Combined with

a model reduction to decrease the number of degrees of freedom, this description enables us to

accurately study periodic structures.

Wave-particle interaction in traveling-wave tubes

The traveling-wave tube (TWTs) is a wave-amplifier used for space communication. In the

telecommunication chain of satellites, it amplifies signals before an antenna sends them back to

earth. TWTs are also used for fundamental research on the wave-particle interaction in plasma

physics. They are composed of three parts under ultra-high vacuum: an electron gun, a delay line

(slow-wave structure) and a collector. An external magnetic field confines the beam. We focus

on the delay line where the interaction between the non-sinusoidal fields of the signals and

the electron beam occurs. The geometry of the metallic waveguide [4] provides the dispersion

relation (Brillouin diagram) that defines the beamless wave propagation. Under the resonance

condition, when the beam velocity is close to the phase velocity (vel ' vph), interaction happens

and there is a momentum exchange between waves and particles. For wave-amplifier, in average,

electrons lose their momenta to the benefit of the waves.
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Traveling-wave tube simulations

Nowadays, the modeling of TWTs is still difficult due to the large number of degrees of free-

dom involved and because, in nonlinear regime, critical unwanted instabilities occur. Current

TWT simulations rest either on specialized frequency codes (fast but unfit for nonlinear effects)

or general particle-in-cell codes (with finite elements for Maxwell’s equations) in time domain.

We investigate it using a third option, namely a finite-N approach from a self-consistent

hamiltonian formalism [5]. This description is combined with a recent field decomposition: the

discrete model [6] that allows drastic number of degrees-of-freedom reduction while preserv-

ing conservation laws (from symplectic properties) for periodic waveguides. The evolution of

our system rests on a total hamiltonian [4] composed of the electromagnetic term
∫

V (ε0|E|2 +

µ0|H|2)/2dV , the particle term ∑k γkmc2 (for macro-electrons), and the space charge term

∑
Ne
k′ 6=k φsc (qk−qk′)/2. This hamiltonian for the N-body approach is re-expressed [5] with the

discrete model and projected in 1D along the longitudinal axis.

The model is assessed, with success, against a well-established frequency model in the linear

regime [7], against nonlinear simulations [5] and against measurements from industrial TWTs

[8, 9]. The main advantage of this reduction is that it allows smooth coupling terms with parti-

cles (better than finite elements); therefore, we can use macro-particles instead of all individual

particles.

This enables fast time domain simulations compared to alternative particle-in-cell codes. Our

symplectic integrator, DIMOHA [8, 9] (cf. Fig. 1), is 200 to 500 times faster than particle-in-

cell codes for the same accuracy. Our code also bears several advantages. It handles nonlinear

dynamics and can reproduce non-sinusoidal fields (like multi-carriers, telecom signals), and is

flexible enough to be used on many different designs of TWTs, from the MHz to the sub-THz

and from centimeters to meters long devices.

Perspectives

One of many advantages of the discrete model is that electromagnetic fields are described

in time (not in envelope terms). We can work with non-sinusoidal waves such as multi-carriers

(with amplitudes ∑i Ai cos(ωit +ϕi)) or digital modulations (shift keying), which is useful for

telecom operators. DIMOHA is already benchmarked for two-carriers [8, 9].

In parallel, we want to investigate the formation of chaotic structures in TWTs. To that end,

we need a device long enough to trigger the chaotic regime. Since 1994, PIIM laboratory in

Marseille is equipped with a four meters long TWT used to study wave-particle interaction in

plasmas. This device was used to experimentally observe [11] the non-linear synchonization

responsible for Landau damping, in agreement with the N-body hamiltonian theory. It was also
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(a) Time = 1.0 ns
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(b) Time = 1.5 ns
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(c) Time = 1.8 ns
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(d) Time = 1.9 ns
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(e) Time = 2.0 ns
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(f) Time = 2.5 ns

Figure 1: Electrons propagation in a traveling-wave tube with DIMOHA [8, 9]. Simulations are

in one dimension from an N-body self-consistent hamiltonian combined with a field model re-

duction [5]. The beam is in interaction with an amplified wave (not shown). Space charge effects

are taken into account. Dots: normalized velocities (v(t)/v(0)) of macro-electrons (with charge

' 200000e) along the longitudinal axis of the device at a given time. Dashed line: reduced

phase velocity (vph/v(0)) of the wave. The separatrix of the one-particle (x,v) space is centered

on this line [12]. The interaction is based on momentum exchange. Since there are more parti-

cles above v(t)/v(0) = 1, their momentum is transferred to the wave which is amplified. Initial

parameters (initial speed of the beam, dispersion relation, wave frequency, ...) are set to cause

beam trapping.
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used to measure important characteristics of hamiltonian chaos, to test new methods on chaotic

transport or to test the heating of particles. Our goal is to simulate this device using DIMOHA.

Thanks to the drastic degree-of-freedom reduction, we expect fast execution runs.

Currently, our simulations are 1D, but we are investigating the 3D helical geometry for the

waveguide with the discrete model. In addition, we are developing a resolution of the electro-

magnetic power in time, that could fit non-sinusoidal waves.

Universality of the Abraham-Minkowski dilemma

Finally, we outline the occurence of the century old Abraham-Minkowski dilemma for waveg-

uide amplifiers and plasmas [10]. This dilemma (well-known in dielectrics) highlights two dif-

ferent formulas for the momentum of light. For the wave-particle interaction, the dilemma res-

olution involves a non-negligible flowing momentum from Maxwell’s electromagnetic stress.
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