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Radiation-driven, layered deuterium-tritium (DT) implosions were carried out using 3-shock and

4-shock “adiabat-shaped” drives and plastic ablators on the National Ignition Facility (NIF) [E. M.

Campbell et al., AIP Conf. Proc. 429, 3 (1998)]. The purpose of these shots was to gain further

understanding on the relative performance of the low-foot implosions of the National Ignition

Campaign [M. J. Edwards et al., Phys. Plasmas 20, 070501 (2013)] versus the subsequent high-foot

implosions [T. D€oppner et al., Phys. Rev. Lett. 115, 055001 (2015)]. The neutron yield perfor-

mance in the experiment with the 4-shock adiabat-shaped drive was improved by factors �3 to

�10, compared to five companion low-foot shots despite large low-mode asymmetries of DT fuel,

while measured compression was similar to its low-foot companions. This indicated that the domi-

nant degradation source for low-foot implosions was ablation-front instability growth, since adiabat

shaping significantly stabilized this growth. For the experiment with the low-power 3-shock

adiabat-shaped drive, the DT fuel compression was significantly increased, by �25% to �36%,

compared to its companion high-foot implosions. The neutron yield increased by �20%, lower

than the increase of �50% estimated from one-dimensional scaling, suggesting the importance of

residual instabilities and asymmetries. For the experiment with the high-power, 3-shock adiabat-

shaped drive, the DT fuel compression was slightly increased by �14% compared to its companion

high-foot experiments. However, the compression was reduced compared to the lower-power

3-shock adiabat-shaped drive, correlated with the increase of hot electrons that hypothetically can

be responsible for reduced compression in high-power adiabat-shaped experiments as well as in

high-foot experiments. The total neutron yield in the high-power 3-shock adiabat-shaped shot

N150416 was 8.5� 1015 6 0.2� 1015, with the fuel areal density of 0.90 6 0.07 g/cm2, correspond-

ing to the ignition threshold factor parameter IFTX (calculated without alpha heating) of

0.34 6 0.03 and the yield amplification due to the alpha heating of 2.4 6 0.2. The performance

parameters were among the highest of all shots on NIF and the closest to ignition at this time, based

on the IFTX metric. The follow-up experiments were proposed to continue testing physics hypothe-

ses, to measure implosion reproducibility, and to improve quantitative understanding on present

implosion results. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964919]

I. INTRODUCTION

The goal of inertial confinement fusion (ICF)1–3 is to

implode a spherical target to compress deuterium-tritium

(DT) fuel and achieve high temperature in a central hot spot,

to trigger ignition of the DT fuel. During the National

Ignition Campaign (NIC) on the National Ignition Facility

(NIF),4 the highest compression of DT fuel was achieved in

implosions with an areal density of qR� 1.2 g/cm2.5 These

implosions were driven with �1.6 MJ “low-foot” (LF) laser

pulses at a peak power of �336 TW, achieving peak implo-

sion velocities of �320 km/s,5–7 and the temperatures and

1070-664X/2016/23(10)/102703/19/$30.00 Published by AIP Publishing.23, 102703-1
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neutron yields were significantly lower than expectations. In

the lowest-yield implosions, the performance was correlated

with a presence of the plastic ablator material mixed into the

DT hot spot showing the detrimental effects of hydrodynamic

instabilities.8,9 In recent x-ray radiography experiments, it

was found that ablation-front hydrodynamic instabilities

including Richtmyer-Meshkov (RM)10,11 and Rayleigh-

Taylor (RT)12,13 instabilities had larger than expected initial

seeds, probably contributing to the poor implosion perfor-

mance during NIC.14–16 The capsule support “tent” also has

been found to seed significant instability growth,16,17 also

affecting performance during NIC.

Recent “high-foot” (HF) experiments18–23 on NIF have

shown much-improved neutron yield performance compared

to LF. These HF implosions employed a higher radiation

temperature during the early stage of the drive to launch a

stronger first shock into the capsule.18 As a result, the stabil-

ity at the outer ablation surface of the capsule was

improved24 by putting the capsule on a higher adiabat a.7

The adiabat a is generally the ratio of the pressure to the

minimum Fermi-degenerate pressure. For specific quantita-

tive evaluation of the fuel adiabat, we use a definition based

on mass-averaged entropy as described in Ref. 7. Improving

ablation-front stability for NIF indirect-drive implosions was

discussed and proposed at the Workshop on the Science of

Fusion Ignition on NIF in 2012.25 Significant instability sta-

bilization was experimentally observed in HF drives, com-

pared to LF drives, in Hydrodynamic Growth Radiography

(HGR) experiments.26–30 In these implosions, the instability

growth was measured using time-resolved x-ray radiography

of large-amplitude, two-dimensional (2-D) modulations.26–30

Strong instability stabilization at ablation-front in the HF

drive was correlated with �2� temperature increase and

�10� neutron yield increase in layered DT implosions.18–23

However, this stability improvement came at the expense of

ultimate compressibility due to the higher DT adiabat. As a

result, the HF drive resulted in fuel compression of only

qR � 0:8 g=cm2 (a� 2.4) compared to �1:2 g=cm2 (a� 1.5)

for the LF drive.

While high compression was achieved in LF experi-

ments and yield multiplication due to alpha heating was

demonstrated in HF experiments, many physics questions

about causes of performance degradation still remain. Some

of the main questions include quantitative understanding of

the impact of hydrodynamic instabilities, low-mode asym-

metries, compression, and fuel preheat on implosion perfor-

mance in HF and LF implosions. The “adiabat-shaping”

(AS) campaign was designed and performed to get insights

into this physics.31–38 To understand the role of the ablation-

front instabilities in the high-compression LF implosions, a

4-shock “adiabat-shaped” (4-shock AS) drive was designed

to improve ablation-front stability while keeping fuel adiabat

and compression at the same high level as in 4-shock LF

drives.31,33–36,38 To understand the role of the compression

in implosion performance, a 3-shock “adiabat-shaped” (3-

shock AS) drive was designed to moderately improve fuel

compression relative to HF drives, while keeping the

ablation-front stability at the same level as in 3-shock HF

drives.31,32,37,38

Adiabat-shaped (AS) drives were developed for indirect

drive31–33 based on works by Clark et al.,31 Milovich

et al.,33 and Peterson et al.32 The efficacy of these AS

designs for indirect drive was demonstrated in shock propa-

gation (“key-hole”) experiments.34,38 Post-shot simulations

of those experiments showed that in the 3-shock AS design,

the fuel adiabat was reduced slightly (�10%) from the nomi-

nal a� 2.3 used in the HF.34,38 In the 4-shock adiabat shaped

design, the fuel adiabat a� 1.6 was similar to that in LF.34,38

The ablation-front stability was measured in hydrodynamic

growth radiography (HGR) experiments.35,37 It was shown

that the stability of the 3-shock AS drive was comparable to

the HF drives.37 In the experiments with the 4-shock AS

drive, the stability was significantly improved relative to the

LF drives, but not yet to the level of the HF, especially for

high modes >90.35 First results of the adiabat-shaped layered

DT implosions were presented in Refs. 36–38. This article

extends this work by showing all the experimental results in

these adiabat-shaped layered DT implosions, not presented

in earlier publications.36–38 The new information includes

capsule and DT layer parameters and roughnesses; measured

hot-spot neutron and x-ray shapes and their asymmetries;

fuel compression and shell areal-density nonuniformities;

ablator hot-spot mix; hot-electron signals; and inferred

performance parameters such as hot-spot pressure, ignition

threshold factor parameter IFTX, Lawson parameter

Generalized Lawson Criterion (GLC), and yield amplifica-

tion due to alpha heating.

The details of adiabat-shaped laser drives are described

in Sec. II, while the concept of adiabat-shaping is reviewed

in Sec. III. Target details including capsule ablator and DT

layer roughnesses are presented in Section IV. The neutron

performance results are shown in Sec. V. Hot-spot x-ray

shapes and asymmetries are described in Sec. VI. Neutron

hot-spot images and DT fuel compression are presented in

Sec. VII. Fuel areal-density non-uniformities at peak com-

pression are presented in Sec. VIII. Measurements of the

ablator mix into the hot-spot are shown in Sec. IX. Hot-

electron measurements are described in Sec. X. The experi-

mental measurements along with inferred performance

parameters are discussed in Sec. XI. Future experiments are

discussed in Sec. XII. Summary and conclusions are pre-

sented in Sec. XIII.

II. DRIVE DETAILS

Figures 1–3 show details of the details of the adiabat-

shaping pulse shapes used in layered DT implosions experi-

ments and compare them to companion LF and HF pulses

from which they were derived. Figure 1(a) shows the laser

pulse used in the layered DT implosion with 4-shock AS

(shot N141123), compared to the LF drive (shot N120321

(Ref. 5)) used in implosions with similar laser powers, ener-

gies, and implosion velocities of �320 km/s. The pulses for

4-shock AS and LF drives were at a peak power of �340

TW and the total energy of �1.6 MJ, as shown in Table I.

Corresponding ablation-front instability growth factors

(GFs) at peak velocity are shown in Fig. 1(b) and compared

to the HF drive (shot N130812 (Ref. 18)), described in

102703-2 Smalyuk et al. Phys. Plasmas 23, 102703 (2016)



Fig. 2. Comparing the 4-shock AS pulse with its companion

LF pulse, one can see that the principal change was an

increase of the energy in the first picket energy from 15 kJ to

23 kJ at the same picket power of �15 TW as in LF. The

trough power was kept at the same level of �1.5 TW as in

LF pulse, while the main part of the pulse (starting with a

second picket) was advanced by �2.7 ns to compensate for a

FIG. 1. (a) Laser power vs time for LF and 4-shock AS drives. Regions of the

pickets and trough are indicated. (b) Predicted amplitude modulation growth

factors at peak velocity as a function of modulation Legendre mode number for

LF, 4-shock AS drives, compared to HF shot N130812, driven at similar implo-

sion velocities. (c) Radiation drive temperature vs time for LF and 4-shock AS

experiments as measured in tuning “key-hole” shots to develop �330 TW

drives. While the radiation temperature stays relatively constant during the

trough in the LF drive, it gradually decreases in the 4-shock AS drive, indicating

reduced first shock heating as it propagates toward the inner capsule surface.

FIG. 2. Laser power vs time for HF and 3-shock AS drives. (b) Predicted ampli-

tude modulation growth factors at peak velocity as a function of modulation

Legendre mode number for LF, 3-shock AS, and HF drives, driven at similar

implosion velocities. (c) Radiation drive temperature vs time for HF and 3-

shock AS drives as measured in tuning “key-hole” shots to develop �340 TW

drives. While the radiation temperature stays relatively constant during the

trough in the HF drive, it gradually decreases in the 3-shock AS drive, indicating

reduced first shock heating as it propagates toward the inner capsule surface.

102703-3 Smalyuk et al. Phys. Plasmas 23, 102703 (2016)



stronger first shock launched by the stronger first picket and

to allow all shocks to merge at the same location in the DT

fuel. In simulations,33,38 the small increase of �8 kJ in the

picket energy in the 4-shock AS pulse had a strong effect on

ablation-front stability, while the same trough power pro-

vided the similar adiabat and compression of the DT fuel as

in the LF pulse. As shown in Fig. 1(b), the calculated peak

growth factor was reduced by �3 times with adiabat-

shaping, compared to the LF pulse; however, the calculated

reduction was less than that with the HF drive (�5 times).

Radiation drive temperatures vs time for LF and 4-shock AS

experiments are shown in Fig. 1(c). These measurements

were performed in tuning “key-hole” shots34 used to develop

�330 TW drives. The drive x-ray temperatures were mea-

sured with a Dante detector.39 While the radiation tempera-

ture stays relatively constant during the trough in the LF

drive, it gradually decreases in the 4-shock AS drives, indi-

cating reduced first shock heating as it propagates toward the

inner capsule surface which is the main signature of adiabat

shaping.

Figure 2(a) shows the laser pulse used in the layered DT

implosion with 3-shock AS (shot N150115), compared to its

companion HF drive (shot N130812). The pulse for the 3-

shock AS drive was at a peak power of �330 TW and the

total energy of �1.6 MJ. The pulse for the HF drive used a

slightly higher power of �350 TW and a laser energy of

�1.7 MJ to compensate for the fact that it was used with a

slightly less efficient gold enclosure around the capsule, or

hohlraum, compared to the uranium hohlraum used in the

shots with AS drives, shown in Table I. The 3-shock AS

FIG. 3. (a) Laser power vs time for high-power HF and high-power 3-shock

AS drives, driven at similar implosion velocities. (b) Radiation drive temper-

ature vs time for HF and 3-shock AS drives as measured in tuning “key-

hole” shots to develop �390 TW drives. While the radiation temperature

stays relatively constant during the trough in the HF drive, it gradually

decreases in the 3-shock AS drive, indicating reduced first shock heating as

it propagates toward the inner capsule surface.

TABLE I. Key experimental results for the 4-shock AS shot N141123, 3-

shock AS shot N150115, and high-power 3-shock AS shot N150416.

N141123 N150115 N150416

Pulse name, peak power 4-sh AS,

339 TW

3-sh AS,

328 TW

3-sh AS,

388 TW

Hohlraum DU DU DU

Ablator dopant 1�Si 1�Si 1�Si

Energy (MJ] 1.60 6 0.05 1.58 6 0.05 1.74 6 0.05

Radiation drive

temperature (eV)

289a 6 4 289 6 4 303 6 4

Capsule outer radius (lm) 1120.4 6 1.0 1126.8 6 1.0 1104.7 6 1.0

Ablator shell thickness (lm) 194.0 6 0.2 196.0 6 0.2 175.0 6 0.2

DT ice layer thickness (lm) 69.5 6 0.3 69.3 6 0.3 70.6 6 0.2

Effective groove rms K (lm) 0.75 6 0.3 1.20 6 0.5 0.70 6 0.3

Larger groove area (lm2) 200 6 100 1000 6 200 200 6 100

Tent thickness (nm) 31.0 6 0.5 33.0 6 0.5 29.0 6 0.5

Experimental results

Total yield (1015) 1.37 6 0.02 3.77 6 0.13 8.46 6 0.19

Ti (keV) 3.40 6 0.15 3.98 6 0.14 5.36 6 0.18

DSR (%) 5.45 6 0.19 5.04 6 0.35 4.65 6 0.32

X-ray bang time (ns) 19.81 6 0.02 18.67 6 0.10 17.53 6 0.02

X-ray burn width (ps) 108 6 13 126 6 15 118 6 11

Nuclear burn width (ps) 141 6 30 138 6 30 128 6 30

Laser energy coupling (%) 87 6 3 83 6 5 86 6 5

SBS backscatter (kJ) 48 6 11 29 6 16 36 6 9

SRS backscatter (kJ) 157 6 52 236 6 72 211 6 77

Shell optical-depth at 10.9 keV 1.69 6 0.40 1.13 6 0.40 0.74 6 0.30

DT fuel qR (g/cm2) 1.05 6 0.04 0.97 6 0.07 0.90 6 0.07

Estimated ablator qR (g/cm2) 0.58 6 0.20 0.36 6 0.10 0.21 6 0.07

Estimated total qR (g/cm2) 1.63 6 0.20 1.33 6 0.12 1.11 6 0.10

Primary neutron P0 (lm) 25.7 6 2.0 29.4 6 1.7 27.9 6 1.6

Primary neutron P2/P0 (%) �32 6 4 �11 6 4 0 6 6

X-ray P0 (lm) 23.6 6 4.1 28.1 6 1.1 27.6 6 1.2

X-ray P2/P0 (%) �2.6 6 5.4 �3.1 6 2.4 �6.3 6 2.0

X-ray P4/P0 (%) 6.1 6 3.0 �6.0 6 1.7 5.6 6 0.8

X-ray M0 (lm) 26.6 6 1.6 29.8 6 1.1 30.4 6 1.2

X-ray M2/M0 (%) 15.0 6 2.7 4.6 6 1.1 10.1 6 1.5

X-ray M4/M0 (%) 4.6 6 0.6 6.2 6 1.1 4.3 6 1.2

Inferred quantities

Hot spot pressure (Gbar) 153 6 20 168 6 18 210 6 22

Ps (atm s) 16.3 6 2.1 20.7 6 2.2 24.1 6 2.5

ITFX with a heating 0.17 6 0.01 0.42 6 0.06 0.81 6 0.12

ITFX without a heating 0.12 6 0.01 0.23 6 0.02 0.34 6 0.03

Yield amplification from ITFX 1.47 6 0.04 1.86 6 0.11 2.42 6 0.19

GLC with a heating from ITFX 0.46 6 0.02 0.68 6 0.05 0.91 6 0.06

GLC with a heating from Ps 0.34 6 0.04 0.59 6 0.06 1.16 6 0.10

aMeasured in the equivalent plastic-shell implosion.
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pulse was derived from the HF pulse with a principal change

being a decrease of trough power from 4 TW to 1 TW, while

the first picket energy was kept the same, �38 kJ. The main

part (starting with a second picket) of the pulse was delayed

by �2 ns to compensate for a longer propagation time of the

first decaying shock. The second picket was slightly reduced,

in addition to lower trough, resulting in the lower predicted

DT fuel adiabat by �10%, compared to the HF drive. As

shown in Fig. 2(b), the predicted peak ablation-front growth

factor at peak velocity was reduced by �4 times with

adiabat-shaping, compared to the LF pulse, and comparable

to the reduction in the HF drive, while compression was

increased, as described below. Figure 2(c) shows radiation

drive temperatures vs time for HF and 3-shock AS experi-

ments. These measurements were performed in tuning “key-

hole” shots34 used to develop �340 TW drives. While the

radiation temperature stayed relatively constant during the

trough in the HF drive, it gradually decreased in the 3-shock

AS drive.

Figure 3(a) shows the laser pulse used in the high-power

layered DT implosion with 3-shock AS (shot N150416),

compared to a companion HF drive (shot N140520 (Ref.

23)). The pulse for the high-power 3-shock AS drive was at

a peak power of �390 TW, total energy of �1.7 MJ, and

similar to its companion HF shot N140520, as shown in

Table I. Figure 3(b) shows radiation drive temperatures vs

time for HF and 3-shock AS experiments performed in

tuning “key-hole” shots34 used to develop high-power �390

TW drives. While the radiation temperature stays relatively

constant during the trough in the HF drive, it gradually

decreases in the 3-shock AS drives, similar to the lower

power drives, shown in Figs. 1 and 2. Predicted peak

ablation-front growth factors at peak velocity were increased

by �2� for both high-power AS and HF shots, compared to

the �330-TW AS and HF shots [shown in Fig. 2(b)], respec-

tively. The drive x-ray fluxes were measured with a Dante

detector for these shots.39 The inferred peak radiation

temperatures were 289 6 4 eV for both �330-TW 4-shock

and 3-shock AS shots. The peak radiation temperature was

higher, 303 6 4 eV, for the �390-TW 3-shock AS shot, as

shown in Table I.

As shown in Table I, the laser energy coupling for the

adiabat-shaped shots was around �85%. The backscatter was

primarily due to Stimulated Raman Scattering (SRS) with a

lower contribution due to Stimulated Brillouin Scattering

(SBS).38 Both SRS and SBS peaked during the high-power

parts of the laser pulses.38 The energy couplings in adiabat-

shaped experiments were similar to LF and HF experiments.

III. ADIABAT SHAPING

Adiabat shaping in ICF generally means setting the abla-

tor on a higher adiabat than the DT fuel. The high adiabat a
of the ablator leads to higher ablation velocity, which stabil-

izes the RT instability, whereas the low adiabat of the fuel

permits its effective compression, thereby improving the per-

formance of an adiabat-shaped target compared to the one

characterized by a single value of a. The target adiabat can

be shaped by different methods, including propagation of

decaying shock wave(s) driven by “picket fence” laser

pulses, target preheat by the x rays from a thin high-Z film

on its surface, or density stratification in the ablator material

(e.g., foam-plastic layers). The concept of adiabat-shaping

was first published by Bodner et al.40 It was advanced with

the direct drive on OMEGA,41–44 using both “decaying

shock”41,43 and “density gradient relaxation”43 techniques.

In the decaying shock concept, a strong shock produced by a

laser picket heats the outer region of the ablator, putting it on

a higher adiabat a. During acceleration, the higher ablator a
leads to higher ablation velocity, which stabilizes the RT

instability, in the OMEGA direct-drive designs. When the

pre-pulse switches off, the shock is no longer supported and

decays as it travels toward the capsule’s inner surface, result-

ing in reduced a in the fuel, allowing high compression of

the DT fuel.41 In earlier direct-drive designs, “tailored

density profiles”45 were proposed to stabilize Richtmyer-

Meshkov (RM) oscillations46–49 to reduce initial modula-

tions, or “seeds,” for subsequent RT growth, after such a

technique was proposed in Z-pinches.50

In the indirect drive, adiabat-shaping was developed

based on works by Clark et al.31 and Peterson et al.32 Clark

et al. have shown that the seed for the exponential RT

growth can be controlled primarily by the strength of the first

picket, while it is roughly independent of the trough [see

picket and trough as indicated in Fig. 1(a)]. On the other

hand, the fuel adiabat is almost exclusively determined by

the trough level and is largely independent of the first picket.

Therefore, the picket and the trough levels provide two inde-

pendent “knobs” that can be used to control separately the

RT seeding and fuel adiabat in the indirect drive. In contrast

to the direct-drive case, the adiabat-shaping pulses in the

indirect drive control the perturbation evolution during the

first shock transit to optimize primarily the ablative RM

instability phase, not the RT instability.35

Increased laser drive early in the pulse increases the

ablation pressure during shock transit through the shell. This

increases the ablative RM oscillation frequency and the mag-

nitude of ablative stabilization before the onset of the RT

growth.41,46–49 For indirect drive adiabat-shaping designs,

modes near the peak of the ablative RT growth rate undergo

�1 RM oscillation prior to RT amplification.31,32,35,51 The

net effect is that low mode numbers experience positive

growth and high numbers experience negative growth, and

the mode number of the node undergoing zero growth scales

inversely with the strength of the first shock. Therefore, it is

possible to reduce the overall effect of instability growth by

placing the zero RM growth node near the peak of the RT

growth. For example, the zero RM growth node was pre-

dicted to be near mode �90 in the 4-shock AS design, while

it is located at higher mode �160 in the LF design, as shown

in Fig. 1(b). This prediction was confirmed in recent HGR

experiments35 and in earlier HGR experiments.32

The relative locations of the zero-growth nodes can be

understood in terms of ablative RM instability41 as applied

to indirect drive implosions.32,51,52 The amplitude of any

modulation at the outer capsule surface with wavenumber of

k will evolve after the launch of the first shock. The modula-

tion can grow, and then decay and even reverse its phase due
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to the ablative RM oscillations before second shock launch.

The modulation amplitude growth factor g(k) can be approx-

imated as follows:51,53

g kð Þ � Csffiffiffiffiffiffiffiffiffiffiffi
VblVa

p e�2kVat f Cð Þsin k
ffiffiffiffiffiffiffiffiffiffiffi
VblVa

p
tþ 0:3

� �

� Cs

Vbl
g Cð Þsin 1:1

ffiffiffiffiffiffiffiffiffi
C=3

p
kVatþ 1

� �
; (1)

where Cs is the post-shock sound speed, Va is the ablation

velocity, Vbl is the k dependent blow-off velocity Vbl

¼ Va

2:4kL
�ð Þ1=�

, L is the ablation front width, � is the thermal

conductivity exponent, C is the first shock compression ratio,

and t is the time before second shock launch. Equation (1)

shows that ablation-front modulations oscillate in time due

to the dynamic overpressure damped by the ablation [first

term including e�2kVat in the right-hand side of Eq. (1)] and

the convection of the shock-induced vorticity [second term

in the right-hand side of Eq. (1)]. Setting Eq. (1) to 0, and

recognizing that the sine term values are near 1 at the mode

number node l0 we arrive at52

l0 �
R ln 2:1= C� 1ð Þ0:9

� �
R�=2:4l0Lð Þ

1
2�

h i

2Vat
; (2)

where R is the average capsule outer radius up to the time of

the second shock launch. The estimated RM node numbers,

based on this model and Eq. (2), were l0� 85 and l0� 63, for

the 4-shock AS drive and 3-shock AS drive, respectively.52

For the HF and LF drives, the estimated RM node numbers

were l0� 65 and l0� 116, respectively.52 The estimated node

numbers are in reasonable agreement with the simulated node

numbers for all four drives, as shown in Figs. 1(b), and 2(b).

IV. CAPSULE ABLATOR AND DT LAYER

Spherical targets with outer plastic shells and inner cryo-

genic DT layers were imploded using x-ray drive produced in

Au-lined uranium hohlraums on the National Ignition Facility

(NIF)4 in these adiabat-shaping experiments. Table I shows

details of the capsules and DT layers used in these implo-

sions. Plastic shells including Si-doped layers had an inner

cryogenic DT layer with a nominal thickness of �69 lm. For

two mid-power (�330-TW) drive experiments, the capsule

had nominal �195-lm thicknesses and �2260-lm-initial

outer diameters, while the thinner, �175 lm thick, capsule

was used for the high-power (�390 TW) 3-shock AS shot

N150416. Capsule and hohlraum details were shown in Refs.

5 and 18, with the exceptions that the hohlraums were made

with uranium with a 0.6 lm-thick gold lining. The U produ-

ces higher drive at peak power. The inner Au layer provides

oxidation protection for the U, as well as ensuring laser depo-

sition in Au, and higher x-ray drive at early times in the x-ray

drive. The nominal thickness of the support membrane (tent)

was �30 nm in all three experiments.

The roughnesses of the plastic capsule surfaces were

comprehensively characterized. Figure 4 shows the initial

measured power spectrum of the capsules’ outer-surface

roughness as a function of mode number compared to the

NIF specification used in the 4-shock AS DT implosion. In

all three AS shots, the initial surface roughness powers

were similar and slightly better than the NIF specifications.

Figure 5 shows the power spectra of the DT ice layer

roughness as a function of mode number measured in three

perpendicular views and compared to the NIF specification

for the 4-shock AS DT implosion. For all three shots, the

measured power spectra of the ice roughness were better

than NIF specifications.

The effects of ice surface grooves can be characterized

by using a parameter K, defined as a sum over all defects

with areas Ai and lengths Li as K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
Vf uel

PN
i¼1 A2

i Li

q
, where

FIG. 4. Power spectra of the measured capsule outer-surface roughness com-

pared to the NIF outer surface specifications for 4-shock AS shot N141123.

The modulation power spectrum was obtained by averaging power spectra

of multiple Atomic Force Microscope (AFM) measurements taken across

the capsule.

FIG. 5. Power spectra of the inner ice roughness were measured in two

equatorial views and one polar view and compared to the NIF inner ice sur-

face specifications for the 4-shock AS shot N141123.
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Vfuel is the volume of the DT fuel.7 The specifications7 have

been set requiring K< 0.70 lm, and the largest groove area

A required to be <200 lm2. For shots N141123 and

N150416, both K and A values were close to specifications,

while for the shot N150115 both K and A were significantly

exceeding the specifications, as shown in Table I. The dust

particles on the outer surface were also characterized. The

specifications required that no single particle with a volume

greater than 30 lm3 should be present on a capsule surface.7

This specification was met in the shot N141123. In the shots

N150115 and N150416, each had one particle detected with

volumes of 35 lm3 and 50 lm3, respectively, just outside of

the requirements. The specifications for the particle volume

were set to minimize the effects of the ablator mix into the

DT hot spot near peak compression. All three shots used

30-nm thick membranes (tents) to support capsules in the

hohlraums.7,17 The results of the ablator-mix measurements

will be discussed below in Sec. VIII.

V. NEUTRON PERFORMANCE

Figure 6 shows measured neutron performance results

for the layered DT adiabat-shaped shots (N141123,

N150115, and N150416) and compares them with all previ-

ous LF and HF layered DT implosions, as well as implosions

with high-density carbon (HDC) and beryllium (Be) ablators.

The measured total neutron yields were plotted as a function

of measured down-scattered ratios (DSRs). Fuel compres-

sion, or qR, is related to the DSR of scattered neutrons in the

energy range from 10 to 12 MeV, relative to primary neu-

trons in the range from 13 to 15 MeV.53 The down-scattered

neutrons determining the DSR are mostly scattered in the

DT fuel, and in simulations, the DSR is proportional to the

fuel areal density: qR (g/cm2)� 19.3�DSR.37 In addition,

the arrows in Fig. 6 compare the results of the AS shots with

their corresponding encircled companion LF and HF shots.

The data are also summarized in Table I.

The total neutron yield performance for the 4-shock AS

shot N141123 was improved by factors �3 to �10, com-

pared to five companion LF shots (driven with similar targets

at the same implosion velocity36) circled in blue, while mea-

sured compression was similar to its LF companions. The

level of yield amplification due to alpha heating in this shot,

shown by the dashed curve in Fig. 6, was 1.47 6 0.04. The

measured DSR was improved in 3-shock AS shot N150115

by �25%- to �36%, compared to its two companion HF

shots N130812 and N150610, while the neutron yield was

improved by �20%. For the high-power 3-shock AS shot

N150416, the compression was reduced compared to the

lower-power 3-shock AS shot. The total neutron yield was

8.46� 1015 6 0.19� 1015, very similar to the companion HF

shots N140520 (8.89� 1015 6 0.18� 1015), N150121 (7.33�
1015 6 0.19� 1015), and N150409 (8.06� 1015 6 0.15

� 1015), while the calculated level of yield amplification due

to alpha heating of 2.42 6 0.19 was the highest of all shots on

NIF. These measurements, along with other results shown in

Table I, will be discussed below in Sec. XI.

VI. HOT SPOT X-RAY IMAGES

Figure 7 shows measured hot-spot x-ray images at peak

compression for the three adiabat-shaped shots, captured

with photon energies >8 keV.54 The left-side images in

Fig. 7 show equatorial hot-spot shapes, while right-hand-side

images show polar shapes. The imploded core emission

showed good hot-spot symmetry for all three shots with the

asymmetries mostly in modes 2, 3, and 4. The hot-spot dis-

tortion specification was <25% rms (Ref. 7) for the deviation

from round of the emission contour at 17% of the peak

brightness. For the 4-shock AS shot N141123, the measured

hot-spot distortion was 14% 6 2% rms, for the 3-shock AS

shot N150115 11% 6 1% rms, and for the high-power 3-

shock AS shot N150416 also 11% 6 1% rms. The size of the

x-ray hot spot was smaller for the 4-shock AS shot and

slightly larger in 3-shock AS shots, consistent with lower

compression (DSR), measured in 3-shock AS shots. While

hot-spot symmetry was generally acceptable, the cold DT

fuel asymmetries were very high, as described in Sec. VIII.

VII. NEUTRON IMAGES AND SHELL COMPRESSION

Figure 8 shows measured primary 14.7-MeV neutron

images55 at peak compression for the three adiabat-shaped

shots. As in the case with x-ray images, the measured image

size P0 was smaller for the 4-shock AS shot and slightly

larger in 3-shock AS shots, consistent with measured com-

pression. In general, the asymmetries were similar or slightly

larger for neutron images, compared to x-ray images.

The fuel compression was measured with a magnetic

recoil spectrometer (MRS),53 and four neutron time of flight

detectors (NTOFs):56 SpecA, SpecE, SpecSP, and NITOF.

The data from five detectors were used to determine average

FIG. 6. Measured total DT neutron yield plotted against the ratio of down-

scattered 10–12 MeV neutrons over primary 13–15 MeV neutrons (down

scattered ratio) for low-foot (LF), high-foot (HF), and adiabat-shaped (AS)

drives. Dashed curves represent contours of the calculated yield increase due

to alpha heating. Implosions with high-density carbon (HDC) and Beryllium

(Be) ablators are also included. The circled data points represent companion

shots used to compare with their specific adiabat-shaped shots.
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DSRs. The locations of these five detectors on the NIF target

chamber are shown in Fig. 9(a). Each detector probes a cer-

tain part of the fuel, approximately shown in Fig. 9(b) using

Monte-Carlo calculations assuming a point source of primary

14.7-MeV neutrons probing a spherical shell. In experi-

ments, the DSR detectors cover a somewhat larger surface

area, than shown in Fig. 9(b), with a solid angle of �1 p due

to a finite size of the primary neutron source. It is important

to point out that not all the volume of the DT fuel is probed

while more than one detector probe some fuel areas. This

can lead to some degree of sampling bias when comparing

the inferred average compressions on different shots using

these DSR detectors.

Figure 10 shows measured DSRs for these five detectors

as a function of polar angle of the NIF target chamber. On

average, three nearby detectors MRS, NITOF, and SpecA,

located around azimuthal angle u� 315�, consistently show

slightly higher compression than SpecE, located at u� 174�.
This observation is consistent with low-mode asymmetry,

also detected in a number of HF shots. The measured aver-

age DSRs were 5.45% 6 0.19%, 5.04% 6 0.35%, and 4.65%

6 0.23%, for shots N141123, N150115, and N150416,

respectively.

While DSR measurements were primarily sensitive to

the DT fuel qR, the x-ray emission at peak compression was

used to estimate plastic shell qR around peak compression.

The shell optical-depth (OD) attenuation at 10.9 keV, shown

in Table I, was calculated using time-integrated x-ray

hot-spot images measured with differentially filtered pin-

holes (“Ross pairs”).54 The OD attenuation had a small

FIG. 7. Measured time-integrated, hot

spot x-ray images in equatorial (a), (c),

and (e) and polar views (b), (d), and (f)

for three AS experiments N141123,

N150115, and N150416.
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contribution from the compressed DT shell of about �0.2

OD, but primarily depended on attenuation of the cold plas-

tic ablator. The compressed plastic ablator qRs were esti-

mated using the cold opacity of the plastic shell at 10.3 keV,

including Si-doped layers, (see Table I). The shell opacity

can be reduced, compared to cold values, by a small amount

of �10%–20% due to its heating near peak compression.

Total qRs of the DT fuel and compressed plastic shell were

estimated to be 1.63 6 0.20 g/cm2, 1.33 6 0.12 g/cm2, and

1.11 6 0.10 g/cm2, for shots N141123, N150115, and

N150416, respectively.

Fuel compression has also been inferred using measure-

ments of Au isotope ratios with a solid radiochemistry (SCR)

diagnostic.57 Neutrons interact with Au atoms present in the

hohlraums and can produce 196gAu and 198tAu isotopes.

Down-scattered neutrons contribute to the production of the
198tAu with (n, c) reaction, while they do not significantly

contribute to the production of 196gAu, the (n, 2n) reaction,

which has a threshold. As shown in Ref. 58, the ratio
198tAu/196gAu is related to the DSR. Figure 11 shows mea-

sured 198tAu/196gAu ratios as a function for measured DSR

for low-foot, high-foot, and adiabat-shaped experiments. The

uncertainties for measured 198tAu/196gAu ratios are much

smaller than for DSR measurements in adiabat-shaped

experiments. These measurements confirmed that fuel com-

pression with 4-shock AS drive was similar to the highest

FIG. 8. Measured hot spot, neutron

images in equatorial view in three AS

experiments (a) N141123, (b)

N150115, and (c) N150416.

FIG. 9. (a) Locations of the five DSR

detectors on the NIF target chamber.

(b) Each detector probes a certain part

of the fuel shown as distributions of

down-scattered neutrons on a sphere

using Monte-Carlo calculations assum-

ing a point source of primary 14.7-

MeV neutrons probing a spherical DT

shell.
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compression achieved in LF experiments and, for the shot

N150416, it was similar to the highest compression achieved

in the HF shots. The measured compression for the 3-shock

AS shot N150115 was higher than in all HF experiments.

This will be further discussed in Sec. XI.

VIII. LOW-MODE qR MODULATIONS OF
COMPRESSED FUEL

The low-mode asymmetries with mode numbers <10

were measured using Flange Neutron Activation Diagnostic

(FNAD) detectors.59 Figure 12 shows maps of the FNAD

results for the three adiabat-shaped shots, as well as locations

of the FNAD detectors on the NIF target chamber in addition

to locations of MRS and NTOFs, shown in Fig. 9(a). The

maps show measured ratios of the primary 14.7 MeV neutron

yields over the average neutron yield, Y/Yave, for seventeen

FNAD detectors, used in each of these experiments. In addi-

tion, the color maps show low-mode fits to the FNAD data.

For each FNAD detector, the ratio Y/Yave is a measure of the

unscattered primary neutrons remaining in the direction to

this particular detector. It also depends weakly on the bulk

velocity of the hot-spot toward to (or away from) this detec-

tor. After the effect of the bulk velocity is removed, the

FNAD data can be used to infer low-mode asymmetries of

the compressed DT shell at peak compression.

Figure 13 shows the measured low-mode qR asymme-

tries with rms shell integrity of d(qR)/qR as a function of fuel

compression qR for LF, HF, and three adiabat-shaped implo-

sions. In Fig. 13(a), the results from 4-shock (N141123) and

3-shock (N150115) AS shots that are circled in red are com-

pared with their corresponding LF and HF shots, circled in

blue and green, respectively. The results from high-power

3-shock AS shot N150416 are compared with its three

FIG. 10. Measured DSR values for five DSR detectors as a function of the

cosine polar angle of the NIF target chamber for three AS experiments.

FIG. 11. Fuel compression measured with 198tAu/196gAu isotope ratios from

solid radiochemistry (SCR) collectors as a function of measured DSR for

HF, LF, and three AS shots. Low uncertainties in Au isotope ratios allow us

to clearly distinguish compressions in AS shots, while their DSR measure-

ments show larger uncertainties.

FIG. 12. Maps of neutron yield ratios over average neutron yield Y/Yave, for

seventeen Flange Neutron Activation Diagnostic (FNAD) detectors for three

AS shots (a) N141123, (b) N150115, and (c) N150416. Also shown the loca-

tions of FNAD detectors on the NIF target chamber along with five DSR

detectors. The color represents low-mode fits to the data.
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corresponding HF shots in Fig. 13(b). All three adiabat-

shaped shots had significant measured low-mode asymme-

tries, with rms d(qR)/qR of �0.2. The 4-shock AS shot

N141123 had asymmetries either higher or similar than in its

companion LF shots while the neutron yield was �3 to �10

times higher than in these LF shots. This indicates that low-

mode asymmetries were not the dominant source of degrada-

tion in LF shots, compared to high-mode modulations that

were significantly reduced with adiabat shaping. For the 3-

shock AS shot N150115, the low-mode asymmetries were

similar to the companion HF shots while the compression

was significantly increased compared to the HF shots.

The low-mode fits to FNAD data show thick fuel areal-

density areas in polar regions, a pattern that is repeatable in

the three adiabat-shaped shots, and in general also in the HF

and LF shots. Such asymmetries can be created due to low-

mode drive asymmetries and as well as high-mode modula-

tions such as tents and fill tubes. However, better understand-

ing of the origin of these modulations is needed before they

can be mitigated.

IX. ABLATOR MIX INTO HOT SPOT

Figure 14 shows the measured neutron yield as a func-

tion of the x-ray enhancement ratio that is the measure of the

plastic ablator mix into the DT hot spot. The x-ray enhance-

ment ratio was defined using a ratio of the measured hard

x-ray yield to the neutron yield.18 It is a measure of the abla-

tor mix due to its dependence on hot-spot effective Z, as

described in Ref. 18. Experiments with the x-ray enhance-

ment ratio near �1 indicate an absence of ablator mix, while

the shots with a high enhancement ratio indicate a high abla-

tor mix. All three adiabat-shaped shots show low levels of

the ablator mix, as all HF shots. Five circled companion LF

shots to the 4-shock AS shot show various amounts of abla-

tor mix, correlated with a degradation of neutron yield. It is

interesting to notice that two of these companion LF shots

had small amounts of mix, as in the 4-shock AS shot, but the

yield performance was �3� lower than in the 4-shock AS

shot. These observations will be further discussed in Sec. XI.

X. HOT-ELECTRON MEASUREMENTS

Time-integrated, hard x-ray emission images (with pho-

ton energies >50 keV), associated with hot-electrons, were

measured by the equatorial hard x-ray imager (EHXI)60 and

presented in Figs. 15, 16, and 17, for the shots N141123,

N150115, and N150416, respectively. These images and

corresponding vertical lineouts were compared with their

companion LF and HF shots, as indicated in the figures. The

images and lineouts indicate locations of the emission from

FIG. 13. (a) Measured low-mode qR asymmetries with rms shell integrity of

d(qR)/qR as a function of fuel compression qR for LF, HF, and three AS

implosions. The results from 4-shock (N141123) and 3-shock (N150115)

AS shots are circled and compared with their corresponding low-foot and

high-foot shots, also circled. (b) The same figure as (a) but with results from

3-shock high-power AS shot N150416 circled and compared with its corre-

sponding three high-power HF shots. Representative uncertainties are shown

for the shot N150115.

FIG. 14. Measured neutron yield as a function of x-ray enhancement ratio

(which is the measure of the ablator mix into the DT hot spot) for LF, HF,

and three AS experiments. Circled are five companion low-foot shots to the

4-shock AS shot N141123.
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laser entrance holes (LEHs) and from the central parts of the

hohlraums. While the emission is similar in the low power 4-

shock and 3-shock AS shots (see the lineouts in Figs. 15 and

16), it is nearly doubled in the high-power 3-shock AS shot

(compare with the lineout in Fig. 17). This increase can be

responsible to the fuel preheat and some reduction of the fuel

compression for the 3-shock AS shot N150416.

The electron preheat can come from electrons generated

by the Stimulated Raman Scattering (SRS) and Two-

Plasmon Decay (TPD) instability.38 In current experiments,

the electron temperatures attributed to SRS are �18 keV,

while the component attributed to TPD is much higher,

�100 keV. It is interesting to notice that the hot-electron sig-

nals were generally lower in adiabat-shaped shots than in

companion HF shots. Therefore, hot electrons might also

contribute to overall lower compression in HF experiments.

Time dependence of hot electrons has a crucial effect on fuel

preheat. Hot-electron preheat can be more detrimental if it

happens before the arrival of the first shock in the DT fuel.

While time-resolved hard x-ray signals were not possible to

measure in layered DT implosions due to high neutron back-

grounds, they were measured in tuning shots at similar con-

ditions to that in DT implosions. It was estimated that the

fuel preheat before the break-out of the first shock into the

hot spot is about three orders of magnitude higher in low-

power 3-shock AS shot N150115, compared to the 4-shock AS

shot N141123, while it is slightly lower (a factor of �2) in

companion low-power HF shots.61 The electron preheat was

previously studied in simulations and discussed in Ref. 38.

XI. DISCUSSION

One of the most important questions in ICF is the role of

hydrodynamic instabilities in degradation of implosion per-

formance and quantitative understanding of deviations from

1-D predictions. More specifically, what are the relative con-

tributions of low-mode modulations including drive asym-

metries and high-mode modulations on performance

degradation as a function of fuel compression (convergence)

and implosion velocity? As it has been shown in layered

implosions on OMEGA,60 the experimental yield Yexp can

be expressed as Yexp�Vimp
5 a, while the 1-D yield is scaled

as Y1-D�Vimp
6 a�0.8, where Vimp is the implosion velocity

and a in the DT fuel adiabat. In the 1-D scaling, lower adia-

bat a (and as a result higher compression of the DT fuel)

increases the neutron yield. However, the experimental yield

is proportional to adiabat a, indicating that the detrimental

effects of hydrodynamic instabilities on the neutron yield

increase at higher compression in OMEGA implosions.62

FIG. 15. Hard x-ray (>50 keV) images from the hohlraums for (a) LF shot

N120321 and (b) companion 4-shock AS shot N141123 measured with

EHXI diagnostic. (c) Vertical lineouts of the emission for each shot showing

similar x-ray signals in the central parts of the hohlraums, away from the

laser entrance holes (LEHs). The central parts of the lineouts were corrected

for slightly different filtration used in N120321, but emission from LEH

could not be properly corrected.

FIG. 16. Hard x-ray (>50 keV) images from the hohlraums for (a) HF shot

N150610 and (b) companion 3-shock AS shot N150115 measured with

EHXI diagnostic. (c) Vertical lineouts of the emission for each shot.
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Before the adiabat-shaping campaign, such a trend was

also observed in the 2� larger-scale indirectly driven capsu-

les on NIF. As it can be seen in Fig. 6, generally higher

yields were measured at lower compression in HF implo-

sions, while generally lower yields were measured at higher

compression in LF implosions. However, the LF implosions

were much more unstable than HF implosion at the ablation

front, as shown in Fig. 1(b), resulting in ambiguity over

effects compression vs instability on yield. The 3-shock

adiabat-shaped implosion N150115 isolated the compres-

sion effect on implosion performance, as the ablation front

stability was similar to that in HF. The DT fuel compression

was significantly increased up to �36%, compared to its

companion HF implosions driven at the same implosion

velocities of �330–340 km/s. Such an increase in compres-

sion was achieved despite very significant low-mode asym-

metries in DT fuel with rms d(qR)/qR of �0.2. This

indicates that low-mode asymmetries might not be the domi-

nant factor for the reduced compression in the companion HF

shots at similar levels of low-mode asymmetries as in shot

N150115 [see Fig. 13(a)]. While the compression increased,

the neutron yield also increased by �20%, reversing the trend

observed on OMEGA.62 However, the �20% increase is

lower than �50% increase expected from 1-D scaling

for which Y� (qR)1.5,63 suggesting that the hydrodynamic

instabilities affect the performance at these conditions. It is

noteworthy that the increases in the compression and the

yield were despite high roughness of the DT ice layer, well

above the specifications and also versus companion HF shots

(as discussed in Sec. IV). This indicates that large ice rough-

ness might not be an important factor for the degradation of

the fuel compression at present conditions.

The measured increase in compression up to �36% was

actually larger than the �10% increase that was expected to

result from the �10% lower adiabat in the AS design relative

to the HF shots with lowest simulated adiabats (the simulated

adiabats in HF shots varied from �2.2 to �2.7). As a possi-

ble explanation for this unexpectedly large increase in com-

pression, we note that measurements of the hot-electrons

were significantly reduced with the AS drive, compared to

the HF drive.37,38 The number of hot electrons with energy

>170 keV is reduced by a factor of �10 as measured in

shape-tuning experiments with plastic capsules with similar

drives to the layered DT implosions.37 (Hot electrons cannot

be reliably measured in the high-yield DT layered implo-

sions.) In complementary EHXI measurements shown in

Fig. 16, the number of hot electrons with energy >50 keV

was also reduced by a factor of �2. These observations sug-

gested a hypothesis that the hot-electron preheat could com-

promise compression, especially in the HF implosions,

where the hot-electron signals were even higher.

This hypothesis was supported by the results of the high-

power, 3-shock AS shot N150416. When the peak power was

increased from 330 TW to 390 TW, the neutron yield was

increased more than 2� compared to the lower-power AS

shot N150115. However, the DT fuel qR from DSR measure-

ments was reduced, in agreement with the reduction in com-

pression inferred from Au isotope ratios, as shown in Fig. 11.

This compression reduction was correlated with increased

hot-electron signals, shown in Figs. 16 and 17. The compres-

sion was reduced to DSRs �4.65% 6 0.32%, almost to the

same levels as measured in the companion high-power HF

shots with DSRs �4%, shown in Fig. 6. The companion HF

shots had even higher hot-electron signals than the AS shot

(see the comparison in Fig. 17). Another hypothesis for the

measured compression in high-power HF shots, apart from

the preheat hypothesis, is due to low-mode asymmetries,

based on 2-D and 3-D simulations.64 In these simulations, the

compression was degraded from 1-D levels with DSRs of

�6.5% to the near measured levels with DSR �4% primarily

due to time-dependent low-mode asymmetries64 in high-

power HF shots. Therefore, some combination of preheats

and low-mode asymmetries are possible for compression

reduction in the high-power HF shots. It is interesting to

notice that while low-mode asymmetries varied almost by a

factor of �2, the neutron yield was very reproducible (within

�10%) in these three companion high-power HF shots [see

Fig. 13(b)]. This result indicates that variations of low-mode

asymmetries by a factor of �2 were not enough to affect

HF implosions with DSR� 4%. Proposed experiments with

improved and/or degraded low-mode asymmetries are

expected to provide more quantitative insights of their impor-

tance in layered implosions.64 Both high-power HF drive and

FIG. 17. Hard x-ray (>50 keV) images from the hohlraums for (a) high-

power HF shot N140520 and (b) companion high-power 3-shock AS shot

N150416 measured with EHXI diagnostic. (c) Vertical lineouts of the emis-

sion for each shot.
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especially 4-shock AS drive (due to its higher sensitivity at

higher compression) are important platforms for such studies.

In the experiment with the 4-shock adiabat-shaped drive,

the neutron yield was improved by factors �3 to �10, com-

pared to five companion LF shots, while measured compres-

sion was similar to its LF companions (see Fig. 6). The

neutron yield increased despite larger low-mode asymme-

tries of DT fuel with rms d(qR)/qR of �0.2 than in two com-

panion LF shots. It is interesting to notice high yield

variability (with a factor of �4) of the five companion LF

shots, shown in Fig. 6. The yield reduction in these LF shots

was correlated with an increased ablator mix into the DT hot

spot, shown in Fig. 14, but was not correlated with low-

mode asymmetries, as shown in Fig. 13(a). In fact, one of the

better performing LF shots N120321 (with highest yield and

DSR) out of five companions had the largest measured

low-mode asymmetries. These observations suggest that the

dominant degradation source for LF implosions was seeded

by ablation-front instability growth, since adiabat shaping

and smaller tents (30-nm vs 110-nm) significantly stabilized

this growth, compared to LF experiments [see Fig. 1(b)].

Two of the companion LF shots (N120321 ands N120417)

show negligible amount of the ablator mix as in 4-shock AS

shot N141123, yet their yield performance was �3 times

lower than in the AS shot (see Fig. 14). This suggests that

the feed-through of modulations from ablation front to the

hot spot boundary had a significant effect on the DT burn in

these two LF shots. This is a very important result indicating

that significant degradation due to high-mode instability

growth can occur due to cold fuel and hot-spot mix, without

the ablator mix into the hot spot.

One of the goals of the adiabat shaping campaign was

the study of the effects of high-mode instability growth on

implosion performance. The instability growth was modified

by adiabat shaping and tent thickness simultaneously in this

campaign. Therefore, the reduction in instability growth and

subsequent neutron yield improvement in the 4-shock AS

shot N141123 could come not only from adiabat shaping but

also from thinner, 30-nm thick tents instead of 110-nm thick

tents used in LF companion shots. Using thinner tents in LF

implosions did not result in performance improvements. One

of the LF shots (LF130331) used 15-nm thick tent, compared

to the nominal 110-nm thickness used in the majority of the

LF shots. The capsule was driven at an implosion velocity of

�305 km/s and had measured DSR of �4.1% in this shot.

The measured neutron yield was �3� 1014 in this shot, simi-

lar to other LF shots with thicker tents driven at comparable

implosion velocities and DSRs. The adiabat shaping reduced

not only instability growth factors35 but also the growth of

tent modulations,33 as was shown in radiography experi-

ments by comparing to a companion LF shot with the same

tent thickness.33 These observations suggested that the adia-

bat shaping was the dominant contributor to the performance

improvements over LF implosions, not the tent thickness by

itself. Varying the tent thickness in companion adiabat

shaped and LF implosions will provide more stringent tests

of the relative effects of the tent thickness vs adiabat shaping

on implosion performance.

The neutron yield in the 4-shock AS shot N141123 was

about 2.7 times lower than in the 3-shock AS shot N150115,

driven at a similar velocity of �320–330 km/s. It was pro-

posed to improve ablation-front stability with 4-shock AS

drive to the levels of the 3-shock AS and HF drives. This has

been already achieved in simulations by increasing the

energy in the first picket from 22 kJ to 30 kJ.38 Such an

experiment will provide a further scaling of neutron yield as

a function of compression at the same low level of ablation-

front stability as the 3-shock AS shot N150115 but with the

higher compression (DSR of �5.5%) attainable with a 4-

shock AS drive.

Prior to the DT implosion, the backlit x-ray radiographs

of imploding capsules driven by the 4-shock AS drive,

showed a large P4 mode.33 It was expected to significantly

reduce neutron performance per 2-D and 3-D simulations.64

To test the importance of low-mode asymmetries on neutron

yields and DSRs, capsule “shimming” was proposed65,66 by

varying pre-imposed P2 and P4 modes. The 4-shock AS drive

had higher compression, compared to HF drives, so it is

more favorable platform for such a study due to higher sensi-

tivity at higher convergence.

In addition to the neutron yield and DSR, the perfor-

mance can also be characterized by other important ICF

parameters, inferred from experimental data. They include

hot-spot pressure P, a parameter P�s, which is the product of

hot-spot pressure and confinement time s, the ignition thresh-

old factor parameter IFTX, the Generalized Lawson

Criterion (GLC), and yield amplification due to alpha heat-

ing.67–70 They are summarized in Table I for the three AS

shots. The product time P�s depends on two major ICF

parameters,59 total shell areal density at peak compression

qR and implosion velocity V as, P � s Gbar nsð Þ ¼ 85ðqRÞtotal
Vðcm=sÞ

108 . The GLC is defined as a ratio of P�s to ignition

(P�s)IGN. It depends on the product of the hot-spot pressure

(inferred from simple models based on experimental observ-

ables), confinement time s, as well as the ion temperature T.

The ITFX depends on two measured quantities: the DT

neutron yield in the range from 13 to 15 MeV, YDT
13�15 MeV,

and the DSR as, ITFX ¼ YDT
13�15 MeV

4:0e15

� �
DSR
0:067

� �2:1
.67–69 The yield

depends on the hot-spot performance and the DSR is the

measure of the fuel compression qR, which determines

the confinement time. The GLC and ITFX are equivalent,

GLC � ðITFXÞ0:375
, and serve complementary pur-

poses.67–69 GLC can be calculated from ITFX and indepen-

dently from P�s, as shown in Table I. Generally, the GLC is

the more uncertain performance metric due to its model

dependence; while ITFX is defined directly from the mea-

sured quantities YDT
13�15 MeV and DSR.

Yield amplification due to alpha heating is another

important performance metric. It is defined using parameter

ITFX calculated with and without alpha heating,67,68 as

shown in Fig. 18. Ignition has been defined as ITFXno a

�1.0, corresponding to the yield amplification �100, as

shown in Fig. 18. The total neutron yield in the high-power

3-shock adiabat-shaped shot N150416 was 8.5� 1015

6 0.2� 1015, with an average fuel areal density of 0.90

6 0.07 g/cm2, corresponding to the ignition threshold factor

parameter IFTX (calculated without alpha heating) of

102703-14 Smalyuk et al. Phys. Plasmas 23, 102703 (2016)



0.34 6 0.03.The performance parameter IFTX and corre-

sponding yield amplification were among the highest of all

shots on NIF and the closest to ignition at this time, as also

shown in Fig. 6. However, the highest total neutron yield of

9.3� 1015 6 0.2� 1015 was achieved in HF shot N140304,

but at lower DT fuel density of 0.66 6 0.04 g/cm2 and lower

ITFX (without alpha heating) of 0.25 6 0.02.23 It is also

noteworthy that all three adiabat-shaped shots had the high-

est measured neutron yields and performance parameters

such as ITFXs and yield amplifications, compared to experi-

ments with the same measured compressions (DSRs), shown

in Fig. 6.

XII. FUTURE EXPERIMENTS

One of the important goals of the “adiabat-shaping” cam-

paign was testing the effect of compression on neutron per-

formance. The 3-shock adiabat-shaped implosion N150115

did this by comparing its performance to companion HF shots

with similar implosion velocity and the ablation front

stability. While the DT fuel compression was increased up to

�36%, compared to its companion HF implosions, the neu-

tron yield also increased by �10%. This reversed the trend

observed on OMEGA.62 Will this trend hold at higher con-

vergence? Unlike in OMEGA implosions, the alpha heating

has significant contribution to neutron yield amplification in

adiabat-shaped implosions on NIF; therefore, it could offset

the performance degradation due to hydrodynamic instabil-

ities and asymmetries expected at higher convergence. To

answer this question, it was proposed to improve ablation-

front stability with the 4-shock AS drive to the levels of the 3-

shock AS and HF drives.38 The goal is to achieve the implo-

sion with the DSR of �5.5% to �6%, implosion velocity of

�320–330 km/s, at the same ablation-front stability as HF and

3-shock AS drives to compare its performance with the com-

panion HF and AS drives. This new drive has been designed

by modifying 4-shock AS drive (used in the shot N141123)

by increasing the energy in the first picket from 22 kJ to

30 kJ.38 In the simulations, the neutron yield is expected to

approximately double by such a slight increase in the first

picket energy. Further, imposing a modulation with P4 ampli-

tude of �3.5 lm at the outer capsule surface (“shimming”) is

expected to mitigate the large low-mode P4 asymmetry mea-

sured in the tuning shots prior to shot N141123 and increase

the total neutron yield to �1.4� 1016 at DSR�6.3%.

Additional P2 shims, increased power and energy (420TW

and 1.8 MJ) are predicted to increase the total neutron yield to

�4� 1018 in 2-D simulations.65 Such experiments will not

only provide a further scaling test of neutron yield as a func-

tion of compression but also will test predictive capabilities of

the simulations at ignition conditions.

One of the important remaining questions for the

adiabat-shaping campaign is the reproducibility of the

results; therefore, additional repeat experiments are neces-

sary to address it. The performance uncertainties of the com-

panion HF results could be used as a rough guide for the

uncertainties in the 3-shock AS implosions since the com-

pression and the implosion velocities were not too distant

between these HF and AS experiments. Therefore, neutron

yield variability of �10%–20% rms and the DSR variability

of �10% rms could be used as rough estimates of uncertain-

ties for 3-shock AS experiments. It is more difficult to pre-

dict variability of the 4-shock AS implosion, because of the

high variability of the companion LF shots, therefore repro-

ducibility shots are more important for the 4-shock AS

experiments.

XIII. SUMMARY AND CONCLUSIONS

In conclusion, layered DT implosions were carried out

using 3-shock and 4-shock adiabat-shaped drives and plastic

ablators on NIF. The purpose of these shots was to gain

understanding of performance degradation in the low-foot

implosions during National Ignition Campaign (NIC) and

subsequent high-foot implosions. The neutron yield perfor-

mance in the experiment with the 4-shock adiabat-shaped

drive was improved by factors from �3 to �10, compared to

five companion low-foot shots, while measured compression

was similar to its low-foot companions. This indicated that a

FIG. 18. (a) Yield amplification due to alpha heating as a function of ITFX

calculated with and without alpha heating. (b) The same figure zoomed at

lower alpha heating range with values of ITFX and yield amplification indi-

cated for high-power, 3-shock AS shot N150416 as dashed lines.
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dominant degradation source for low-foot implosions was

ablation-front instability growth since adiabat shaping signif-

icantly stabilized this growth and seeds associated with it.

For the experiment with the low-power 3-shock adiabat-

shaped drive, the DT fuel compression was significantly

increased by between 25% and 36% compared to its com-

panion high-foot experiments. While compression increased,

the neutron yield also slightly increased by �20%. For the

experiment with the high-power 3-shock adiabat-shed drive,

the DT fuel compression was slightly increased by �14%

compared to its companion high-foot experiments. However,

the compression was reduced compared to the lower-power

3-shock adiabat-shaped drive, correlated with the increase of

hot electrons that hypothetically can be responsible for

reduced compression in high-power adiabat-shaped experi-

ments as well as high-foot experiments. The total neutron

yield in the high-power 3-shock adiabat-shaped shot

N150416 was 8.46� 1015 6 0.19� 1015, with the fuel areal

density of 0.90 6 0.07 g/cm2. The inferred yield amplifica-

tion was the highest of all shots on NIF so far. Follow-up

experiments were proposed to continue testing physics

hypotheses, to measure implosion reproducibility, and to

improve quantitative understanding on present implosion

results.
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