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Progress	   toward	   ignition	   at	   the	   National	   Ignition	   Facility	   (NIF)	   has	   been	   focused	   on	  
furthering	   the	  understanding	  of	   implosion	  performance.	   	   Implosion	  performance	  depends	  
on	   the	   capsule	   fuel	   shape,	   on	   higher	   mode	   asymmetries	   that	   may	   cause	   hydrodynamic	  
instabilities	   to	   quench	   ignition,	   on	   time-‐dependent	   asymmetries	   introduced	   by	   the	  
hohlraum	   target,	   and	   on	   ablator	   performance.	   	   Significant	   findings	   in	   each	   of	   these	   four	  
areas	   is	   reported.	   	   These	   investigations	   have	   led	   to	   improved	   in-‐flight	   capsule	   shape,	   a	  
demonstration	  that	  a	  capsule	  robust	  to	  mix	  can	  generate	  high	  levels	  of	  neutrons	  (7.7	  x	  1014),	  
hohlraum	  modifications	   that	   should	   ultimately	   provide	   improved	   beam	   propagation	   and	  
better	  laser	  coupling,	  and	  fielding	  of	  capsules	  with	  high-‐density	  carbon	  ablators.	  	  A	  capsule	  
just	  fielded	  with	  an	  HDC	  ablator	  and	  filled	  with	  DT	  gas	  generated	  a	  preliminary	  record	  level	  
of	  neutrons	  at	  1.6	  x	  1015,	  or	  5	  kJ	  of	  energy.	  Future	  plans	   include	   further	   improvements	   to	  
fuel	   shape	  and	  hohlraum	  performance,	   fielding	  robust	  capsules	  at	  higher	   laser	  power	  and	  
energy,	   and	   tuning	   the	   HDC	   capsule.	   	   A	   capsule	   with	   a	   nanocrystalline	   diamond	   (high-‐
density	  carbon,	  or	  HDC)	  ablator	  on	  a	  DT	  ice	  layer	  will	  be	  fielded	  at	  NIF	  later	  this	  year.	  	  
	  



INTRODUCTION	  
The	  prospect	  of	  laser	  fusion	  has	  tantalized	  scientists	  for	  decades.	  	  The	  process	  that	  
fuels	  the	  sun	  and	  stars,	  where	  deuterium	  and	  tritium	  fuse	  to	  form	  a	  helium	  nucleus	  
and	   release	   a	   14.6	  MeV	  neutron,	   is	   now	  being	   sought	   in	   the	   laboratory,	   using	   the	  
National	   Ignition	   Facility	   (NIF)	   [1].	   The	   world’s	   most	   powerful	   laser,	   NIF,	   is	  
comprised	  of	  192	  laser	  beams,	  and	  provides	  up	  to	  500	  TW	  of	  laser	  power	  on	  target,	  
and	  1.8	  MJ	  of	  laser	  energy	  after	  frequency	  tripling	  of	  1.052	  µm	  light	  [2].	  
	  
There	   are	   different	   approaches	   for	   achieving	   laser	   fusion.	   	   Currently,	   the	   inertial	  
confinement	  fusion	  (ICF)	  program	  at	  NIF	  is	  primarily	  focused	  on	  indirect	  drive	  [3-‐
5].	  Here,	  the	  NIF	  laser	  beams	  enter	  a	  small	  (~	  1	  cm	  in	  length,	  0.575	  cm	  in	  diameter)	  
high-‐Z	   cylindrical	   can	   (hohlraum)	   through	   an	   opening	   in	   the	   cylinder	   endcaps.	  
These	  openings,	  or	  laser	  entrance	  holes	  (LEHs)	  are	  roughly	  half	  the	  diameter	  of	  the	  
cylinder.	  With	  96	  laser	  beams	  coming	  in	  each	  LEH,	  the	  windows	  that	  hold	  the	  gas	  fill	  
in	  the	  target	  blow	  down	  and	  the	  beams	  propagate	  to	  the	  hohlraum	  gold	  walls,	  where	  
laser	  energy	  is	  converted	  to	  x-‐radiation	  (Fig.	  1a).	  	  The	  interior	  of	  the	  hohlraum	  acts	  
as	   a	   radiation	   oven	   that	   heats	   the	   capsule	   located	   in	   the	   center	   (Fig.	   1b).	   	   The	  
exterior	  region	  of	  the	  capsule	  is	  ablator	  material,	  typically	  plastic	  (~	  200	  µm	  thick).	  	  
This	  ablator	  covers	  a	  frozen	  layer	  (~	  70	  µm	  thick)	  of	  deuterium	  (D)	  and	  tritium	  (T),	  
which	  further	  encapsulates	  gaseous	  DT	  with	  a	  radius	  of	  ~	  850	  µm.	   	  As	  the	  capsule	  
heats	  up,	  the	  ablator	  ablates,	  and	  the	  capsule	  compresses	  (through	  conservation	  of	  
momentum,	   Fig.	   1c).	   	   A	   hotspot	   forms	   in	   the	   gaseous	   center	   of	   the	   capsule,	  
surrounded	  by	   a	   dense	   (frozen)	  DT	   shell.	   	   Fusion	   initiates	   in	   this	   central	   hotspot,	  
and	  a	  burn	  front	  propagates	  outward	  [6]	  (Fig.	  1d).	  
	  
Not	   only	   does	   NIF	   have	   capability	   (in	   terms	   of	   power/energy),	   it	   also	   has	   the	  
precision	   required	   to	   tune	   the	   capsule	   implosion	   [7].	   	   By	   the	   end	   of	   2012,	   NIF’s	  
careful	  pulse	  shaping	  enabled	  achievement	  of	  85%	  of	  the	  areal	  density	  required	  for	  
ignition	  [8]	  (	  ~	  nτ,	  Lawson	  criterion).	  	  Moreover,	  neutron	  yield	  was	  within	  ~	  a	  factor	  
of	   5	   of	   the	  α-‐heating	   regime.	   The	   requisite	   drive	   in	   excess	   of	   300	   eV	   in	   the	   NIF	  
hohlraums	  has	  also	  been	  achieved	  routinely	  [9].	  
	  
Since	   that	   time,	   promising	   avenues	   to	   pursue	   have	   arisen	   [10,11].	   	   The	   inertial	  
confinement	   program	   (ICF)	   at	   NIF	   has	   recently	   been	   performing	   research	   on	  
improved	   hohlraums,	   higher	   adiabat	   implosions,	   fielding	   capsules	   with	   a	  
nanocrystalline	   diamond	   [or	   high-‐density	   carbon	   (HDC)]	   ablator,	   and	   diagnosing	  
both	   low	   mode	   and	   high	   mode	   capsule	   asymmetries.	   	   This	   paper	   reports	   on	  
progress	  in	  these	  arenas.	  	  The	  reader	  should	  be	  aware	  that	  this	  is	  a	  snapshot	  in	  time	  
of	  the	  progress	  we	  have	  made,	  and	  that	  this	  report	  may	  very	  well	  be	  soon	  outdated.	  
	  
Recent	   progress	   at	   NIF	   is	   focused	   on	   understanding	   the	   major	   factors	   affecting	  
implosion	   performance	   [12].	   	   These	   factors	   can	   be	   categorized	   into	   four	   different	  
areas:	  shape,	  with	  the	  goal	  of	  keeping	  the	  implosion	  spherical;	  mix,	  with	  the	  goal	  of	  
minimizing	  hydrodynamic	  instabilities	  [3,	  13-‐16],	  where	  cold	  ablator	  mixes	  into	  the	  
central	   hotspot	   and	   quenches	   ignition;	   hohlraum	   drive	   [9],	   with	   the	   goal	   of	  



improving	  beam	  propagation	  and	  laser	  energy	  coupling	  [17,	  and	  references	  therein],	  
and	  reducing	  time-‐dependent	  x-‐ray	  asymmetries;	  and	  alternate	  ablator	  implosions,	  
with	  the	  goal	  of	  tuning	  implosions	  with	  HDC	  [18]	  ablators.	  	  	  
	  
Within	   the	   category	   of	   shape,	   we	   have	  measured	   the	   in-‐flight	   capsule	   shape,	   and	  
improved	   the	   shape	   [19].	   	   These	   measurements	   suggest	   that	   time-‐dependent	  
asymmetries	  may	  be	  introduced	  by	  the	  hohlraum,	  or,	  perhaps	  perturbations	  seeded	  
by	  the	  capsule	  tent	  that	  holds	  the	  capsule	  in	  place	  within	  the	  hohlraum.	  	  	  
	  
With	   respect	   to	   mix,	   we	   have	   found	   that	   capsule	   implosions	   fielded	   on	   a	   higher	  
adiabat	   are	   more	   robust	   to	   mix,	   presumably	   because	   of	   a	   larger	   ablative	  
stabilization	  effect,	  and	  because	  these	  capsules	  converge	  somewhat	   less	   than	  their	  
companion	  low-‐adiabat	  capsule	  designs.	  	  These	  higher	  adiabat	  implosions	  achieved	  
a	   primary	   (13-‐15	   MeV)	   neutron	   yield	   of	   7.7	   x	   1014	   on	   the	   first	   DT	   cryogenic	  
implosion,	   a	   yield	   comparable	   to	   record	   yields	   for	   implosions	   on	   a	   lower	   adiabat	  
[12].	  	  	  
	  
At	  the	  writing	  of	  this	  report,	  NIF	  has	  fielded	  three	  shots	  with	  HDC	  ablators.	   	  These	  
were	   not	   ignition	   capsules	   in	   that	   they	   did	   not	   have	   a	   DT	   ice	   layer	   inside	   of	   the	  
ablator	  surrounding	  the	  DT	  gas.	  The	  first	  two	  shots	  were	  filled	  with	  DD	  gas,	  and	  the	  
third	  shot	  with	  DT	  gas.	   	  The	  outer	  capsule	  radius	  was	  ~	  1077	  µm,	  as	  compared	  to	  
1135	   µm	   for	   a	   CH	   gas-‐filled	   capsule.	   	   The	   HDC	   ablator	   thickness	   is	   ~	   77	   µm	   as	  
compared	   to	   a	   CH	   ablator	   thickness	   of	   ~	   195	   µm.	   	   This	   leaves	   a	   larger	   DT	   gas	  
volume	  in	  the	  HDC	  capsule,	  with	  a	  radius	  of	  ~	  1	  mm	  as	  compared	  to	  850	  µm	  for	  a	  CH	  
capsule.	  	  The	  third	  DT	  shot,	  fielded	  in	  late	  June,	  2013,	  produced	  a	  preliminary	  value	  
of	  1.6	  x	  1015	  neutrons	  (+/-‐	  6%	  uncertainty),	  or	  roughly	  5	  kJ	  of	  neutron	  yield.	   	  The	  
HDC	  capsule	  for	  this	  shot	  was	  imploded	  on	  a	  low	  adiabat	  (~	  1.5)	  with	  a	  four-‐shock	  
pulse.	  	  
	  
In	  order	   for	   the	   capsule	   to	  perform	  well,	   the	   radiation	  environment	   that	  bathes	   it	  
must	  not	  only	  meet	  the	  requirement	  of	  achieving	  a	  high	  enough	  temperature,	  but	  it	  
must	  also	  be	  sufficiently	  symmetric.	   	  For	  this	  reason,	  we	  are	   looking	  to	  ameliorate	  
hohlraum	  performance	  by	   improving	   laser	  beam	  propagation	   inside	   the	  hohlraum	  
and	  by	  increasing	  laser	  energy	  coupling.	  We	  are	  doing	  this	  by	  testing	  the	  hohlraum	  
shape	  (cylinder	  vs	  rugby	  [20-‐23]),	  and	  by	  developing	  schemes	  that	  are	  predicted	  to	  
increase	  the	  electron	  temperature	  within	  the	  hohlraum.	  	  The	  former	  is	  predicted	  to	  
have	   better	   beam	   propagation,	   and	   the	   latter	   should	   reduce	   laser	   reflectivity,	  
thereby	  increasing	  coupling.	  Finally,	  we	  are	  also	  studying	  a	  potential	  source	  of	  time-‐
dependent	   asymmetries,	   cross-‐beam	   energy	   transfer	   [25,	   and	   references	   therein],	  
which	  is	  routinely	  used	  at	  NIF	  to	  obtain	  near-‐round	  hotspot	  emission.	  	  	  
	  
This	  paper	   is	  outlined	  as	   follows.	   	   In	   the	  next	  sections,	  we	  will	  discuss	   further	   the	  
details	   of	   shape,	   then	  of	  mix,	   followed	  by	  hohlraum	   improvements,	   and	   then	  HDC	  
implosions.	  	  The	  final	  section	  of	  this	  paper	  will	  summarize	  the	  progress	  at	  NIF	  and	  
discuss	  future	  directions	  in	  each	  of	  these	  areas.	  



	  
SHAPE	  
Keeping	   the	   capsule	   spherically	   symmetric	  while	   it	   compresses	   30-‐40x	   during	   an	  
ignition	  implosion	  is	  a	  challenging	  endeavor.	  	  The	  NIF	  ignition	  capsule,	  initially	  at	  a	  
diameter	  of	  2	  mm,	  converges	  to	  the	  point	  where	  the	  diameter	  of	  hotspot	  emission	  is	  
~	  50	  µm.	  	  To	  this	  end,	  since	  experiments	  at	  NIF	  began	  in	  earnest	  in	  2009,	  we	  have	  
diagnosed	  the	  capsule	  hotspot	  emission,	  and	  have	  made	  the	  necessary	  adjustments	  
to	  make	  the	  emission	  nearly	  round.	  	  The	  best	  performing	  shots,	  however,	  were	  not	  
necessarily	   any	   rounder.	   	   The	   question	   thus	   arises,	   “what	   about	   the	   shape	   of	   the	  
dense,	   cold	   shell	   that	   surrounds	   the	   hotspot?”.	   	   To	   address	   this	   question,	   a	   new	  
imaging	  technique	  has	  been	  fielded	  at	  NIF	  [19].	  
	  
NIF	   now	   routinely	   detects	   the	   in-‐flight	   capsule	   shape,	   using	   this	   new	   imaging	  
technique.	   	   Experiments	   are	   being	   conducted	   to	   backlight	   in	   2D	   the	   capsule	   as	   a	  
function	  of	  hohlraum	  length.	  	  The	  results	  of	  these	  experiments	  will	  be	  reported	  on	  in	  
a	  separate	  publication.	  	  	  
	  
In	   the	   future,	   the	  shape	  campaign	  will	  be	   looking	  at	   improving	  diagnostics	   to	   look	  
later	  in	  time	  when	  the	  capsule	  is	  more	  compressed,	  and	  to	  also	  look	  earlier	  in	  time,	  
when	  the	  capsule	  is	   less	  compressed.	  This	  campaign	  will	  also	  be	  researching	  time-‐
dependent	  symmetry,	  and	  the	  effect	  of	  imposing	  a	  deliberate	  asymmetry.	  
	  
MIX	  
Just	   as	   low	  modes	   impact	   the	   fuel	   shape	   and	   thus	   capsule	   implosion	  quality,	   high	  
mode	   surface	   perturbations	   act	   as	   seeds	   for	   hydrodynamic	   instabilities	   [13-‐16],	  
which	  can	  mix	  cold	  ablator	  material	  (or,	  even	  worse,	  higher	  Z	  ablator	  material)	  into	  
the	  capsule	  hotspot	  and	  quench	  ignition.	  	  One	  approach	  we	  have	  adopted	  is	  to	  field	  a	  
capsule	  that	  is	  robust	  to	  such	  instabilities.	  
	  
Fig.	  2	  depicts	  (in	  black)	  the	  radiation	  temperature	  (Tr)	  vs	  time	  for	  this	  capsule.	  	  It	  is	  
a	  typical	  ignition	  drive	  [6],	  where	  each	  epoch	  in	  Tr	  launches	  a	  shock	  in	  the	  capsule.	  	  
Shown	  in	  red	  in	  Fig.	  2	  is	  Tr	  vs	  time	  for	  a	  capsule	  driven	  with	  a	  stronger	  first	  shock.	  	  
This	  stronger	   first	  shock	   introduces	  more	  entropy	   into	  the	   fuel	  and	  ablator.	   	  Since	  
this	  first	  shock	  is	  traveling	  at	  a	  higher	  velocity,	  in	  order	  to	  maintain	  shock	  timing	  (so	  
that	  the	  shocks	  merge	  just	  inside	  the	  ice-‐gas	  interface),	  the	  first	  epoch	  is	  shortened,	  
and	   shocks	   two	   and	   three	   are	  merged.	   	   A	   capsule	   driven	  with	   this	   drive	  will	   not	  
produce	  as	  much	  neutron	  yield	  (1D	  simulations	  produce	  9	  MJ	  of	  yield,	  vs	  16-‐18	  MJ	  
for	   the	   drive	   shown	   in	   black).	   	   However,	   it	   is	   more	   robust	   to	   hydrodynamic	  
instabilities.	   	   Ablative	   stabilization	   is	   greater,	   and	   the	   capsule	   also	   converges	  
somewhat	  less	  because	  of	  its	  higher	  entropy.	  	  	  
	  
Simulations	  of	  this	  high	  adiabat	  capsule	  (ratio	  of	  fuel	  pressure	  to	  Fermi	  degenerate	  
pressure)	  predict	   that	  higher	  adiabat	   implosions	  have	   less	  ablation	   front	  and	   fuel-‐
interface	  growth	  of	  hydrodynamic	  instabilities.	  In	  Fig.	  3,	  we	  plot	  the	  maximum	  fuel-‐
ablator	  interface	  growth	  factor	  (maximized	  over	  mode	  number)	  vs	  peak	  velocity	  for	  
many	  simulations	  (both	  pre-‐shot	  and	  post-‐shot).	  The	  points	  depicted	  in	  purple	  are	  



pre-‐shot	  simulations	  of	  the	  low-‐adiabat	  capsule,	  and	  those	  shown	  in	  green	  are	  post-‐
shot	  simulations.	  	  These	  points	  fall	  along	  an	  iso-‐adiabat	  α	  <~	  1.55.	  	  These	  points	  also	  
exhibit	  a	  large	  max	  growth	  factor.	  	  
	  
In	  some	  of	  these	  simulations,	  a	  deliberate	  shock	  mis-‐timing	  of	  the	  fourth	  shock	  was	  
introduced.	   	   These	   simulations	   ended	   up	   on	   a	   higher	   adiabat	   (α	   ~	   2),	   and	   are	  
depicted	  in	  blue.	   	   In	  these	  simulations,	  the	  max	  growth	  factor	   is	  reduced.	   	  Entropy	  
has	  been	   added	   to	   the	   capsule,	   and	   it	   is	   not	   as	   compressible	   as	  when	   it	  was	   on	   a	  
lower	  adiabat.	  
	  
When	  a	  deliberate	  shock	  mis-‐timing	  is	  introduced	  earlier	  in	  the	  pulse	  (shock	  three	  
overtakes	  shock	  two	  before	  they	  enter	  the	  DT	  gas),	  the	  adiabat	  increases	  to	  α	  ~	  3,	  
and	  the	  max	  growth	  factor	  is	  further	  reduced.	  	  These	  points	  are	  depicted	  in	  red.	  In	  
general,	   a	  higher	  adiabat	  will	   lead	   to	  a	   lower	  density	   shell.	  The	   lower	  density	  will	  
allow	   deeper	   penetration	   of	   the	   ablation	   surface,	   and	   thus	   more	   ablative	  
stabilization	  of	  the	  RT	  instability.	  
	  
When	  entropy	  is	  introduced	  through	  a	  strong	  first	  shock,	  and	  shocks	  are	  well-‐timed,	  
we	   find	   that	   the	  max	   growth	   is	   even	   lower	   than	  when	   deliberate	  mis-‐timings	   are	  
introduced.	   	   These	   points	   are	   results	   of	   simulations	   of	   the	   high-‐adiabat	   capsule	  
described	  above.	  	  The	  max	  growth	  factor	  for	  hydrodynamic	  instabilities	  is	  4-‐6	  times	  
less	   for	   the	   high-‐adiabat	   capsule	  when	   compared	   to	   the	   shock-‐timed	   low-‐adiabat	  
capsule	  (α	  ~	  1.55	  curve).	  
	  
This	   high-‐adiabat	   capsule	   has	   recently	   been	   fielded	   at	   NIF	   (May	   1,	   2013).	   A	  
comparison	   of	   neutron	   yield	   for	   this	   implosion	   is	   compared	   to	   the	   existing	   NIF	  
database	   of	   ignition	   implosions	   in	   Fig.	   4.	   	   Here,	  we	   plot	   experimental	   yield	   vs	   1D	  
simulated	  yield.	  The	  diagonal	  solid	  line	  is	  the	  curve	  along	  which	  the	  points	  would	  lie	  
if	   the	   experimental	   yield	  matched	   the	   simulated	   yield.	   Dashed	   lines	   depict	  where	  
experimental	   yield	   is	   at	   50%,	  20%,	  10%,	  5%	  and	  2%	  of	   the	   simulated	  yield.	   	   The	  
points	   shown	   in	   gray	   are	   gas-‐filled	   capsules.	   	   These	   capsules	   typically	   perform	   at	  
about	  50%	  of	  simulation.	  
	  
The	   cluster	   of	   colored	   points	   depict	   ignition	   implosions,	   and	   are	   colored	   by	   the	  
amount	   of	   inferred	   mix	   mass.	   	   Data	   points	   with	   high	   inferred	   mix	   mass	   do	   not	  
perform	   as	   well	   as	   those	   with	   low	   amounts	   of	   inferred	  mix.	   	   At	   best,	   these	   low-‐
adiabat	  implosions	  perform	  at	  ~	  20%	  of	  simulation.	  
	  
Our	   first	  high-‐adiabat	   ignition	   implosion	  achieved	  a	  primary	  (13-‐15	  MeV)	  neutron	  
yield	  of	  7.7	  x	  1014,	  a	  yield	  comparable	  to	  record	  yields	  for	  a	  low-‐adiabat	  implosion.	  	  
The	  capsule	  mix	  mass	  (inferred	  from	  the	  ratio	  of	  x-‐ray	  emission	  from	  the	  capsule	  to	  
neutron	  yield)	   is	   the	   lowest	   inferred	   to	  date.	   	  This	  high-‐adiabat	   ignition	   implosion	  
not	  only	  achieved	  a	  relatively	  yield,	  but	  that	  yield	  was	  ~	  80%	  of	  simulation,	  and	  was	  
achieved	   at	   lower	   laser	   power	   and	   energy	   (350	   TW/1.3	   MJ)	   than	   in	   the	   best-‐
performing	   low-‐adiabat	   implosions	   (420	   TW/1.5	  MJ).	   	   The	   plan	   is	   to	   continue	   to	  



increase	  laser	  power	  and	  energy	  until	  evidence	  of	  mix	  is	  observed.	  	  To	  this	  end,	  the	  
next	  high-‐adiabat	   ignition	   implosion,	  planned	   for	   July,	  2013,	  will	  occur	  at	  430	  TW	  
and	  1.5	  MJ.	  	  
	  
Since	  mix	   is	  clearly	  occurring	   in	  our	   ignition	   implosions,	  dedicated	  experiments	  to	  
study	   instability	  growth	  as	  a	   function	  of	  mode	  number	  and	  adiabat	  are	  underway.	  	  
In	  these	  experiments,	  ripples	  are	  purposefully	  imposed	  on	  a	  capsule,	  and	  single	  pass	  
radiography	   is	   performed,	   resulting	   in	   time	   sequences	   of	   gated	   x-‐ray	   images	   of	  
perturbation	   growth.	   	   The	   first	   test	   of	   the	   experimental	   set-‐up	   occurred	   early	   in	  
June,	  2013.	   	  A	  single	  mode	  (mode	  60,	  which	   is	  near	   the	  peak	  of	   the	  growth	   factor	  
curve)	   was	   imposed	   on	   the	   capsule,	   and	   snapshots	   were	   performed	   when	   the	  
capsule	  had	  compressed	  to	  a	  radius	  R	  ~	  750	  µm.	  	  Good	  data	  was	  acquired,	  and	  the	  
next	  shot	  will	  be	  of	  a	  high-‐adiabat	  capsule	  at	  mode	  60.	  	  Results	  of	  these	  experiments	  
will	  be	  reported	  later	  in	  the	  year	  at	  different	  venues.	  
	  
HOHLRAUM	  DRIVE	  
The	  radiation	  drive	  that	  the	  capsule	  receives	  is	  that	  delivered	  by	  the	  hohlraum.	  	  NIF	  
hohlraums	   produce	   the	   required	   radiation	   drive	   [9],	   but	   emerging	   evidence	  
suggests	   that	   symmetry	   control	   of	   the	   radiation	  may	  not	   be	   adequate	   for	   ignition	  
implosions.	  	  	  
	  
In	  these	  hohlraums,	  outer	  beams	  (128	  of	  192)	  hit	  the	  hohlraum	  wall	  near	  the	  LEH,	  
making	   angles	   of	   44o	   and	   50o	   with	   the	   hohlraum	   axis.	   	   Inner	   beams	   (64	   of	   192)	  
travel	   through	   the	   hohlraum	   at	   angles	   of	   23o	   and	   30o	   with	   the	   hohlraum	   axis,	  
striking	  the	  hohlraum	  wall	  over	  the	  capsule.	  Both	  the	  inner	  and	  outer	  beams	  fill	  the	  
hohlraum	  azimuth	  as	  well.	  
	  
To	   keep	   the	   imploding	   capsule	   round	   [rather	   than	   oblate	   (“pancaked”)	   or	   prolate	  
(“sausaged)],	   power	   must	   be	   distributed	   between	   the	   inner	   and	   outer	   beams	  
properly.	  	  If	  there	  is	  too	  much	  energy	  on	  the	  inner	  beams,	  radiation	  over	  the	  waist	  of	  
the	  capsule	   is	  hotter	   than	   that	  near	   the	  LEH,	  and	   the	   implosion	  will	  be	  prolate.	   	   If	  
there	  is	  too	  little	  energy	  on	  the	  inner	  beams,	  radiation	  over	  the	  waist	  of	  the	  capsule	  
is	  cooler	  than	  that	  near	  the	  LEH,	  and	  the	  implosion	  will	  be	  oblate.	  	  	  
	  
NIF	  experiments	   in	  2009	  showed	   that	   the	  plasma	  conditions	  within	   the	  hohlraum	  
are	  cooler	  than	  simulations	  indicated,	  primarily	  because	  the	  coronal	  plasma	  is	  more	  
emissive	   than	   previously	   expected	   using	   less	   sophisticated	   atomic	   physics	   and	  
electron	  transport	  codes,	  and	  thus	  is	  left	  with	  less	  stored	  internal	  energy	  [26].	  	  This	  
cooler	  electron	  temperature	  acts	  to	  increase	  the	  amount	  of	  inverse	  bremsstrahlung	  
that	  inner	  beams	  undergo,	  which	  makes	  propagation	  over	  the	  entire	  path	  from	  the	  
LEH	  to	  the	  hohlraum	  wall	  (~	  7	  mm)	  difficult.	  	  
	  
Thus,	   to	  reduce	  oblate/prolate	  asymmetries	   in	  a	   time-‐integrated	   fashion,	  NIF	  uses	  
laser-‐plasma	  interactions	  in	  the	  form	  of	  cross-‐beam	  energy	  transfer	  (CBET,	  [25,	  and	  
references	   therein]).	   	   Here,	   energy	   is	   transferred	   using	   forward	   Brillouin	   scatter,	  
where	  an	  outer	  beam	  forward	  scatters	  off	  an	  ion	  acoustic	  wave	  into	  an	  inner	  beam.	  	  



Fig.	   5a	   depicts	   a	   schematic	   of	   this	   process.	   	   	   Operationally,	   this	   is	   achieved	   by	  
running	   the	   inner	   and	   outer	   beams	   at	   two	   different	   wavelengths:	   	   λ,	   and	   λ−Δλ,	  
where	  Δλ	  <	  ~	  9	  Å.	  
	  
Before	  undergoing	  power	   transfer,	   a	   laser	  beam	   is	   comprised	  of	   a	   super-‐Gaussian	  
envelope	   filled	  with	   deliberately	   imposed	   laser	   speckles,	   as	   shown	   in	   Fig.	   5b.	   	   An	  
inner	  beam	  that	  receives	  transfer	  ends	  up	  with	  a	  spatially	  non-‐uniform	  distribution,	  
as	  shown	  in	  Fig.	  5c.	  	  This	  spatial	  non-‐uniformity	  arises	  because	  the	  inner	  and	  outer	  
beams	  do	  not	  exactly	  overlap	  in	  the	  region	  where	  transfer	  occurs.	  
	  
This	   spatial	   non-‐uniformity	   is	   also	   time	   dependent.	   	   Cross-‐beam	   energy	   transfer	  
scales	  as	  ~	  I*ne/Te,	  where	  I	  is	  the	  laser	  intensity,	  ne	  is	  the	  electron	  density,	  and	  Te	  is	  
the	  electron	  temperature.	  	  Since	  the	  amount	  of	  transfer	  scales	  with	  all	  three	  of	  these	  
quantities,	  and	  since	  they	  are	  all	   time	  dependent,	   the	  amount	  of	   transfer	  (i.e.,	  how	  
spatially	  non-‐uniform	  the	  laser	  spots	  are)	  will	  also	  be	  a	  function	  of	  time.	  	  Moreover,	  
since	  the	  amount	  of	  transfer	  scales	  inversely	  with	  the	  electron	  temperature,	  which	  
is	   lowest	   at	   the	   beginning	   of	   the	   pulse	   when	   the	   beams	   burn	   through	   the	   LEH	  
window	  and	  hohlraum	  gas	  to	  the	  wall,	  there	  will	  also	  be	  spatially	  non-‐uniform	  laser	  
spots	  early	  in	  the	  pulse.	  
	  
The	   above	   explanation	   relies	   entirely	   on	   simulations.	   	   NIF	   experimental	   data	  
corroborates	  the	  magnitude	  of	   the	  transfer,	  but	  we	  do	  not	  have	  experimental	  data	  
about	   the	   spatio-‐temporal	   intensity	   dependence	   after	   transfer.	   	   To	   further	  
investigate	   this	   phenomenon,	   we	   are	   developing	   an	   “LEH-‐only”	   target,	   or	  
“quartraum”.	  	  	  
	  
In	   this	   target,	   depicted	   in	   Fig.	   6a,	   the	   laser	   beams	   from	   one	   side	   (all	   96)	   enter	  
through	   the	   LEH	   just	   as	   they	   do	   in	   an	   ignition	   hohlraum.	   	   The	   beams	   therefore	  
undergo	  cross-‐beam	  energy	  transfer	  experiencing	  a	  volumetric	  overlap	  and	  plasma	  
conditions	  similar	  to	  those	  early	   in	  an	   ignition	   laser	  pulse.	  The	  outer	  beams	  strike	  
the	  quartraum	  walls,	  producing	  radiation,	  and	   the	   inner	  beams	   travel	   through	   the	  
quartraum	   and	   strike	   a	   detection	   plate.	   	   The	   plate	   emits	   radiation,	   which	   is	  
experimentally	   diagnosed.	   	   If	   the	   contrast	   in	   the	   spatial	   non-‐uniformity	   across	   a	  
beam	   spot	   is	   a	   factor	   of	   two	   or	   larger,	   as	   simulated	   (c.f.	   Fig.	   6b)	   then	   the	   non-‐
uniformity	  should	  be	  detectable.	  	  	  	  Quartraum	  experiments	  are	  planned	  for	  later	  this	  
calendar	  year	  at	  NIF.	  
	  
In	   addition	   to	   dedicated	   experiments	   that	   will	   elucidate	   CBET	   spatio-‐temporal	  
dependences,	   we	   are	   investigating	   hohlraum	   modification	   options	   that	   would	  
reduce	  the	  impact	  of	  such	  dependences.	  	  One	  such	  option	  is	  to	  change	  the	  hohlraum	  
shape	   from	  a	   cylinder	   to	   “rugby”.	  A	  hohlraum	  can	  be	  described	  by	  a	  Lame’	   curve,	  
(x/A)n	  +	  (y/R)n	  =	  1,	  where	  R	   is	   the	  hohlraum	  waist	  radius,	  L	   is	   the	  hohlraum	  half-‐
length,	  and	  A	  =	  L[(1-‐RLEH/R)n](-‐1/n).	  	  For	  a	   cylinder,	  n=8.75,	  and	   for	   the	  current	  NIF	  
rugby	  shape,	  n=1.8.	  	  By	  changing	  the	  shape	  of	  the	  hohlraum	  from	  cylindrical	  (black)	  
to	  rugby	  (blue),	  as	  depicted	  in	  Fig.	  7a,	  the	  hohlraum	  wall	  area	  remains	  the	  same,	  but	  



the	  diameter	  of	  the	  hohlraum	  over	  the	  capsule	  waist	  is	  larger	  for	  the	  rugby	  [20-‐24].	  
The	  former	  means	  that	  wall	  losses	  should	  remain	  the	  same	  in	  a	  rugby	  as	  they	  are	  in	  
a	  cylinder.	  	  The	  latter	  is	  proposed	  to	  improve	  inner	  beam	  propagation.	  	  By	  providing	  
more	  headroom	  over	  the	  capsule,	  ablated	  mass	  from	  both	  the	  capsule	  and	  the	  wall	  
does	  not	  amass	  to	  the	  degree	  it	  does	  in	  a	  cylinder.	  	  With	  lower	  electron	  density,	  the	  
beams	   should	   be	   able	   to	   propagate	   better.	   	   In	   fact,	   simulations	   prior	   to	   our	   first	  
rugby	   hohlraum	   shot	   suggested	   that	   good	   symmetry	  was	   obtainable	   without	   any	  
power	   transfer.	   [One	  can	  also	  make	   the	  radius	  of	   the	  rugby	  over	   the	  waist	   (above	  
the	  capsule)	  comparable	  to	  that	  of	  a	  cylinder,	  and	  thereby	  reduce	  the	  total	  hohlraum	  
wall	  area	  and	  thus	  wall	  losses.	   	  However,	  in	  the	  first	  rugby	  experiments	  at	  NIF,	  we	  
want	  to	  improve	  inner	  beam	  propagation,	  and	  thus	  we	  keep	  the	  wall	  area	  the	  same	  
as	  that	  of	  a	  typical	  NIC	  cylinder,	  and	  make	  the	  radius	  over	  the	  capsule	  larger.]	  	  	  
	  
The	   first	   rugby	   shot	   at	   full	   power	   and	   energy	   demonstrated	   93%	   laser	   energy	  
coupling,	   but	   the	   inner	   beams	   propagated	   poorly	   with	   minimal	   power	   transfer,	  
resulting	  in	  an	  oblate	  hotspot.	  	  The	  current	  hypothesis	  is	  that	  the	  inner	  beams	  were	  
absorbed	   in	  a	   larger-‐than	  simulated	  gold	  bubble	   that	   is	  produced	  where	  the	  outer	  
beams	  hit	  the	  wall.	  	  To	  overcome	  this,	  our	  colleagues	  at	  CEA	  in	  France	  (P.	  Gauthier	  et	  
al.)	   have	   recommended	  moving	   the	   outer	   beams	   inward	   500	   µm	   (Fig.	   7b).	   	   Their	  
calculations	   suggest	   that	   by	   doing	   so,	   the	   inner	   beams	   will	   be	   able	   to	   better	  
propagate	  to	  the	  wall	  over	  the	  capsule.	  	  They	  further	  suggest	  a	  slight	  modification	  to	  
the	  shape	  of	  the	  rugby	  (Fig.	  7c)	  that	  should	  further	  aid	  in	  inner	  beam	  propagation.	  	  
These	  modifications	  to	  the	  geometry	  will	  be	  tested	  later	  this	  year	  and	  reported	  on	  in	  
different	  venues.	  
	  
We	  also	  want	  to	   increase	   laser	  energy	  coupling	  [17,	  and	  references	  therein]	  to	  the	  
hohlraum.	   	  One	  possible	  way	  of	  doing	   this	   is	   to	   increase	   the	  electron	   temperature	  
within	   the	   hohlraum.	   	   If	   the	   inverse	   bremsstrahlung,	   which	   scales	   with	   the	  
ionization	  state,	  Z,	  is	  increased,	  the	  electron	  temperature	  should	  increase	  as	  well.	  	  
	  
To	  test	  this	  concept,	  we	  have	  been	  conducting	  a	  mini-‐campaign	  on	  hohlraums	  filled	  
with	   neopentane	   gas.	   	   Since	   neopentane	   freezes	   out	   at	   cryogenic	   temperatures,	  
these	   shots	   have	   been	   performed	   at	   room	   temperature.	   	   The	   effective	   ionization	  
state	  for	  neopentane,	  or	  C5H12,	  as	  given	  by	  <Z2>/<Z>,	  is	  Z	  ~	  4.6,	  whereas	  for	  He,	  Z=2.	  	  
Simulations	   show	   that,	   indeed,	   when	   the	   He	   hohlraum	   gas	   fill	   is	   replaced	   with	  
neopentane	   at	   the	   same	   electron	   density,	   the	   electron	   temperature	   within	   the	  
hohlraum	   increases,	   although	   somewhat	  marginally	   in	   the	   region	   along	   the	   inner	  
beams	   where	   backscatter	   occurs,	   roughly	   halfway	   between	   the	   LEH	   and	   the	  
hohlraum	  wall	  over	  the	  capsule.	  	  Fig.	  8a	  depicts	  this	  electron	  temperature	  increase.	  
This	   temperature	   increase	   should	   act	   to	   reduce	   backscatter	   that	   occurs	   along	   the	  
inner	   beams,	   which	   is	   found	   to	   primarily	   be	   stimulated	   Raman	   scatter	   [17,	   and	  
references	  therein].	  Stimulated	  Raman	  scatter	  occurs	  when	  an	  incident	  laser	  beam	  
scatters	   off	   self-‐generated	   Langmuir	   waves,	   and	   when	   the	   plasma	   electron	  
temperature	  increases,	  the	  Langmuir	  waves	  are	  more	  strongly	  damped	  via	  Landau	  
damping.	  
	  



Fig.	  8b	  shows	   the	   laser	  energy	  coupling	   results	   from	  room	  temperature	  hohlraum	  
shots.	  	  These	  shots	  were	  conducted	  at	  reduced	  levels	  of	  cross-‐beam	  energy	  transfer.	  	  
The	  reflected	  light	  on	  the	  inner	  beams	  was	  reduced,	  but	  it	  is	  unclear	  whether	  this	  is	  
a	   consequence	   of	   increased	   electron	   temperature	   or	   because	   less	   transfer	   was	  
necessary	   to	   obtain	   a	   round	   implosion,	   or	   because	   of	   both	   reasons.	   	   Moreover,	  
because	   less	   transfer	   was	   required,	   the	   intensity	   on	   the	   outer	   beams	  was	   higher	  
(less	   power	   was	   transferred	   to	   the	   inner	   beams),	   and	   thus	   stimulated	   Brillouin	  
scatter	   [17,	   and	   references	   therein],	   which	   scales	   in	   the	   linear	   regime	   with	   laser	  
intensity,	  was	  increased.	  	  We	  know	  how	  to	  mitigate	  Brillouin	  backscatter,	  however.	  	  
By	  introducing	  a	  thin	  layer	  (<	  1	  µm)	  of	  borated	  gold	  on	  the	  inside	  of	  the	  hohlraum	  
wall,	   the	   Landau	   damping	   of	   ion	   acoustic	   waves	   associated	   with	   Brillouin	  
backscatter	  will	  increase,	  and	  the	  SBS	  should	  be	  reduced.	  	  Even	  with	  larger	  levels	  of	  
SBS	  on	  the	  outer	  beams,	  the	  energy	  coupling	  was	  increased	  from	  87%	  to	  92%.	  
	  
The	   challenge	   here	   is	   to	   try	   to	   increase	   the	   electron	   temperature	   in	   a	   cryogenic	  
hohlraum.	   	   Here,	   only	   hydrogen	   and	   helium	   can	   be	   used,	   as	   all	   other	   gases	   will	  
freeze	  out.	  	  We	  are	  investigating	  possible	  methods	  of	  introducing	  high-‐Z	  dopants	  in	  
the	  helium	  hohlraum	  gas	   fill,	   and	  hope	   to	  make	  progress	   in	   this	  arena	   in	   the	  near	  
future.	  
	  
ALTERNATE	  ABLATORS	  
Another	   important	   aspect	   of	   the	   target	   is	   the	   capsule	   ablator.	   	  We	   have	   recently	  
fielded	   three	   shots	   where	   the	   ablator	   was	   composed	   of	   nanocrystalline	   diamond	  
(high-‐density	   carbon,	   or	   HDC),	   in	   lieu	   of	   plastic.	   	   HDC	   is	   more	   than	   three	   times	  
denser	  than	  plastic,	  and	  its	  surface	  finish	  is	  smoother	  as	  well.	  	  	  
	  
To	  test	  these	  benefits,	  capsules	  were	  fabricated	  as	  shown	  in	  Fig.	  9a.	  	  These	  capsules	  
are	  not	  ignition	  capsules	  in	  that	  they	  do	  not	  contain	  a	  frozen	  DT	  layer.	  	  Rather,	  they	  
consist	  of	  an	  HDC	  ablator	  surrounding	  either	  DD	  or	  DT	  gas.	  	  
	  
There	   is	   uncertainty	   in	   the	   equation-‐of-‐state	   (EOS)	   for	   HDC	   [27],	   and	   thus	   a	  
conservative	   approach	   is	   to	   make	   certain	   that	   the	   first	   shock	  melts	   the	   HDC.	   	   In	  
order	  to	  accomplish	  this,	   the	   first	  epoch	  of	   the	   laser	  pulse	   is	  at	  higher	  power	  than	  
even	   the	   high-‐adiabat	   laser	   pulse	   for	   a	   plastic	   capsule	   (c.f.	   Fig	   9b).	   	   To	   maintain	  
shock	   timing,	   the	   length	   of	   the	   first	   epoch	   is	   further	   reduced,	   and	   thus	   the	   laser	  
pulse	  for	  an	  HDC	  capsule	  is	  roughly	  half	  as	  long	  as	  for	  a	  low-‐adiabat	  plastic	  capsule.	  	  	  
	  
The	   first	   two	  HDC	  shots	  were	   fielded	  with	  DD	   fill	   in	   the	   capsule.	   	  The	   first	   gave	  a	  
yield	   of	   1.06	   x	   1013	  neutrons,	   and	   the	   hotspot	   emission	  was	   quite	   prolate.	   	   In	   the	  
second	  HDC	  shot,	  the	  hotspot	  shape	  was	  corrected	  by	  reducing	  the	  CBET	  (reducing	  
Δλ	  between	  the	   inner	  and	  outer	  beams),	  and	  the	  yield	   increased	  by	  50%	  to	  1.74	  x	  
1013	  neutrons.	   	   In	   the	  third	  shot,	   the	  DD	  fill	  was	  replaced	  with	  DT,	  and	  achieved	  a	  
preliminary	  record	  yield	  of	  1.6	  x	  1015	  neutrons.	  	  Uncertainty	  in	  the	  yield	  is	  typically	  
+/-‐	  5-‐7%.	  
	  



Fig.	  9c	  summarizes	  the	  neutron	  yield	  results.	  	  The	  experimental	  yield	  was	  ~	  70%	  of	  
the	   simulated	  yield	   for	   the	   second	  HDC/DD-‐filled	   capsule,	   and	  was	  ~	  80-‐100%	  of	  
the	  simulated	  yield	  for	  the	  HDC/DT-‐filled	  capsule.	  	  The	  yield	  for	  this	  capsule	  should	  
further	  improve	  after	  timing	  of	  the	  shocks	  and	  incorporation	  of	  a	  DT	  ice	  layer.	  
	  
SUMMARY	  
ICF	   research	   at	   the	   National	   Ignition	   Facility	   has	   made	   good	   progress	   over	   the	  
course	  of	   the	   last	   year.	   	  We	  have	  determined	   that	   the	   in-‐flight	   fuel	   shape	  was	  not	  
round,	  and	  have	  made	  changes	  to	  the	  hohlraum	  length	  to	  correct	  the	  shape	  to	  near-‐
round.	  	  Future	  plans	  in	  this	  area	  include	  imaging	  improvements	  of	  the	  in-‐flight	  fuel	  
shape,	  and	  diagnosing	  the	  shape	  both	  earlier	  and	  later	  in	  time.	  	  The	  time-‐dependent	  
symmetry	   of	   the	   capsule	   will	   be	   further	   examined,	   and	   the	   effect	   of	   imposing	  
deliberate	  asymmetries	  will	  be	  pursued	  as	  well.	   	  The	  advent	  of	  high-‐energy,	  short-‐
pulse	  laser	  technology	  for	  advanced	  radiography	  [28]	  will	   improve	  the	  accuracy	  of	  
shape	  measurements	  as	  this	  capability	  becomes	  available	  
	  
We	   found	   that	   capsules	  with	   plastic	   ablators	   driven	   on	   a	   higher	   adiabat	   perform	  
close	  to	  1D	  simulation	  predictions,	  providing	  a	  yield	  of	  7.7	  x	  1014	  neutrons	  (>	  80%	  
of	  1D	  simulated	  yield)	  when	  driven	  at	  a	  peak	  power	  of	  350	  TW	  using	  1.3	  MJ	  of	  laser	  
energy.	  The	  robustness	  of	  these	  capsules	  to	  mix	  will	  be	  further	  tested	  this	  calendar	  
year,	   by	   driving	   them	   at	   higher	   peak	   power	   and	   laser	   energy.	   	   Two-‐dimensional	  
simulations	  suggest	  that	  yields	  up	  to	  5	  x	  1015	  neutrons	  are	  attainable,	  provided	  that	  
mix	  mass	  remains	  low.	  	  We	  plan	  to	  further	  study	  ablation	  front	  instability	  growth	  by	  
performing	  dedicated	  mix	  experiments.	  
	  
Just	   recently	   we	   also	   fielded	   rugby	   hohlraums,	   hoping	   to	   improve	   inner	   beam	  
propagation	  and	  thus	  hohlraum	  performance.	   	  The	  first	  two	  rugby	  hohlraums	  shot	  
at	   NIF	   had	   oblate	   hotspots.	   	   To	   correct	   this	  while	   remaining	   at	  minimal	   levels	   of	  
cross-‐beam	   energy	   transfer,	  we	   plan	   to	   shoot	   a	   rugby	   hohlraum	  where	   the	   outer	  
beams	  are	  moved	  inward	  ~	  300	  µm.	  	  We	  hope	  to	  also	  make	  a	  correction	  to	  the	  shape	  
that	  should	  further	  improve	  beam	  propagation.	  
	  
To	  improve	  laser	  energy	  coupling,	  we	  have	  looked	  at	  the	  prospect	  of	  increasing	  the	  
electron	  temperature	  within	  the	  hohlraum	  by	  increasing	  the	  ionization	  state	  of	  the	  
gas	  fill.	  	  Indeed,	  we	  have	  found	  that	  hohlraums	  with	  a	  higher-‐Z	  gas	  fill	  require	  lower	  
levels	   of	   cross-‐beam	   energy	   transfer	   and	   have	   reduced	   levels	   of	   reflectivity.	   	   The	  
challenge	   is	   to	   field	   a	   cryogenic	   hohlraum	   with	   higher-‐Z	   fill,	   which	   is	   an	   area	   of	  
research	  we	  would	  like	  to	  pursue.	  	  
	  
We	  will	  also	  field	  the	  quartraum	  platform	  to	  investigate	  the	  spatial	  non-‐uniformity	  
of	  cross-‐beam	  energy	  transfer.	   	   If	   this	   is	  successful,	   the	  quartraum	  may	  be	  used	  to	  
address	   early	   time	   physics	   such	   as	   specular	   reflection	   onto	   the	   capsule	   from	   the	  
hohlraum	  walls.	  
	  
We	  have	   also	   fielded	   targets	   at	  NIF	  with	   an	  HDC	   ablator.	   	   A	  DT-‐filled	   gas	   capsule	  
with	  an	  HDC	  ablator	  achieved	  a	  preliminary	  record	  yield	  of	  1.6	  	  x	  1015	  neutrons.	  	  A	  



mini-‐campaign	   to	   tune	   an	   HDC	   implosion	   is	   underway,	   and	   we	   hope	   to	   field	   a	  
capsule	  with	  an	  HDC	  ablator	  on	  a	  DT	  ice	  layer	  later	  this	  calendar	  year.	  
	  
Lastly,	  during	  the	  final	  edit	  of	  this	  paper,	  a	  HiFoot	  DT	  implosion	  was	  fielded	  on	  NIF	  
on	   September	  27,	   2013,	   using	  380	  TW	  of	   laser	  power	   and	  1.8	  MJ	   of	   laser	   energy.	  	  
This	  implosion	  achieved	  a	  primary	  (13-‐15	  	  MeV)	  neutron	  yield	  of	  4.3	  x	  1015,	  which	  is	  
well	  on	  the	  way	  to	  the	  alpha	  heating	  regime.	  	  The	  details	  of	  this	  shot	  will	  be	  reported	  
on	  in	  several	  upcoming	  venues.	  
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FIGURE	  CAPTIONS	  
	  
Fig.	   1	  The	  processes	  entailed	   in	   indirectly	  driven	   laser	   fusion.	   	  (a)	  Coupling:	   laser	  
energy	  enters	  the	  hohlraum	  target,	  which	  encloses	  a	  pellet	  of	  DT	  encased	  in	  ablator	  
material,	  strikes	  the	  hohlraum	  walls,	  and	  is	  converted	  to	  x-‐radiation.	  	  (b)	  Drive:	  	  the	  
x-‐radiation	  fills	  the	  hohlraum,	  creating	  a	  radiation	  oven	  that	  bathes	  the	  capsule,	  and	  
the	   ablator	   heats	   up.	   	   (c)	   Symmetry:	   	   the	   ablated	   shell	   expands	   outward,	   and	   the	  
remainder	  of	  the	  capsule	  is	  compressed	  inward	  (conservation	  of	  momentum).	  	  If	  the	  
capsule	  does	  not	  remain	  nearly	  spherical	  while	  being	  compressed,	  it	  will	  not	  achieve	  
conditions	  required	   for	   fusion	   initiation.	   	   (d)	  Fusion	   initiates	   in	  a	  central	  hot	  spot	  
where	  the	  ion	  temperature	  is	  high,	  and	  a	  burn	  front	  propagates	  outward.	  
	  
Fig.	  2	  Radiation	  temperature	  vs	  time	  for	  a	  low-‐adiabat	  capsule	  (in	  black)	  vs	  a	  high-‐
adiabat	  capsule	  (in	  red).	  
	  
Fig.	   3	   A	   plot	   of	   the	  maximum	   growth	   factor	   at	   the	   fuel-‐ablator	   interface	   vs	   peak	  
velocity	  for	  ignition	  implosions	  driven	  on	  a	  low	  adiabat	  (α	  ~	  1.55,	  points	  in	  purple	  
and	   green);	   for	   implosions	   with	   mis-‐timed	   shocks,	   that	   then	   end	   up	   on	   a	   higher	  
adiabat	  (α	  ~2,	  ~3,	  in	  blue	  and	  red);	  and	  for	  implosions	  on	  a	  high	  adiabat	  with	  good	  
shock	   timing	   (α	   ~	   2.5,	   black).	   	   The	   maximum	   growth	   factor	   for	   high	   adiabat	  
implosions	   (black)	   is	   4-‐6	   times	   lower	   than	   that	   of	   a	   low	   adiabat	   implosion	  
(purple/green).	  
	  
Fig.	   4	   A	   comparison	   of	   neutron	   yield	   across	   a	   suite	   of	   shots.	   	   Here	   we	   plot	  
experimental	  yield	  vs	  1D	  simulated	  yield.	  	  Ignition	  implosions	  are	  colored	  according	  
to	  their	  amount	  of	   inferred	  mix	  mass.	   	  The	  high-‐adiabat	  ignition	  implosion	  has	  the	  
highest	  yield	  of	  an	  implosion	  with	  a	  DT	  ice	  layer,	  and	  the	  experimental	  yield	  was	  ~	  
80%	  of	  the	  1D	  simulated	  yield,	  with	  low	  mix	  mass	  (inferred	  from	  the	  ratio	  of	  capsule	  
x-‐ray	  emission	  to	  neutron	  yield).	  	  The	  solid	  line	  is	  where	  experimental	  yield	  is	  100%	  
of	   simulated	  yield	   (righthand	  vertical	  axis).	   	  The	  dashed	   lines	  below	   the	  solid	   line	  
refer	   to	   percentage	   of	   experimental	   yield	   compared	   to	   simulated	   yield.	   Shown	   in	  
gray	  is	  the	  yield	  from	  capsules	  filled	  with	  D-‐He3	  gas	  inside	  of	  a	  CH	  ablator	  (no	  DT	  ice	  
layer).	  
	  
Fig.	   5	   	   (a)	   To	   control	   P2	   symmetry	   in	   a	   time-‐integrated	   fashion,	   NIF	   uses	   cross-‐
beam	  energy	   transfer,	  where	   an	  outer	  beam	   forward	   scatters	  off	   and	   ion	   acoustic	  
wave	   into	   an	   inner	   beam.	   	   (b)	   A	  NIF	   laser	   beam	   before	   it	   undergoes	   cross-‐beam	  
energy	  transfer	  is	  composed	  of	  deliberately	  imposed	  laser	  speckles,	  with	  a	  spatially	  
uniform	   envelope.	   	   (c)	   A	   NIF	   laser	   beam	   after	   it	   has	   traversed	   the	   LEH	   and	  
undergone	  power	  transfer	  has	  a	  spatially	  non-‐uniform	  distribution,	  as	  power	  is	  not	  
transferred	  uniformly	  across	  its	  cross	  section.	  
	  
Fig.	   6	   	   (a)	   To	   investigate	   the	   spatial	   non-‐uniformity	   of	   laser	   spots	   after	   power	  
transfer,	   the	  quartraum	  platform	   is	  being	  developed.	   	  (b)	   Simulations	  predict	   that	  



the	   spatial	   non-‐uniformity	   across	   a	   laser	   spot	   has	   a	   contrast	   ~	   2	   or	   greater.	   	  We	  
propose	   to	   diagnose	   the	   non-‐uniformity	   by	   letting	   the	   inner	   beams	   strike	   a	  
detection	  plate	  that	  emits	  radiation.	  
	  
Fig.	   7	  We	   are	   investigating	   changes	   in	   the	   hohlraum	   geometry	   to	   improve	   inner	  
beam	  propagation	  and	  laser	  energy	  coupling.	  	  (a)	  A	  rugby	  hohlraum	  with	  the	  same	  
wall	  area	  as	  a	  cylinder	  is	  predicted	  to	  improve	  inner	  beam	  propagation	  because	  of	  
the	  increased	  headroom	  at	  the	  capsule	  waist.	  	  (b)	  Moving	  the	  outer	  beams	  300	  µm	  
inward	  should	  improve	  rugby	  performance.	  	  (c)	  A	  slight	  change	  to	  the	  shape	  of	  the	  
rugby	  is	  also	  predicted	  to	  improve	  performance.	  
	  
Fig.	   8	   	   (a)	   Simulations	   suggest	   that	   a	   high-‐Z	   gas	   fill	   increases	   the	   electron	  
temperature.	  (b)	  Laser	  energy	  coupling	   is	   reduced	   to	  8%	  from	  13%	  by	   increasing	  
the	  Z	  of	  the	  hohlraum	  gas	  fill,	  while	  keeping	  the	  electron	  density	  the	  same.	  
	  
Fig.	  9	  (a)	  Pie	  diagram	  of	  a	  capsule	  with	  an	  HDC	  ablator	  that	  is	  filled	  with	  either	  DD	  
or	  DT	  gas.	  	  (b)	  	  The	  laser	  pulse	  for	  the	  HDC	  implosion	  is	  half	  the	  length	  of	  that	  for	  a	  
low-‐adiabat	   CH	   capsule.	   (c)	   	   A	   DT-‐filled,	   HDC	   capsule	   just	   recently	   achieved	   a	  
preliminary	   record	  yield	  of	  1.6	  x	  1015	  neutrons,	   at	  ~	  80%	  of	  what	  1D	  simulations	  
predict.	   	   Ignition	  implosions	  are	  colored	  according	  to	  their	  amount	  of	   inferred	  mix	  
mass.	  	  Shown	  in	  gray	  is	  the	  yield	  from	  capsules	  filled	  with	  D-‐He3	  gas	  inside	  of	  a	  CH	  
ablator	  (no	  DT	  ice	  layer).	  
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Fig.	  3
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Fig.	  4	  
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