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The first inertial confinement fusion implosion experiments with equimolar deuterium-tritium

thermonuclear fuel have been performed on the National Ignition Facility. These experiments use

0.17 mg of fuel with the potential for ignition and significant fusion yield conditions. The

thermonuclear fuel has been fielded as a cryogenic layer on the inside of a spherical plastic capsule

that is mounted in the center of a cylindrical gold hohlraum. Heating the hohlraum with 192 laser

beams for a total laser energy of 1.6 MJ produces a soft x-ray field with 300 eV temperature. The

ablation pressure produced by the radiation field compresses the initially 2.2-mm diameter capsule

by a factor of 30 to a spherical dense fuel shell that surrounds a central hot-spot plasma of 50 lm

diameter. While an extensive set of x-ray and neutron diagnostics has been applied to characterize

hot spot formation from the x-ray emission and 14.1 MeV deuterium-tritium primary fusion

neutrons, thermonuclear fuel assembly is studied by measuring the down-scattered neutrons with

energies in the range of 10 to 12 MeV. X-ray and neutron imaging of the compressed core and fuel

indicate a fuel thickness of (14 6 3) lm, which combined with magnetic recoil spectrometer

measurements of the fuel areal density of (1 6 0.09) g cm–2 result in fuel densities approaching

600 g cm–3. The fuel surrounds a hot-spot plasma with average ion temperatures of (3.5 6 0.1) keV

that is measured with neutron time of flight spectra. The hot-spot plasma produces a total fusion

neutron yield of 1015 that is measured with the magnetic recoil spectrometer and nuclear activation

diagnostics that indicate a 14.1 MeV yield of ð7:560:1Þ � 1014 which is 70% to 75% of the total

fusion yield due to the high areal density. Gamma ray measurements provide the duration of

nuclear activity of (170 6 30) ps. These indirect-drive implosions result in the highest areal

densities and neutron yields achieved on laser facilities to date. This achievement is the result of

the first hohlraum and capsule tuning experiments where the stagnation pressures have been

a)Paper BI3 1, Bull. Am. Phys. Soc. 56, 25 (2011).
b)Invited speaker.
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systematically increased by more than a factor of 10 by fielding low-entropy implosions through

the control of radiation symmetry, small hot electron production, and proper shock timing. The

stagnation pressure is above 100 Gbars resulting in high Lawson-type confinement parameters of

Ps’ 10 atm s. Comparisons with radiation-hydrodynamic simulations indicate that the pressure is

within a factor of three required for reaching ignition and high yield. This will be the focus of

future higher-velocity implosions that will employ additional optimizations of hohlraum, capsule

and laser pulse shape conditions. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4719686]

I. INTRODUCTION

Inertial confinement fusion (ICF) experiments compress

a shell capsule containing a deuterium-tritium ice layer in a

high-velocity, low-entropy implosion to form a central hot

spot plasma that is surrounded by the high-density nuclear

fuel. When the hot spot reaches sufficiently high densities

and temperatures from a combination of PdV work and alpha

particle deposition, a nuclear burn wave is launched igniting

the surrounding dense fuel, sustained by alpha deposition

and electron conduction without an external energy

source.1–4 This threshold behavior for ignition and burn is

predicted in simulations5 when reaching stagnation pressures

above 300 Gbars.

Current indirectly driven fusion capsule implosions are

performed on the National Ignition Facility (NIF) to approach

the required high-pressure conditions for ignition.6–9 In these

experiments, the thermonuclear fuel is initially prepared cryo-

genically into a solid ice layer of hydrogen isotopes on the

inside of a low-Z (plastic) ablator and fielded in the center of

a radiation cavity called hohlraum. The implosion is driven

by a spherical soft x-radiation drive from a 300 eV hohlraum

that is heated with up to 1.6 MJ of laser energy at peak laser

power of 430 TW. The radiation field generates ablation pres-

sures in excess of 100 Mbars resulting in a rocket-like accel-

eration of the shell compressing the capsule toward the center

with the goal to produce a central hot spot plasma that is

surrounded by dense thermonuclear fuel with densities of

1000 g cm�3.

Near peak compression when the imploding fuel has

converted most of the kinetic energy to internal energy, tem-

peratures of about 4 keV must be reached in the hot spot and

the fuel must reach high areal densities of >1 g cm�2. In

these conditions, a-particle heating is expected to launch a

self propagating burn wave that will heat the plasma to tem-

peratures above 10 keV and overwhelm cooling by expan-

sion, radiation, and electron conduction. The loss and

expansion rates are of order 100 ps and set the upper time

limit on which most of the burn must occur. Burning approx-

imately 1/3 of deuterium-tritium (DT) fuel will result 6:5�
1018 fusion neutrons with a total neutron yield of 15 MJ and

a gain value of about 10.

Several forms of a generalized Lawson-type criterion10–13

have been developed to assess progress towards ignition. For

ICF, hot spot formation and thermonuclear fuel assembly

can be characterized by the neutron yield from primary

deuterium-tritium reactions in the central hot plasma, Dþ
T¼4He ð3:5 MeVÞ þ nð14:1 MeVÞ, and the ratio of down

scattered to primary neutrons, dsr ¼ Nð10� 12 MeVÞ=

Nð13� 15 MeVÞ, quantifying neutrons that have lost energy

by scattering processes in the dense fuel plasma that surrounds

the central hot plasma. These measured quantities are com-

bined into an experimental ignition threshold factor (ITFx) for

implosions without alpha particle heating.5,9,14 The simula-

tions show that no self-heating implosions with a DT equiva-

lent 14.1 MeV yield of YDT ¼ 3:2� 1015 and a down

scattered ratio of 7% provide ITFx values of 1 with a 50%

probability for ignition when fielding the experiment with

equimolar DT fuel.

The first layered implosion experiments with thermo-

nuclear fuel15,16 have followed commissioning of the NIF

(Refs. 17 and 18) and the demonstration of hohlraum

symmetry19–21 with adequate soft x-ray drive.6,22 In addi-

tion, a suite of tuning experiments have been comm-

issioned7,23–30 to measure and control31,32 four key capsule

performance parameters: drive symmetry during the foot

and the peak of the laser pulse, shock timing, peak implo-

sion velocity, and hydrodynamic mix. Layered implosions

have since then been routinely fielded to measure perform-

ance and to indicate progress towards our goal to field a

fusion experiment with high probability for achieving igni-

tion and burn.

The layered implosion experiments use equimolar mix-

tures of DT or diluted fuel with tritium, hydrogen, and deute-

rium (THD).9 The fuel is layered in 2.26 mm-diameter CH

capsules in a (68 6 1) lm thick layer; currently, more than

40% of the layered experiments have been performed with

fuel ice layer characteristics that meet the specifications for

ignition.33 Fielding these layers with adequate laser power

balance, laser wavelengths, and laser pulse shaping18 have

resulted in near symmetric compression to a sphere with a

central hot-spot diameter of 50 lm and a fuel shell of about

80 lm. These indirect-drive implosions demonstrate the

highest 14.1 MeV neutron yields of YDT ¼ ð7:5 6 0:1Þ
�1014 and areal densities of qR ¼ ð1 6 0:09Þ g cm�2

achieved to date in laser experiments.

The paper is organized as follows. Section II describes

the hohlraum and capsule targets together with fuel layer

capabilities on NIF. An example of a groove analysis for a

cryogenic fuel layer used for shot selection is also provided.

Section III describes the laser drive and soft x-ray production

in the hohlraum that resulted in implosion velocities of 95%

of the ignition value. Section IV presents the resulting cap-

sule implosion symmetry and core shape that approximately

meet ignition requirements. Improvements in areal density

and entropy due to implementation of adequate shock timing

are described in Sec. V. These values are within 30% of
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the ignition-required value. Section VI describes nuclear

performance data from cryogenic layered implosion experi-

ments indicating accurate measurements of the experimental

ignition threshold factor. This analysis shows that layered

implosions approach the ignition regime after each set of suc-

cessive tuning experiments. Section VII provides estimates of

the averaged stagnation pressure from hot spot formation and

nuclear fuel assembly data. A generalized Lawson-type con-

finement parameter is utilized indicating that a factor of three

increase in pressure is needed to reach the ignition regime.

Section VIII presents the conclusions and an outlook to future

experiments that outline future improvements with the goal

to reach the ignition regime.

II. INERTIAL CONFINEMENT FUSION TARGETS

Figure 1 shows a schematic of the hohlraum, capsule,

and nuclear fuel ice layer employed in these experiments.

The thermonuclear fuel is prepared cryogenically in a

layer inside a 2.26 mm diameter plastic capsule, which is

doped with Si or Ge. The dopant absorbs high energy

x-rays from the laser-driven gold hohlraum and is used to

tailor the density gradient at the ablator-ice interface. Dur-

ing the cryogenic layering process, the target is fully

enclosed by a shroud to protect it from chamber thermal

radiation as well as from gaseous impurities that condense

on cold surfaces. Additional protection from ice conden-

sates during layering and during the final exposure to

the target chamber atmosphere is further provided by the

laser entrance hole (LEH) thermally isolated secondary

windows.15,23

A smooth solid fuel layer is produced with the tech-

nique known as beta layering.34–36 With frozen fuel in the

fill tube and liquid at the bottom of the fusion capsule, a

small drop of the capsule temperature by 45 mK provides a

seed for growing the capsule ice layer with the correct orien-

tation.33 The seed is initially in an unstable fcc ice phase

which converts to hcp crystals. Layering is started at a tem-

perature of 100 mK below the triple point, for example

Ttriple’ 19:6 K for DT, and slowly cooled to about 400 mK

below the triple point over a period of 14 to 18 h during

which the radioactive self heating from beta decay in the

condensed fuel enables redistribution of the solid along the

isotherms in the capsule.

The target is shot with a nominal temperature of

DT¼�1.5 K or DT¼�0.8 K below the triple point. This

temperature is reached a few seconds before the system shot

by lowering the target temperature from the temperature at

the end of the layering process over a period of a 30 s-long

quench. The shroud opens close to the end of the quench and

8 s before the laser beams are fired; a small increase in tem-

perature due to exposure to thermal radiation of about 400

mK is compensated for so that the final temperature is

reached about 5 s before the shot.

At the cryogenic shot temperature, the scale-575 gold

hohlraums are 9.43 mm long with a diameter of 5.75 mm and

filled with helium gas at a pressure of 260 6 2:5 Torr resulting

in densities of 0.96 mg cm�3. Earlier hohlraums for Ge-doped

capsule implosions had slightly different dimensions with a

smaller diameter of 5.44 mm and length of 10.01 mm. In addi-

tion, hohlraums with two different LEH diameters of 3.1 mm

and 3.375 mm have been fielded. These modifications have

been performed to study and improve implosion symmetry at

high drive laser energy.

Figure 2 shows an ignition hohlraum target mounted on

the cryogenic target positioner before being enclosed by a

shroud. Also shown is the fuel distribution inside the capsule

measured with 9 keV x-ray point projection radiography

using a tungsten L-emission source. Characterization is rou-

tinely performed along three lines of sight with an axial view

through the laser entrance holes and two orthogonal views,

cf. Fig. 2(b). The latter are obtained in the equatorial plane

through the starburst cut outs in the hohlraum cylinder walls

that can be identified in Fig. 2(a). In addition, low magnifica-

tion images are taken that provide an estimate of the total

groove area by phase contrast enhanced imaging of groove

defects.37 This powerful technique has been shown to detect

small but deep grooves in the part of the layer that is not

diagnosed with images at standard magnification, see com-

parison between Figs. 2(b) and 2(c).

For the DT layer shown in Fig. 2(c) only a small groove,

i.e., ice defect, can be identified with a length of 86.0 lm,

width of 15.0 lm, and depth of 2.4 lm. Estimates of the total

effect of grooves on hot spot non-uniformities takes into

account the sum over all defects of area A and length L,

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Vfuel

Pn
j¼1 A2

j Lj

q
, where we require A � 250 lm2 to

avoid a groove from breaking through the layer during the

implosion. This analysis indicates that the layer used on shot

N110914 is of ignition quality with a total groove area of

A ¼ 114 lm2 and K¼ 0.388 lm.

FIG. 1. (Left) Schematic of an ignition

scale hohlraum is shown along with

(right) a fusion capsule that contains a

(68 6 1) lm-thick deuterium-tritium ice

layer. The capsule consists of five plastic

layers of various thickness, three of

which are doped with nominal 1%, 2%,

and 1% Si. On the inside of the ablator,

the ice layer contains most of the nuclear

fuel. The numbers in black show the

nominal dimensions and numbers in blue

show actual as-fielded dimensions for

the system shot N110914.
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From a total of 17 layered implosion experiments, seven

shots were taken with ignition grade layers with K< 0.7 lm

and 10 layers for tuning experiments, 0.7 lm<K< 1.5 lm.

Table I provides a summary of the experimental conditions

and results of the layered implosion shots. The effect of non-

perfect layers on the neutron yield has been estimated with

radiation-hydrodynamic simulations that provide an expecta-

tion on the reduction of the neutron yield. This yield factor,

YF, includes the characterization data, i.e., the K values and

power spectral density value for the ice sphericity. The anal-

ysis shows for the seven ignition grade layers YF � 0:95 and

0:6 < YF < 0:95 for the remaining experiments.

III. LASER AND HOHLRAUM DRIVE

The layered capsule implosions are driven by gold hohl-

raums heated with 192 frequency-tripled (3x) laser beams

on the NIF. The beams are arranged in four cones entering

the hohlraum through the top and bottom LEHs; the inner

two cones being at angles of 23.5� and 30� and the outer two

cones being at 44.5� and 50� to the vertical axis.

Figure 3(a) shows examples of the total 3x laser powers

used to drive cryogenic thermonuclear fuel implosions.

These pulse shapes indicate the full range of power and

energy variations in this study. The peak power varies from

300 TW to 430 TW and the total energy increases from

ð1:05 6 0:02Þ MJ to ð1:6 6 0:03Þ MJ, respectively. Also

shown in Fig. 3(b) are the power cone fraction for two

experiments. We employ smoothed beams18,38–43 with polar-

ization rotation,44,45 smoothing by spectral dispersion with a

laser bandwidth of 45 or 60 GHz and a 17 GHz frequency os-

cillator. In addition, continuous phase plates are employed

that give elliptical vacuum spot sizes46,47 providing peak

quad vacuum intensities of I23:5 ¼ 5:16� 1014 W cm�2, I30

¼ 5:9� 1014 W cm�2; I44:5 ¼ 1:3� 1015 W cm�2; and I50 ¼
1:4� 1015 W cm�2 for the 430 TW laser drive.

At these energies and powers, the hohlraum absorbs

80%–90% of the incident energy with the dominating loss

mechanism being due to stimulated Raman scattering (SRS)

(Refs. 48 and 49) on the inner cones of beams. At our condi-

tions, the SRS instability is saturated43 as measured with

FIG. 2. (a) Picture of a cryogenic ignition

target before it is fully enclosed by a

shroud. On the side of the hohlraum, a

cutout can be identified which is covered

with a 10 nm thick Au coating and that

allows characterization of the ice fuel

layer during the layering process. X-ray

radiographic images of the capsule and

thermonuclear fuel layer for shot N110914

seen (b) through the star burst and (c)

through the laser entrance hole with phase

contrast enhanced imaging indicating a

small ice defect labeled A.
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full aperture backscatter diagnostics and near backscatter

imagers resulting in a total loss of (200 6 40) kJ.50 Scattering

losses on the outer beams are below threshold for significant

scattering,41,42 a total of (210 6 40) J of stimulated Brillouin

scattering has been measured on a 50� quad of beams. While

the SRS power loss is compensated for by crossed beam

power transfer as described in Sec. IV, potential capsule fuel

preheat from hot electrons51,52 has been shown to be small.

Direct hard x-ray imaging of the capsule high-energy brems-

strahlung emission25 has measured 500 J of electrons with

energies >170 keV that have the potential to generate fuel

pre-heat; this value is about a factor of 2 below current esti-

mated upper limits acceptable for ignition.1

The hohlraum radiation temperature produced in these

experiments is inferred from measurements of the x-ray

power, P, in the energy range of 0 < EX�ray < 20 keV out of

the LEH with the absolutely calibrated broadband x-ray

spectrometer Dante.6,28,53,54 The measured radiant intensity

provides the temperature via dP=dX ¼ ALEHðtÞ/ðtÞ
cos hrT4

RAD=p. Here, r is the Stefan-Boltzmann constant and

h is the view angle of Dante towards the hohlraum axis. The

dynamically varying source area, ALEHðtÞ is estimated from

3–5 keV x-ray images55 of the LEH measured with the Static

X-ray Imager. These measurements show a reduction of the

LEH diameter to 83% of the initial value. / is the view fac-

tor that relates the Dante measured drive with the radiation

temperature seen by the capsule.

Recent implementation of a time-integrating soft x-ray

imager of the LEH at 900 eV has provided new measure-

ments of the LEH aperture, indicating that about 10% of the

Dante measured radiant intensity is due to emission from the

ablated Au plasma that reduces the LEH clear aperture.56

Assuming 90% of the measured signal is from emission of

the hohlraum interior, applying the measured LEH aperture,

and adding a small view-factor correction results in a 10 eV

corrections for these experiments.

The internal hohlraum radiation temperatures are mod-

eled by balancing the absorbed laser power with the x-ray

power radiated into the wall, PW , absorbed by the capsule,

PCAP, and the power that escapes through the LEH, PLEH,

gCEðPL � PBackscatterÞ ¼ PW þ PLEH þ PCAP

¼ rT4
RAD½ð1� aWÞAW þ ALEH

þ ð1� aCAPÞACAP�: (1)

With gCE being the x-ray conversion efficiency from laser

power to soft x-rays57–61; aW and aCAP are the x-ray albedo

of the hohlraum wall and the capsule, respectively. The

albedo is defined as the ratio of re-emitted to incident x-rays.

The hohlraum wall area, laser entrance hole area, and cap-

sule surface area are denoted by AW;ALEH; and ACAP, respec-

tively. Assuming a conversion efficiency of gCE ¼ 0:9 at

peak laser power, Eq. (1) indicates peak radiation tempera-

tures of 260 eV < TRAD < 305 eV in good agreement with

the results inferred from Dante measurements.15

The solution of the rocket equation shows that achieving

high radiation temperatures and low remaining mass1 are

important tuning parameters for obtaining high capsule im-

plosion velocities and for approaching ignition conditions.

Vimpðkm=sÞ ¼ 102ðTRADÞ
1
2ln

m0

m
; (2)

with TRAD in hundreds of eV or heV. Specifically, for the

remaining mass we aim at m=m0 ¼ 0:08 with the expectation

that this value results in tolerable ablator mix. Since the ignition

threshold factor (ITF) that provides a quantitative estimate for

the probability of ignition scales like V8
imp ((Ref. 8)) increasing

TABLE I. Experiments on the National Ignition Facility with layered thermonuclear fuel. Error bars are discussed in the text. Fast fourth rise pulse shapes

where the laser rises from the third shock level to peak power in about 1 ns are indicated with “*”; the nominal rise for the other shots is approximately 2 ns.

Campaign

Shot

number

Laser

energy (MJ)

Peak power

(TW)

Hohl.

Scale

LEH

dia. (mm)

Capsule

dopant

Fuel

(% D) YF

Ti

(keV)

qR
(g cm�2)

14.1 MeV DT

yield

Ti

Exp/Sim

qR
Exp/Sim

Yield

Exp/Sim

Commissioning N100929 1.05 297 544 3.1 Ge 6 1.07 1.98 0.56 7:6� 1012

Commissioning N110121 1.05 302 544 3.1 Ge 6 0.74 2.48 0.56 2:1� 1013

Commissioning N110201* 1.24 383 544 3.1 Ge 6 0.8 3.70 0.54 1:1� 1014

Commissioning N110212* 1.30 397 544 3.1 Ge 6 0.66 3.61 0.57 1:3� 1014

Shock timing N110603 1.32 419 544 3.1 Ge 20 0.81 2.64 0.91 6:5� 1013 0.95 1.06 0.32

Shock timing N110608 1.33 428 544 3.1 Ge 50 0.89 3.11 0.91 1:9� 1014 1.03 0.85 0.19

Shock timing N110615* 1.33 431 544 3.1 Ge 50 0.96 3.32 0.74 4:3� 1014 1.09 0.91 0.49

Shock timing N110620 1.42 434 544 3.1 Ge 50 1.18 4.27 0.89 4:2� 1014 1.4 0.77 0.30

Velocity N110804 1.30 419 575 3.1 Si 2 0.92 2.73 0.69 4:8� 1012

Velocity N110826 1.41 425 575 3.1 Si 50 0.79 2.97 0.81 1:7� 1014 0.87 0.99 0.12

Velocity N110904 1.44 426 575 3.1 Si 50 1.1 3.52 0.98 4:6� 1014 0.98 0.83 0.11

Velocity N110908 1.43 423 575 3.1 Si 50 0.89 3.55 0.94 5:9� 1014 0.99 0.75 0.13

Velocity N110914 1.62 432 575 3.1 Si 50 1.15 3.59 1.03 5:7� 1014 0.90 0.85 0.08

Shape N111029 1.20 424 575 3.375 Si 2 0.91 2.84 0.82 9� 1012

Shape N111103 1.21 422 575 3.375 Si 50 0.97 3.28 0.95 2:3� 1014

Shape N111112 1.45 428 575 3.375 Si 50 0.98 3.90 0.93 6:0� 1014

Shape N111215 1.40 416 575 3.375 Si 50 0.89 3.53 0.94 7:5� 1014
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the implosion velocity to a point where additional margin can

be achieved is an important ongoing area of effort.

In experiments that employ a 300 to 305 eV hohlraum

radiation drive, we find that Si is a more efficient ablator

than Ge indicating implosion velocities up to Vimp ¼
ð350 6 20Þkm=s from radiography measurements.27,31 Here,

the Si K-shell absorption edge at 2 keV provides the required

M-band radiation pre-heat shielding of the fuel, but leads to a

reduced dopant absorption of the thermal 300 eV hohlraum

spectrum and to a reduced capsule albedo compared to experi-

ments with a 1.3 keV L-edge of Ge, thus resulting in higher im-

plosion velocities. Present velocities with the 430 TW, 1.6 MJ

drive approach 95% of the ignition requirement of 370 km/s.

IV. IMPLOSION SYMMETRY

In this study, symmetry tuning has been performed

throughout the whole duration of the laser pulse. In particular,

SRS scattering losses on the inner beams have been compen-

sated for and a symmetric radiation drive on the capsule has

been achieved by taking advantage of crossed beam power

transfer by laser scattering on self-generated plasma optics

gratings in the LEH area.19,20 Specifically, the laser wave-

lengths of the 23.5� cones of beams and the 30� cones of

beams have been tuned independently from the wavelength

of the two outer cones of beams at 44.5� and 50�.62,63 The

wavelength shift results in power transfer from the outer

cones of laser beams to the two inner cones of beams and

among the inner cones of beams. Power transfer increases the

inner beam power by factors of 1:5� 2 while allowing all

beams to be operated with maximum laser power and produc-

ing the required symmetric soft x-ray drive on the capsule.

The crossed beam power transfer tuning mechanism

takes advantage of the multiple laser beam interactions with

the plasma in the LEH area where all the beams cross. The

crossing lasers in the LEH produce spatial intensity modula-

tions. These intensity modulations further drive plasma elec-

tron density modulations due to the ponderomotive force. If

these modulations move with the plasma sound speed CS (in

the frame of the plasma), then modulations and laser scatter-

ing will grow to large levels and efficient energy transfer

between beams will occur. In the rest frame, the power trans-

fer rate, Q, is determined by

Q � ½ðx1 � x2Þ � kAðCS � VpÞ þ i���2: (3)

In Eq. (3), Vp is the plasma flow velocity and � is the Landau

damping rate for acoustic fluctuations. The frequency de-

tuning between pairs of beams is denoted as x1 � x2. This

factor allows us to control the energy transfer between cones

of beams in integrated hohlraum experiments, and the fre-

quency difference can be set to transfer power in or out of

the different cones of beams on NIF.

Symmetric DT implosions have been achieved by apply-

ing results from three different tuning platforms, the so-called

symcap,19,29 reemit,24 and mirrored keyhole31 experiments.

These three platforms set the laser cone fraction for various

parts of the laser drive as indicated in Fig. 3(b).

First, symcap implosions have been used to tune the

total laser wavelengths differences to optimize power trans-

fer and symmetry during peak laser power where simple

geometry considerations lead to a cone fraction close to 1/3

to operate all beams at maximum power. For examples of

tuning results, see Refs. 15, 19, 21, 22, 29, 30, 62, and 63.

Second, reemit experiments are applied using bismuth

capsules that have a high albedo for 100 eV foot hohlraum

radiation and whose 760 eV x-ray reemission during the

first 2-ns of the laser pulse, known as the picket, measures

the radiation symmetry up to about t¼ 2.5 ns. Even during

the early part of the laser pulse, there is significant power

transfer leading to a required cone fraction of 1/10, cf.

Fig. 3(b).

Finally, while early experiments used calculations to

determine the cone fraction during the remaining parts of the

laser pulse, recently we have begun measuring the symmetry

throughout the pulse using velocity interferometer measure-

ments on the shock waves at two orthogonal angles.31,64,65

FIG. 3. (a) Examples of measured laser powers at a laser wavelength of

351 nm are shown for two hohlraum experiments with 1.6 MJ (shot

N110914) and 1.05 MJ (shot N100929) drive. The inset shows the laser foot

powers whose pickets have been tuned to achieve proper shock velocity and

strength. (b) The laser power cone fraction, i.e., the inner (23:5
�

and 30
�
)

cones of beam powers divided by the total laser power, is shown as a func-

tion of time. Three tuning platforms, the reemit, mirrored keyhole, and sym-

cap experiments have been applied for tuning cone fraction and drive

symmetry during the different parts of the drive.
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Adjustments indicated in Fig. 3(b) during 12 ns < t < 17 ns

have been motivated by the results of this tuning platform.

Measurements of the implosion symmetry have been per-

formed with equatorial and axial high-resolution (10 lm) pin-

hole imaging of the 9 keV x-ray emission from the central hot-

spot plasma. Both temporally resolved (40 ps) data6,19,22,30

from gated microchannelplate detectors66 and absolutely cali-

brated time-integrated image plate data in four broad band

x-ray energy channels have been measured. The equatorial

measurements can be quantified67–69 by decomposing the soft

x-ray flux asymmetry at the capsule into Legendre polyno-

mials, Pn. Odd orders (n¼ 1,3) are approximately zero due to

the up-down illumination symmetry; low-order even modes

(n¼ 2, 4) are the most important asymmetries. Higher order

drive variations are negligibly small and smoothed by the

hohlraum radiation environment.

In the axial direction, the implosion is characterized by

azimuthal modes, Mn, that occur when coupling of the 23.5�

and 30� cones of beams to the hohlraum is different.63 In

addition, the starburst observation holes that are cut in the

hohlraum wall for characterizing the fuel layer may imprint

an early azimuthal asymmetry before the holes close during

the peak of the laser drive. Both effects will primarily pro-

duce M4 modes.

Figure 4 shows the x-ray emission from the DT implosion

with 1.6 MJ laser drive. These time-integrated 9 keV x-ray

pinhole images show the following Legendre coefficients:

P0 ¼ 24 lm;P2=P0 ¼ 0:032;P4=P0 ¼ �0:026. The orthogo-

nal axial view also indicates a fairly symmetric implosion

with M0 ¼ 29lm;M2=M0 ¼ 0:103, and M4=M0 ¼ 0:029.

These results compare well to the data from time-resolved

x-ray images. For example, the gated data at x-ray bangtime

at t ¼ 22:1 6 0:05 ns show M0 ¼ 23:2 lm, M2=M0 ¼ 0:19,

and M4=M0 ¼ 0:037. Figure 4(b) and the inset in Figure 5

compare time-integrated polar images with the gated data at

bangtime for shot N110914.

We find that the x-ray emission measurements of hot spot

shape approximately agree with the results from neutron

imaging. This system observes the neutron signal from a scin-

tillator with two gated CCD cameras that are timed to measure

primary neutrons at 13–17 MeV or down scattered neutrons at

10–12 MeV. The image with energies of 13–17 MeV shows

P0 ¼ 27lm and P2=P0 ¼ �0:014. Two 17% contour lines

are shown, the red curve is from the raw data and the blue

curve from the best fit. The primary neutron image may be

slightly larger than the x-ray emission image because it con-

tains a small contribution from 13 MeV to 14.1 MeV from

down scattered neutrons that are scattered in the dense fuel

shell at larger radii. Here, the x-ray emission image is inte-

grated over the x-ray emission time while the neutron image

integrates over the nuclear burn duration. The x-ray framing

camera measurements provide the x-ray emission duration of

120 6 20 ps, which is close to simulations. Nuclear measure-

ments with c-ray detectors70 show a longer nuclear activity of

170 6 30 ps. Also shown in Fig. 4 is the image of the down

scattered neutrons that indicates a fairly symmetric implosion

from the equatorial view providing a fuel shell with P0 ¼
35lm and P2=P0 ¼ �0:019.

Figure 5 shows the measured fusion yield from layered

DT implosions as a function of the measured M4=M0 values.

Data are shown for the 1.4 MJ drive with one exception for

the 1.6 MJ shot shown on the bottom left of Fig. 5. Also

FIG. 4. Comparison of the x-ray emission images at 9-keV energy from the

DT implosion shot N110914. Both, the (a) equatorial and (b) axial views are

shown indicating symmetric conditions with P2 close to zero and a residual

M2 mode. Also shown (c) is the primary (13–17 MeV) neutron image and

(d) the down scattered (10–12 MeV) image, both have been measured from

the equatorial view. The analysis of the 17% contours shows good symmetry

and compression of 30 in radius with a final hot spot plasma of 50 lm diam-

eter close to the results from the x-ray emission measurements. The hohl-

raum cylindrical axis of symmetry is vertical.

FIG. 5. DT fusion yield is shown as function of M4=M0 together with exam-

ples of polar x-ray images at peak emission time. Red and blue data points

are for shots at 1.4 MJ, each set with the same laser pulse shape and cone

fraction. The images correspond to the blue data. The black open symbol

along with a polar x-ray image represent the 1.6 MJ drive with laser pulse

shape and cone fraction consistent with the blue data points. Also shown are

the wavelength separation k2 between the 30� cone and the outer cones of

beams, and k3 between the 23:5� cone and the outer cones of beams. Larger

separation results in larger power transfer.
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shown are examples of polar x-ray images observed along the

vertical axis of the hohlraum. The implosion with M4=M0 ¼
0:13 shows significant four-fold lobes at the location where

the 30� cones of beams irradiate the hohlraum wall.

Calculations indicate that strong coupling of the 30�

beams would produce an early compression of the capsule

surface area that faces this part of the hohlraum wall (indi-

cated as red arrows in the images of Fig. 5) leaving the

remaining capsule surface that faces the 23.5� beams behind.

Subsequently, being at larger radius the latter is absorbing

more radiation and is consequently compressing to smaller

radii. This phase reversal is indeed consistent with the exper-

imental observations. By shifting the wavelength of the

23.5� cones of beams further to the red by an additional 1 to

2 Å at 1x, more power has been transferred to the 23:5
beams. In this case, we observe that a stronger drive from

the 23.5� beams (indicated as green arrows in Fig. 5) results

in stronger compression of the capsule surface area that faces

the 30� beams.

By tuning the wavelength differences among the various

cones, we achieved M4=M0 values as small as 4%, and a si-

multaneous increase in DT fusion yield by a factor of three.

The most recent implosions, where symmetry tuning with all

three tuning platforms have been implemented have achieved

symmetry values close the ignition requirements of 10% for

all modes and have resulted in the highest fusion yield, i.e.,

shot N111215. Nevertheless, the polar x-ray images indicate

that future work is needed to achieve a fully symmetric im-

plosion. These experiments may include a new tuning plat-

form to measure M-modes during the foot of the drive by

employing a polar reemit technique.

V. ENTROPY

The analytic solution1,4 for the burn fraction, U, shows

that burning a significant fraction of DT fuel requires areal

densities of qR > 1 g cm�2

U ¼ qR

qRþ 6ðg cm�2Þ : (4)

Figure 3(a) shows that the laser pulse contains four distinct

intensity steps in time to compress the capsule with three dis-

tinct shocks, which are followed by quasi-adiabatic compres-

sion during the fourth peak. The inset shows the laser powers

during the foot indicating adjustments to the strength and

timing of these shocks. These adjustments have been per-

formed to obtain a low adiabat implosion with aIF < 1:5
(Ref. 16) (where the in-flight adiabat, aIF is defined as the

ratio of fuel pressure to Fermi degenerate pressure at the fuel

density, P ¼ aIFPF (Refs. 1, 8, and 71)). To achieve low val-

ues for aIF, the shock waves need to merge close to the inner

DT solid fuel/gas interface. Significant deviations from the

designed shock strength and/or timing leads to shock merger

either within the ice layer or too far into the central gas

region, which can lead to preheat and reduction of the areal

density at peak compression.

A series of shock tuning experiments16,23 that employ

capsules filled with cryogenic liquid deuterium as a surrogate

for cryogenic solid DT fuel has determined the adjustments

to the pulse shape of order 10%–20%. This technique has

been successfully established at the Omega laser at the Uni-

versity of Rochester65 where experiments have led to the

highest observed values of qR ¼ ð0:295 6 0:044 g cm�2Þ for

directly driven implosion experiments.72,73

In the present experiments, the spatially averaged down

scattered ratio (dsr) has been obtained using the magnetic

recoil spectrometer (MRS) (Ref. 74) and three high-dynamic

range neutron time of flight (NTOF) detectors, giving four

different viewing angles to the imploded capsule. The MRS

employs a CD foil (275 lm thick, 13 cm2 area) at a distance

of 26 cm from target chamber center. The DT neutrons from

the implosion collide with the deuterons in the foil; the for-

ward scattered deuterons are spectrally analyzed by a magnet

at a distance of 570 cm from the foil. The DT neutrons trans-

fer most of their momentum to the deuterons with

nð14:1 MeVÞ þ d ! n0ð1:6 MeVÞ þ dð12:5 MeVÞ. After pas-

sing the magnet, the recoil deuterons are measured with a

series of CR-39 solid state nuclear track detectors and from

their position allows inferring their energy spectrum and

hence the neutron energy spectrum.

The NTOF array of photoconductive detectors and scin-

tillator/photomultiplier systems at distances of 4.50 to

27.3 m measures the arrival time of the neutrons generated

during the implosion. On NIF, six NTOF detectors measure

the neutron spectrum as a function of neutron energy, inte-

grated over the hot spot, which contains a distribution of

temperature and burn rates. The thermal distribution results

in a dispersion of the neutron arrival times at distant detec-

tors75 and allows extracting the relative ratio of down-

scattered neutrons to the primary neutron signal.76

The absolute neutron yield has also been measured with

nuclear activation diagnostics (NAD), where zirconium and

copper undergo neutron reactions with energy thresholds just

below the DT (Zr and Cu) neutron production energy region

of interest. The radioactive decay of the reaction product pro-

vides the incident primary neutron fluence above the energy

threshold. We find that the DT yield determined by these

diagnostics are in excellent agreement with each other. The

error bar for the absolute diagnostics, NAD and MRS are 7%

and 4%, respectively. When comparing the results from all

detectors, we find for these experiments that the 14.1 MeV

DT yield reaches 7:5� 1014 with a standard variation of 2%.

Figure 6 shows examples of MRS spectra for shots

before and after shock timing adjustments. The diagnostic

setup was identical for the two shots, allowing a direct com-

parison of the deuteron spectra. The pre-tuning example,

shot N110212 provided dsr¼ 0.027. The post-tuning exam-

ple, shot N110608 shows an increase by about a factor of 1.6

achieving a dsr¼ 0.043. The primary non-scattered neutrons

produce the broad peak in the deuteron spectrum centered at

11.5 MeV, while the down-scattered neutrons are responsible

for the deuteron signal between 7 and 10 MeV. The plots

have been normalized by their 13–15 MeV neutron yields to

show the increase in dsr. The increase of the dsr is also

measured with the NTOF diagnostics albeit absolute values

still differ by about 10%–20% likely reflecting spatial varia-

tions in areal density.
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Table I summarizes the results for the areal densities as

derived from the dsr measurements utilizing radiation hydro-

dynamic simulations, qR½g cm�2� ¼ 21� dsr. Areal den-

sities have exceeded 1 g cm�2 when increasing the duration

of the fourth pulse by 200 ps as delivered in a 1.6 MJ laser

pulse to the hohlraum. The prolonged drive appears to assure

that high areal densities prevail up to stagnation time; current

values fulfill the requirement for burn fraction larger than

14%, which is a pre-requisite for ’5 MJ yield. Future experi-

ments are planned to further improve shock timing to

approach the predicted results for tuned CH implosions, i.e.,

dsr ¼ 0:07 and areal densities of 1:5 g cm�2.

VI. IGNITION THRESHOLD FACTOR

To estimate performance and the scaling of layered implo-

sion experiments to the ignition regime, we analyze neutron

yield and dsr from x-ray and nuclear diagnostics, see Refs. 5

and 15 for a comprehensive description and analysis of diag-

nostics results. The DT equivalent yield, Yn, and the dsr are

combined in the ignition threshold factor; the ITFx-value is

defined as

ITFx ¼ YDT

3:2� 1015

� �
dsr

0:07

� �2:3

: (5)

This formalism allows the direct use of accurately measured

quantities for estimating the progress towards the ignition re-

gime. A series of about 1000 two-dimensional simulations

indicate that implosions without alpha particle heating and

values of ITFx¼ 1 show a 50% probability for ignition when

using DT fuel.

To compare experiments with different deuterium frac-

tion, we estimate the DT equivalent yield. Generally, the

observed 14.1 MeV neutron yield data follow a simple scal-

ing that is derived from calculations of the total DT yield

YDT 	 fDfTn2hrDTvi � V � s: (6)

Here, hrDTvi is the DT fusion cross section averaged over

the Maxwell Boltzmann velocity distribution function. fD; fT ,

and n are the fraction of deuterium and tritium in the plasma

and the total atom number density, respectively. V is the hot

spot volume and s is the burn duration. The data show a T4:7-

scaling (Table I and Ref. 15) that is primarily a consequence

of the cross section scaling with temperature. To compare

experiments with different fraction of deuterium and to

obtain the DT equivalent yield, we scale the measured Yn

according to Eq. (6). For example, for a THD experiment

with fD ¼ 0:06 and fT ¼ 0:72, the DT equivalent yield is

obtained by multiplying the measured yield with ð0:52Þ=
ð0:06� 0:72Þ’5:8. Consequently, the use of small deute-

rium fractions in THD fuel allows experiments that approach

ITFx values of ’1 without significant a-heating.9

Figure 7 shows the DT equivalent yield versus the dsr
from four campaigns; layered commissioning experiments

are shown in black; post-shock timing shots with germanium

doped CH ablators are shown in blue; high velocity implo-

sions with silicon doped CH ablators are shown in red, and

implosions with spherical shape tuning are shown in brown.

Implosions with shock tuned pulses and with sufficient laser

energy to avoid coasting produce the most improved dsr, the

highest areal densities, and ITFx¼ 0.08. In addition, implo-

sions with higher velocity as obtained with a 3.1 mm diame-

ter LEH and with a fast laser rise in the fourth pulse have

produced high yields at lower laser energy. In future experi-

ments, these parameters will be optimized simultaneously to

further improve implosion performance.

The implosion experiments were modeled32 using the

HYDRA 2D radiation-hydrodynamic code.77 The x-ray

source drive in the simulations was varied until it matched

the shock velocity history observed23 for the first 19 ns up to

peak power and then matched the implosion trajectory

FIG. 6. Example of magnetic recoil spectrometer data from two experi-

ments; N110212 (pre-shock timing blue points and best fit line) and

N110608 (post-shock timing red points and best fit line). Data were taken

with the same MRS foil thickness in low resolution mode and normalized to

13–15 MeV neutron yield.

FIG. 7. DT equivalent fusion yield versus the measured dsr has shown an

increase by a factor of about 50 to about 0.08 in four experimental cam-

paigns. Also shown are contours of equal ITFx, which increase from bottom

left to top right as yield and dsr increase. Future campaign will aim at further

increasing both parameters to reach the ignition regime by approaching

ITFx¼ 1, which indicates a 50% probability for ignition for implosions

experiment with DT fuel.
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measured via x-ray radiography.27 The implosion symmetry

was also matched using the plasma cross-beam transfer satu-

ration parameter that determines the relative balance of inner

and outer laser beam power.21

Realistic levels of capsule ablator and ice surface rough-

ness were included for modes up to 60, since these are pre-

dicted by the point design to have the highest Rayleigh-

Taylor (RT) instability growth rate.8 When capsule and ice

roughness has been applied to all the surfaces and interfaces

in the calculation, significant RT growth was seen at the ice:

gas interface compared to 2D calculations with smooth

surfaces. The growth results in cooling of the hotspot lower-

ing neutron yield and areal density. These simulations

include corrections to the drive caused by deviations from

requested to actual laser pulse shapes, variations in target

dimensions, and yield factors due to ice grooves.

The results of the simulations without deposition of a
particles, i.e., no a heating, are also listed in Table I. Gener-

ally, the dsr from the mode 60 simulations for the shock-

tuned implosions are within 25% of the measurements while

the simulated adiabat inferred is 1:5 < aIF < 1:73. In addi-

tion, with one exception the simulations match the observed

ion temperature to within 15%.

Significant discrepancies are observed in the measured

DT yields, which are of order 10% of the calculated values.

This observed discrepancy in DT yield can also be seen in

estimates using Eq. (6) with measured values for tempera-

ture, density, volume and burn duration. Here, the ion tem-

peratures are the weighted mean of the measured ion

temperatures from NTOF with a typical standard variation

and error bar of 0.1 keV. The low yield is explained by lower

than calculated hot spot mass, which could be a consequence

of mix. Upcoming experiments on NIF are aimed to optimize

the velocity-mix trade off and to improve the hydrodynamic

stability of the implosion.

VII. PRESSURE

It has been shown in Refs. 5 and 13 that the volume-

averaged pressures and confinement time of ICF plasmas can

be tied to a generalized Lawson-type criterion that indicate

the proximity of a fusion experiment to an ignition physics

regime. By fitting x-ray images, burn width, neutron time-of-

flight ion temperature, yield, and fuel qR, a nearly unique set

of constraints on conditions can be obtained to model hot

spot and fuel conditions that are entirely consistent with the

observables. This model78 has been used to determine hot

spot density, pressure, areal density, and total energy, not

available from any single diagnostic. Since the pressure in

ICF targets at stagnation is designed to be approximately iso-

baric, uncertainties in these quantities may be estimated by

comparing results derived from conditions in the hot spot

with those in the fuel.

For the hot spot plasma, temperature and density meas-

urements have been performed with high energy x-ray

emission data. For this purpose, absolutely measured high-

energy x-ray images have been analyzed using calculations

of time-integrated bremsstrahlung power, PB. The images

consist of a 11–20 keV channel from a Ross pair with

7 lm Moþ 1525 lm Kapton paired with 24 lm Ge coated

on 200 lm graphiteþ 1525 lm Kapton, and a higher energy

channel at >20 keV from a set with a 2525 lm Kapton filter

paired with 7 lm Moþ 1525 lm Kapton. At such high x-ray

energies, calculations indicate that the signal is not signifi-

cantly affected by absorption in the shell and the brems-

strahlung analysis provides ne ¼ 8� 1024 cm�3 for shot

N110914. Here, we utilized Ti ¼ 3:6 keV from NTOF and

assumed Te ¼ Ti at these high densities. This results in an

estimated stagnation pressure of P¼ 92 Gbars, which repre-

sents a significant increase from the first layered experiment

that showed pressures of 9 Gbars at 1.05 MJ.

The hot spot pressure values are compared with the esti-

mates of the fuel pressure. Using qR ¼ 1 g cm�2, inferred

from MRS data and using an upper estimate for the shell

thickness of Dr ¼ 17 lm provides a shell density of q’
600 g cm�3 and electron density of ne ¼ q=ð2:5mpÞ
¼ 1:4� 1026 cm�3. Assuming close to Fermi degenerate

conditions and estimating the Fermi degenerate pressure

PF ¼ 2:17� 1012½ðerg=gÞ=ðg=cm�3Þ2=3�q5=3 and using P ¼
aIFPF, we arrive at PF¼ 90 Gbars and P¼ 135 Gbars.

These values must be compared with the model pressure

from the best fit of all experimental observables

P ¼ 116 Gbar (7)

and using burn time s ¼ 100 ps as a lower burn width as esti-

mated from x-ray measurements

Ps ¼ 11:6 atm s: (8)

This comparison indicates that the error bar of Ps can be esti-

mated as 630%. In this estimate, the error in the burn width

measurements s partly cancels; using for example larger val-

ues for s will result in reduced inferred values for P.

Figure 8 shows the pressure-time product versus the

measured ion temperature for NIF implosion shots, cf.

Table I. The data show an increase in performance reaching

values within a factor of three required for ignition. The

highest data points with Ps > 10 atm s are from shots

N110914 and N111215. Also shown are the results of

radiation-hydrodynamic HYDRA modeling indicating that

ignition conditions will be reached at Ps’30 and no self-

heating temperatures of T’4 keV. This temperature is

obtained from radiation-hydrodynamic simulations and is

close, but slightly below the so-called ideal ignition tem-

perature of 4.3 keV when alpha heating power is exceeding,

bremsstrahlung losses in an optically thin plasma. The for-

mer is obtained by equating bremsstrahlung losses with

Eq. (6) that is multiplied by the alpha particle energy. The

slightly lower temperatures needed in simulations indicates

that radiation losses are reduced due to high shell opacities.

The simulations with and without alpha particle self heat-

ing (i.e., comparing simulations with highly diluted THD

and DT fuel) show the threshold for ignition and fusion

burn where the fusion yield rapidly increases from 100 kJ

to >1 MJ for sufficiently high pressures and temperatures.

In ICF implosions, the required Ps values for achieving

the ignition regime are the no self-heating numbers, which
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define a threshold for an explosive growth of yield. Thus,

postignition pressures and temperatures are very different

from pre-ignition values. Larger ICF capsules that are

designed for high-gain fusion experiments79,80 use about an

order of magnitude more fuel, but overall the Ps conditions

will not be very different.

The NIF values are compared to data from previous

fusion experiments13 including Omega72,73 and magnetic

confinement fusion plasmas that are of order 1 atm s in both

cases. For JET, the core ion temperature reached 28 keV at a

density of 3.3� 1013 cm�3 and confinement about 0.9 s.

Quoted central total pressure (all species) is about 0.35 MPa

(Refs. 81 and 82) with averaged pressures about a factor of

three lower. DIII-D reached a core performance of tempera-

tures of 18.1 keV and densities of 8.5� 1013 cm�3 for ions in

the central region. Quoted central pressure (total across all

species) is 0.33 MPa with averaged data points approxi-

mately factor of three lower. Confinement time was

0.4 s.83,84 Fusion gain values from TFTR (Ref. 85) are 0.28,

and a gain of 0.65 is inferred from JET data.81 For JET, the

gain is PFusion=Pabsorbed and Pabsorbed is the absorbed neutral

beam injected power.86

The total neutron yield from the present DT implosions

are consistent with pressures of up to 100 Gbars. For exam-

ple, for DT implosion shot N111215 the total laser energy

input was 1.4 MJ, the total DT mass was 156 lg and the im-

plosion velocity was approximately 300 km/s, thus resulting

in a total energy into the DT plasma of 7 kJ. The total neu-

tron yield summing the 14.1 MeV and downscattered neu-

trons is 1015, which provides a total energy of 2.8 kJ.

VIII. CONCLUSIONS AND OUTLOOK

Present indirect drive inertial confinement fusion experi-

ments on the National Ignition Facility show implosions

with the highest areal densities and neutron yields achieved

on laser facilities to date. This achievement is the result of

the first hohlraum and capsule tuning experiments where the

stagnation pressures have been systematically increased by

more than a factor of 10 by fielding low-entropy implosions

through the control of radiation symmetry, small hot electron

production, and shock timing. The stagnation pressure is

above 100 Gbars resulting in high Lawson-type confinement

parameters of Ps’ 10 atm s. Comparisons with radiation-

hydrodynamic simulations indicate that the pressure is

within a factor of three required for reaching ignition and

high yield.

We expect that the 1-D performance of our implosions

will soon meet or exceed the ignition implosion velocity pro-

viding margin for future optimization in areas of mix and

pressure. Future experiments will use depleted uranium hohl-

raums,31 which in recent experiments have been observed to

provide reduced hohlraum wall losses due to improved opac-

ity at low heat capacity. These improvements along with opti-

mized hohlraum geometry and laser power will be fielded for

future tuning experiments with the goal to reach values of

30 atm s, which are predicted for the ignition regime.
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