
2-­‐d	
  Par(cle-­‐in-­‐Cell	
  Simula(ons	
  of	
  	
  
the	
  Energe(c-­‐Ion	
  Slowing	
  Down	
  in	
  	
  

Cool	
  Plasma	
  

Elizabeth	
  Paul	
  
Princeton	
  University	
  

November	
  8,	
  2013	
  

1	
  



Summary	
  
•  LSP	
  simula(ons	
  of	
  14.7	
  MeV	
  pulsed	
  narrow	
  
proton	
  beam	
  propaga(on	
  through	
  a	
  cool	
  
plasma	
  features	
  a	
  slowing	
  down	
  (me,	
  ts,	
  much	
  
shorter	
  than	
  that	
  expected	
  from	
  classical	
  
predic(ons	
  

•  Streaming	
  instabili(es	
  near	
  ωp,e	
  observed	
  in	
  
beam-­‐plasma	
  interac(ons	
  	
  

•  Instabili(es	
  likely	
  to	
  enhance	
  beam	
  ion	
  
slowing	
  down	
  	
  

•  Enhanced	
  slowing	
  down	
  of	
  energe1c	
  fusion	
  
products	
  in	
  the	
  SOL	
  is	
  beneficial	
  for	
  the	
  PFRC	
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Mo(va(on	
  
•  Basic	
  physics	
  of	
  par(cle	
  energy	
  transfer	
  well	
  known	
  for	
  
certain	
  regimes	
  

•  The	
  regime	
  of	
  interest	
  (PFRC)	
  has	
  a	
  wealth	
  of	
  new	
  
physics	
  
–  Non-­‐monoenerge(c	
  beam	
  
–  vb	
  >>	
  vth,e	
  	
  
–  rc,e	
  >	
  λD	
  	
  (vb⊥B)	
  
–  Beam-­‐plasma	
  modes	
  and	
  instabili(es	
  

•  Applica(ons	
  for:	
  
–  Astrophysics	
  (cosmic	
  rays)	
  
–  Solid	
  state	
  physics	
  
–  Especially	
  for	
  a	
  small,	
  clean	
  FRC	
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Slowing	
  Down	
  in	
  PFRC	
  SOL	
  
•  Energy	
  deposi(on	
  from	
  energe(c	
  proton	
  to	
  SOL	
  
electrons	
  required	
  for	
  extrac(ng	
  energy	
  
– Want	
  fusion	
  products	
  to	
  slow	
  down	
  quickly	
  
– Hope	
  to	
  find	
  that	
  fast	
  ions	
  transfer	
  energy	
  to	
  SOL	
  
plasma	
  electrons	
  
–  Knowledge	
  of	
  predicted	
  fast-­‐ion	
  slowing	
  down	
  (me,	
  ts	
  
for	
  Pfusion,	
  Te,SOL	
  and	
  ne,SOL	
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μ	
  =	
  1	
  
Zb	
  =	
  1	
  
ne	
  =	
  1014	
  

(Slow)	
  	
  

eV	
  

Comparison	
  of	
  Theore(cally	
  
Predicted	
  Relaxa(on	
  Times	
  	
  

s	
  

“Slow”	
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Devia(on	
  from	
  classical	
  predic(ons	
  for	
  
fusion	
  products	
  in	
  FRC	
  SOL	
  

Slowing	
  down	
  energy	
  loss	
  
•  Background	
  magne(c	
  field	
  

–  rc,e	
  >	
  λD	
  	
  	
  	
  (vb⊥B)	
  
•  vb	
  >	
  vth,e	
  	
  

–  vb	
  ~	
  5	
  x	
  109	
  cm/s	
  
–  vth,e	
  ~	
  3	
  x	
  108	
  cm/s	
  

•  Betatron	
  orbit	
  through	
  SOL	
  
	
  
Possibly	
  speeding	
  up	
  energy	
  loss	
  
•  Current-­‐driven	
  instabili(es	
  and	
  	
  
	
  	
  	
  	
  	
  excita(on	
  of	
  plasma	
  modes	
  

–  2-­‐stream	
  
–  Segmenta(on	
  instability	
  
–  Instability	
  in	
  presence	
  of	
  B	
  filed	
  

M.	
  Chu-­‐Cheong	
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Par(cle-­‐in-­‐cell	
  Simula(ons	
  with	
  LSP	
  
•  Doing	
  a	
  dimensionally	
  correct	
  simula(on	
  is	
  
very	
  difficult	
  
	
  –	
  CPU	
  (me	
  (24-­‐48	
  hrs.	
  for	
  25	
  ns	
  simula(on)	
  

	
  –	
  Required	
  numerical	
  accuracy	
  
•  Resolu(on	
  of	
  λD,	
  ωp,e	
  

•  Long	
  ts	
  (mescale	
  (~	
  0.1	
  ms)	
  

– Balance	
  between	
  decreasing	
  ts	
  and	
  increasing	
  λD	
  	
  
•  Lsp	
  ne	
  	
  and	
  Z	
  far	
  from	
  experimental	
  value	
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Slowing	
  Down	
  Simula(ons	
  
•  Adjustments	
  to	
  decrease	
  computa(on	
  (me	
  
–  Run(me	
  of	
  25	
  ns	
  simula(on	
  ~	
  24-­‐48	
  hrs.	
  w/	
  48	
  CPUs	
  	
  
–  dx	
  =	
  dy	
  ~	
  λd/5	
  -­‐	
  λd/4	
  	
  
–  0.5	
  x	
  0.5	
  cm	
  (50	
  λd	
  x	
  	
  50	
  λd)	
  system	
  
–  2-­‐D	
  
–  ne	
  =	
  1010	
  –	
  1011	
  cm-­‐3	
  (increases	
  grid-­‐space	
  
requirements)	
  

•  Adjustments	
  to	
  decrease	
  theore(cal	
  ts	
  
–  Te	
  =	
  10	
  eV	
  –	
  100	
  eV	
  

–  Zb	
  =	
  100	
  esu	
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ΔW	
  (J)	
  

Total	
  ΔKE	
  Comparison	
  	
  

ne	
  =	
  1011	
  cm-­‐3	
  	
  
Te	
  =	
  100	
  eV	
  	
  

ne	
  =	
  1010	
  cm-­‐3	
  	
  
Te	
  =	
  10	
  eV	
  	
  

Note	
  that	
  energy	
  is	
  not	
  conserved!	
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ts	
  

ne	
  =	
  1011	
  cm-­‐3	
  	
  
Te	
  =	
  100	
  eV	
  

ne	
  =	
  1010	
  cm-­‐3	
  	
  
Te	
  =10	
  eV	
  

“Fast”	
  
“Slow”	
  
	
  LSP	
  

Comparison	
  of	
  Predicted	
  ts	
  with	
  LSP	
  Results	
  	
  

Many	
  more	
  simula1ons	
  
needed	
  to	
  quan1fy	
  ts	
  

•  ne	
  
•  Ib	
  
	
  

•  Te	
  
•  Zb	
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t	
  =	
  0.06	
  ns	
  

t	
  =	
  0.12	
  ns	
  

t	
  =	
  0.18	
  ns	
  

Forma1on	
  of	
  electron	
  cloud	
  behind	
  beam	
  ions	
  
and	
  holes	
  develop	
  in	
  system	
  corners	
  

ne	
  =	
  1011	
  cm-­‐3	
  	
  
Te	
  =	
  100	
  eV	
  

Beam	
  Ion	
  Density	
  	
  Electron	
  Density	
  

Possible	
  
Limita(ons:	
  
•  Simula(on	
  

volume	
  
•  Periodic	
  

boundaries	
  	
  
•  Pulsed	
  

beam	
  effect	
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Plasma	
  Wave	
  Excita1on:	
  
Electron	
  KE	
  and	
  Field	
  
Energy	
  Oscilla1ons	
  

ω	
  =	
  2.9	
  x	
  109	
  	
  Hz	
  ~	
  ωpe	
  

ω	
  =	
  6.3	
  x	
  109	
  Hz	
  ~	
  2	
  ωpe	
  
	
  

ωpe	
  =	
  2.8	
  x	
  109	
  Hz	
  

ne	
  =	
  1011	
  cm-­‐3	
  	
  
Te	
  =	
  100	
  eV	
  
10	
  A,	
  0.01	
  ns	
  beam	
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Streaming	
  Instabili(es	
  
•  Occur	
  when	
  two	
  or	
  more	
  

species	
  have	
  rela(ve	
  
velocity	
  	
  

•  Fundamental	
  frequencies	
  
(e.g.	
  plasma	
  ion	
  and	
  elec.)	
  
can	
  coincide	
  b/c	
  of	
  
Doppler	
  shiq	
  between	
  
fluids	
  

	
  

•  If	
  greater	
  number	
  of	
  par(cles	
  
with	
  v	
  >	
  vph	
  	
  
•  More	
  energy	
  transferred	
  

to	
  the	
  wave	
  	
  
•  Exponen(al	
  growth	
  of	
  

instability	
  

Total	
  Velocity	
  
Distribu(on	
  

13	
  



Instabili(es	
  in	
  the	
  PFRC	
  SOL	
  

“Cold”	
  
SOL	
  

“Hot”	
  
Core	
  

PFRC	
  regime	
  differs	
  from	
  typical	
  beam-­‐plasma	
  
instabili1es	
  

•  Counter-­‐streaming	
  
•  B	
  field	
  
•  Short	
  distance	
  (~	
  10	
  cm)	
  
•  Large	
  transverse	
  extent	
  of	
  beam	
  
•  Beam	
  not	
  of	
  uniform	
  energy	
  density	
  (200	
  keV	
  –	
  

14.7	
  MeV)	
  

Impact	
  of	
  PFRC	
  Parameters	
  
•  0.5	
  	
  <	
  k	
  <	
  100	
  cm-­‐1	
  

•  vph	
  <	
  	
  vbeam	
  ~	
  	
  5	
  x	
  109	
  cm/s	
  
-­‐>	
  ne,	
  SOL	
  ~	
  3	
  x	
  1013	
  cm-­‐3	
  

-­‐>	
  increased	
  Te,	
  SOL	
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0.5	
  ns	
  Simula(ons	
  –	
  Current-­‐
dependent	
  Plasma	
  Wave	
  Excita(on	
  

•  Current-­‐dependent	
  oscilla(ons	
  in	
  electron	
  
kine(c	
  energy	
  and	
  rela(on	
  to	
  plasma	
  
frequency	
  

•  Development	
  of	
  ‘wake’	
  in	
  electron	
  density	
  in	
  
response	
  to	
  beam	
  	
  

•  Segmenta(on	
  of	
  wide	
  beam	
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10	
  A	
  beam	
  
Beam	
  width	
  =	
  0.005	
  cm	
  
0.5	
  x	
  5	
  cm	
  plasma	
  	
  ne	
  =	
  1010	
  cm-­‐3,	
  Te	
  10	
  eV	
  

Wake	
  Forma1on	
  with	
  Narrow	
  Beam	
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0.5	
  ns	
  Simula(ons	
  –	
  Addi(on	
  of	
  B	
  field	
  
•  ne	
  =	
  1010	
  cm-­‐3,	
  Te	
  10	
  eV	
  
•  10	
  A	
  beam,	
  0.005	
  cm	
  width	
  
•  20	
  kG	
  uniform	
  field	
  (Z)	
  
•  Beam	
  orbits	
  at	
  ωci	
  =	
  3.04×109	
  Hz	
  and	
  ri	
  =	
  0.28	
  cm	
  	
  
•  Effect	
  of	
  E	
  x	
  B	
  driq	
  and	
  beam	
  mo(on	
  

–  For	
  electron	
  within	
  0.01	
  cm	
  of	
  beam,	
  vd	
  ~	
  vb	
  
•  Fluctua(on	
  of	
  electron	
  KE	
  at	
  ωce	
  =	
  5.6×1010	
  Hz	
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1	
  kG	
  B-­‐	
  field,	
  Z	
  =	
  100	
  
ωce	
  =	
  2.8	
  x	
  109	
  Hz	
  
ωci	
  =	
  1.5	
  x	
  108	
  Hz	
  
	
  

re	
  =	
  0.0075	
  cm	
  	
  
ri	
  =	
  5.63	
  cm	
  

Wake	
  Forma1on	
  in	
  Presence	
  of	
  Weak	
  (<=	
  1	
  kG)	
  
Magne1c	
  Field	
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Summary	
  
•  Using	
  long	
  (>	
  25	
  ns)	
  Lsp	
  simula(ons	
  of	
  energe(c	
  ion	
  injec(on	
  into	
  

cold	
  unmagne(zed	
  plasmas,	
  we	
  have	
  observed	
  beam	
  ion	
  slowing	
  
(mes	
  much	
  faster	
  than	
  predicted	
  by	
  classical	
  theory	
  based	
  on	
  
Coulomb	
  collisions	
  

•  Using	
  short	
  (0.5-­‐2	
  ns)	
  Lsp	
  simula(ons	
  of	
  beam	
  injec(on	
  in	
  the	
  
absence	
  of	
  a	
  magne(c	
  field,	
  oscilla(ons	
  of	
  electron	
  kine(c	
  energy	
  
and	
  field	
  energy	
  have	
  been	
  observed	
  near	
  ωp,e	
  
–  Forma(on	
  of	
  electron	
  wake	
  in	
  response	
  to	
  beam	
  ions	
  
–  Indica(ve	
  of	
  beam-­‐plasma	
  streaming	
  instabili(es	
  

•  Further	
  simula(ons	
  in	
  the	
  presence	
  of	
  a	
  magne(c	
  field	
  have	
  
featured	
  oscilla(ons	
  near	
  ωce	
  and	
  have	
  been	
  shown	
  to	
  alter	
  the	
  
forma(on	
  of	
  an	
  electron	
  wake	
  

•  Filamenta(on	
  of	
  wide	
  fast	
  ion	
  beams	
  in	
  an	
  unmagne(zed	
  plasma	
  
has	
  been	
  observed	
  
–  Indica(ve	
  of	
  current-­‐driven	
  instabili(es	
  

•  These	
  instabili(es	
  may	
  be	
  contribu(ng	
  to	
  the	
  enhanced	
  slowing	
  
down	
  in	
  this	
  regime,	
  which	
  is	
  beneficial	
  for	
  the	
  PFRC.	
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