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This paper will review the ignition fusion research program that is currently being carried out on the National
Ignition Facility (NIF) located at Lawrence Livermore National Laboratory. This work is being conducted under
the auspices of the National Ignition Campaign (NIC) that is a broad collaboration of national laboratories and
universities that together have developed a detailed research plan whose goal is ignition in the laboratory. The
paper will begin with a description of the NIF facility and associated experimental facilities. The paper will
then focus on the ignition target and hohlraum designs that will be tested in the first ignition attempts on NIF.
The next topic to be introduced will be a description of the diagnostic suite that has been developed for the
initial ignition experiments on NIF. The paper will then describe the experimental results that were obtained
in experiments conducted during the fall of 2009 on NIF. Finally, the paper will end with a description of the
detailed experimental plans that have been developed for the first ignition campaign that will begin later this year.
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1. National Ignition Facility

The National Ignition Facility (NIF) located at the
Lawrence Livermore National Laboratory is a 192-beam,
1.8-Megajoule, 500-Terawatt ultraviolet laser system that
has a 10-m diameter target chamber with room for nearly
100 experimental diagnostics. NIF is the world’s largest
and most energetic laser experimental system providing a
scientific center to study inertial confinement fusion (ICF)
and matter at extreme energy densities and pressures. NIF
is shown schematically in Fig. 1. NIF’s laser architecture
and laser sub-systems have been described in detail else-
where [1-4]. Each of NIF’s beams is a flashlamp-pumped
neodymium-doped glass laser configured in a novel multi-
pass master oscillator power amplifier (MOPA) system.
The basic subsystems of NIF are the amplifier flashlamp
power conditioning system, the injection laser system con-
sisting of the master oscillator and high-gain preamplifier
modules, the main laser system along with its optical com-
ponents, the switchyards, and the target chamber and its
experimental systems. The entire laser system, switch-
yards, and target area is housed in an environmentally con-
trolled building. An integrated computer control system
monitors, aligns, and operates the more than 60,000 con-
trol points required for NIF’s operation. A large clean-
room facility, the Optics Assembly Building, is located at
one end of NIF for assembling and installing the preci-
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sion optical and opto-mechanical components that make up
the NIF laser system. On the opposite end of the facility
the Diagnostics Building houses experimenters, data ac-
quisition systems, and target preparation and storage areas.
Over 3,000 46 cm X 8cm X 4.1 cm glass slabs illuminated
by 7,600 2m long flashlamps comprise NIF’s large am-
plifier systems. More than 7,500 meter-scale and 26,000
smaller optics are used in NIF for a total area of precision
optical surfaces of nearly 4,000m?. These optics are as-
sembled into thousands of precision cleaned and aligned
line-replaceable units (LRUs) that form each beam line.

A key component in each laser beamline is a plasma-
electrode Pockels cell (PEPC), utilizing potassium dihy-
drogen phosphate (KDP) plates, which acts as an optical

Y ol e
NIF is by far the largest
and most complex
. optical system ever
built

0 large optics
+ 30,000 small optics
* 60,000 control points
- 3,600 m2 total optics area
@ - 22 m2 total beam area

., 192 Pulsed Laser Beams
Energy 1.8 MJ 30

Power 500 TW

Fig. 1 Schematic of the NIF laser facility.
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switch. When combined with a polarizer, the PEPC allows
light to pass through or reflect off the polarizer. The PEPC
thus traps the laser light between two mirrors as it makes
four one-way passes through the main amplifier system be-
fore being switched out to continue its way to the target
chamber.

2. Indirect Drive Ignition Hohlraum
and Target

The National Ignition Facility is designed to achieve
fusion ignition in the laboratory using the inertial confine-
ment fusion scheme. In the indirect-drive approach, the
laser energy is converted to thermal x-rays inside a high
Z cavity denoted as a hohlraum [5]. The x-rays, which
bounce about inside the hohlraum, being absorbed and
reemitted many times, are rather like light in a room where
the walls are completely covered by mirrors. These x-rays
then ablate the outer layers of a DT-filled capsule placed
at the center of the hohlraum, causing the capsule to im-
plode, compress and heat the DT and ignite. Note that the
x-rays strike the capsule from all directions, smoothing out
any irregularities in the incident NIF laser beams. Suc-
cessful indirect drive ignition on the NIF requires driving
the implosion capsule to high velocity (370 wm/ns) keep-
ing the cryogenic deuterium-tritium fuel layer at low en-
tropy. The imploded core must be round at stagnation to
minimize cooling of the central hot spot by the adjacent
cold, dense fuel. These three implosion requirements of
high velocity, low entropy, and round shape are met by
tailoring the radiation environment inside the laser-driven
hohlraum. The multi-stepped radiation drive launches four
shocks of precise timing (50-100 ps) and strength to min-
imize entropy addition to the cold fuel. The peak pulse
of the drive accelerates the shell toward stagnation at the
required velocity. Symmetric irradiation of the capsule
is achieved by controlling the locations of the laser beam
spots on the hohlraum walls and by adjusting the relative
power deposited to the inner (equatorial) and outer (polar)
spots [6].

The hohlraum must deliver the required drive and
symmetry in the presence of laser-plasma interactions
(LPIs) such as stimulated Raman backscatter (SRS), stim-
ulated Brillouin backscatter (SBS), and crossed-beam in-
teractions, which can reflect and redirect the laser light
as it propagates through the hohlraum plasma. Reflection
of laser light out of the hohlraum results in loss of x-ray
drive on the capsule and potential loss of symmetry con-
trol. Redistribution of laser light inside the hohlraum via
re-absorption of the reflected light also impacts symmetry
control [5]. Michel et al. describe the physics of crossed-
beam LPI in greater detail [7, 8].

The major features of the current NIF ignition target
are shown in Fig. 2. The hohlraum is 5.44 mm in diameter
and 10.01 mm long with two Laser Entrance Holes (LEH)
that are 50-55% of the hohlraum diameter. The hohlraum
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Fig. 2 Drawing of the NIF ignition hohlraum and capsule ar-
rangement.

has Au-lined U walls and is filled with 0.9 mg/cm® of He
tamping gas. Details of the LEH and other features of
the target will be finalized to optimize performance based
on the results of ongoing hohlraum energetics experiments
that precede the capsule tuning experiments [6, 9]. To pro-
vide low mode symmetry, 24 sets of beams arranged in
quads of 4 beams each enter from each side in sets of 4,
4, 8, and 8 at 23.5°, 30°, 44.5°, and 50°. The hohlraum
is driven by a 1.3 MJ, 20 ns-long shaped pulse with 5 dis-
tinct phases: a 2 ns front picket to burn through the fill gas
and set the initial shock, a 9ns long trough to maintain a
constant first shock velocity in the fuel, two further spikes
to launch the second and third shocks, and a fourth rise
to peak power for final acceleration of the shell at a peak
radiation temperature Trap of 300eV [10, 11].

The current design for the cryogenic capsule at
hohlraum center is a graded Ge-doped CH ablator of
918 wm inside radius and 190 um shell thickness enclos-
ing a 68 um-thick layer of solid DT fuel initially held near
the triple point [12—15]. However, a variety of hohlraum
and capsule options have been designed, spanning peak ra-
diation temperatures between 270 and 310 eV and using ei-
ther Cu-doped Be, Ge-doped CH or undoped or Mo-doped
High Density (HDC) capsules [16-21]. Detailed sensitiv-
ity analyses for the current CH design are part of the prepa-
rations for the upcoming late 2010 campaign.

3. Radiation Hydrodynamics Codes

The NIF ignition hohlraum and target designs are
performed with the ICF codes LASNEX and HY-
DRA. LASNEX is a two-dimensional (2D) axisymmet-
ric radiation-hydrodynamics/multiphysics code [22]. HY-
DRA is a massively parallel three-dimensional (3D)
radiation-hydrodynamics/multiphysics code that is used
for very large 2D and 3D problems [23]. HYDRA has also
been used for less-demanding 2D simulations, in much the
same way as LASNEX.

Both codes are run with very similar physics
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models. For laser-driven hohlraums, in-line nonlocal-
thermodynamic-equilibrium (NLTE) atomic physics
model XSN to generate multigroup emissivity and opacity
data for the gold and gold-boron hohlraum wall [24, 25].
The quotidian equation of state is used for hohlraum mate-
rials and gases at low temperature. At high temperatures,
the XSN NLTE equation of state is used [26]. For capsule
materials, more sophisticated LTE tabular opacities and
equations of state are used.

4. Target Diagnostic System

The NIF diagnostic package contains an extensive
suite of optical, x-ray, gamma ray, and neutron diagnostics
that enable measurements of the performance of indirect
driven NIF targets. A schematic of this system is shown
in Fig. 3. Several review papers have been written on this
topic that span a number of years [27-30]. The philoso-
phy used in designing these diagnostics have emphasized
redundant and independent measurement of fundamental
physical quantities relevant to the operation of the NIF
laser system, hohlraums, and ignition targets. A unique
feature of these diagnostics is that they are being designed
to be capable of operating in the high radiation, electro-
magnetic pulse, and debris backgrounds that are generated
in NIF experiments. The NIF diagnostic system can be
categorized into three broad areas: laser characterization,
hohlraum characterization, and capsule performance diag-
nostics.

The laser power incident on the hohlraum is measured
using NIF’s laser diagnostics: The power delivered by each
quad is measured with +3% accuracy by a combination of
fast diodes and calorimeters in the 1 w (1053 nm) and 3 w
(351 nm) sections of the laser. The NIF laser beams are
smoothed by continuous phase plates smoothing by spec-
tral dispersion (SSD), and polarization smoothing (PS).
Two static x-ray imager (SXI) pinhole cameras image the
laser-entrance holes of the hohlraum at a polar angle of 19°
to the hohlraum and target chamber axis [31].

The backscattered power reflected out of the hohlraum
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Fig. 3 Shown here is a schematic of the NIF diagnostic system.

is measured directly on one 30° inner-cone quad and on
one 50° outer cone quad by a pair of diagnostic systems.
The full-aperture backscatter station (FABS) measures the
energy, power, and spectrum of the SRS and SBS light re-
flected back into each of the four {/20 final optics apertures
in a quad [32]. The near backscatter imager (NBI) mea-
sures light scattered within a ~ f/4 cone around the quad
center [33]. Together with a pulsed-laser calibration sys-
tem, they are capable of measuring the backscattered quad
on each of the diagnostic quads with +15%-20% accuracy.

An important hohlraum diagnostic is the broadband
soft x-ray spectrometer DANTE that measures the x-ray
flux and spectrum emitted from the laser-entrance holes at
an angle of 37.5° to the hohlraum axis. DANTE is an ab-
solutely calibrated, 18-channel filtered x-ray diode array
that measures x-rays with photon energies ranging from
70eV to 10keV [34]. Using the response function of each
channel, the x-ray spectrum emitted by the hohlraum can
be unfolded as a function of time [35,36]. Another impor-
tant hohlraum energetics diagnostic is the filter-fluorescer
array FFLEX. FFLEX measures the hard x-rays >20keV
generated by hot electrons. The FFLEX data are unfolded
by assuming a two-temperature bremsstrahlung spectrum
to produce a hot electron energy and characteristic temper-
ature Epo and T [37].

Hohlraum symmetry tuning uses the gated x-ray de-
tector (GXD), a filtered x-ray pinhole snout mounted in
front of a micro-channel plate-phosphor-charge coupled
device camera stack [38]. The GXD takes four 200 ps long
time records of the imploding capsule self-emission. The
GXD is pointed in the equatorial plane of the hohlraum,
i.e., it views the capsule from the side of the hohlraum.
The shape of the imploded core self-emission is a sen-
sitive measure of the laser power distribution inside the
hohlraum. The time of each diagnostic record is refer-
enced to the start of the NIF laser pulse using the NIF
cross-timing system. This enables the GXD, in addition
to measuring the shape of the imploded core, to measure
the time of peak x-ray brightness, or “bang time”, to an
accuracy of +50 ps.

A large number of nuclear diagnostic techniques are
being developed for NIF. These include nuclear activation
methods, neutron time-of-flight techniques, wedge range
filter methods, neutron imaging, magnetic recoil spectrom-
eter, fusion reaction history, tertiary neutron and proton
spectroscopy, and proton radiography [27-30,39—-49].

5. NIC Experimental Plans Leading
Up To Ignition

The NIC experimental plans are structured to validate
the NIF Ignition Point Design target. Four integrated teams
are developing the requirements for the campaigns leading
up to ignition. The first of the teams is focused on laser per-
formance and is defining the requirements for pulse shap-
ing, power balance, pointing, and beam conditioning. The
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second team is focused on hohlraum performance and is
considering the requirements in the area of hohlraum en-
ergy coupling, hohlraum radiation characteristics, radia-
tion symmetry, and x-ray and electron preheat. The third
team is focused on capsule performance and is defining the
requirements on shock timing, ablator physics, and hydro-
dynamic stability. The fourth team is focused on the igni-
tion experiments and is defining the overall ignition cam-
paign plan, integrated implosions, and ignition diagnostics.

During the fall of 2009, the first NIC hohlraum en-
ergetics experiments were conducted using all of NIF’s
192 beams incident onto 82%-scale hohlraums operated
at laser energies of 520kJ and 700kJ [6,9]. This scale
of hohlraum operated at 520kJ has close to the same
hohlraum performance and internal plasma conditions as
that of a 1.2MJ, 285eV radiation temperature full-scale
ignition hohlraum. When this scale hohlraum is operated
at 700 kJ, its hohlraum performance and internal plasma
conditions are close to those of a 1.4 M1J, 300 eV radiation
temperature full ignition hohlraum. The results of these
hohlraum energetic experiments indicate that the NIC pro-
gram is on a path to a Trap = 300eV ignition hohlraum
design that uses 1.2-1.5 MJ of laser energy. These exper-
iments demonstrated reduction of SRS backscatter losses
by filling the hohlraum with pure helium rather than a hy-
drogen/helium originally thought optimal in early NIF ig-
nition target designs. Total backscatter levels are below
10% for helium-filled hohlraums with outer cone backscat-
ter 6 < 2%. The experiments also demonstrated that the
hot electron fraction fhot = Ehot/Elaser 1S below 2% on
all shots. Keeping the hot electron fraction low is im-
portant because of its effect on raising a capsule’s en-
tropy and its effect on shock velocity [50, 51]. The ex-
periments showed that peak x-ray flux measurements are
close to ICF design code descriptions and that calcula-
tions using the point-design model are conservative with
respect to x-ray drive. X-ray bang time data show that cap-
sule velocity varies with hohlraum radiation temperature
as predicted by the design codes, although the offset be-
tween measured and calculated bang times must be inves-
tigated further. Together, these results point toward 1.2-
1.5 MJ hohlraums that can meet ignition specifications at
Trap = 300eV. Further, vacuum hohlraum experiments
conducted on NIF have demonstrated increased x-ray con-
version that is attributed to the increased volume-to-surface
area of the larger NIF hohlraums [52].

An ignition tuning campaign will empirically correct
for residual uncertainties in the implosion and hohlraum
physics used in the NIF radiation-hydrodynamic computa-
tional models before proceeding to cryogenic-layered im-
plosions and ignition attempts [10, 11]. This will be ac-
complished using a variety of surrogate targets that will
set key laser, hohlraum, and capsule parameters to maxi-
mize ignition capsule implosion velocity, while minimiz-
ing fuel entropy, core shape asymmetry and ablator-fuel
mix. This is followed by intentionally “dudded” tritium-

rich but deuterium-poor cryogenic-layered implosions to
check the efficacy of the tuning through shared observables
such as core symmetry and bang time and from implosion
performance. Finally, if the chosen ignition design called
for larger scale, the tuning would be checked at this larger
scale, before proceeding to tests of alpha heating and igni-
tion.

Ignition requires a pulse shape with a low power foot
designed to send a carefully timed series of four shocks
through the frozen DT shell such that they overtake each
other soon after they travel into the enclosed DT gas. If the
shocks are too closely spaced, they will coalesce within the
DT ice leading to an increase in the entropy at the inside
surface of the DT ice, reducing compressibility. If they
are too widely spaced, the DT ice decompresses between
shocks. Since radiographic methods of assessing shock
front velocities to the required 1%-2% accuracy would re-
quire unrealistic sub micrometer accuracy after account-
ing for the fuel compression that occurs after each shock
passage, a direct continuous measurement of the shock
velocity technique has been adopted for these measure-
ments. This is achieved by reflecting off the shock front
using a streaked 1D imaging laser-based velocity interfer-
ometry system “VISAR” from which shock front veloci-
ties are extracted with the required 2%-5% accuracy from
fringe shifts and overtake distances extracted by integrat-
ing the velocity between time of first shock breakout from
the ablator-fuel interface and time of the next shock over-
take seen as a sudden jump in fringe shift. A schematic of
the experimental arrangement that will be used in timing
the first three shocks on the NIF ignition target is shown in
Fig.4[10,11,53].

As for the second and third shocks, a correctly timed
fourth shock (overtaking the first three shocks only af-
ter they have coalesced to +100 ps timing) is critical for
keeping the fuel adiabat low for maximum compressibil-
ity [10, 11,54]. Too early a fourth shock will lead to fourth
shock overtake in the fuel and an increase in entropy. In ad-

Observable:

Fringe shift~vvst

Fig. 4 Experimental geometry for timing the first three shocks
of the NIF ignition target.
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Fig.5 Shown here is a schematic of the experimental setup that
is used to measure ablator mass and velocity from a sin-
gle, streaked radiograph.

dition, too fast a fourth rise at any launch time leads to too
strong a fourth shock and increased entropy. Finally, too
late or long a fourth rise delays the onset of peak power
and leads to poorer coupling of the main drive to the cap-
sule since its surface area is continually shrinking after the
first three shocks’ passage, resulting in reduced implosion
velocity at fixed peak power.

Due to the VISAR window blanking at peak hohlraum
drive levels, fourth pulse timing and strength has to be
tuned from observing shock breakout time through an
opaque witness plate combined with a soft x-ray measure-
ment of the fourth pulse rise of the hohlraum drive [54].

For a given ignition design characterized by a peak
laser power and laser energy, choice of hohlraum and cap-
sule type and size, and initial assumptions on hohlraum and
capsule coupling efficiency, there is an optimum setting for
the combination of peak implosion velocity and amount of
ablator mass remaining at implosion stagnation. An ini-
tially thin capsule can be driven to high implosion velocity
in 1D, but per the rocket equation, that leads to little resid-
ual ablator mass remaining, hence enhanced feed through
of Rayleigh-Taylor instability growth and eventually to DT
fuel preheating by x-rays. An initially thicker capsule will
be more immune to shell breakup by hydro instabilities,
but reach insufficient peak implosion velocity to provide
enough PdV work to ignite the hotspot.

The approach to NIC ablator tuning is by streaked
or gated x-ray radiography that will extract through Abel
inversion the time-resolved ablator density profile from
which remaining mass, areal density, position, and veloc-
ity of the ablator as a function of time can all be derived
[10,11,55,56]. The experimental setup for this measure-
ment is shown in Fig.5. The capsule is identical to the
ignition capsule except for the 70 um of DT ice replaced
by an equivalent areal density of Be, 10-um-thick to main-
tain fidelity in its trajectory. The radiography source is an
area backlighter in transmission mode created using two
50-degree quads irradiating a 5-7-um-thick backlighter foil
(Ni He-alpha 7.8 keV for the BeCu design, Cu He-alpha

8.4 keV for the CH (Ge) and HDC designs) placed on the
side of the hohlraum. 125-um tall by 1.5-mm-long slots
are cut out of the hohlraum wall opposite each other to al-
low a fan of x-rays to backlight the capsule equator. They
will be filled and encased in several 100 ums of HDC to
delay slot closure.

The symmetry capsule became a robust technique for
tuning both vacuum and gas-filled hohlraums in Nova
hohlraums, where changing hohlraum length and/or beam
pointing set the time-averaged single beam cone location
near the P, node [3, 10, 11]. At OMEGA, the NIC concept
of setting symmetry by balancing opposite sign P, from
different beam cones was first demonstrated followed by
rudimentary beam cone phasing. The technique has been
successfully ported to NIF in recent 500 kJ symmetry ex-
periments [10, 11].

A capsule performance optimization campaign will
experimentally correct for residual uncertainties in the
implosion and hohlraum physics used in our radiation-
hydrodynamic computational models before proceeding to
cryogenic-layered implosions and ignition attempts. As
described above, the required tuning techniques for shock
timing, ablator mass remaining, and symmetry have been
shown experimentally and computationally to meet the
required sensitivity and accuracy. The first cryogenic-
layered implosions will employ capsules filled with tri-
tium, hydrogen, and a small fraction of deuterium (~ 2-
10%). These so called THD capsules are designed to be
hydrodynamically equivalent to DT capsules filled with
50% D and T [57]. These capsules have the advantage
of keeping the neutron yield low and allow the full com-
plement of optical, x-ray, and gamma-ray diagnostics to be
employed in these experiments in addition to nuclear di-
agnostics. An important measurement during these THD
experiments is the pR from down-scattered neutrons using
the neutron time-of-flight diagnostic and the magnetic re-
coil spectrometer diagnostic [39,44]. The THD shots will
be followed by full DT ignition shots [57].

6. Summary

It is a truly exciting time to be a part of the NIC team.
NIF is now up and fully operational as the world’s largest
and most energetic laser experimental system that will en-
able the first ever attempt at ignition in the laboratory.
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