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“High Power Microwaves (HPM)” in Hollywood…. 

and many more… 
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From “Futurama” Season 2, Episode 20… 
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HISTORY	
  OF	
  HPM	
  LINKED	
  TO	
  HISTORY	
  OF	
  
PULSED	
  POWER	
  

High	
  Power	
  Microwaves	
  “born”	
  in	
  late	
  1960’s	
  and	
  early	
  1970’s	
  –	
  Prof.	
  John	
  
Na/on	
  (Cornell	
  University	
  -­‐	
  re/red)	
  and	
  Drs.	
  Petelin,	
  Kovalev	
  (Ins/tute	
  of	
  
Applied	
  Physics,	
  Gorky	
  (Nizhny	
  Novgorod),	
  USSR,	
  in	
  collabora/on	
  with	
  group	
  
in	
  Moscow).	
  
	
  
Pulsed	
  Power	
  –	
  “modern	
  pulsed	
  power”	
  aWributed	
  to	
  Charlie	
  Mar/n	
  
(deceased)	
  and	
  colleagues	
  at	
  AWRE,	
  Aldermaston	
  in	
  	
  England	
  in	
  1960’s.	
  	
  Group	
  
interested	
  in	
  radiography	
  had	
  to	
  use	
  pulsed	
  power	
  to	
  increase	
  x-­‐ray	
  fluence.	
  
	
  
Ini%al	
  HPM	
  sources	
  revisited	
  tradi%onal	
  microwave	
  tubes,	
  except	
  used	
  intense	
  
beams	
  to	
  drive	
  them.	
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Realm	
  of	
  Electrical	
  Engineers	
  

Realm	
  of	
  Plasma	
  Physicists	
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Conven/onal	
  Microwaves	
  
	
  ~1	
  MW	
  
(1940-­‐1960)	
  

High	
  Power	
  
Microwaves	
  	
  
>100	
  MW	
  
1975+	
  

Plasma	
  Physics	
  

Wave-­‐	
  
Par/cle	
  
Interac/on	
  

Intense	
  
Beams	
  

HISTORICAL	
  DEVELOPMENT	
  OF	
  HPM	
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A6	
  MAGNETRON	
  WITH	
  RADIAL	
  EXTRACTION	
  –	
  
TRANSPARENT	
  CATHODE	
  

UNM’s	
  reproduc1on	
  of	
  MIT’s	
  
A6	
  Magnetron	
  

Radius	
  of	
  the	
  Vane	
  =	
  2.11	
  cm	
  

Radius	
  of	
  the	
  Cavity	
  =	
  4.11	
  cm	
  

Cavity 

Vane 

Axial	
  Length	
  =	
  7.2cm	
  

Radius	
  of	
  the	
  Cathode	
  =	
  1.58	
  cm	
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THE	
  TRANSPARENT	
  CATHODE	
  

The	
  rate	
  of	
  energy	
  transfer	
  from	
  the	
  electrons	
  to	
  the	
  RF	
  field	
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Eθ	
  

Δ	
  

0	
   Rcathode	
   Ranode	
  

d	
  

Solid	
  cathode	
  

Transparent	
  cathode	
  

Azimuthal	
  Electric	
  Field	
  Distribu1on	
  	
  

B
Evr θ=

Genesis	
  of	
  the	
  Idea:1	
  

1	
  M.I.	
  Fuks	
  and	
  E.	
  Schamiloglu,	
  “Rapid	
  Start	
  of	
  Oscilla/ons	
  in	
  a	
  Magnetron	
  with	
  a	
  	
  “Transparent	
  Cathode”,”	
  Phys.	
  Rev.	
  Le?.	
  vol.	
  
95,	
  205101-­‐1-­‐4	
  (2005).	
  	
  

Solid	
  Cathode	
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Magnetic Priming 

B 

Cathode Priming 

e- e- 

Electric Priming 
++

E 

Achieves 3 priming methods self-consistently w/o 
requiring additional hardware! 

The Transparent Cathode: 
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INITIAL PATENT ISSUED 
APRIL 2010 

Second Patent Just Issued (US Patent #7,893,621 – “Eggbeater Transparent Cathode for 
Magnetrons and Ubitrons and Related Methods of Generation of High Power Microwaves” – 
Fuks, Schamiloglu, Bosman, and Prasad) 
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MAGIC	
  3D	
  PIC	
  SIMULATIONS	
  

Comparison	
  of	
  electron	
  
spoke	
  forma/on	
  /me	
  for	
  
three	
  different	
  cathodes	
  in	
  an	
  
A6	
  magnetron.	
  

solid	
  
cathode	
  

cathode	
  
priming	
  

transparent	
  
cathode	
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Solid  
Cathode 

Transparent  
Cathode 

MAGIC	
  3D	
  PIC	
  SIMULATIONS	
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OUR	
  EXPERIMENT	
  

23/58	
  



EXPERIMENTAL	
  DATA	
  

Transparent	
  Cathode	
  (420	
  MW)	
  

Solid	
  Cathode	
  (40	
  MW)	
  

M
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ro
w
av
e	
  
Si
gn
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  [V

]	
  

Time	
  [s]	
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EXPERIMENTAL	
  DATA	
  

Transparent	
  Cathode	
   Solid	
  Cathode	
  

Frequency	
  =	
  2.9	
  GHz	
  
π-­‐mode	
  

Frequency	
  =	
  4.8	
  GHz	
  
4π/3-­‐mode	
  

25/58	
  



Microwave	
  Power	
  Dependence	
  on	
  Magne1c	
  Field	
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A6	
  MAGNETRON	
  WITH	
  AXIAL	
  EXTRACTION	
  –	
  RF	
  
MODE	
  SWITCHING	
  AND	
  HYSTERESIS	
  

3 M. Fuks and E. Schamiloglu, “Optimization of the Parameters of a Relativistic Magnetron with Diffraction Output,” 
Intense Microwave Pulses IX, SPIE (Orlando, FL, April 2002), p. 18-27. 

In the 1980’s Mikhail Fuks (at the 
Institute of Applied Physics, Gorky, 
USSR) and colleagues had designed 
and tested a 3 GW X-band magnetron 
with axial extraction (as opposed to 
the traditional radial extraction).  This 
was eventually dropped because 
efficiency was low, 7% or so. 
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Two recent 2007 Applied Physics Letters by Jiang et al. (Nagaoka, Japan) 
revisited this idea and obtained efficiency increase from 7% to 37%.  Upon 
seeing this we also studied this modification. 
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OPTIMIZATION	
  OF	
  THE	
  MICROWAVE	
  EXTRACTOR:	
  
SIMULATION	
  RESULTS	
  

Po
w

er
 [M

W
] 

Magnetic Field [T] 

10o Extractor 

20o Extractor 

Efficiency was improved from 11% to 20% - Most recent result demonstrated  
~70% efficiency with transparent cathode at UNM! 30/58	
  



A6	
  MAGNETRON	
  WITH	
  AXIAL	
  EXTRACTION	
  

Par/cle	
  Plot	
   Azimuthal	
  Electric	
  Field	
  Contours	
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MOST	
  RECENT	
  RESULTS:	
  RF	
  MODE	
  SWITCHING	
  IN	
  A6	
  	
  
MAGNETRON	
  WITH	
  DIFFRACTION	
  OUTPUT	
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  E-­‐FIELD	
  	
  STRUCTURES	
  	
  IN	
  	
  THE	
  	
  A6	
  	
  
MAGNETRON	
  

NARROW	
  GAP	
  	
  
	
  	
  RC	
  =	
  1.58	
  CM	
  

WIDE	
  GAP	
  
RC	
  =	
  1.0	
  CM	
   33/58	
  



	
  	
  	
  MODE	
  SWITCHING	
  IN	
  THE	
  CONVENTIONAL	
  A6	
  
MAGNETRON	
  	
  

In	
  	
  magnetrons	
  	
  of	
  the	
  	
  conven/onal	
  	
  design,	
  	
  i.e.,	
  	
  with	
  asymmetric	
  output	
  	
  only	
  	
  
non-­‐degenerate	
   	
  modes	
   	
  can	
   	
  be	
   	
  used	
   	
  as	
   	
  opera/ng	
   	
  ones,	
  viz.	
  the	
  π-­‐mode	
  or	
  
2π-­‐mode.	
   	
  Mode	
   hopping	
   	
   to	
   	
   neighboring	
   	
  modes	
   	
   leads	
   	
   to	
   	
  magnetron	
  	
  
opera/on	
   	
  with	
   	
  unloaded	
   	
  modes,	
   resul/ng	
   	
   in	
   	
  overhea/ng	
  and	
  erosion	
  of	
  
electrodes.	
  
	
  
•  	
   Solid	
   cathode	
   –	
   mode	
   compe//on	
   when	
   1.0	
   <	
   Rc	
   (cm)	
   <	
   1.58,	
   for	
   mode	
  
switching	
  	
  Pin	
  min	
  =	
  200	
  MW	
  (Rc	
  =	
  1.4	
  cm)	
  (Cedric	
  Michel	
  -­‐	
  UNM)	
  

• 	
  Transparent	
  cathode	
  –	
  mode	
  compe//on	
  when	
  1.4	
  <	
  Rc	
  (cm)	
  <	
  1.58,	
  for	
  mode	
  
switching	
  	
  Pin	
  min	
  =	
  30	
  MW	
  (Rc	
  =	
  1.5	
  cm)	
  (Meiqin	
  Liu	
  –	
  UNM)	
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The dependences of radiation power (1,2) and efficiency (1`,2`) on 
the axial magnetic field for the π mode and the 2π/3 mode for the 
optimized A6 MDO with short (1,1`) and long (2,2`) transparent 
cathodes. 
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Electron spokes synchronous with the fundamental 
harmonic of the  mode (left) and structure of the output 
radiation when the axial magnetic field H0z<H00 (right). 

Electron spokes synchronous with the (-1st) spatial 
harmonic of the 2π/3 mode (left) and structure of the 
output radiation when the axial magnetic field H0z>H00 
(right). 
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Radiation power and frequency of the 2π/3 mode when 
H0z  = 4.6 kOe and Pin = 0. 

Left: Input signal power. Middle: Radiation power. Right: 
radiation frequency.  
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Left: Input signal power. Middle: Radiation power. Right: 
radiation frequency.  

The curve in green represents the 2π/3 mode with an 
input signal of the same mode. 
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Van der Pol diagram. 
 
 
B. Van der Pol, “The nonlinear theory of electric 
oscillations,” Proc. IRE, vol. 22, pp. 1051-1086 (1934). 
  

OUR	
  VIEW	
  OF	
  THIS	
  PROBLEM	
  
(Buridan’s	
  Ass	
  Parable	
  in	
  Philosophy/Mathema/cs)	
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Left: Input signal power to generate the π mode. Right: 
Input signal power to switch the pi mode to the 2π/3 
mode.  

Radiation power and 
frequency for pi mode 
generation switched by the 
input power 300 kW and for 
switching the π mode to the 
2π/3 mode.  

HIGH	
  POWER	
  RF	
  SWITCHING	
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Output electric field of one microwave pulse. 

A series of microwave pulses with different modes 
generated (the first pulse with the π mode, the 
second pulse with the 2π/3 mode). 

HIGH	
  REPETITION	
  RATE	
  OPERATION	
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HYSTERESIS	
  EFFECT	
  IS	
  OBSERVED	
  IN	
  
SIMULATIONS	
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RIPPLED-­‐FIELD	
  MAGNETRON	
  (RFM)	
  

G.	
  Bekefi,	
  Appl.	
  Phys.	
  LeW.	
  40,	
  578-­‐580,	
  1982	
  	
  

1.	
  Complicated	
  wiggler.	
  
2.	
  Generates	
  a	
  large	
  useless	
  axial	
  current	
  from	
  this	
  magne/cally	
  insulated	
  diode	
  because	
  of	
  the	
  
narrow	
  gap	
  between	
  electrodes,	
  which	
  is	
  necessary	
  to	
  provide	
  a	
  detectable	
  periodic	
  radial	
  
magne/c	
  field	
  	
  (otherwise	
  the	
  magne/c	
  field	
  will	
  basically	
  be	
  concentrated	
  between	
  adjacent	
  
magnets).	
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UNM’s	
  SIMPLEST	
  UBITRON	
  

• 	
   The	
   ubitron	
   is	
   a	
  magne/cally	
   insulated	
   coaxial	
   diode	
  with	
   a	
   cathode	
   	
   in	
   the	
   form	
   of	
  N	
  
individual	
   longitudinal	
   metal	
   emiWers	
   periodically	
   arranged	
   on	
   an	
   imaginary	
   cylindrical	
  
surface.	
  The	
  configura/on	
  of	
  cross-­‐sec/on	
  of	
  these	
  emiWers	
  is	
  arbitrary.	
  

• 	
  The	
  cathode	
  radius	
  can	
  be	
  selected	
  to	
  provide	
  a	
  suitable	
  electron	
  current.	
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Electron	
  Waves	
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SOME	
  SIMULATION	
  RESULTS	
  

0.35	
  kOe	
   0.36	
  kOe	
  

0.375	
  kOe	
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PULSAR	
  DISCOVERED	
  IN	
  1967	
  

© 1969 Nature Publishing Group

Jocelyn	
  Bell	
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The magnetron instability in a pulsar’s cylindrical electrosphere.
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ABSTRACT

Context. The physics of the pulsar magnetosphere near the neutron star surface remains poorly constrained by observations. Although
about 2000 pulsars have been discovered to date, little is known about their emission mechanism, from radio to high-energy X-ray
and gamma-rays. Large vacuum gaps probably exist in the magnetosphere, and a non-neutral plasma partially fills the neutron star
surroundings to form an electrosphere.
Aims. In several previous works, we showed that the differentially rotating equatorial disk in the pulsar’s electrosphere is diocotron
unstable and that it tends to stabilise when relativistic effects are included. However, when approaching the light cylinder, particle
inertia becomes significant and the electric drift approximation is violated. In this paper, we study the most general instability, i.e. by
including particle inertia effects, as well as relativistic motions. Electromagnetic perturbations are described in a fully self-consistent
manner by solving the cold-fluid and Maxwell equations. This general non-neutral plasma instability is called the magnetron instability
by plasma physicists.
Methods. We linearise the coupled relativistic cold-fluid and Maxwell equations. The non-linear eigenvalue problem for the perturbed
azimuthal electric field component is solved numerically with standard techniques for boundary-value problems like the shooting
method. The spectrum of the magnetron instability in a non-neutral plasma column confined between two cylindrically conducting
walls is computed for several cylindrical configurations. For a pulsar electrosphere, no outer wall exists. In this case, we allow for
electromagnetic wave emission propagating to infinity.
Results. First we checked our algorithm in the low-density limit. We recover the results of the relativistic diocotron instability. When
the self-field induced by the plasma becomes significant, it can first increase the growth rate of the magnetron instability. However,
equilibrium solutions are only possible when the self-electric field, measured by the parameter se and tending to disrupt the plasma
configuration, is bounded to an upper limit, se,max. For se close to but smaller than this value se,max, the instability becomes weaker or
can be suppressed as was the case in the diocotron regime.
Conclusions. When approaching the light-cylinder, particle inertia becomes significant in the equatorial disk of the electrosphere.
Indeed, the rest-mass energy density of the plasma becomes comparable to the magnetic energy density. The magnetron instability
sets in and takes over the destabilisation of the stationary flow initiated by the diocotron instability close to the neutron star surface.
As a consequence, the flow in the pulsar inner magnetosphere is highly unstable, leading to particle diffusion across the magnetic field
line. Therefore, an electric current can circulate in the closed magnetosphere and feed the wind with charged particles.
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1. INTRODUCTION
This year, we celebrate the 40th year of the discovery of the first
pulsar. Nevertheless, the detailed structure of charge distribution
and electric-current circulation in the closed magnetosphere of a
pulsar remains poorly understood. Although it is often assumed
that the plasma fills the space entirely and corotates with the neu-
tron star, it is on the contrary very likely that it only partly fills
it, leaving large vacuum gaps between plasma-filled regions. The
existence of such gaps in aligned rotators has been very clearly
established by Krause-Polstorff& Michel (1985a,b). Since then,
a number of different numerical approaches to the problem have
confirmed their conclusions, including some work by Rylov
(1989), Shibata (1989), Zachariades (1993), Neukirch (1993),
Thielheim & Wolfsteller (1994), Spitkovsky & Arons (2002),
and ourselves (Pétri et al., 2002b). This conclusion about the ex-
istence of vacuum gaps has been reached from a self-consistent
solution of the Maxwell equations in the case of the aligned
rotator. Moreover, Smith et al. (2001) have shown by numer-
ical modelling that an initially filled magnetosphere like the
Goldreich-Julian model evolves by opening up large gaps and
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stabilises to the partially filled and partially void solution found
by Krause-Polstorff& Michel (1985a) and also by Pétri et al.
(2002b). The status of models of the pulsar magnetospheres, or
electrospheres, has recently been critically reviewed by Michel
(2005). A solution with vacuum gaps has the peculiar property
that those parts of the magnetosphere that are separated from the
star’s surface by a vacuum region are not corotating and so suf-
fer differential rotation, an essential ingredient that will lead to
non-neutral plasma instabilities in the closed magnetosphere, a
process never addressed in detail.

This raises the question of the stability of such a charged
plasma flow in the pulsar magnetosphere. The differential ro-
tation in the equatorial, non-neutral disk induces a non-neutral
plasma instability that is well known to plasma physicists (Oneil
1980; Davidson 1990; O’Neil & Smith 1992). Their good con-
finement properties (trapped particles can remain on an almost
unperturbed trajectory for thousands of gyro-periods) makes
them a valuable tool for studying plasmas in laboratory, by using
for instance Penning traps. In the magnetosphere of a pulsar, far
from the light cylinder and close to the neutron star surface, the
instability reduces to its non-relativistic and electrostatic form,
the diocotron instability. The linear development of this insta-
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ABSTRACT

Context. The physics of the pulsar magnetosphere near the neutron star surface remains poorly constrained by observations. Although
about 2000 pulsars have been discovered to date, little is known about their emission mechanism, from radio to high-energy X-ray
and gamma-rays. Large vacuum gaps probably exist in the magnetosphere, and a non-neutral plasma partially fills the neutron star
surroundings to form an electrosphere.
Aims. In several previous works, we showed that the differentially rotating equatorial disk in the pulsar’s electrosphere is diocotron
unstable and that it tends to stabilise when relativistic effects are included. However, when approaching the light cylinder, particle
inertia becomes significant and the electric drift approximation is violated. In this paper, we study the most general instability, i.e. by
including particle inertia effects, as well as relativistic motions. Electromagnetic perturbations are described in a fully self-consistent
manner by solving the cold-fluid and Maxwell equations. This general non-neutral plasma instability is called the magnetron instability
by plasma physicists.
Methods. We linearise the coupled relativistic cold-fluid and Maxwell equations. The non-linear eigenvalue problem for the perturbed
azimuthal electric field component is solved numerically with standard techniques for boundary-value problems like the shooting
method. The spectrum of the magnetron instability in a non-neutral plasma column confined between two cylindrically conducting
walls is computed for several cylindrical configurations. For a pulsar electrosphere, no outer wall exists. In this case, we allow for
electromagnetic wave emission propagating to infinity.
Results. First we checked our algorithm in the low-density limit. We recover the results of the relativistic diocotron instability. When
the self-field induced by the plasma becomes significant, it can first increase the growth rate of the magnetron instability. However,
equilibrium solutions are only possible when the self-electric field, measured by the parameter se and tending to disrupt the plasma
configuration, is bounded to an upper limit, se,max. For se close to but smaller than this value se,max, the instability becomes weaker or
can be suppressed as was the case in the diocotron regime.
Conclusions. When approaching the light-cylinder, particle inertia becomes significant in the equatorial disk of the electrosphere.
Indeed, the rest-mass energy density of the plasma becomes comparable to the magnetic energy density. The magnetron instability
sets in and takes over the destabilisation of the stationary flow initiated by the diocotron instability close to the neutron star surface.
As a consequence, the flow in the pulsar inner magnetosphere is highly unstable, leading to particle diffusion across the magnetic field
line. Therefore, an electric current can circulate in the closed magnetosphere and feed the wind with charged particles.

Key words. Instabilities – Plasmas – Methods: analytical – Methods: numerical – pulsars: general

1. INTRODUCTION
This year, we celebrate the 40th year of the discovery of the first
pulsar. Nevertheless, the detailed structure of charge distribution
and electric-current circulation in the closed magnetosphere of a
pulsar remains poorly understood. Although it is often assumed
that the plasma fills the space entirely and corotates with the neu-
tron star, it is on the contrary very likely that it only partly fills
it, leaving large vacuum gaps between plasma-filled regions. The
existence of such gaps in aligned rotators has been very clearly
established by Krause-Polstorff& Michel (1985a,b). Since then,
a number of different numerical approaches to the problem have
confirmed their conclusions, including some work by Rylov
(1989), Shibata (1989), Zachariades (1993), Neukirch (1993),
Thielheim & Wolfsteller (1994), Spitkovsky & Arons (2002),
and ourselves (Pétri et al., 2002b). This conclusion about the ex-
istence of vacuum gaps has been reached from a self-consistent
solution of the Maxwell equations in the case of the aligned
rotator. Moreover, Smith et al. (2001) have shown by numer-
ical modelling that an initially filled magnetosphere like the
Goldreich-Julian model evolves by opening up large gaps and
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stabilises to the partially filled and partially void solution found
by Krause-Polstorff& Michel (1985a) and also by Pétri et al.
(2002b). The status of models of the pulsar magnetospheres, or
electrospheres, has recently been critically reviewed by Michel
(2005). A solution with vacuum gaps has the peculiar property
that those parts of the magnetosphere that are separated from the
star’s surface by a vacuum region are not corotating and so suf-
fer differential rotation, an essential ingredient that will lead to
non-neutral plasma instabilities in the closed magnetosphere, a
process never addressed in detail.

This raises the question of the stability of such a charged
plasma flow in the pulsar magnetosphere. The differential ro-
tation in the equatorial, non-neutral disk induces a non-neutral
plasma instability that is well known to plasma physicists (Oneil
1980; Davidson 1990; O’Neil & Smith 1992). Their good con-
finement properties (trapped particles can remain on an almost
unperturbed trajectory for thousands of gyro-periods) makes
them a valuable tool for studying plasmas in laboratory, by using
for instance Penning traps. In the magnetosphere of a pulsar, far
from the light cylinder and close to the neutron star surface, the
instability reduces to its non-relativistic and electrostatic form,
the diocotron instability. The linear development of this insta-
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The “standard cartoon” (not a physical model)

Fundamental problem in astrophysics
no measurement/experiment in situ possible
only observations coming from the electromagnetic radiation emitted
⇒ underlying plasma processes must be studied indirectly

49/58	
  



PULSAR	
  DISCOVERED	
  IN	
  1967	
  

(from	
  J.	
  Petri	
  presenta/on)	
  

Electro-
dynamics
of pulsars

Jérôme
Pétri

INTRO
Observations
Theory

Electrosphere
How to do ?
Geometry

Stability
Diocotron
Magnetron
Non-linear
evolution
Quasi-linear
model

Conclusions

Discovery

The first pulsar
discovered fortuitously at Cambridge Observatory (UK) in 1967 at radio-frequencies

signal made of a series of pulses separated by a period P = 1.337 s
pulse profile changes randomly but arrival time stable
duration of a pulse ∆t ≈ 16 ms
⇒ size of the emitting region : L ≤ c∆t ≈ 4800 km
⇒ evidence for a compact object

Radio signal measured from PSR1919+21
(Bell & Hewish, 1968) (already 40 years ago)

Basic assumption
Pulsar = strongly magnetised rotating neutron star
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ELECTROSPHERE

=

PART OF THE MAGNETOSPHERE

FILLED WITH PLASMA
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The relativistic magnetron regime

Assumptions
electric drift replaced by Lorentz force

D!p
Dt

=

„

∂

∂t
+ !v ·

∂

∂!r

«

(γm!v) = q (!E + !v ∧ !B)

therefore particle inertia m included
full set of Maxwell equations taken into account
⇒ possibility of electromagnetic wave radiation
relativistic regime

Growth rate for outer wall and outgoing waves (Pétri A&A, 2008)
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Non linear evolution : disk feeded with a source of charges
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ABSTRACT

Context. The physics of the pulsar magnetosphere near the neutron star surface remains poorly constrained by observations. Indeed,
little is known about its emission mechanism, from radio to high-energy X-ray and gamma-rays. Nevertheless, it is believed that
large vacuum gaps exist in this magnetosphere, and a non-neutral plasma partially fills the neutron star surroundings to form an
electrosphere in differential rotation.
Aims. According to several of our previous works, the equatorial disk in this electrosphere is diocotron and magnetron unstable, at
least in the linear regime. To better assess the long term evolution of these instabilities, we study the behavior of the non-neutral
plasma using particle simulations.
Methods. We designed a two-dimensional electrostatic particle-in-cell (PIC) code in cylindrical coordinates, solving Poisson equation
for the electric potential. In the diocotron regime, the equation of motion for particles obeys the electric drift approximation. As in the
linear study, the plasma is confined between two conducting walls. Moreover, in order to simulate a pair cascade in the gaps, we add
a source term feeding the plasma with charged particles having the same sign as those already present in the electrosphere.
Results. First we checked our code by looking for the linear development of the diocotron instability in the same regime as the one
used in our previous work, for a plasma annulus and for a typical electrosphere with differential rotation. To very good accuracy, we
retrieve the same growth rates, supporting the correctness of our PIC code. Next, we consider the long term non-linear evolution of
the diocotron instability. We found that particles tend to cluster together to form a small vortex of high charge density rotating around
the axis of the cylinder with only little radial excursion of the particles. This grouping of particles generates new low density or even
vacuum gaps in the plasma column. Finally, in more general initial configurations, we show that particle injection into the plasma can
drastically increase the diffusion of particles across the magnetic field lines. The newly formed vacuum gaps cannot be replenished
by simply invoking diocotron instability.
Conclusions. Diocotron instability offers a new possibility to solve the current closure problem in a pulsar magnetosphere. It is a
promising mechanism leading to highly unstable flows in the pulsar inner magnetosphere. When flowing towards the light cylinder,
some relativistic and particle inertia effects (not included in this study) appear. Nevertheless, the system should remain unstable
because of the relativistic diocotron or the magnetron instability. Therefore, we expect an electric current to circulate in the closed
magnetosphere and to feed the base of the wind with charged particles.

Key words. instabilities – plasmas – methods: numerical – pulsars: general

1. Introduction

The detailed structure of charge distribution and electric-current
circulation in the closed magnetosphere of a pulsar remains puz-
zling. Although it is often assumed that the plasma fills the space
entirely and corotates with the neutron star, it is on the con-
trary very likely that it only partly fills it, leaving large vacuum
gaps between plasma-filled regions. The existence of such gaps
in aligned rotators has been very clearly established by Krause-
Polstorff & Michel (1985a,b). Since then, a number of different
numerical approaches to the problem have confirmed their con-
clusions, including some work by Rylov (1989), Shibata (1989),
Zachariades (1993), Neukirch (1993), Thielheim & Wolfsteller
(1994), Spitkovsky & Arons (2002), and ourselves (Pétri et al.
2002b). This conclusion about the existence of vacuum gaps
has been reached from a self-consistent solution of the Maxwell
equations in the case of the aligned rotator. Moreover, Smith
et al. (2001) have shown by numerical modelling that an initially
filled magnetosphere like the Goldreich-Julian model evolves
by opening up large gaps and stabilizes at the partially filled

and partially void solution found by Krause-Polstorff & Michel
(1985a) and also by Pétri et al. (2002b). The status of models
of the pulsar magnetospheres, or electrospheres, has been criti-
cally reviewed by Michel (2005). A solution with vacuum gaps
has the peculiar property that those parts of the magnetosphere
that are separated from the star’s surface by a vacuum region are
not corotating and so undergo differential rotation, an essential
ingredient that will lead to non-neutral plasma instabilities in the
closed magnetosphere.

This kind of non-neutral plasma instability is well known to
plasma physicists (Oneil 1980; Davidson 1990; O’Neil & Smith
1992). Their good confinement properties makes them a valuable
tool for studying plasmas in the laboratory, by using for instance
Penning traps. In the magnetosphere of a pulsar, far from the
light cylinder and close to the neutron star surface, the instabil-
ity reduces to its non-relativistic and electrostatic form, the dio-
cotron instability. The linear development of this instability for
a differentially rotating charged disk was studied by Pétri et al.
(2002a), in the thin disk limit, and by Pétri (2007a,b, 2008) in the
thick disk limit. It both cases, the instability proceeds at a growth
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Fig. 1. Evolution of the total electrostatic increase in energy ∆We(t) in the constant density plasma column obtained from our PIC simulation (black
dots) and compared with the linear growth rate of the diocotron instability obtained from Table 1 (red line), on the left for m = 3, on the right for
m = 7. The linear relation holds for more than ten orders of magnitude.
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Fig. 2. Snapshot of the charge density in the plasma column showing the m = 3 pattern (on the left) and the m = 7 pattern (on the right). The
chosen time corresponds to the transition between the linear phase and the beginning of the non-linear regime, associated with the total electrostatic
energy curves discussed in Fig. 1.

machine precision (we work with double precision numbers, i.e.
16 significant digits). Moreover, the gaps are probably due to
the particle noise inherent in the PIC method, proportional to
the inverse of the square root of the number of particles N, (i.e.
∝N−1/2). Tiny fluctuations in positions, especially particles re-
ceding to the inner wall, tend to decrease the total electrostatic
energy, at least at the beginning of the simulations.

In a second step, non-linear effects come into play and the
initial plasma distribution is destroyed. The azimuthal pattern
with the typical m = 3 mode becomes clearly visible in left part
of Fig. 2. Particles “merge” to form large vortices and leave be-
hind them vacuum gaps which will not be replenished. For some
time, these vortices rotate around the axis of the cylinder, keep-
ing their m = 3 structure. In a last step, almost all particles hit
the inner wall W1; this happens when t > 400. The total elec-
trostatic energy saturates, reaching a plateau at the end. When
the non-linear effects set in, we are interested in the diffusion of
particles across magnetic field lines and on its consequences on
a longer timescale. To get a better idea of this diffusion process,

we quantify it by computing the azimuthally integrated charge
density as

N(r, t) =
∫ 2 π

0
ρe r dϕ. (24)

It can be interpreted as an equivalent radial charge density.
Indeed
∫ W2

W1

N(r, t) dr (25)

gives the total charge contained in the plasma column at time t.
Some examples related to the simulations shown in Fig. 1 are
given in Fig. 3. We immediately see that for t < 100 (linear
stage), the boundary of the plasma column remains unchanged,
as discussed before. In a second stage, non-linear effects become
important and strongly disturb the boundaries of the plasma an-
nulus. Some very coherent patterns emerge while continuing to
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Conclusions & Perspectives

My pulsar model : a trap for non-neutral astrophysical electron-positron plasmas
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Properties
electrosphere do exist, finite in extension and in electrostatic equilibrium
non-neutral plasma instabilities (diocotron & magnetron) develop
⇒ particle diffusion across the magnetic field lines
numerical simulations have shown the formation of an equatorial current carrying
a net flux of charges towards the light cylinder
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Physics of pulsars : everything remains to be done !

Apart from the obvious need of
general relativity

neutron star equation of state
gravitational waves
electromagnetic field enhancement by frame dragging effect

quantum electrodynamics (e± pair creation)

Physics of pulsar needs two essential ingredients
1 non neutral plasma physics

trapping of particles in special traps
stability properties of the plasma configuration
instabilities like diocotron and magnetron

2 plasma distribution does not overlap with the magnetosphere
⇒ large vacuum gaps and thus “electrospheric solution” and NOT
magnetospheric one.

1967-2008 = 41 years after the discovery
with little (no) progress ! ! !
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“Our	
  subjects	
  seem	
  far	
  from	
  each	
  other	
  but	
  I	
  think	
  that	
  there	
  are	
  
some	
  common	
  techniques	
  and	
  tools	
  to	
  apply	
  to	
  both	
  fields.	
  	
  Non-­‐
neutral	
  plasmas	
  are	
  not	
  well	
  known	
  in	
  the	
  astrophysics	
  community	
  
because	
  they	
  do	
  not	
  happen	
  very	
  ozen	
  in	
  this	
  context.	
  
Nevertheless,	
  pulsars	
  or	
  strongly	
  magne/zed	
  rota/ng	
  neutron	
  stars	
  
are	
  probably	
  places	
  where	
  non-­‐neutral	
  plasma	
  can	
  be	
  confined	
  on	
  a	
  
large	
  scale,	
  dipolar	
  magne/c	
  field	
  and	
  quadrupolar	
  electric	
  field,	
  a	
  
kind	
  of	
  terella	
  or	
  so.	
  	
  My	
  aim	
  is	
  to	
  study	
  these	
  plasmas	
  (mostly	
  
electron/positron	
  pairs)	
  in	
  such	
  a	
  configura/on,	
  charge	
  transport	
  
across	
  magne/c	
  field	
  lines	
  and	
  also	
  the	
  (coherent?)	
  radio	
  emission	
  
proper/es.”	
  	
  
	
  
(e-­‐mail	
  from	
  Jerome	
  Petri	
  to	
  Edl	
  Schamiloglu,	
  3/11/11)	
  

CONCLUDING	
  REMARKS	
  –	
  THE	
  LIKELY	
  BEGINNINGS	
  
OF	
  AN	
  UNLIKELY	
  COLLABORATION	
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