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Abstract

A non-resonant streaming instability driven by cosmic-ray currents, also called Bell’s instability, is proposed as a candidate for

providing the required magnetic turbulence of efficient diffusive shock accelerations. To demonstrate the saturation level and

mechanism of the non-resonant streaming instability in a laboratory environment, we attempt to develop an experiment at the Photo

Injector Test Facility at DESY, Zeuthen site (PITZ). As an electron beam is used to replace the proton beam to carry the cosmic-ray

current in our experiment, the polarization of the non-resonant streaming instability will be modified from the left-handed (LH)

mode to the right-handed (RH) mode. The theoretical instability analysis shows that the growth rate of this RH non-resonant mode

may be smaller than it of the LH resonant mode. However the LH resonant mode can be ignored in our experiment while the

expected wavelength is longer than the used plasma cell. The results of PIC simulations will also support this contention and the

occurrence of non-resonant streaming instability in our experiment.

1. Introduction

With the progress of experimental technologies, laboratory

astrophysics became an alternative method of astrophysical

study besides the classical observations and numerical simula-

tions. Via the connection between astrophysics and laboratory

experiments, we seek to expand our understanding of physi-

cal processes by simulating the extreme astrophysical environ-

ments in the laboratory [1].

Bell’s instability is an electromagnetic streaming instability

driven by cosmic-ray current, which is considered as a candi-

date for the amplification of the interstellar magnetic field [2].

This magnetic-field amplification is required to increase the ef-

ficiency of diffusive shock acceleration by confining cosmic-ray

particles in the vicinity of the shock, which allows particles to

gain energy through multiple shock crossing [3]. The analyt-

ical treatments based on Magnetohydrodynamics (MHD) and

kinetic aspects both support the prospect of this non-resonant

streaming instability in magnetic field amplification [2, 4, 5].

The nonlinear saturation level of the Bell’s instability at a few

times the strength of the homogeneous magnetic field is also

found in fully kinetic particle-in-cell (PIC) simulation [6, 7].
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To understand the problem of magnetic field amplification

in astrophysics, we attempt to develop a laboratory experiment

for Bell’s instability at the Photo Injector Test Facility at DESY,

Zeuthen site (PITZ) [8]. However, numerous competing insta-

bilities may occur in the so-called beam-plasma system [9]. To

understand the characteristic of those unstable modes becomes

essential for the preliminary study; for instance, to distinguish

between the left- and right-circularly-polarized waves (or, says,

the resonant and non-resonant modes) [10, 11]. In this paper,

we will show the plan of selection for the non-resonant stream-

ing instability in our experiment.

2. Photo Injector Test Facility at DESY, Zeuthen site

(PITZ)

The Photo Injector Test facility at the Zeuthen site of DESY

(PITZ) was built to test, develop and experimentally optimize

high-brightness photoelectron sources for superconducting-

linac-driven SASE FELs, such as the Free electron LASer

in Hamburg (FLASH) and the European X-ray Free Electron

Laser (European XFEL)[12, 13]. The main setup of PITZ con-

sists of an L-band 1.6-Cell normal conducting (NC) RF gun, an

L-band NC booster cavity, and various systems for electron-

beam diagnostics, as shown in Fig. 1. Reliable production

of high-quality electron beams by the PITZ gun along with its

multiple beam diagnostics provide excellent opportunities for

laboratory astrophysics.

For the proposed laboratory experiment of Bell’s instability

at DESY, the PITZ gun will be used as electron source. The
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Figure 1: General layout of the PITZ beam line.

plasma environment for inducing the instability will be pro-

vided by the Gas Discharge Plasma (GDP) cell of PITZ [14].

Based on available equipment of the PITZ accelerator, first

beam-dynamics simulations have been performed for produc-

ing quasi-continuous-wave (cw) electron beams with an aver-

age beam current at the level of milliamperes and a mean beam

energy of a few MeV as required for the laboratory experi-

ments. The resulting beam parameters are: a peak beam current

of 12 mA, an average current of about 2 mA, an RMS trans-

verse beam size of about 1 mm and a mean kinetic beam en-

ergy of about 3 MeV. Such electron beams can be continuously

injected into the plasma cell for a few ms, implying that the

non-resonant streaming instability has to develop and saturate

in a time period shorter than that.

Here we briefly summarize the physical conditions of the

beam-plasma system at PITZ [8], which will be applied in the

linear instability analysis. Our laboratory conditions allow the

plasma density range from 1012 to 1015 cm−3 within a plasma

column length up to 45 cm. The number density of the elec-

tron beam is expected to be in the range 108 to 109 cm−3, the

Lorentz factor in the range 5 to 10, and the beam radius around

1 mm. Since investigations of possible improvements of beam

parameters are in progress [15], for the preparatory investiga-

tions,we extend the beam density range to 1011 cm−3. In addi-

tion, the lowest value of the external magnetic field should be

about 1 mT to avoid the effect of the geomagnetic field on the

laboratory experiment, but we can be easily provide up to 0.1 T

in our laboratory.

3. Characteristics of the non-resonant streaming instabili-

ties

3.1. Bell’s MHD treatment

The MHD treatment is first employed for the linear insta-

bility analysis. In the Bell’s model [2], a cosmic-ray current

is assumed to be directed along a background magnetic field,

B0, into a stationary and homogeneous plasma with number

density n0. The current density, j = nbqvb, is determined by

the particle density,nb, the charge, q, and the bulk velocity of

cosmic-ray particles, vb, respectively. The linear analysis indi-

cates that a nearly purely growing, parallel propagating, non-

resonant mode could be excited with peak growth rate [2, 4]

γmax ≃
j

2

√

µ0

ρ
at kmax ≃

j

2

µ0

B0

. (1)

Here ρ = min0 is the density of background plasma and mi is

the mass of background ions. Significant magnetic-field pertur-

bations can be expected for krL,b ≫ 1, where the Larmor radius

of the beam particles, rL,b = Γbmbvb/eB0, is calculated using

only the beam speed, vb, and the rest mass of beam particles,

mb. The instability conditions can be rewritten as

Γbρbv2
b

2

µ0

B2
0

≫ 1, (2)

which indicates that the kinetic energy of the beam must be

much larger than the initial magnetic energy. Here Γb = (1 −
v2

b
/c2)−1/2 is the beam gamma-factor. For example, assuming

an electron beam with number density 109 cm−3 drifting into a

plasma system with the beam-parallel magnetic field of 0.1 T,

a beam energy of at least 1 GeV is required to induce Bell’s

instability.

The type of beam particles, electrons or ions, enters equa-

tions (1) and (2) only through vb and mb, and it is instructive to

express these equations in terms of the electron plasma and Lar-

mor frequency,ωpe and ωce, and the rest masses of plasma ions

and electrons, mi and me, as well as that of the beam particles,

mb,

γmax ≃
1

2

vb

c

√

me

mi

nb

ne

ωpe at λmax ≃ 4π
c

vb

ne

nb

ωce

ωpe

c

ωpe

.

(3)

As the beam-particle mass, mb, does not appear in equation (3),

we conclude that an electron beam can replace the proton beam,

provided one considers electron and protons of the same speed,

vb, or with the same current density, vbnb = const.. This may

appear to make electron beams favorable on account of their

higher speed, but

kmaxrL,b ≃
Γb

2

v2
b

c2

mb

me

nb

ne

(

ωpe

ωce

)2

≫ 1

⇒ pbvb

2 mec2

nb

ne

(

ωpe

ωce

)2

≫ 1, (4)

does contain mb explicitly, which in the second line we express

using the beam momentum, pb,. We see that for the same cur-

rent density (vbnb = const.) beam particles with higher momen-

tum can more easily satisfy this condition. For the same beam

energy that would favor proton beams.

In the MHD picture, the growth rate of the instability must

be smaller than the gyro-frequency of background ions,

γmax

ωci

≃ 1

2

vb

c

√

mi

me

nb

ne

ωpe

ωce

≪ 1 , (5)

which is also more difficult to maintain, if an electron beam is

used in the experiment, as it limits the current density carried

by the beam.

2



3.2. Kinetic aspect

To extend the linear treatment to a more general parameter

regime, a kinetic theoretical model for the cold beam-plasma

system is also employed for to understand the characteristics

of the streaming instabilities, it also covers other instabilities

in the beam-plasma system, which is helpful to understand the

competition of instabilities in the nonlinear evolution processes.

Based on the electromagnetic dispersion equation, equa-

tion (A.4) shown in Appendix A, the solutions of ωL, equa-

tion (A.6), and ωR, equation (A.7), can describe the left and

right circular polarization wave modes, respectively. As indi-

cated, a variety of instabilities in the beam-plasma system with

finite vb is expected in both modes. In particular, while an elec-

tron beam is employed, the left-handed (LH) wave corresponds

to the resonant instability, whereas the right-handed (RH) one

to non-resonant [16] (more detail in Appendix A).

The maximum growth rate of the electron-beam-induced res-

onant streaming instability (LH mode, top panels) and non-

resonant streaming instability (RH mode, bottom panels) are

shown in Fig. 2. As indicated, with increasing external mag-

netic field (from B0 = 0.001 T to 0.1 T), the linear growth rates

of both the resonant and the non-resonant streaming instabil-

ity increases significantly (from γmax ∼ 105 Hz to ∼ 107 Hz).

As one of the most basic conditions of our experiment, the

growth rate has to be large enough for the instability to de-

velop within both the beam duration and the plasma life time.

Hence a stronger external magnetic field would be beneficial for

our experiment. For example for B0 = 0.1 T the density ratio

nb/ne > 2.5 × 10−3 (the marked regime) would be required for

an efficient development of the non-resonant RH mode.

To be noted from Fig. 2(c) is that the growth rate of the res-

onant LH mode can be larger than that of the non-resonant RH

mode, if an electron beam is employed in our system [5]. How-

ever, as we shall see below, fitting the mode into the plasma

cell imposes serious constraints on the parameters of the sys-

tem. Adopting a strong external magnetic field, B0 = 0.1 T,

and the density ratio nb/ne > 2.5 × 10−3 (the marked regime

in Fig. 2(c)), the wavelength of the most unstable resonant and

non-resonant modes are shown in Fig. 3. We find that the res-

onant LH mode perturbation has a wavelength larger than our

plasma cell (> 100 cm ), and we will set it aside in our prelimi-

nary study.

4. Comparison with PIC simulations

In addition to the linear instability analysis, to understand the

properties of Bell’s instability induced by an electron beam, a

fully relativistic, massively parallel particle-in-cell (PIC) code

OSIRIS [17, 18, 19] is employed for the nonlinear calculations.

As reported in our previous study [8], to mimic the laboratory

environment, we assume a stationary plasma with number den-

sity n0 = 1013 cm−3 within a two-dimensional periodic sys-

tem in the z-x plane (72.8 cm × 3.0 cm) and a uniform, con-

tinuous, and infinite-width cold electron beam with relativistic

Maxwellian momentum distribution drifting along the z direc-

tion. As the parameter set marked in Fig. 3, the constant num-

ber density and Lorentz factor of the electron beam are set to

be nb = 8.0 × 1010 cm−3 and Γb = 10, respectively, and the

background magnetic field is set as B0 = 0.1 T, which is also

along the z direction. The background electrons initially drift

in the −z direction for current neutrality. To reduce the compu-

tation time, the mass ratio between ions and electrons is set to

be mi/me = 50.

Before showing the simulation results, we perform a linear

instability analysis for the simulation parameters. Based on

the MHD-based Bell’s formula, the peak linear growth rate

is expected to be γmax = 1.01 × 108 Hz at the wavelength

λmax = 26.1 cm. The MHD assumption in Bell’s formula is sat-

isfied, as γmax/ωc,i < 1. With the Larmor radius of beam elec-

trons rL,b = 17 cm, the criterion of Bell’s instability kmaxrL,b > 1

is fulfilled as well. Nevertheless, the fully kinetic linear anal-

ysis reveals an unstable mode in a broad wavelength range,

λ > 15 cm, with predicted peak growth rate γmax = 7.8×107 Hz

at the wavelength λmax ≃ 26 cm. The predicted peak growth

rate from the kinetic model is smaller than that from the MHD-

based formula but the wavelengths are similar.

Fig. 4 shows spatial maps of the magnetic field at T =

9.18×10−8 s (16384ω−1
ci

, panel (a)) and 1.61×10−7 s (32768ω−1
ci

,

panel (b)). There is no obvious structure in the field component

along the homogeneous field (Bz). As for the Bx and By compo-

nents, the magnetic-field structures are coherent and correspond

to circularly polarized plane waves travelling in the beam direc-

tion. The filamentation instability is totally suppressed by the

limited size of the simulation system in the transverse direction.

Moreover, we also see that the amplitude of magnetic-field per-

turbations induced by Bell’s instability, Bx and By, can grow to

the level of background magnetic field (> 0.1T ), but the wave-

length of the dominant magnetic field perturbation changes in

the nonlinear evolution processes. By examining the time his-

tory of perturbed magnetic field at different wavelengths [8],

the fastest growing modes, those with wavelength λ = 18.2 cm,

24.3 cm, and 36.4 cm, saturate around T ∼ 10−7 s, which cor-

responds to around 7 (or 10) growth times for our theoretical

model (or Bell’s prediction). In particular, the wave modes with

wavelength λ = 36.4 cm has highest saturation level, and the

short-wavelength mode with λ = 18.2 cm saturates at a lower

level. As for other wave modes with more shorter wavelengths,

such as λ = 14.6 cm and 12.1 cm, which are stable modes in

the linear analysis, the perturbations are always small and only

at the level of numerical noise.

5. Discussion and Summary

A non-resonant instability driven by cosmic-ray currents,

also called Bell’s instability, is a candidate for providing the

magnetic-field amplification needed for efficient diffusive shock

acceleration. To understand its mechanism and properties, a

laboratory experiment for Bell’s instability is planned at DESY.

The required electron source and plasma environment are pro-

posed to be provided by the PITZ accelerator. The possibility

of generating quasi-cw electron beams has been studied at PITZ

based on a specially designed field emitter and velocity bunch-

ing by the booster cavity [15].
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Figure 2: Maximum growth rate (in units Hz) of the left-handed resonant mode (top panels) and right-handed non-resonant mode (bottom panels) of the electron

beam induced electromagnetic streaming instability as function of the beam-to-plasma density ratio and beam gamma-factor with fixed parameters ne = 1013 cm−3

and (a) B0 = 0.001 T , (b) B0 = 0.01 T, and (c) B0 = 0.1 T. We adopt the marked parameter regime in panel (c) for the further linear analysis.

In our preliminary studies, we first use linear analysis to ex-

amine the most basic physical conditions that permit Bell’s in-

stability to occur in the laboratory, the linear growth rate and

corresponding wavelength in particular. Both Bell’s MHD-

based treatment and our kinetic theoretical model are employed,

but only the kinetic model can work outside of the MHD limit

and include temperature and anisotropy effects. The kinetic

model can also provide linear analysis of other instabilities in

the beam-plasma system. The linear instability analysis pre-

dicts the wavelength range of the unstable modes of both left

and right circular polarization modes.

While an electron beam is employed in our beam-plasma

system, the right circular polarization mode is expected to be

the one corresponding to the non-resonant streaming instability.

According to our laboratory parameters, even the growth rate of

the resonant LH mode is generally larger than the non-resonant

RH mode, the resonant LH mode can still be set aside in our

preliminary study due to its over-wavelength. In other words,

only the non-resonant RH mode can occur in our experiment

while its wavelength is predicted to be far smaller than the size

of our plasma cell. The presented PIC simulations also sup-

port this contention; in particular, the simulation results shows

the occurrence of the electron-beam induced Bell’s instability

as well as the saturation level and the spectrum of magnetic-

field fluctuations, which also defend the possibility to simulate

Bell’s instability at PITZ. In the context of a real experiment,

the simulations are indispensable for determining the feasibility

of Bell’s instability in the laboratory. By using the B-dot probe

as magnetic-field detector [20], we may measure the time evo-

lution and spatial profile of magnetic field perturbations in the

plasma cell. A comparison with the simulation data would then

reveal whether or not the characteristics of the magnetic turbu-

lence (says, growth rate and the corresponding wavelength) are

consistent the properties of the fully evolved Bell’s mode.

Appendix A. kinetic theoretical modelling for the cold

beam-plasma system

To study the electromagnetic streaming instability for paral-

lel orientation of the wave vector with respect to the ambient

homogeneous magnetic field B0 [21, 22], the following plasma

system is considered. In the cold beam-plasma approximation,

the distribution functions of the beam, background electrons

and ions, respectively, are described by

fb(p⊥, pz) = nb

δ(p⊥)

2πp⊥
δ(pz − pb), (A.1)

fe(p⊥, pz) = ne

δ(p⊥)

2πp⊥
δ(pz − pe), (A.2)

fi(p⊥, pz) = ni

δ(p⊥)

2πp⊥
δ(pz). (A.3)

The bulk momentum of the background electrons, pe, drifting

along the magnetic field (z-axis) is set for the current neutrality.

Then we derive the well-known dispersion equation [23]

4



Figure 3: The wavelength of the instability (in units cm) of the most unsta-

ble left-handed resonant mode (top panel) and right-handed non-resonant mode

(bottom panel) of the electron beam induced electromagnetic streaming insta-

bility as function of the beam-to-plasma density ratio and beam gamma-factor.

The other (fixed) parameters are B0 = 0.1 T and ne = 1013 cm−3. We adopt the

set of red-star-marked parameters for the further numerical simulation.

1 −
(

kc

ω

)2

−
ω2

pi

ω(ω ± ωci)
−
ω2

pb

ω2

ω − kvb

Γb(ω − kvb ± ωcb/Γb)
−

ω2
pe

ω2

ω − kve

Γe(ω − kve ± ωce/Γe)
= 0, (A.4)

which can be simplified to a quadratic equation

ω2 + xL,Rω ± xL,Rωci = 0, (A.5)

under the assumptions, |ω − kve| ≪ |ωce| /Γe, |kc/ω| ≫ 1, and

|ω| ≪ |kvb ∓ ωcb/Γb|. The analytical solution of equation (A.5)

are

ωL =
1

2

[

−xL +
√

xL(xL + 4ωci)
]

, (A.6)

ωR =
1

2

[

−xR +
√

xR(xR − 4ωci)
]

, (A.7)

where

xL =
(kVA)2

ωci

+ α
eb

ee

(kvb)2

kvb + ωcb/Γb

, (A.8)

xR = −
(kVA)2

ωci

+ α
eb

ee

(kvb)2

kvb − ωcb/Γb

, (A.9)

α = nb/ne, VA = B0/(4πnimi)
1/2. For vb = 0, equations (A.6)

and (A.7) describe purely oscillating Alfvén-proton-cyclotron

and whistler fluctuations, respectively. In addition, solutions of

ωL, equation (A.6), and ωR, equation (A.7), will be complex

while −4ωci < xL < 0 and 0 < xR < 4ωci, respectively, which

indicates a variety of instabilities in the beam-plasma system.

Based on equations (A.6) and (A.7), we can find analyti-

cal expressions for the maximum growth rates and correspond-

ing wavenumber (wavelength) of the unstable modes. While

the assumption |ω| ≪ |kvb ∓ ωcb/Γb| will be easily violated

for the resonant instabilities, here we will consider only non-

resonant modes for the limiting case |xL,R| . 0.5ωci. Thus,

equations (A.6) and (A.7) reduce to

ωL = −
xL

2
+
√
ωcixL, (A.10)

ωR = −
xR

2
+
√
−ωcixR. (A.11)

Then the instability conditions are simply xL < 0 and xR >

0, which can be evaluated as the instability conditions for an

electron (RH mode) and proton (LH mode) beam, respectively,

0 < k <
ωce

Γbvb

+ α
ωci

vb

(

vb

VA

)2

, and (A.12)

0 < k < − ωci

Γbvb

+ α
ωci

vb

(

vb

VA

)2

. (A.13)

Equations (A.12) and (A.13) can both be inferred as the insta-

bility conditions shown in equations (2). The maximum growth

rates are

γmax,L,R = kL,RVA















3 −
√

1 + 2/aL,R

1 +
√

1 + 2/aL,R















1/2

, (A.14)

where

kL =
ωci

vbΓb

[

−1 + aL

(

1 +
√

1 + 2/aL

)]

, (A.15)

kR =
|ωce|
vbΓb

[

−1 + aR

(

1 +
√

1 + 2/aR

)]

, (A.16)

aL =
αΓbmp

4mi

(

vb

VA

)2

, (A.17)

aR =
αΓbme

4mi

(

vb

VA

)2

. (A.18)

Additionally, we have assumed that the background plasma is

singly ionized which is the case in many applications. For

aL,R ≫ 1, we find

γmax,L,R = kL,RVA, (A.19)

kL =
2aL

ρp

, (A.20)

kR =
2aR

ρe

, (A.21)

in agreement with equations (1) and (3) in the Bell’s MHD treat-

ment.
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Figure 4: Spatial maps of the magnetic-field components Bx (top panel), By (middle panel), and Bz (bottom panel) at (a) 9.18×10−8 s (16384ω−1
ci

) and (b) 1.61×10−7 s

(32768ω−1
ci

) for the electron-beam-induced Bell’s instability.
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Höchstleistungsrechnens (HLRN). The work of J. N. is sup-

ported by Narodowe Centrum Nauki through research project

DEC-2013/10/E/ST9/00662.

References

[1] W. E. Amatucci, A review of laboratory investigations of space plasma

waves, URSI Radio Science Bulletin 2006 (319) (2006) 32–66.

[2] A. R. Bell, Turbulent amplification of magnetic field and diffusive shock

acceleration of cosmic rays, MNRAS 353 (2004) 550–558.

[3] K. M. Schure, A. R. Bell, L. O’C Drury, A. M. Bykov, Diffusive shock

acceleration and magnetic field amplification, Space Science Reviews

173 (1) (2012) 491–519.

[4] V. N. Zirakashvili, V. S. Ptuskin, Diffusive shock acceleration with mag-

netic amplification by nonresonant streaming instability in supernova

remnants, ApJ 678 (2008) 939.

[5] E. Amato, P. Blasi, A kinetic approach to cosmic-ray-induced streaming

instability at supernova shocks, MNRAS 392 (2009) 1591.

[6] J. Niemiec, M. Pohl, A. Bret, T. Stroman, Aperiodic magnetic turbulence

produced by relativistic ion beams, The Astrophysical Journal 709 (2)

(2010) 1148.

[7] O. Kobzar, J. Niemiec, M. Pohl, A. Bohdan, Spatio-temporal evolution

of the non-resonant instability in shock precursors of young supernova

remnants, Monthly Notices of the Royal Astronomical Society 469 (4)

(2017) 4985–4998.

[8] C.-S. Jao, S. Vafin, Y. Chen, M. Gross, M. Krasilnikov, G. Loisch,

T. Mehrling, J. Niemiec, A. Oppelt, A. M. de la Ossa, J. Osterhoff,

M. Pohl, F. Stephan, Preliminary study for the laboratory experiment

of cosmic-rays driven magnetic field amplification, High Energy Density

Physics 32 (2019) 31 – 43.

[9] A. Bret, Weibel, two-stream, filamentation, oblique, bell, buneman...

which one grows faster?, The Astrophysical Journal 699 (2) (2009) 990–

1003.

[10] M. S. Weidl, D. Winske, C. Niemann, On the background-gyroresonant

character of bell’s instability in the large-current regime, The Astrophys-

ical Journal 872 (1) (2019) 48.

[11] M. S. Weidl, D. Winske, C. Niemann, Three regimes and four modes for

the resonant saturation of parallel ion-beam instabilities, The Astrophys-

ical Journal 873 (1) (2019) 57.

[12] F. Stephan, M. Krasilnikov, High brightness photo injectors for brilliant

light sources, in: E. Jaeschke, S. Khan, J. R. Schneider, J. B. Hastings

(Eds.), Synchrotron Light Sources and Free-Electron Lasers: Accelera-

tor Physics, Instrumentation and Science Applications, Springer Interna-

tional Publishing, Cham, 2014, pp. 1–38.

[13] Y. Chen, M. Krasilnikov, F. Stephan, E. Gjonaj, T. Weiland, M. Dohlus,

Modeling and simulation of rf photoinjectors for coherent light sources,

Nuclear Inst. and Methods in Physics Research, A 889 (2018) 129 – 137.

[14] G. Loisch, et al., Experimental Investigation of High Transformer Ra-

tio Plasma Wakefield Acceleration at PITZ, in: Proceedings, 8th Interna-

tional Particle Accelerator Conference: Denmark, 2017, p. TUPIK018.

[15] Y. Chen, G. Loisch, M. Gross, C.-S. Jao, M. Krasilnikov, A. Oppelt, et al.,

Generation of quasi continuous-wave electron beams in an l-band normal

conducting pulsed rf injector for laboratory astrophysics experiments, Nu-

clear Inst. and Methods in Physics Research, A 903 (2018) 119 – 125.

[16] A. B. Mikhailovskii, Theory of plasma instabilities, Vol 1: instabilities of

a homogeneous plasma, Springer, 1974.

[17] R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. Decyk, W. Lu, C. Ren,

W. B. Mori, S. Deng, S. Lee, T. Katsouleas, J. C. Adam, Osiris: A three-

dimensional, fully relativistic particle in cell code for modeling plasma

based accelerators, in: P. M. A. Sloot, A. G. Hoekstra, C. J. K. Tan, J. J.

Dongarra (Eds.), Computational Science — ICCS 2002, Springer Berlin

Heidelberg, Berlin, Heidelberg, 2002, pp. 342–351.

[18] R. A. Fonseca, S. F. Martins, L. O. Silva, J. W. Tonge, F. S. Tsung,

W. B. Mori, One-to-one direct modeling of experiments and astrophysical

scenarios: pushing the envelope on kinetic plasma simulations, Plasma

Physics and Controlled Fusion 50 (12) (2008) 124034.

[19] R. A. Fonseca, J. Vieira, F. Fiuza, A. Davidson, F. S. Tsung, W. B. Mori,

L. O. Silva, Exploiting multi-scale parallelism for large scale numerical

modelling of laser wakefield accelerators, Plasma Physics and Controlled

Fusion 55 (12) (2013) 124011.

[20] E. T. Everson, P. Pribyl, C. G. Constantin, A. Zylstra, D. Schaeffer, N. L.

Kugland, C. Niemann, Design, construction, and calibration of a three-

axis, high-frequency magnetic probe (b-dot probe) as a diagnostic for ex-

ploding plasmas, Review of Scientific Instruments 80 (11) (2009) 113505.

[21] R. Schlickeiser, Relativistic kinetic theory of plasma waves, Phys. Scr.

T75 (1998) 33.

[22] M. Lazar, R. Schlickeiser, Relativistic kinetic dispersion theory of linear

parallel waves in magnetized plasmas with isotropic thermal distributions,

New J. Phys. 8 (2006) 66.

[23] B. B. Kadomtsev, Reviews of plasma physics., Reviews of Plasma Physics

15.

6


