
	
  
Consor�um	
  Overview,	
  Programma�c	
  Goals,	
  	
  

Advisory	
  Board	
  
	
  

Edl	
  Schamiloglu,	
  PI	
  
	
  

August	
  21,	
  2012	
  
	
  
	
  

              Department of Electrical & Computer Engineering  

1/44	
  



Preamble	
  -­‐	
  I	
  

��� ���� �� ��� ��� �� ����� ��������

������ ������ ��� ����� ������� ��� ������
 �� �������� ������� �����
 	����
	�� ��
 ���� ���� ���� ����� ���� ��������� �� ��� ����� �� ������������ �� ����������
����  ��� �������­
 � ������� ������ �� ��� ����������� �� ������ ��������
­ ��� ���
��� ��������� �� ��� ������ ������� �������­ ������
­ ��� ����������
 ��� ����
������­ ���� ��� �����­����� ������­� �� ����� �����
����
� �������� �� ��� �����
�������� �������� ��� ���������� ��� ��� �������� ��������
���� �����
���� ���� ����
������� ������ ��� ��������� ������ �������� ������ ��������­ ������
 �������
�������� ����

��� ������� ������� �� ���� �� 
�� �������� 
�� 	������ �������� ��� ���� �����


���������� �������� ��������  � ­����

��� ������� �� 
� ��� ������� � ���������� �������� ��� ��� ��
�����
 	�� ���� �����������

�� �������� 
������ ���������� ������ ­�� �

��� �������� �� �� ��
��

 ��������� �������� ��
�� �������� �� ��� �������� �������� ���
����� ���� ������ ­�� �

From	
  High	
  Power	
  Microwave	
  Sources	
  and	
  Technologies,	
  R.J.	
  Barker	
  and	
  E.	
  Schamiloglu,	
  
Eds.	
  (IEEE	
  Press/John	
  Wiley	
  and	
  Sons,	
  New	
  York,	
  NY,	
  2001),	
  Chap.	
  2.	
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From	
  High	
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  Microwave	
  Sources	
  and	
  Technologies,	
  R.J.	
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  E.	
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  (IEEE	
  Press/John	
  Wiley	
  and	
  Sons,	
  New	
  York,	
  NY,	
  2001),	
  Chap.	
  2.	
  

� ��������������� ����������� ������ �� �
��� �������
�� 
�
���
	

� ���� �������� �� �������� ������
 ���� ��
���� ����� �
��������
 �
 ������
����������
���
	

� �������� 
����� �������� ��
����� �������� �� 
������� �����
 �� ������	

� ��
���� ���������� ������ �
 ����������� 
�

����� �
����
��
�
	

� ��������� ���
��
� �
� ������
�	

� ���� ������
�
 ����
�
� ��
� �������
� ���� ������� �����
�
���
�� �
� ���
�������
� ��
�
	

AFOSR	
  and	
  the	
  DoD	
  are	
  interested	
  in	
  Directed	
  Energy	
  Microwaves	
  for	
  
these	
  reasons:	
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From	
  High	
  Power	
  Microwave	
  Sources	
  and	
  Technologies,	
  R.J.	
  Barker	
  and	
  E.	
  Schamiloglu,	
  
Eds.	
  (IEEE	
  Press/John	
  Wiley	
  and	
  Sons,	
  New	
  York,	
  NY,	
  2001),	
  Chap.	
  2.	
  

  The	
  U.S.	
  Air	
  Force	
  has	
  taken	
  a	
  lead	
  role	
  in	
  the	
  development	
  of	
  Directed	
  
Energy,	
  including	
  HPM.	
  	
  In	
  fact,	
  the	
  Air	
  Force	
  has	
  been	
  designated	
  lead	
  
service	
  for	
  Directed	
  Energy.	
  

  The	
  Air	
  Force	
  Weapons’	
  Laboratory	
  (AFWL	
  –	
  predecessor	
  to	
  AFRL,	
  Kirtland	
  
AFB,	
  NM)	
  begins	
  HPM	
  source	
  research	
  in	
  late	
  1970s.	
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Introduc�on	
  
High	
  Power	
  Microwaves	
  –	
  imprecise	
  term,	
  usually	
  denotes	
  sources	
  of	
  
coherent	
  radia�on	
  spanning	
  1	
  GHz	
  -­‐	
  >100	
  GHz	
  at	
  power	
  levels	
  scaling	
  as	
  Pf	
  2	
  
driven	
  by	
  high-­‐perveance,	
  rela�vis�c	
  electron	
  beams.	
  	
  Can	
  also	
  connote:	
  	
  
a)	
  can	
  mean	
  high	
  average	
  power	
  sources.	
  b)	
  can	
  mean	
  high	
  power	
  ultra-­‐
wideband	
  (mesoband)	
  microwave	
  sources	
  (incoherent,	
  broadband).	
  c)	
  can	
  
connote	
  nonlinear	
  transmission	
  line	
  (NLTL)	
  sources.	
  
	
  
Electrons	
  radiate	
  because	
  they	
  are	
  accelerated	
  in	
  some	
  periodic	
  fashion.	
  The	
  
radia�on	
  can	
  be	
  coherent	
  (s�mulated	
  emission),	
  or	
  incoherent	
  	
  (spontaneous	
  
emission).	
  	
  The	
  contribu�on	
  from	
  electrons	
  reinforce	
  original	
  EM	
  radia�on.	
  	
  
	
  
Beam	
  bunching	
  at	
  the	
  proper	
  wavelength	
  enforces	
  coherency	
  of	
  radia�on	
  
(spa�al	
  bunching,	
  phase	
  bunching).	
  Vacuum	
  devices	
  are	
  inherently	
  more	
  
efficient	
  than	
  solid	
  state	
  devices	
  since	
  the	
  electrons	
  are	
  free	
  electrons!	
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HPM	
  vs.	
  Other	
  Microwave	
  Sources	
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Historical	
  Development	
  Of	
  HPM	
  
(mainly	
  oscillators)	
  

Founda�on	
  to	
  
Silicon	
  Valley	
  	
  

7/44	
  



What	
  About	
  Amplifiers?	
  

Founda�on	
  to	
  
Silicon	
  Valley	
  	
  

MIT	
  Haystack	
  Radar	
  

          

              

  

          

          

        

      

          

     

  

 

              

ITER	
  Gyrotron	
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The	
  Era	
  of	
  Big	
  Machines	
  –	
  1970s	
  –	
  1990s!	
  

The	
  “GAMMA”	
  accelerator,	
  High	
  Current	
  Electronics	
  Ins�tute,	
  Tomsk,	
  Russia	
  	
   9/44	
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The	
  Era	
  of	
  Big	
  Machines	
  –	
  1970s	
  –	
  1990s!	
  

The	
  ORION	
  HPM	
  test	
  facility	
  –	
  the	
  premier	
  facility	
  of	
  its	
  kind	
  in	
  the	
  world.	
  
(Built	
  in	
  the	
  U.S.	
  by	
  Physics	
  Interna�onal	
  –	
  now	
  part	
  of	
  LMC	
  –	
  for	
  the	
  UK	
  MoD	
  	
  
in	
  mid	
  1990’s	
  –	
  based	
  on	
  tunable	
  rela�vis�c	
  magnetrons.)	
   11/44	
  



Some	
  HPM	
  Sources	
  at	
  AFRL,	
  mid-­‐	
  1990s	
  

Relativistic Klystron Oscillator (RKO) 

Magnetically Insulated Line Oscillator (MILO) 

Gyro-BWO (High Power & Frequency Agile) 
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History	
  Of	
  Narrowband	
  HPM	
  Revisited	
  
HPM Power Derby* 1970’s to mid-1990’s – New sources, greater 
radiated powers 
 
Sober Realization, mid-1990’s to present – Pulse shortening, few new 
source configurations, diminishing resources. 
 
 
*Power Derby used by J. Benford and J. Swegle, High Power Microwaves (Artech House, Norwood, 
MA, 1992), p. 398. 

Future	
  Of	
  HPM	
  –	
  From	
  1991	
  
HPM Power Levels of 10 – 100 GW and radiated energies of 10 kJ and 
greater were to be routinely achieved by now!** 
 
**See Table 12.2 in J. Benford and J. Swegle, High Power Microwaves (Artech House, Norwood, MA, 
1992). 
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AFOSR-­‐Sponsored	
  Interna�onal	
  Workshop	
  
232 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 26, NO. 3, JUNE 1998

The Seventh Special Issue on
High Power Microwave Generation

Fig. 1. Group photograph taken at the International Workshop on High Power Microwave Generation and Pulse Shortening, Edinburgh, U.K., 12 June 1997.
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What	
  Went	
  Wrong?	
  -­‐	
  Realiza�on	
  

  Pulse shortening will limit radiated HPM to about 100 ns (old goal was 
1 GW power for 1 µs, yielding 1 kJ energy) 

  Move away from the “flame-thrower” mentality 

  HPM power is sufficient; work on higher repetition rate 

  Be smarter – tailor HPM waveforms to optimize effects 

  Focus on developing broadband HPM amplifiers (generate a desirable 
waveform at low power, then amplify to high power) 

  Need advances in compact pulsed power so that these can leave the 
laboratory and fit on mobile platforms! 
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What	
  Went	
  Wrong?	
  -­‐	
  Realiza�on	
  

  Pulse shortening will limit radiated HPM to about 100 ns (old goal was 
1 GW power for 1 µs, yielding 1 kJ energy) 

  Move away from the “flame-thrower” mentality 

  HPM power is sufficient; work on higher repetition rate 

  Be smarter – tailor HPM waveforms to optimize effects, viz. 

  Focus on developing broadband HPM amplifiers (generate a desirable 
waveform at low power, then amplify to high power) 

  Need advances in compact pulsed power so that these can leave the 
laboratory and fit on mobile platforms! 
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Effects-­‐Driven	
  HPM	
  Source	
  Research	
  –	
  
Waveform	
  Diversity	
  

Courtesy,	
  Sameer	
  Hemmady,	
  
TechFlow	
  Scien�fic	
  (formerly	
  
University	
  of	
  Maryland)	
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…	
  and	
  here	
  we	
  are!	
  

18/44	
  



     

   

Program Managers: 
      Arje Nachman
      John Luginsland 
Principal Investigator: 
      Edl Schamiloglu 

Consortium Members 
University of New Mexico:
      Edl Schamiloglu 
MIT PSFC:
      Richard Temkin 

Ohio State University:
      John Volakis
University of California Irvine:
      Alex Figotin 
Louisiana State University:
      Robert Lipton

Satellite Efforts:
University of Huddersfield, 
     UK/Lund University, 
     Sweden:
     Rebecca Seviour
University of Strathclyde,              
 Scotland:
     Adrian Cross

The FY'12 AFOSR MURI on Transformational

Electromagnetics will kick-off on August 21,
2012. Updates on the activities of the
researchers will be posted on this website
periodically.

 

 

For additional information contact:

Edl Schamiloglu
Department of Electrical and
Computer Engineering
MSC01 1100
University of New Mexico
Albuquerque, NM 87131-0001
Tel.: 505-277-4423
email: edl@ece.unm.edu

               Sponsored by: Air Force Office of Scientific Research, http://www.wpafb.af.mil/afrl/afosr/
                                                     Last updated: August 9, 2012         Webmaster: shawnee@ece.unm.edu     
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Our	
  Vision	
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The Road Ahead for Metamaterials

APPLIED PHYSICS
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Metamaterials enable us to design our own 

“atoms” and thus create materials with new 

properties and functions.
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The	
  term	
  “Metamaterials”	
  was	
  first	
  coined	
  in	
  1999	
  by	
  Rodger	
  Walser,	
  
University	
  of	
  Texas.	
  	
  His	
  defini�on	
  is	
  as	
  follows:	
  
	
  

	
  Metamaterials	
  are	
  macroscopic	
  composites	
  having	
  man-­‐made,	
  three-­‐
	
  dimensional,	
  periodic	
  cellular	
  architecture	
  designed	
  to	
  produce	
  an	
  
	
  op�mized	
  combina�on,	
  not	
  available	
  in	
  nature,	
  of	
  two	
  or	
  more	
  

responses	
  	
  
	
  to	
  specific	
  excita�on.	
  

	
  
He	
  chose	
  “meta”	
  as	
  the	
  prefix	
  from	
  the	
  Greek	
  work	
  meta	
  meaning	
  beyond.	
  
	
  
	
  
(From	
  B.	
  Munk,	
  Metamaterials:	
  Cri�que	
  and	
  Alterna�ves	
  (John	
  Wiley	
  and	
  
Sons,	
  New	
  York,	
  NY,	
  2009),	
  p.	
  vi.)	
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Recap	
  of	
  “Metamaterials”	
  
	
  

Taxonomy	
  of	
  Metamaterials	
  is	
  a	
  problem.	
  	
  
It	
  seems	
  that	
  there	
  is	
  no	
  one	
  sa�sfactory	
  
defini�on	
  that	
  does	
  not	
  restrict	
  a	
  class	
  of	
  
worthy	
  Metamaterials.	
  	
  The	
  “beyond-­‐
nature”	
  defini�on	
  of	
  Metamaterials	
  
clearly	
  fails!	
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Recap	
  of	
  Metamaterials	
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Recap	
  of	
  Metamaterials	
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Recap	
  of	
  Metamaterials	
  
	
  

Sihvola	
  (Helsinki	
  University	
  of	
  Technology)	
  suggests	
  that	
  
emergence	
  is	
  a	
  property	
  that	
  needs	
  to	
  be	
  associated	
  with	
  
Metamaterials	
  (in	
  that	
  the	
  Metamaterial	
  gains	
  its	
  proper�es	
  from	
  
its	
  structure)…from:	
  
	
  
A.	
  Sihvola,	
  “Metamaterials:	
  A	
  Personal	
  View,”	
  Radioengineering,	
  
vol.	
  18,	
  pp.	
  90-­‐94,	
  2009.	
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Recap	
  of	
  Metamaterials	
  
	
  

Wegener	
  and	
  Linden	
  (Karlsruhe	
  Ins�tute	
  of	
  Technology	
  and	
  
University	
  of	
  Bonn,	
  respec�vely):	
  
	
  
A	
  “metamaterial	
  composed	
  of	
  submicron	
  gold	
  helices	
  arranged	
  
into	
  a	
  square	
  la�ce.”	
  …	
  “can	
  be	
  used	
  as	
  a	
  compact	
  circular	
  
polarizer	
  with	
  more	
  than	
  one	
  octave	
  bandwidth	
  –	
  between	
  
wavelengths	
  of	
  about	
  3.0-­‐6.0	
  µm	
  –	
  and	
  is	
  the	
  circular	
  analogue	
  of	
  
the	
  wire-­‐grid	
  polarizer	
  used	
  in	
  Heinrich	
  Hertz’s	
  1887	
  pioneering	
  
experiments…”	
  
	
  
M.	
  Wegener	
  and	
  S.	
  Linden,	
  “Shaping	
  Op�cal	
  Space	
  with	
  
Metamaterials,”	
  Physics	
  Today,	
  October	
  2010,	
  pp.	
  32-­‐36.	
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Our	
  point	
  of	
  view	
  on	
  “Metamaterials”	
  	
  
	
  

  Our	
  consor�um	
  will	
  not	
  restrict	
  our	
  research	
  on	
  materials	
  with	
  
periodicity	
  d<<	
  λ.	
  	
  Periodic	
  structures	
  with	
  periodicity	
  d~λ/2	
  are	
  
of	
  equal	
  interest	
  to	
  us.	
  

  Recent	
  work	
  by	
  Seviour,	
  French	
  et	
  al.	
  has	
  demonstrated	
  that	
  
metamaterials	
  can	
  handle	
  only	
  80	
  W	
  of	
  con�nuous	
  power	
  
before	
  mel�ng.	
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Mel�ng	
  is	
  a	
  Serious	
  Concern	
  
Seviour	
  and	
  French	
  (in	
  prepara�on)	
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The	
  Importance	
  of	
  Dispersion	
  Engineering	
  

! 

!2 = ! 2 (n, p) + k2 c2 
° z 

! = kzc 

! = −kzc 

! °(n, p) ! o, kzo 
Slope = vg 

Slope = vϕ 

kz 

0 

!

(a) 
% 

% = kzc 

% = kzvb % = k c& z 

Resonance 
Waveguide 

mode 

kz 

(b) 
% 

% = kzvb 

Slow-wave structure 
mode 

BWO resonance 

kz 

(c) 
% 

Waveguide mode 

FEL resonance % = kzvb + w 

% = kzc 

kz 

!

(From	
  J.	
  Benford,	
  J.	
  Swegle,	
  and	
  E.	
  
Schamiloglu,	
  High	
  Power	
  Microwaves,	
  
2nd	
  Ed.,	
  2007.)	
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Dispersion	
  Engineering	
  to	
  Study	
  Novel	
  Beam-­‐
Wave	
  Interac�on	
  Structures	
  

Electron	
  

Beam 
MetaMaterial 

Wave (Courtesy	
  Rebecca	
  
Seviour,	
  University	
  of	
  
Huddersfield,	
  UK/Lund	
  
University,	
  Sweden.)	
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Dispersion	
  Engineering	
  to	
  Study	
  Novel	
  Beam-­‐
Wave	
  Interac�on	
  Structures	
  

(Courtesy	
  Adrian	
  Cross,	
  
University	
  of	
  Strathclyde,	
  
Scotland)	
  

Schematic diagram of the 2D-1D 
FEM (top left). 
Diagram (generated by PIC code 
MAGIC) of the FEM (section) 
driven by annular electron beam 
(red dots) (top right). 
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Dispersion	
  Engineering	
  to	
  Study	
  Novel	
  Beam-­‐
Wave	
  Interac�on	
  Structures	
  

(Courtesy	
  Rick	
  Temkin,	
  MIT)	
  

 
 

 

23 mm 

9 mm 

TE04 mode at 139.8 GHz 

Cylindrical cavity with a 
TE04 mode at 139.8 GHz 

PBG resonator used in the experiment 

Note that resonator has no outer wall 

 

Design Parameters: 
V = 65 kV 

I = 5 A 
f = 140 GHz 

B = 5.4 T 
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Dispersion	
  Engineering	
  to	
  Study	
  Novel	
  Beam-­‐
Wave	
  Interac�on	
  Structures	
  

Depic�on	
  of	
  wave	
  slow	
  
down	
  and	
  amplitude	
  
growth	
  (amplifica�on)	
  as	
  
the	
  wave	
  propagates	
  
within	
  the	
  MTM	
  structure	
  
(to	
  the	
  right)	
  formed	
  by	
  
DBE	
  crystals.	
  (Courtesy	
  
John	
  Volakis,	
  OSU.)	
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Dispersion	
  Engineering	
  to	
  Study	
  Novel	
  Beam-­‐
Wave	
  Interac�on	
  Structures	
  

Basic	
  principle	
  of	
  opera�on.	
  
The	
  electron	
  beam	
  transfers	
  
energy	
  to	
  the	
  frozen	
  DBE	
  
mode.	
  The	
  frozen	
  DBE	
  mode	
  
allows	
  for	
  greater	
  
amplifica�on	
  compared	
  to	
  
the	
  RBE	
  mode.	
  	
  (Courtesy	
  
Alex	
  Figo�n,	
  UCI.)	
  

Frozen	
  DBE	
  mode	
  magnitude	
  
profile

p(z)

TWT	
  with	
  super	
  amplification	
  via	
  the	
  DBE	
  mode.	
  Examples	
  for	
  creating	
  the	
  special	
  
transverse	
  anisotropy.

z

u

A B C

z
u

A B C A B C

A

B

C

Three	
  different	
  helices	
  or	
  three	
  different	
  set	
  of	
  rings	
  (A,B,	
  and	
  C),	
  
inside	
  a	
  waveguide	
  can	
  produce	
  a	
  DBE	
  mode.

Different	
  thicknesses	
  or	
  shapes	
  (	
  for	
  instance	
  tilted	
  elliptical	
  
helices	
  or	
  rings)	
  	
  also	
  can	
  produce	
  a	
  DBE	
  mode.

Front	
  
view
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Metamaterials	
   are	
   not	
   only	
   of	
   interest	
   for	
  
sources,	
  but	
  also	
  components	
  (antennas,	
  phase	
  
shi�ers,	
  etc.)	
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Our	
  Goals	
  	
  
	
  

  Sources	
  –	
  Rely	
  on	
  dispersion	
  engineering	
  (all	
  members)	
  to	
  
propose	
  novel	
  beam/wave	
  interac�ons	
  (MIT	
  –	
  Shapiro,	
  Ohio	
  
State	
  –	
  Volakis,	
  UC	
  Irvine	
  –	
  Figo�n,	
  LSU	
  –	
  Lipton),	
  to	
  exploit	
  in	
  
experimenta�on	
  (at	
  UNM	
  and	
  MIT)	
  

  Characteriza�on	
  -­‐	
  Characterize	
  survivability	
  of	
  proposed	
  
structures	
  in	
  experimenta�on	
  using	
  plasma	
  diagnos�cs	
  (UNM	
  –	
  
Gilmore)	
  

  Exploit	
  Metamaterials	
  for	
  Passive/Reconfigurable	
  Structures	
  –	
  
UNM	
  –	
  Christodoulou,	
  UC	
  -­‐	
  Irvine	
  Capolino,	
  Ohio	
  State	
  -­‐	
  Volakis	
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Management	
  Plan	
  

Dr.	
  Arje	
  Nachman 	
  Dr.	
  John	
  Luginsland	
  

Edl	
  Schamiloglu,	
  Consor�um	
  PI	
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Advisory	
  Board:	
  
	
  
Dave	
  Abe	
  
Carter	
  Armstrong	
  
Bruce	
  Carlsten	
  
Charles	
  Chase	
  
Chuck	
  Gilman	
  
John	
  Pe�llo	
  
Don	
  Shiffler	
  
Don	
  Sullivan	
  
Pravit	
  Tulyathan	
  

Rick	
  Temkin,	
  PI	
  

John	
  Volakis,	
  PI	
  

Alex	
  Figo�n,	
  PI	
  
Robert	
  Lipton,	
  PI	
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Our	
  Advisory	
  Board	
  

  Dr.	
  Dave	
  Abe,	
  Naval	
  Research	
  Laboratory	
  	
  
(represented	
  today	
  by	
  Dr.	
  John	
  Pasour)	
  	
  

  Dr.	
  Carter	
  Armstrong,	
  L-­‐3	
  Communica�ons	
  	
  
  Dr.	
  Bruce	
  Carlsten,	
  Los	
  Alamos	
  Na�onal	
  Laboratory	
  
(unable	
  to	
  join	
  us	
  today)	
  

  Mr.	
  Charles	
  Chase,	
  Lockheed	
  Mar�n,	
  Palmdale,	
  CA	
  
  Mr.	
  Chuck	
  Gilman,	
  SAIC	
  Albuquerque,	
  NM	
  	
  	
  
  Dr.	
  John	
  Pe�llo,	
  SAIC	
  Boston,	
  MA	
  
  Dr.	
  Don	
  Shiffler,	
  AFRL/RD	
  	
  
  Dr.	
  Don	
  Sullivan,	
  Raytheon-­‐Ktech,	
  Albuquerque,	
  NM	
  
  Dr.	
  Pravit	
  Tulyathan,	
  Boeing,	
  Seal	
  Beach,	
  CA	
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Management	
  Plan	
  

  Communicate	
  amongst	
  ourselves	
  and	
  with	
  the	
  outside	
  
world	
  through:	
  

h�p://www.ece.unm.edu/FY12MURI/	
  
	
  

  Kick-­‐off	
  mee�ng	
  August	
  21,	
  2012	
  -­‐	
  UNM	
  
  Year	
  1	
  Review	
  August/September,	
  2013	
  –	
  MIT	
  
  Year	
  2	
  Review	
  August/September,	
  2014	
  –	
  Ohio	
  State	
  
  Year	
  3	
  Review	
  August/September,	
  2015	
  –	
  UNM	
  

  Years	
  4	
  and	
  5	
  con�ngent	
  on	
  Year	
  3	
  Review	
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Management	
  Plan	
  

  Monthly	
  graduate	
  student	
  presenta�ons	
  (30	
  minutes	
  each)	
  
either	
  via	
  internet	
  conferencing	
  with	
  video,	
  or	
  
teleconferencing	
  

  Quarterly	
  teleconferences	
  among	
  PI’s	
  
  Annual	
  mee�ng	
  with	
  Advisory	
  Board	
  (coincides	
  with	
  
annual	
  review	
  mee�ng)	
  

  Periodic	
  updates	
  to	
  Program	
  Managers	
  
  Satellite	
  mee�ngs	
  with	
  select	
  consor�um	
  members	
  at	
  
annual	
  conferences	
  (IEEE	
  Antennas	
  and	
  Propaga�on	
  
Society,	
  ICOPS,	
  IVEC,	
  etc.)	
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Management	
  Plan	
  

Emphasize:	
  

  Collabora�on	
  

  Transi�ons	
  
  Publica�ons	
  
  Presenta�ons	
  
  Student	
  placement	
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AGENDA 
 
08:30  Shuttle bus leaves from Parking and Transportation Services to Centennial 
 Engineering Center 
08:30  Coffee 
09:00 Welcome – Edl Schamiloglu introduces UNM Administration 
09:15 Opening Remarks – Arje Nachman, John Luginsland 
09:30  Consortium Overview, Programmatic Goals, Management Plan – Edl 
 Schamiloglu 
10:00  MIT Perspective and Plans – Rick Temkin 
10:30  UNM Perspective and Plans – Edl Schamiloglu, Mark Gilmore, Christos 
 Christodoulou 
11:00  Ohio State Perspective and Plans – John Volakis 
11:30  UC Irvine Perspective and Plans – Alex Figotin/Filippo Capolino 
12:00  LSU Perspective and Plans – Robert Lipton 
12:30  Closing Remarks – Edl Schamiloglu, then Arje Nachman and John Luginsland 
12:45  Working Lunch (provided) – Discussions 
  2:00  Tours of UNM Laboratories 
 
   
 

 
 

 

KICK-OFF MEETING - FY12 AFOSR MURI ON 
TRANSFORMATIONAL ELECTROMAGNETICS 

August 21, 2012 
Stamm Room, Rm. 1044, Centennial Engineering Center 

University of New Mexico 



	
  
University	
  of	
  New	
  Mexico	
  Perspec4ve	
  and	
  Plans	
  

	
  
Edl	
  Schamiloglu,	
  PI	
  

	
  
August	
  21,	
  2012	
  

	
  
	
  

              Department of Electrical & Computer Engineering  
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Who	
  we	
  are	
  

Dr.	
  Edl	
  Schamiloglu,	
  UNM	
  PI	
  
Dr.	
  Christos	
  Christodoulou,	
  UNM	
  Co-­‐PI	
  
Dr.	
  Mark	
  Gilmore,	
  UNM	
  Co-­‐PI	
  
	
  
Dr.	
  Mikhail	
  Fuks,	
  Research	
  Professor	
  
Dr.	
  C.	
  Jerald	
  Buchenauer,	
  Research	
  Professor	
  
Dr.	
  Alan	
  Lynn,	
  Research	
  Assistant	
  Professor	
  
Dr.	
  Sarita	
  Prasad,	
  Research	
  Assistant	
  Professor	
  
Dr.	
  Mehmet	
  Su,	
  Research	
  Assistant	
  Professor	
  
	
  
Dr.	
  James	
  Carroll,	
  Sandia	
  NaKonal	
  Laboratories	
  (Materials	
  
Science)	
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Who	
  we	
  are	
  –	
  my	
  group	
  

Edl	
  Schamiloglu,	
  UNM	
  PI	
  
	
  	
  
Mikhail	
  Fuks,	
  Research	
  Professor	
  
C.	
  Jerald	
  Buchenauer,	
  Research	
  Professor	
  
Sarita	
  Prasad,	
  Research	
  Assistant	
  Professor	
  
	
  	
  
Ph.D.	
  Students	
  –	
  Christopher	
  Leach,	
  Kimberly	
  Nichols,	
  
Brock	
  Roberts	
  
	
  
Undergraduate	
  Students	
  –	
  Artem	
  Kuskov,	
  MaShew	
  Dill	
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Our	
  Goals	
  	
  
	
  

•  Sources	
  –	
  Rely	
  on	
  dispersion	
  engineering	
  (all	
  members)	
  to	
  
propose	
  novel	
  beam/wave	
  interacKons	
  (MIT	
  –	
  Shapiro,	
  Ohio	
  
State	
  –	
  Volakis,	
  UC	
  Irvine	
  –	
  FigoKn,	
  LSU	
  –	
  Lipton),	
  to	
  exploit	
  in	
  
experimentaKon	
  (at	
  UNM	
  and	
  MIT)	
  –	
  Edl	
  Schamiloglu	
  

•  Characteriza4on	
  -­‐	
  Characterize	
  survivability	
  of	
  proposed	
  
structures	
  in	
  experimentaKon	
  using	
  plasma	
  diagnosKcs	
  (UNM	
  –	
  
Gilmore)	
  

•  Exploit	
  Metamaterials	
  for	
  Passive/Reconfigurable	
  Structures	
  –	
  
(UNM	
  –	
  Christodoulou,	
  UC	
  -­‐	
  Irvine	
  Capolino,	
  Ohio	
  State	
  –	
  
Volakis)	
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Our	
  Goals	
  	
  
	
  

•  Sources	
  –	
  Rely	
  on	
  dispersion	
  engineering	
  (all	
  members)	
  to	
  
propose	
  novel	
  beam/wave	
  interacKons	
  (MIT	
  –	
  Shapiro,	
  Ohio	
  
State	
  –	
  Volakis,	
  UC	
  Irvine	
  –	
  FigoKn,	
  LSU	
  –	
  Lipton),	
  to	
  exploit	
  in	
  
experimentaKon	
  (at	
  UNM	
  and	
  MIT)	
  –	
  Edl	
  Schamiloglu	
  

•  Will	
  idenKfy	
  all	
  modulators,	
  pulsers,	
  electron	
  beams	
  available	
  to	
  
the	
  consorKum.	
  	
  These	
  are	
  at	
  MIT	
  and	
  UNM,	
  but	
  could	
  also	
  be	
  
at	
  AFRL,	
  NRL,	
  LANL.	
  	
  The	
  parameters	
  of	
  all	
  available	
  electron	
  
beams	
  will	
  then	
  inform	
  the	
  MTM	
  thinkers	
  and	
  allow	
  them	
  to	
  
propose	
  preliminary	
  structure	
  designs.	
  	
  Manufacturability	
  and	
  
survivability	
  are	
  criKcal	
  factors.	
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What	
  we	
  are	
  good	
  at:	
  
The	
  Importance	
  of	
  Dispersion	
  Engineering	
  

! 

!2 = ! 2 (n, p) + k2 c2 
° z 

! = kzc 

! = −kzc 

! °(n, p) ! o, kzo 
Slope = vg 

Slope = vϕ 

kz 

0 

!

(a) 
% 

% = kzc 

% = kzvb % = k c& z 

Resonance 
Waveguide 

mode 

kz 

(b) 
% 

% = kzvb 

Slow-wave structure 
mode 

BWO resonance 

kz 

(c) 
% 

Waveguide mode 

FEL resonance % = kzvb + �w 

% = kzc 

kz 

!

(From	
  J.	
  Benford,	
  J.	
  Swegle,	
  and	
  E.	
  
Schamiloglu,	
  High	
  Power	
  Microwaves,	
  
2nd	
  Ed.,	
  2007.)	
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UNM	
  was	
  a	
  Leader	
  in	
  a	
  Paradigm	
  ShiS	
  
	
  

• 	
  Prior	
  to	
  early-­‐mid	
  1990s	
  experimentalists	
  Knkered,	
  modeling	
  and	
  simulaKon	
  
tried	
  to	
  match	
  results.	
  	
  Absolute	
  agreement	
  was	
  poor.	
  

• 	
  Today,	
  no	
  metal	
  will	
  be	
  cut	
  unKl	
  simulaKon	
  demonstrates	
  opKmal	
  
performance!	
  

• 	
  ParKcle-­‐in-­‐cell	
  (PIC)	
  codes	
  revoluKonized	
  the	
  field.	
  	
  Developed	
  by	
  plasma	
  
physicists,	
  these	
  are	
  3D	
  finite-­‐difference-­‐Kme-­‐domain	
  (FDTD)	
  fully	
  
electromagneKc	
  field	
  solvers	
  that	
  incorporate	
  relaKvisKc	
  dynamics.	
  	
  ICEPIC	
  is	
  
a	
  parallelized	
  3D	
  development	
  at	
  AFRL	
  and	
  is	
  the	
  state-­‐of-­‐the-­‐art	
  in	
  PIC.	
  	
  
University	
  community	
  uses	
  MAGIC	
  (ATK/Mission	
  Research,	
  sponsored	
  by	
  
AFOSR).	
  	
  Result	
  –	
  virtual	
  prototyping!	
  

• 	
  UNM,	
  in	
  a	
  collaboraKon	
  with	
  AFRL	
  and	
  Sandia	
  NaKonal	
  Laboratories,	
  led	
  the	
  
way	
  in	
  understanding	
  why	
  PIC	
  simulaKons	
  were	
  not	
  in	
  absolute	
  agreement	
  
with	
  experimental	
  results	
  (had	
  to	
  do	
  with	
  numerical	
  damping	
  of	
  grid	
  noise).	
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42 COMPUTING IN SCIENCE & ENGINEERING

H P C A N D  
N A T I O N A L  S E C U R I T Y  

High-performance computing (HPC)
is revolutionizing how we perform
science and engineering around the
world. The increase in computa-

tional horsepower has given researchers a new-
found ability to examine interesting physical in-
teractions in unprecedented detail. Researchers
are only beginning to comprehend that virtual
prototyping (VP) can significantly change “busi-
ness as usual.” 

Of particularly interest to the United States
Department of Defense is the design of directed-
energy devices that generate high-power mi-
crowave1 pulses. The Air Force Research Labo-
ratory (AFRL) is working to bring about a
paradigm shift in the design, analysis, and con-
struction of HPM sources. This shift involves
harnessing HPC power and using it throughout
the research process—from analytic design
through experimental testing—to generate a VP
capability for directed-energy technology (see
the “Directed Energy” sidebar). 

The mechanical engineering community has

embraced VP for over a decade. For example,
the automotive industry uses virtual reality tech-
niques to give designers computer-generated im-
ages from arbitrary viewpoints. Such techniques
also let designers manipulate virtual objects us-
ing natural human motions. So why has it taken
until now for the directed energy community to
join the VP club? 

Researchers in the microwave field have been
using numerical simulation since the beginning.2
However, until recently, numerical simulation
for HPM supplied qualitative insight rather than
quantitative prediction. The automotive indus-
try successfully used VP, because we can under-
stand most mechanical behavior based on human
experience. The physical behavior of HPM
sources, however, is usually not intuitive. To un-
derstand this, we need to understand something
about the physics of HPM devices.

Plasma physics and HPM sources
HPMs are generated from the resonant inter-

action of intense relativistic electron beams with
electromagnetic cavities. The interaction trans-
forms electron kinetic energy into electromag-
netic energy. Mathematically analyzing the elec-
tromagnetic cavities is relatively straightfor-
ward—even for complex cavities—because of
the linearity of Maxwell’s governing equations.

A VIRTUAL PROTOTYPING
ENVIRONMENT FOR
DIRECTED-ENERGY CONCEPTS

Enhancements in computation hardware and the development of novel software have
enabled virtual prototyping in several areas of science and engineering. In particular, the
authors discuss directed energy devices that generate high-power microwave pulses.

ROBERT E. PETERKIN AND JOHN W. LUGINSLAND

Air Force Research Laboratory

1521-9615/02/$17.00 © 2002 IEEE
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Analyzing the natural modes of the electron
beam’s oscillation, however, is more difficult.3

In principle, we could compute each individual
electron’s motion using the electromagnetic
fields that other electrons generate—subject to
the boundary constraints that the electromag-
netic cavity imposes. An exact formulation yields
the Klimontovich equation for the evolution of
electron number density through phase space.
However, directly solving the Klimontovich
equation is too expensive, because the number
of required computations per unit time scales at
least as the square of the number of particles, and
there is an unreasonably large number of parti-
cles for macroscopic physical systems. There-
fore, we use the large number of particles in a
realistic HPM device to justify our use of statis-
tical mechanics, and we can describe the physics
in terms of the Boltzmann transport equation to-
gether with the full Maxwell equations.4

The particle-in-cell method for numerically
formulating these governing equations is a well
understood, reliable approach, if we can assume
that short-range collisional effects are, on aver-
age, small. Over the past several decades, many
researchers, beginning with Oscar Buneman,
have developed the PIC technique to a high de-
gree of sophistication. In this technique, finite-
sized charged particles interact with the average
electromagnetic field distribution (supported on
a discrete grid).5,6 We can also include particle
collisions in the PIC formulation using Monte
Carlo collision models.7

The PIC method solves for the time advance
of the magnetic and electric fields (B and E) with
Faraday’s law and Ampere’s law (in Heaviside-
Lorentz units):

, .

The PIC method implements these laws on a
staggered Yee grid,8 using the well-known meth-
ods of finite-difference time domain (FDTD),9
where J represents the current density and c is the
speed of light. The Maxwell divergence equations
are initial value constraints, and the computa-
tional methods must preserve these constraints.10

We close these equations by “pushing” particles
due to the electromagnetic forces, according to
the Newton-Lorentz force equation.11 The mov-
ing charged particles collectively define J, which
then serves as the source term in Ampere’s law.

Specifically, the relativistic Newton-Lorentz
force equation

, 
,

determines a particle’s relativistic velocity u in
terms of proper time τ, where

,

determines a particle’s new position in response
to the electromagnetic forces, and γ is the usual
relativistic factor (1 – v2/c2)–1/2.

The charged particles are representative
phase-space markers called macroparticles. These
macroparticles have the same charge-to-mass
ratio as the real particle (such as an electron)
under study, but we can multiply both quantities
by a factor N so that the macroparticle can be
thought to represent N physical electrons at a
given location in a phase-space of velocity and
position. Because we preserve the charge-to-
mass ratio, the macroparticle responds to forces
in a physically accurate way. This lets us simu-
late kinetic plasma physics without relying on
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have developed the PIC technique to a high de-
gree of sophistication. In this technique, finite-
sized charged particles interact with the average
electromagnetic field distribution (supported on
a discrete grid).5,6 We can also include particle
collisions in the PIC formulation using Monte
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The PIC method solves for the time advance
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Faraday’s law and Ampere’s law (in Heaviside-
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that short-range collisional effects are, on aver-
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gree of sophistication. In this technique, finite-
sized charged particles interact with the average
electromagnetic field distribution (supported on
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collisions in the PIC formulation using Monte
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determines a particle’s new position in response
to the electromagnetic forces, and γ is the usual
relativistic factor (1 – v2/c2)–1/2.

The charged particles are representative
phase-space markers called macroparticles. These
macroparticles have the same charge-to-mass
ratio as the real particle (such as an electron)
under study, but we can multiply both quantities
by a factor N so that the macroparticle can be
thought to represent N physical electrons at a
given location in a phase-space of velocity and
position. Because we preserve the charge-to-
mass ratio, the macroparticle responds to forces
in a physically accurate way. This lets us simu-
late kinetic plasma physics without relying on
fluid approximations. It also lets us retain the full
phase-space features of the distribution function.
We can interpret the PIC method as a direct
computational implementation of a Klimotovich
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Spatial domain decomposition is also the start-
ing point for parallelizing the PIC method, re-
flecting the hyperbolic local nature of the
Maxwell curl equations. The treatment of the
electromagnetic fields is identical to FDTD.
The presence of the particles complicates the
parallelization. The fields exist on a discrete grid
structure, where the particle position can be con-
tinuous (to machine precision) anywhere in the
domain. Thus, the particle’s data structure in-
cludes position, velocity, and the charge-to-mass
ratio for the particular particle species (electron,
ion, and so forth). 

The moving particles clearly require a data
structure separate from the fixed grid. Further-
more, we must let the memory and computational
work required to define a particle and to simulate
its dynamics move between subdomains if the
physics requires it. The particle flows in directed-
energy devices are highly nonuniform and spa-
tially concentrated. Thus, the physics can make
the system evolve substantially out of balance.

Consider, for example, an electron beam trav-
eling down a pipe that is divided equally along
its length and distributed onto distinct compute
nodes. Initially, as the front of the beam enters
the pipe, the computational workload for the
processor that contains the upstream subdomain
is larger than that for processors containing the
downstream subdomains. As the simulation pro-
gresses, however, the beam travels down the
pipe, causing the workload to balance as it
achieves a steady state. 

Imagine this behavior occurring in 3D with
particle concentration varying nonuniformly in
all directions. The initial partition chosen to
share the computational load equally among
processors will not remain balanced for long as
the particle concentration evolves in time. Thus,
we require dynamic load balancing, where the
computational partitions can evolve to compen-
sate for the evolution of the computational
workload on all processors. This load balancing
must also be unified with the parallel computa-
tional loop for efficient and scalable parallel per-
formance. ICEPIC represents our particular
parallel implementation of these ideas. 

ICEPIC
At the heart of ICEPIC is the improved con-

current PIC loop, which we modified from the
standard PIC loop to accommodate inter-
processor communication requirements. We
based ICEPIC’s parallel PIC algorithm on the
standard serial electromagnetic-explicit leapfrog

method. In the Yee algorithm, the fields are stag-
gered in space and time, and centered finite dif-
ferences achieve second-order accuracy. PIC
self-consistently solves these Maxwell curl equa-
tions in conjunction with the Newton-Lorentz
force equation. 

PIC first updates the electric field, then the
magnetic field, and finally the particle velocity
based on the Boris push. If we divide the prob-
lem among two or more processors, we must
modify the standard loop to accommodate com-
munication of field and particle data between the
processors (see Figure 1). 

After the initial partition, which is based on
the number of cells and any initial particles, we
identify cells and particle information that adja-
cent processors must share. These adjacent cells,
called border cells, are separated algorithmically
from internal cells, which do not require shared
data. We divide the modified PIC loop into two
regions (the shaded and unshaded regions in
Figure 1). All calculations performed in the
shaded region correspond to computation on the
border cells. Because two processors share bor-
ders, the time spent on these calculations is rel-
atively equal across all processors. The non-

Receive U, X 

Send/receive E, B 

Update particle velocity, current
density, and particle position

Update internal magnetic field

Update border magnetic field Update border electric field
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Update internal electric field
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Figure 1. The modified particle-in-cell loop for the Improved
Concurrent Electromagnetic Particle-In-Cell software. (J represents
the current density, and B and E are the magnetic and electric
fields.) 
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Abstract-This paper describes how finite length effects in high- 
power backward wave oscillators can be exploited in a controlled 
manner to achieve enhanc’ed frequency agility. Experiments were 
performed using a Sinus-6 high-power relativistic repetetively 
pulsed electron beam accelerator. A uniform slow wave structure 
was used in these studies ;and its parameters were h e d .  Sections 
of smooth-walled circulair waveguide of varying lengths were 
inserted both before and after the slow wave structure. Variations 
in the length of smooth-,walled waveguide on the order of a 
q~arter-wavelength of the generated electromagnetic radiation 
were found to significantly affect both microwave frequency 
and radiation efficiency in a periodic-like manner. The experi- 
mental results were reprolduced in TWOQUICK electromagnetic 

article-in-cell simulations. A bandwidth of about 500 MHz 
centered around 9.5 GH[z at hundreds of MW power levels 
has been achieved with clonstant beam and slow wave structure 
parameters. 

I. INTRODUCTION 
BACKWARD wave oscillator (BWO) is an electron 
beam-driven source of radiation in the centimeter and 

millimeter wavelengths. In the simple classical description 
of this device, an electron beam interacts with a backward- 
propagating wave in an infinite uniform slow wave structure 
(SWS). In an actual finite length device there will be end 
reflections resulting in both forward and backward propagating 
harmonics. Since high-power BWO’s typically radiate the 
energy in the forward direction by reflecting the backward 
propagating harmonics from a cutoff neck at the entrance 
to the SWS, these forward propagating harmonics must be 
included in a complete description of this relativistic device. 
Researchers [ 11-[3] have claimed that the forward traveling 
wave does not interact with the electron beam since the 
phase velocities of the wave’s spatial harmonics are not 
synchronous with the beam. Others recognized the possibility 
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of the interaction of beam electrons with fast asynchronous 
harmonics, but described this through a perturbation correction 
to the main interaction with the backward wave [4]. In 
addition, in [5] the interaction of electrons with the forward 
traveling wave is explained as a monotron effect for the 
case of short tubes, where the transit angle of electrons in 
the forward wave is about 27r. Recent studies [6] ,  [7] have 
suggested that the forward traveling wave does in fact have a 
significant interaction with the beam in finite length devices 
that is fundamentally different in nature from that proposed 
in [4] and [5]. The amplitude of the zeroth harmonic of the 
forward traveling wave at the beginning of the SWS is two 
to six times greater than the amplitude of the -1 harmonic 
of the backward wave [8]. For infinitely long devices this is 
not important since the zeroth harmonic of the forward wave 
is asynchronous with the beam. For finite length devices, the 
zeroth harmonic of the forward wave and the - 1 harmonic of 
the backward wave comprise a standing wave which does have 
a significant interaction with the beam [9]. By changing the 
reflection conditions at both ends of the SWS, our experiments 
show how the phases of the forward and backward propagating 
harmonics, and their resultant total standing wave pattern 
influence the operation of the BWO. In particular, in this 
paper it is demonstrated that the bandwidth of operation of 
a BWO can be significantly increased by merely shifting the 
interaction region with respect to the position of the cutoff 
neck. A bandwidth of about 500 MHz has been achieved 
around a center frequency of 9.5 GHz at hundreds of MW 
power levels for constant beam and SWS parameters. 

The typical dispersion relation for the TMol mode in a 
uniform SWS has a period ho = 27r/d, where d is the 
ripple period (see [9] for a discussion of a typical dispersion 
relation relevant to this work). There is an infinite number 
of wavenumbers corresponding to a given frequency. Each 
value of wavenumber k represents a different spatial harmonic 
of the TMol mode The group velocity of each harmonic is 
given by the slope of the dispersion curve, and the magnitude 
of the group velocity is the same, with each successive 
harmonic alternating between a positive slope (forward wave) 
and a negative slope (backward wave). A backward traveling 
TMol wave in the SWS consists of all the harmonics with 
a negative slope. The relative amplitude of each harmonic 
depends on the boundary conditions. Similarly, a forward 
traveling TMol wave in the SWS consists of all the harmonics 
with a positive slope. In describing the various harmonics, 
we use the convention where the harmonic closest to the 
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and 152, (9) electron beam, (10) output hom antenna, and (11) reflection ring. 
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origin is the zeroth harmonic. Each successive harmonic is 
numbered sequentially. If the phase and group velocities of a 
given harmonic are in the same direction, the corresponding 
index is positive. If the phase and group velocities of a given 
harmonic are antiparallel, the corresponding index is negative. 
For a forward propagating wave, the value of k for the nth 
harmonic is given by 
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which is an expression of Floquet's theorem. The eigenfunc- 
tion kZ,(r) satisfier; Bessel's equation of order zero, which 
has the solution 

&,(.) = AnJo(rnT)  (4) 

where r, = @m, and Jo is the Bessel function of 
the first kind of order zero. 

In a BWO, the dominant slow space charge wave of 
the electron beam is resonant with the -1 harmonic of the 
backward propagating wave. The energy transferred from the 
electron beam to the -1 harmonic is distributed among the 
other harmonics of the backward propagating wave according 
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70% Efficient Relativistic Magnetron With Axial
Extraction of Radiation Through a Horn Antenna

Mikhail I. Fuks, Senior Member, IEEE, and Edl Schamiloglu, Fellow, IEEE

Abstract—At the Nagaoka University of Technology (Japan),
Daimon and Jiang used particle-in-cell (PIC) code simulations to
demonstrate that the electronic efficiency of the A6 magnetron
with axial extraction can be increased from 3% up to 37% ap-
plying different diffraction outputs, from tapered cavities in a
conical horn antenna to modified expanded ones that improve
magnetron matching with the antenna. This paper presents PIC
code simulation results for the modified magnetron design using a
transparent cathode, in contrast with Daimon and Jiang’s simu-
lations that used a solid explosive emission cathode. Furthermore,
by further optimizing the magnetron parameters, we demonstrate
an efficiency approaching 70% with gigawatt radiation power
for an applied voltage of 400 kV. By maintaining a synchronous
interaction of electrons with the operating wave, we found that the
radiation power increases as the square of the diode voltage up to
a diode voltage of 800 kV with short rise time that does not exceed
20 ns. In addition, we show that using a transparent cathode
promotes avoiding the regime of hard excitation of magnetrons.

Index Terms—Diffraction output (DO), mode conversion,
radiation pattern, relativistic magnetron, transparent cathode.

I. INTRODUCTION

THE relativistic magnetron with axial extraction of radia-
tion using a conical antenna, also known as the magnetron

with diffraction output (MDO) [1]–[11], is a powerful source
of centimeter and decimeter waves. In experiments with an
X-band MDO [1], [2] (Fig. 1), multigigawatt radiation was gen-
erated. The MDO is a magnetron whose cavities are continued
axially along the wall of a conical horn antenna whose cross
section exceeds cutoff for the radiated wave.

With a matched antenna, the quality factor Q of the MDO is
close to the minimal diffraction quality factor [12]

Q ≈ Qdiff = (8π/s)(L/λ)2 (1)

whose maximum value occurs for the lowest axial variation of
the microwave field s = 1 that automatically provides selection
of longitudinal modes for any axial length L of the anode
block for operating wavelength λ. As a rule, the length of
conventional magnetrons is less than λ/2 in order to avoid
competition among various longitudinal modes.

Manuscript received December 16, 2009; revised January 25, 2010; accepted
January 27, 2010. Date of publication March 18, 2010; date of current version
June 9, 2010. This work was supported by grants from AFOSR and ONR.

The authors are with The University of New Mexico, Albuquerque, NM
87131-0001 USA (e-mail: fuks@ece.unm.edu and edl@ece.unm.edu).
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at http://ieeexplore.ieee.org.
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Fig. 1. The X-band magnetron used in experiments [1], [2].

MDOs possess unique attractive properties.

1) The MDO has a strong resistance to microwave break-
down, unlike conventional magnetrons with radial extrac-
tion of electromagnetic energy through a narrow slot from
one or more cavities; therefore, the MDO is capable of
producing very high power microwave (HPM) radiation.

2) The MDO is a compact HPM source together with
its magnetic-field-producing system, unlike conven-
tional magnetrons with radial extraction requiring huge
Helmholtz coils.

3) Any eigenmode of an MDO can be selected as the
operating wave, and mode hopping is not dangerous,
unlike magnetrons with asymmetric output where only
azimuthally nondegenerate modes, i.e., the π mode or
the 2π mode, can be used and mode hopping to any
neighboring mode leads to the generation of unloaded
oscillations that can result in overheating and erosion of
the magnetron electrodes. (Asymmetric output removes
the degeneracy of a mode, forming two nondegenerate
submodes: one with a node fixed near a cavity with
the output and another with a fixed antinode, i.e., one
submode is not coupled with the output, whereas the other
one is coupled with the output. As result, a magnetron
will operate using the submode with higher Q as the
operating mode, i.e., using the unloaded mode. A sym-
metric output does not remove the degeneracy, allowing
any mode to be used as the operating mode.)

0093-3813/$26.00 © 2010 IEEE
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Figure 2. Sheet-beam coupled-cavity TWT structure 

Sheet-beam Coupled-Cavity TWT Amplifier 
Figure 2 shows the 3D structure of the metal surface of a 
Ka-band sheet-beam coupled-cavity TWT amplifier under 
development at NRL [5]. This device consists of 22 
cavities connected by sets of three staggered coupling 
slots arranged around the central rectangular beam tunnel. 
Input and output ports are connected to the first and last 
cavities respectively, which are modified to provide 
broadband matching. 

A running simulation of this device using Neptune at the 
central design frequency of 35GHz is shown in Figure 1, 
with the simulation region discretized on a 82×220×475 
cell grid (8.6M cells total). Non-uniform gridding in 
Neptune allows each surface in the structure to be meshed 
conformally, shown as marked grid lines in the figure. 
The input port is driven in a rectangular TE10 mode with 
200W average power, ramped over 100 rf cycles (~2.8ns). 
Matched impedance boundary conditions at the input and 
output ports absorb outgoing waves, and conductive 
surface losses of the metal structure are included. The 
beam is imported from a MICHELLE electron gun 
simulation. The resulting time history of the power at 
each port is shown in Figure 3. A direct comparison with 
results obtained using MAGIC for similar numerical 
parameters is shown in Figure 4, with good agreement 
observed across the operating bandwidth. Each Neptune 
simulation of 80,000 time steps (10ns), with an average 
particle load of ~350k particles, takes 20 minutes running 
on an Nvidia GTX-580 graphics card. 

Conclusion 
Neptune provides a powerful new capability for rapid 3D 
electromagnetic PIC simulation of vacuum electronic 
amplifiers. Execution times for a full 3D device 
simulation are comparable to existing 2D simulation 
codes, making 3D large-signal simulation effective as a 
rapid design tool. 
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Figure 3. Integrated Poynting flux at the input and output 
ports, showing instantaneous and time-averaged signals. 

 
Figure 4. Comparison between MAGIC and Neptune 

simulations of large-signal CCTWT amplifier operation. 
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Abstract: We present large-signal, 3D simulations of 
vacuum electronic slow-wave amplifier operation using 
the GPU-accelerated FDTD-PIC simulation code, 
‘Neptune’. Neptune implements a self-consistent, charge-
conserving, electromagnetic, particle-in-cell algorithm 
optimized for parallel execution in both multi-core CPU 
and GPU processors. Significant performance gains 
achieved using a 512-core Nvidia GTX-580 graphics card 
are demonstrated. 

Keywords: FDTD-PIC; non-linear; slow-wave 
amplifier; GPU. 

Introduction 
The design of modern, high-performance vacuum electron 
devices relies on the use of advanced numerical 
simulation tools to achieve high performance operation 
while reducing development time and cost. For specific 
classes of slow-wave amplifiers, 1D and 2D large-signal 
simulation codes, such as CHRISTINE [1] and TESLA 
[2] developed at NRL, provide accurate predictions of 
amplifier performance over a wide range of conditions. 
These are widely used as design tools due to their speed 
of execution, ranging from a few seconds per simulation 
point in 1D to typically tens of minutes in 2D. There are, 
however, many situations when these 1D and 2D codes 
cannot capture the either the simulation geometry or the 
essential physics sufficiently well. In these cases, full 3D 
modeling is possible using well-tested electromagnetic 
particle-in-cell (PIC) codes such as MAGIC [3]. For these 
simulations, however, speed of execution is typically 
measured in hours per simulation point, even using 
parallel computation across a multiple-CPU cluster, 
making such codes less effective as design tools. 

To address this situation we have developed a new 
general-purpose 3D electromagnetic PIC simulation code, 
‘Neptune’, which accelerates simulations using high-
performance Graphics Processing Unit (GPU) hardware. 
A typical high-end graphics card can contain 512 or more 
computational cores, combined with fast memory 
addressing, at the relatively low cost of ~$1/core. In 
Neptune we take advantage of this parallelism to 
accelerate electromagnetic simulations by up to 70-80 
times compared to a single CPU core. Alternatively, 
Neptune can perform parallel simulations on multi-core 
CPUs when a GPU is not available, showing almost linear 

speed-up for calculation on a 12-core system. Here we 
report on the application of this new capability to achieve 
rapid 3D simulation of vacuum electronic amplifiers. 

 
Figure 1. Run-time visualization of a large-signal sheet-

beam CCTWT amplifier simulation in Neptune. 

3D Electromagnetic PIC Code - Neptune 
Neptune provides a collection of algorithms for both 
electromagnetic FDTD and particle-in-cell (PIC) 
simulation that are tailored for parallel operation on high-
performance CPUs and GPUs. For electromagnetics, 
these algorithms include conventional FDTD as well as 
alternating-direction implicit (ADI-FDTD) time-domain 
solvers. The present particle algorithm is a charge-
conserving Boris-push particle-in-cell method, coupled 
self-consistently to the FDTD fields. Figure 1 shows a 
running PIC simulation in Neptune. 

The Neptune code consists of four parts: (1) a graphical 
user interface with an embedded scripting language, Lua, 
using just-in-time compilation for high performance [4]; 
(2) a library of Lua code providing access to geometry 
creation, the FDTD time-loop and diagnostic facilities; (3) 
an interface layer including C++ data structures to handle 
CPU/GPU communication and visualization; and (4) a set 
of core computational kernels designed for parallel 
execution on either the GPU or the CPU, via Nvidia’s 
CUDA library and Intel’s TBB library. User scripts 
interact with the first layer, providing a flexible interface. 

We present here the results of simulations performed 
using Neptune. 
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  Strong	
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(Kim	
  Nichols	
  Ph.D.)	
  

Study of Beam with Interaction Circuit 
!  The transported beam will be studied for interaction in a 

TWT structure 
!  The beam characteristics could influence efficiency 
!  Optimization of gap shunt impedance (R/Q) 
!  A possible TWT structure for it to be studied in is an MTM 

(artificial dielectric) structure (to maximize gain and 
bandwidth) such as this electron beam in a circular 
waveguide  

    surrounded by a  
    sub-wavelength metal  
    dielectric structure: 
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