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ABSTRACT

In indirect-drive implosions, the final core hot spot energy and pressure and, hence, neutron yield attainable in 1D increase with increasing
laser peak power and, hence, radiation drive temperature at the fixed capsule and Hohlraum size. We present simple analytic scalings vali-
dated by 1D simulations that quantify the improvement in performance and use this to explain existing data and simulation trends.
Extrapolating to the 500 TW National Ignition Facility peak power limit in a low gas-fill 5.4mm diameter Hohlraum based on existing high
adiabat implosion data at 400 TW, 1.3MJ and 1 � 1016 yield, we find that a 2–3 � 1017 yield (0.5–0.7MJ) is plausible using only 1.8MJ of
laser energy. Based on existing data varying deuterium–tritium (DT) fuel thickness and dopant areal density, further improvements should
be possible by increasing DT fuel areal density, and hence confinement time and yield amplification.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131180

I. INTRODUCTION

In indirect drive inertial confinement fusion (ICF) at National
Ignition Facility (NIF), a deuterium–tritium (DT) filled capsule1,2 is
driven by x-rays at peak radiation temperatures Tr of �300 eV pro-
duced by irradiating the inside of a high-Z Hohlraum with 192 laser
beams entering through two laser entrance holes (LEHs) on either
end. The DT hotspot must reach high ion temperatures, Tion > 5 keV,
and high areal densities, qr> 0.2–0.3 g/cm2, to initiate burn, while the
total yield depends on the confinement time provided by the total
areal density of the DT and remaining ablator, typically designed at
1–2 g/cm2.

The goal of the National Ignition Facility (NIF) is to increase the
liberated fusion energy “yield” in inertial confinement fusion (ICF)
experiments well past the ignition threshold and the input laser
energy. Most recent efforts have focused on increasing the capsule size
to increase the capsule-absorbed energy. By using smaller Hohlraums
with less wall losses, which was the approach pursued in Refs. 3 and 4
the peak radiation drive temperature Tr can be increased, such that the
capsule-absorbed energy for smaller capsules can be comparable to
larger capsules placed in bigger Hohlraums. In addition, the higher Tr

leads to higher ablation and, hence, stagnation pressures for equivalent
peak implosion velocity.5 In this paper, we present the results of two
sets of DT-layered implosions, both of which used 0.844mm inner
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radius high-density carbon (HDC) ablators in small Hohlraums. The
BigFoot experimental campaign3,4,6–15 is shown to follow analytic scal-
ing with laser power and when plotted as a function of capsule-
absorbed energy to account for differences in theHohlraum configura-
tions, both the BigFoot and high-density carbon (HDC)16–21 cam-
paigns are shown to follow the same scaling with yield amplification vs
capsule-absorbed energy. Extrapolating the experimental performance
of these two campaigns and interpolating the simulations, which
match the experiment observables at lower energies, indicate that these
implosions would cross into the burning plasma regime at �1.5MJ of
laser energy. These simulations also predict, assuming low laser plasma
backscatter losses and symmetry control can be maintained, that these
implosions could reach ignition with a capsule-absorbed energy
�175 kJ, �1.8MJ of laser energy into a gold-lined Hohlraum with
3.45mm LEHs, with appropriate thicker fuel and ablator.3,4 With the
typical NIF laser energy of 1.85MJ and Au-lined DU Hohlraums with
3.1mm LEHs, this platform could drive these capsules with up to
200 kJ of capsule-absorbed energy and Hohlraum temperatures of
>335 eV. To help support this, we also present experimental results in
which we were able to increase the stagnated cold fuel areal density, by
increasing the initial ice thickness. The ability to increase the remain-
ing ablator and cold fuel areal density is critical in increasing confine-
ment time and, hence, achieving a larger burn-up fraction of the
assembled DT fuel and, hence, higher neutron yield.

In Sec. II, we briefly review the benefits of using smaller capsules
and Hohlraums using the Hohlraum power balance formula. In Sec.
III, we review the experimental parameters from the high-density car-
bon-based ablator campaign, denoted BigFoot, performed in the
smallest 5.4mmradius Hohlraums which used the 192 beam NIF. In
Sec. IV, we present simplified capsule rocket model scalings for the
purpose of extrapolating from existing data and validate them by com-
paring to simulation outputs of implosion velocity and mass remain-
ing trends with increasing peak power, laser energy, and initial capsule
mass. In Sec. V, we present analytic scalings of hot spot energy, pres-
sure, and ignition metrics in the absence of alpha heating, validated to
1D simulation results and compare to data and Bigfoot design trends.
In Sec. VI, we use the analytic formalism to extrapolate to NIF peak
power at fixed Hohlraum and capsule size, including a discussion of
other potential issues such as symmetry control and losses due to
laser–plasma instabilities. In Sec. VII, we include yield amplification
by alpha heating, first comparing the BigFoot data with many of the
campaigns that were carried out on the NIF at higher power and ener-
gies in larger Hohlraums driving larger capsules, then extrapolating to
NIF peak power using a simulated correspondence between the gener-
alized Lawson criterion and yield amplification. In Sec. VIII, we dis-
cuss the benefits of increasing the DT fuel layer and present the
empirical scaling of inferred stagnated fuel areal density as a function
of the initial ice thickness. In Sec. IX, we summarize the results and
extrapolations of the BigFoot 844design with 0.844mm I.R. HDC cap-
sules and potential further improvements.

II. HOHLRAUM POWER BALANCE

The peak temperature in a Hohlraum can be approximated as a
power balance between the x-ray power produced in the Hohlraum
given by the product of peak laser power PL and fraction converted to
x-rays b, and the x-ray power lost to the walls of the Hohlraum, the
capsule itself, and the laser entrance holes (LEH).6,22,23 We note that b

also accounts for the fraction of laser peak power lost to backscatter
and the Hohlraum He gas-fill used to tamp the high Z Hohlraum
walls, a few % for the low He gas-fills used currently. The power lost to
the walls, capsule, and out the LEHs is the x-ray flux inside the
Hohlraum, rT4

r , multiplied by their respective surface areas at peak
power and the fraction (1 � a) not reradiated, where a is an albedo,
yielding:

bPL ¼ rT4
r Aw 1� awð Þ þ 4pR2

c 1� acð Þ þ 2pR2
LEH

� �
; (1)

where we can define an effective loss area Aw 1� awð Þ½
þ4pR2

c 1� acð Þ þ 2pR2
LEH�. Typically, b � 0.75 and the ratio of the

three terms in the effective loss area comprise 60%, 10%, and 30% of
the total losses22 with ac � 0.3 and aw � 0.85 averaged over peak
power for the highest practical atomic number Au or U walls available.
As Tr increases, by either increasing peak laser power or reducing
losses, the albedos also increase such that Tr

3.5 � PL, a scaling used
later. The effective loss area of the Hohlraum can be minimized by
reducing the Hohlraum wall’s area, increasing the Hohlraum wall’s
albedo, reducing the size of the capsule or reducing the size of the
LEH. Most layered implosions use a gold-lined uranium wall to maxi-
mize the Hohlraum wall’s albedo. The minimum LEH size on the
NIF is currently limited by the phase plates used by the inner beams.
The LEH diameter must be larger than �1.2� the inner beam foot-
print in the LEH plane. The two remaining techniques to reduce the
losses in the Hohlraum are reducing the surface area of the Hohlraum
wall and the capsule, the strategy employed here.

III. EXPERIMENTAL DESIGN

This paper primarily extrapolates from the NIF campaign,
denoted as the BigFoot 844, which used partially W-doped high-
density carbon (HDC) ablators of inside radius 0.844mm and thick-
ness between 64 and 68lm and deuterium–tritium fuel layers between
41 and 45lmthick. This BigFoot 844 campaign3,4,6 was conducted in
5.4mm diameter by 10.13mm length Hohlraums filled with
0.3mg/cm3 helium gas and equipped with 3.45mm LEHs covered
with 0.5lm Lexan windows. The 44.5� and 50� cones were separated
in z where they impact theHohlraum wall and each of the outer quads
was separated into groups of two beams containing orthogonal polar-
izations displaced in azimuth to create more uniform illumination of
the Hohlraum wall. Cone and quad splitting the outers also reduced
the intensity on the wall which reduced the gold bubble expansion
velocity where the outer laser beams hit the Hohlraum wall to main-
tain symmetry control and decrease the growth of laser–plasma insta-
bilities. The BigFoot 844 campaign was designed such that the second
shock overtook the first shock in the ablator near the ablator–ice inter-
face with the third overtaking the first two in the gas near the gas–ice
interface. As such the ablator was shocked three times and the ice was
only shocked twice. This had the effect of stabilizing the fuel–ablator
interface, driving a stable (negative) fuel–ablator Atwood number, A,
in the acceleration phase of the implosion, where A ¼ (qf � qa)/(qf
þ qa) (Ref. 3). Thus, the density of the ablator, qa, is greater than the
density of the fuel, qf, throughout acceleration. This was, however, at
the expense of a high-design fuel adiabat, �4, due to the larger first
combined shock velocity entering the ice layer. The BigFoot design
also had the advantage that it required a shorter foot which reduced
the ablated mass under inefficient low Tr, low exhaust velocity �

ffiffiffiffiffi
Tr
p

conditions. Combined with the use of a 20%–30% thinner fuel layer,
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this leaves more ablator mass remaining for a given peak implosion
velocity, as discussed and tabulated further in Sec. IV. The main cam-
paign included four layered DT shots progressively increasing peak
power from 310 to 400 TW, laser energy from 1.05 to 1.35MJ, initial
ablator thickness from 64 to 68lm, and DT fuel thickness from 41 to
45lm.

IV. SIMULATED AND ANALYTIC IMPLOSION
SENSITIVITIES

The approach proposed in this article and Refs. 3 and 4 is to
increase the velocity and performance of a set of BigFoot implosions
sharing a fixed capsule design by increasing the laser peak power and
energy until a performance cliff is reached due to insufficient ablator
mass remaining and too much hydro growth. Just before that point,
the capsule and DT ice thickness would be increased to maintain the
implosion velocity as laser energy EL is increased. To anchor this strat-
egy, a series of simulations performed3,4 using the two-dimensional
radiation hydrodynamics code Lasnex24,25 were presented for the
Bigfoot 844 campaign, 0.844mm radius capsule implosions, starting
from the two 320 and 330 TW existing implosions at the time and
extending to 500 TW. The two lowest energy simulations were post-
shots of N161030 and N170109, and the remaining four represent a
systematic walkup to the full NIF power. Subsequent experiments at
400 TW, N190721 and N190617, agreed within the error bars, with
the simulation and occurred after the BF 950 platform had begun. The
simulations used the technique of adding preheat energy, 0.75MJ/g, to
the DT ice layer a few hundred picoseconds before the time of peak

implosion velocity (over a period of 100 ps) which increased the design
adiabat from a � 4 to a � 5.5. Adding preheat energy to the DT ice
layer allowed the postshot simulations to more accurately reproduce
the experimentally measured yield, down-scattered ratio (DSR), Tion

and hotspot size and is a surrogate for mix and shock mistiming.
Simulation inputs and outputs are shown in Fig. 1 and Table I.

For all but the 500 TW simulation, the capsule mass and laser peak
power pulse length s are kept fixed as peak power increases. Figure 1(b)
shows the corresponding remaining mass and coast time decreases as
expected as laser power (PL), energy (EL � PLs), and Tr are increased.
The coast time is defined as the time between when the laser pulse has
dropped to half of its peak power and the time of peak gamma-ray
emission, bang time. We note the coast time is kept below 1ns, a typical
Hohlraum flux cooling time, as data and simulations show this to be
crucial to maintaining high ablation pressure at peak velocity. The simu-
lation performed at 500 TW, 1.9MJ increased the DT fuel and ablator
thickness 20% to prevent burnthrough and mitigate the effects of hydro-
dynamic instability growth. This leads to the increase in mass remaining
and leveling off of the peak fuel implosion velocity in Fig. 1(c).

For quantitatively understanding the simulation trends and
extrapolating from newer data, it is instructive to evaluate more
broadly the scalings of peak implosion velocity and mass remaining
with capsule mass and peak radiation Tr using a simplified analytic
treatment. In the spherical rocket model of an indirect-drive ICF
implosion, the peak implosion velocity, vimp, can be expressed in terms
of the peak power radiation temperature, Tr; the initial combined
mass of the ablator and DT ice, M; and the remaining combined

FIG. 1. (a) Pulse shapes, (b) ablator remain-
ing mass and coast times, and (c) peak fuel
implosion velocity for the simulations per-
formed for Ref. 1.
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ablator mass and DT ice mass, Mr; as vimp � Tr
0.5ln(M/Mr). Over

the range of values of M/Mr in these implosions, 7�M/Mr � 12,
ln(M/Mr) approximates as 0.73

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M=Mrð Þ

p
, hence,26

vimp � T0:5
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M=Mrð Þ

p
: (2)

The rocket equation approximation is valid between 2vex < vimp

< 2.5vex, where the exhaust velocity vex is�10
ffiffiffiffiffi
Tr
p

lm/ns, hence for
vimp between approximately 330 and 450lm/ns (Ref. 1). The mass
ablation rate, dM/dt, for low Z ablators scales as Tr

3R2, where R is
some fixed fraction of the initial radius Rc of the capsule.

27 The ablated
capsule mass, M�Mr�M since Mr	M, then scales over an implo-
sion time s as

dM=dt � M=s � T3
rR

2: (3)

Case A: Constant Initial Ablatorþ Fuel Mass M:
Substituting for the implosion time s � R/vimp in Eq. (3) we

arrive at,28

vimp � T3
rR

3=M: (4)

As expected, in the hydroscaling limit for which the peak Tr is kept
constant and R0 ¼ SR, and M0 ¼ S3M the implosion velocity is inde-
pendent of scale S. Equation (4) represents the strong increase in vimp

as Tr is increased at fixed capsule R and M. Since Tr
3.5 � PL for fixed

Hohlraum scale and pulse length, vimp� PL
6/7. With vimp� Tr

3R3/M�
R/sacc and PL � Tr

3.5, we can write the acceleration time, sacc, in terms
of the laser power as sacc � PL

�6/7, where sacc is the time between the
start of the peak laser power and�400 ps before the bang time. This is
consistent with the peak simulated fuel velocity increasing 13%
between PL ¼ 330 and 420 TW on Fig. 1(c) and Table I, when
accounting for peak shell vimp relevant to the rocket model increasing
faster than fuel velocity being squeezed inward, as ablator mass
remaining drops per Fig. 1(b).29

Case B: Constant Remaining Ablatorþ Fuel Mass Mr

We now consider the constraint of fixed minimum Mr that is
desirable to keep soft x-rays from penetrating the shell and heating the
DT fuel directly while still maximizing vimp. Substituting for M from
Eq. (2) in Eq. (4),

vimp � T4=3
r RMr

�1=3: (5)

Equation (5) approximates the more detailed derivation in Saillard
Eq. (3.39), where vimp � Tr

1.26RMr
�1/3. The lower scaling with Tr can

be recovered by including a first-order correction in Mr/M. We note
the drop in Mr as vimp increases at fixed R and M, consistent with
Fig. 1(b) simulations as increasing laser energy up to 1.45MJ. With
vimp � RTr

4/3 � R/sacc and PL � Tr
3.5, we can write the acceleration

time, sacc, in terms of the laser power as sacc� PL
�0.38, where again sacc

is the time between the start of the peak laser power and �400 ps
before the bang time. Substituting for vimp in Eq. (2) using Eq. (5), the
scaling of initial mass with peak Tr is given by

M � Tr
5=3R2Mr

1=3: (6)

Equations (5) and (6) directly give the scaling of vimp and M with
increasing Tr for fixed R andMr. We note that vimp still increases faster
than vex � Tr

0.5 as allowing for more ablation afforded by more laser
energy and starting with higher capsule mass areal density M/R2.
We can compare this to the rocket model for an indirect drive that
yields1 vimp � (R/DR)vabl. The ablation rate vabl is defined as (dm/dt)/
q � Tr

0.9 since dm/dt � Tr
3, and for a given adiabat design, q � P3/5

� Tr
2.1. A more conservative limit,1,2 by keeping the in-flight capsule

aspect ratio (IFAR¼ R/dR) fixed, therefore, yields vimp� Tr
0.9.

Case C: Constant Peak Implosion Velocity, vimp

For the even more conservative case, approximating that used in
simulating the highest laser energy design point in Fig. 1, vimp is held
fixed as PL is raised from 420 to 500 TW(530 Au-U) (EL from 1.45 to
1.9MJ) to raise Tr. That limit leads to Eq. (4) simplifying to

M � T3
rR

3: (7)

As expected, M increases as a faster power of Tr than in Eq. (6), follow-
ing the mass ablation rate scaling to the zeroth order. Rearranging
Eqs. (5) and (2) at fixed vimp, the scaling of mass remaining increases
with Tr as

Mr � Tr
4R3; (8)

and the fractional mass remaining Mr/M as

Mr=M � Tr: (9)

Since PL � Tr
3.5 from Sec. II, M � PL

6/7 and Mr/M � PL
2/7. Indeed, the

design increases M by 20% as the laser power, PL, is increased
by� 26%, from 420 to 530 TW (Au-lined DU). By contrast, the total
fractional mass (ice þ ablator) remaining Mr/M increases from 10.6%
to 11.8%, an increase of�11%, vs the 7% predicted analytically.

For mitigating hydro-instability feedthrough from the ablation
front and maximizing confinement time, the remaining ablator areal

TABLE I. Simulated hotspot variables used to calculate the hotspot pressure and yield amplifications for BigFoot 844 designs as increase laser peak power and energy.

Sim.
Results

Laser
energy
(MJ)

Laser
power
(TW)

Ablator
thickness
(lm)

DT fuel
thickness
(lm)

Peak implosion
velocity
(lm/ns)

Ablator
mass rem.

(%)

Coast
time
(ns)

Primary
yield

Ion
temp.
(keV)

DSR
(%)

Hotspot
pressure
(Gbar) Yamp

N161030 1.06 318 63.8 40.4 370 9.8 1.13 2.1 � 1015 3.91 2.68 180 1.6
N170109 1.15 332 63.8 41 372 9.6 1.07 3.7 � 1015 4.06 2.79 244 1.8
X1 1.25 380 63.8 40 395 8.0 0.93 8.6 � 1015 4.67 2.97 338 2.6
X2 1.35 400 63.8 40 409 7.3 0.73 1.2 � 1016 5.03 3.02 395 3.1
X3 1.45 420 63.8 40 421 6.5 0.63 1.6 � 1016 5.51 3.04 449 3.6
X4 1.9 500 76.6 48 417 8.4 0.5 9.6 �1016 7.56 3.5 775 21
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density � Mr/Rhs
2 should be maximized. For a given design implosion

adiabat and vimp, the convergence ratio � R/Rhs of the implosion is
conserved, hence, Eq. (7) can be rearranged to give

Mr=R
2
hs � T4

rR � PL=R
2
H

� �8=7
R � PL R=RHð Þ=RH; (10)

where RH is the Hohlraum radius. The key point of Eq. (10) is that for
the optimum strategy of operating at maximum PL and R/RH to opti-
mize coupled energy and still allow for sufficiently uniform x-ray illu-
mination at the capsule, the remaining shell areal density scales as
1/RH. For the conservative limit of keeping the in-flight-aspect-ratio
(IFAR) constant in case B, the implosion velocity can be expressed as
vimp a (R/DR)(Tr)

0.9 (Ref. 1). Thus, for a fixed implosion velocity, the
IFAR is approximately inversely related to theHohlraum radiation tem-
perature, Tr. Likewise, the total number of e-foldings of amplification of
perturbations of mode m due to the combined effects of acceleration
and feedthrough can be expressed in terms of the IFAR as �sqrt(m/
(1þ 0.2m/IFAR)) � 1.8m/IFAR.1 For a 6% increase in Tr, one would
expect an �6% decrease in IFAR and a corresponding reduction in the
growth factors for a particular mode number. This increase in implo-
sion robustness at a smaller scale, all else equal, represents an additional
advantage to higher Tr increasing the ablation pressure at a given
implosion speed,28 lower in-flight-aspect-ratio defined as outer ablator
radius divided by the total shell thickness, and stronger ablative
stabilization.22

V. HOTSPOT METRICS WITHOUT ALPHA HEATING

The simulated product EhsPhs
2 for implosions is a convenient met-

ric30 for the likelihood of ignition, where Ehs and Phs are the hotspot
energy and pressure at minimum volume in the absence of alpha-
heating. We now consider the scaling of hot spot energy Ehs and pres-
sure Phs with peak power PL under the constraints of fixed adiabat and
capsule and Hohlraum scale. We will start by assuming case C that the
implosion time �R/vimp and, hence, the peak implosion velocity vimp

is approximately held fixed as PL, and hence, Tr is increased by appro-
priately thickening up the capsule and DT fuel. That will ensure nearly
fixed Hohlraum to capsule coupling efficiency. Moreover, simulations
of ignition-relevant indirect-drive designs show that the coupling effi-
ciency to the capsule kinetic energy at peak vimp, known as “rocket
efficiency,” is a weak function of any mass remaining2 and vimp vari-
ability. Finally, the coupling efficiency ghs of imploding kinetic energy
1/2Mrvimp

2 to Ehs in indirect-drive, for fixed vimp and the ratio of DT
fuel mass MDT to total remaining mass Mr, is � constant, at � 25%
near ignition of HDC-based designs.30 Hence, simulations under this
constraint of fixed Hohlraum and capsule scale and vimp, and increas-
ing MDT in proportion to Mr as approximately designed between 420
and 530 (Au-lined DU) TW per Fig. 1 and Table I, predict Ehs approx-
imately scaling with PL. We can understand this by applying the sim-
plified rocket model developed in Sec. IV. Substituting for vimp from
Eq. (2),

Ehs � gMrv
2
imp � TrM (11)

and further substituting for M using Eq. (7),

Ehs � T4
rR

3 � P8=7L : (12)

We now wish to evaluate Phs. We start with assuming adiabatic
hot spot compression (PVc conserved) between the time of peak

velocity (subscript pv) and stagnation (subscript hs)9,31 such that
assuming ideal gas c¼ 5/3,

PhsR
5
hs � PpvR

5
pv: (13)

Equation (13) has implicitly assumed the pdV work dominates over
the sum of the alpha heating gains and radiative losses.32 That sum is
0 at Tion �4.3 keV, typical of the lowest yield implosions considered
here that are used to normalize the scaling. 1D simulations30 show
that Rpv is constant to the 1% level as peak Tr is varied for a given low
coast implosion design, so we can simplify to

PhsR
5
hs � Ppv � T3:5

r � PL; (14)

where we have equated pressure at peak vimp as scaling with peak abla-
tion pressure � Tr

3.5, which is valid for short coast times, <0.5ns.33

Substituting for Rhs from Eq. (14) into the definition of Phs � Ehs/Rhs
3

and for Ehs using Eq. (12),

Phs � T19=4
r � P9:5=7L : (15)

Hence, the ignition metric EhsPhs
2 scales as PL

27/7 for fixed vimp(case C),
increasing by a significant 2.0� between the PL ¼ 420 and 500 TW
designs.

Figures 2(a) and 2(b) show the measured (green circles) and sim-
ulated (black circles) hotspot pressures [Fig. 2(a)] and energies
[Fig. 2(b)] for the BigFoot 844 campaign. These were calculated
assuming a uniform hotspot model and included alpha heating.34 To
understand the contribution to alpha heating, a dataset of implosions
with a wide range of final adiabats, with and without alpha heating,
was used to determine the pressure (Phs-amp) and energy (Ehs-amp)
amplification factor as a function of yield amplification.35 For this
database, the pressures and energies were again calculated using the
uniform hotspot model, and the fits to the pressure and energy ampli-
fications are listed in Figs. 2(a) and 2(b), respectively. The with-alpha
heating curves in the figures are then the without-alpha analytic results
multiplied by the amplification factors. The circle diameters of the
with-alpha heating numbers are proportional to the square root of the
yield amplification.

For case A, assuming fixed M, we start with Eq. (2) including ghs,

Ehs � ghsMrv
2
imp � ghsTrM � P11=7

L ; (16)

where the last expression is derived from 1D simulations30 showing
that ghs scales as PL

9/7 for fixed M.We can understand this by recogniz-
ing that ghs is the ratio

30 of hotspot volume Rhs
3 to total shell þ hot

spot volume (Rhsþ DR)3 assuming an isobaric system. The shell thick-
nessDR decreases as increase PL, both due to increased Ppv and, hence,
stagnated shell density and due to a larger fraction of the remaining
mass being the cooler, hence denser DT fuel. Hence using Eqs. (14)
and (16), Phs � PL

17/7 and the ignition metric EhsPhs
2 scales as PL

45/7 for
fixedM.We also note that Rhs� (Ehs/Phs)

1/3� PL
�2/7�1/Tr, shrinking

slightly as laser power and ablation pressure increase in the absence of
alpha heating, consistent with those same simulations. Again, the
with-alpha heating curves in Figs. 2(a) and 2(b) are the without-
alpha analytic results multiplied by the amplification factors. Thus,
in 1D, Ehs, Phs and the ignition metric scale faster with PL as we
transition from the most conservative case C, fixed vimp, to the least
conservative case A, fixed M. Based on the good match between
data, simulated, and analytic power laws, we estimate that the
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power law exponents in the analytic model are good to 10%–20%
over the ranges displayed.

Case B, assuming fixed Mr, applies closest to the transition
between the 325 and 500 TW BigFoot shots. Substituting for vimp

from Eq. (5) and assuming an intermediate scaling ghs� PL
0.5,

Ehs � ghsMrv
2
imp � ghsT

8=3
r R2M1=3

r � ghsP
16=21
L � P53=42

L ; (17)

and using Eqs. (14), (17), and (5),

Phs � P139=84L � T139=24
r � v139=32imp : (18)

As a check, we note the final expression matches the detailed deriva-
tion for case B in Ref. 36 [Eq. (4.45)] Phs � vimp

14/3 . The ignition metric
EhsPhs

2 then scales as PL
32/7 for fixed Mr.

We can compare campaigns using differentHohlraum configura-
tions by plotting capsule-absorbed energy. The capsule-absorbed
energy can be approximated as Ecap ¼ 57(Rc)

2ELLm/AL, where Rc is
the capsule outer radius in mm, Lm is the Hohlraum wall material
multiplier (1 for Au, 1.06 for U, or 1.065 for Au-lined U), AL is the
Hohlraum loss area in cm2 calculated from Eq. (1) (assuming a wall
albedo of 0.86), and EL is laser energy delivered to the Hohlraum

(reduced by the inferred level of backscatter). This simple expression
for the capsule-absorbed energy agrees fairly well with a sampling of
the capsule-absorbed energy derived from integrated Hohlraum and
capsule-only simulations. We obtain similar results using the defini-
tion Ecap ¼ 100(Ri)

3PLLm/(ALvimp), where EL is replaced by PLRi/vimp.
In this case, PL is the peak laser power delivered to the Hohlraum
(reduced by the inferred level of backscatter), Ri is the capsule inner
radius in mm, and vimp is the peak implosion velocity. In Fig. 2(c), we
have plotted the capsule-absorbed energy as a function of laser power
for the BigFoot 844 implosion simulations. In Fig. 2(d), we use the
results from Fig. 2(c) to show the pressure vs capsule-absorbed energy
where we have now included the HDC 844 campaign which also used
0.844mm inner radius capsules. By plotting the pressure in terms of
capsule-absorbed energy, we can see that the different campaigns have
a similar pressure vs capsule-absorbed energy curve even though the
experiments were carried out in different size Hohlraums with differ-
ent laser energies and powers. We note that the capsule-absorbed
energies (Ecap) for the BigFoot and HDC 844 implosions are all less
than 130 kJ at the modest laser energies and wall materials of the
experiments were carried out in but that they could be pushed to
200 kJ.

FIG. 2. (a) Hot spot pressure vs peak power for BigFoot data (green points) and simulations (black points). Overplotted curve is analytic scaling valid for pressures below 400
Gbar. (b) Hot spot energy vs peak power for BigFoot data (green points) and simulations (black points) overplotted with analytic scaling. (c) Capsule-absorbed energy vs peak
power for BigFoot data (green points) and simulations (black points) overplotted with analytic scaling. (d) Hot spot pressure vs capsule-absorbed energy for BigFoot data
(green points) and simulations (black points) and HDC data (red points) overplotted with analytic scaling.
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VI. PEAK POWER EXTRAPOLATION

We now have all the formulas required for scaling hot spot per-
formance from the existing shot N190721 at 400 TW (Au Hohlraum)
to the current NIF peak power capability of 500 TW (effectively 530
TW in an Au-lined U Hohlraum). The foot pulse length will be
assumed to scale with ablator þ DT fuel thickness, hence, approxi-
mately as M for fixed R. The peak power duration s should scale as
1/vimp for assuring constant coast time, hence, EL scales � as PL/vimp

by ignoring any foot length and, hence, foot energy changes at 10�
lower power mandated by capsule thickness changes. Table II gives
the various input and output values for extrapolating from N190721
400 to 500 TW peak power assuming the three cases of constant M,
constant Mr, and constant vimp. In addition, we have added a case for
constant Mr replacing the Au with Au-lined DUHohlraum that is pre-
dicted based on prior data37–39 to increase wall albedo such that the
effective peak power is 6% larger per Eq. (1). Also listed on the last col-
umn of Table II is the ignition metric EhsPhs

2 normalized to N190721.
The threat of x-rays burning through the ablator and leading to unsta-
ble Atwood number at ablator/fuel interface or penetration of ablation
front hydrodynamic instability growth suggests keeping Mr/M> 9%
such that the remaining ablator mass is no less than the 4%–4.5%,
equivalent to the DT fuel mass. Combined with maximizing the igni-
tion metric, we choose to concentrate on further exploring the fixed

Mr case ultimately using an Au-lined U Hohlraum for higher coupling
efficiency. This suggests that the ignition metric can be increased 3.6�.

Figure 3 compares the pulse shape used for N190721 to the pulse
shape required for maintaining fixed Mr at the maximum NIF peak
power of 500 TW per the analytic scalings presented earlier. The pulse
foot is 12% longer to provide the same shock timing for the 12%
higher mass capsule, while the peak power duration s �1/vimp is 9%
shorter. A rocket model of the two pulse shapes/designs predicts that
their percentage mass remaining is within 10% of one another, 7.3%
vs 7.8%.

It is worthwhile revisiting at this point increasing the scale since
Table II shows the full NIF 1.9MJ energy not being used given the
short (<3ns) implosion times. Per Eq. (1), in the BigFoot 844 plat-
form, with a 0.844mm I.R. capsule in a 5.4� 10.13mm gold
Hohlraum with 3.45mm LEHs, the surface wall area of the Hohlraum
is 1.86 cm2 with an effective loss area of 0.51 cm2. In comparison, the
BigFoot 950 platform used a 0.95mm I.R. capsule in a 6.0 � 11.3mm
gold Hohlraum with 3.9mm LEHs. The wall area is 2.28 cm2 which
has an effective loss area of 0.64 cm2. Assuming that both Hohlraums
are driven by the same 500 TW peak power pulse, then the peak power
radiation flux inside the Hohlraum, Tr

4, will be 0.64/0.51¼ 1.25�
higher in the smaller Hohlraum. Per Eq. (12), the hot spot energy Ehs
for the smaller Hohlraum and capsule is 1.25(0.844/0.95)3 ¼ 0.9�,
smaller. However, since the smaller Hohlraum Phs � Tr

19/4 ¼ 1.3� per
Eq. (15) more by virtue of being hotter, its ignition metric �EhsPhs2 is
significantly higher, 1.5�.

We now consider the drive symmetry control and laser–plasma
instability challenges at increased peak laser power. Going to full NIF
power in the 5.4� 10.13mm Hohlraums with 0.844mm inner radius
HDC capsules is expected to have a small effect on implosion symme-
try. Specifically, we expect based on empirical models40,41 of inner
beam propagation impairment due to ballistic capsule ablation and
outer beam spot wall blow-off that the longer foot would only produce
a shift in the core x-ray emission P2 of �10.5lm. N190721 had a
round neutron hotspot with an inner beam peak power cone fraction
of 31%. Going to 500 TW on the NIF, we can increase the inner cone
fraction to a maximum of 33% which reduces the asymmetry in P2 to
�4.5 lmwhich could be zeroed out with< 0.5 Å of wavelength differ-
ential between the inner and outer cones promoting cross beam energy
transfer (CBET). Time-dependent P2 symmetry swings can be miti-
gated using techniques such as staggering beam cones in time to coun-
ter wall motion.42

Laser plasma instability losses could potentially limit the peak
power absorbed, especially as the plasma filling density increases in the
Hohlraum given 15% more incident laser energy and capsule ablation.

TABLE II. Input and output parameters for 400 TW N190721 and analytic extrapolations to 500 TW under various constraints.

Shot
or design

Eff laser
power (TW)

Peak power
duration (ns)

Laser
energy (MJ)

Peak
Tr (eV)

Ablator
thickness (lm)

DT Fuel
thickness (lm)

vimp

(lm/ns)
Mr/M
(%)

EP2

(norm)

N190721 400 2.1 1.3 300 68 45 400 12 1
Fixed M 500 1.75 1.35 320 68 45 480 8 4.2
Fixed Mr 500 1.9 1.5 320 76 45 437 10.7 2.8
Fixed vimp 500 2.1 1.6 320 82 45 400 12.8 2.4
Fixed Mr DU 530 1.9 1.6 325 78 45 446 10.4 3.6

FIG. 3. Pulse shape for 400 TW N190721 and extrapolation to a 500 TW design to
maintain � constant percentage mass remaining.
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However, there are very few measured laser plasma instability (LPI)
losses currently at 1.35MJ, < 1%, and stimulated Brillouin scattering
(SBS) on the 50� cone can be reduced by the application of a wavelength
separation between 50� and 45� cones to promote CBET from the 50�

to the 45� cone if it becomes a concern at higher power.43 That leaves
the potential of increased stimulated Raman scattering (SRS) losses on
the inner beams due to both higher peak power and density, though to
date no 0.3mg/cm3 fill HDC campaign has measured any significant
level of SRS. One could reduce the Hohlraum gas-fill slightly to counter
the increased capsule ablation.

VII. YIELD AMPLIFICATION

In an inertially confined fusion (ICF) implosion with a DT fuel
layer, each fusion reaction of deuterium and tritium ions generates a
14.1MeV neutron and 3.5MeV alpha-particle.7 The stopping qR for an
alpha-particle, however, is only �0.1–0.2 g/cm2 at an ion temperature,
Tion, of 4 keV, which is characteristic of the hot-spot qR and Tion condi-
tions achieved in many ICF implosions on the NIF. Each of the alpha
particles stopped within the hot-spot deposited their 3.5MeV of energy,
thereby increasing the hotspot ion temperature, Tion, and subsequently
the reactivity rate. The alpha particles stopped in the cold fuel heat and
ablate the fuel into the hot-spot, increasing the hotspot mass (Mhs) and
the hot-spot qR which enables more of the subsequent alpha particles
to be stopped within the hot spot. When the fusion reactions heat the
hotspot faster than loss mechanisms cool it, external energy is no longer
required to heat the fuel and fusion ignition occurs. Another very
important measure of performance in layered implosions is, therefore,
the level of alpha heating present in the implosion.

The yield amplification, Yamp, as a function of laser energy for
the different NIF campaigns is shown in Fig. 4(a), where Yamp is the

ratio of the measured yield in an experiment to the yield if there was
no alpha heating or Yamp ¼ YDT/YDTa-off. The yield amplification was
calculated based on fitting simulations of BigFoot implosions using the
formulas7

ITFXmod � 19:7� DSRð Þ2 � ð0:24� ð4fDfTÞ � Y13�15=MfuelÞ
(19)

and

Yamp�ITFXmod � exp ITFXmod0:446ð Þ; (20)

where DSR is the down-scattered ratio (a ratio of the neutron yield in
the fuel-scattered neutron kinetic energy range from 10–12MeV to
the 13–15MeV unscattered yield), fD is the deuterium fraction in the
hotspot, fT is the tritium fraction in the hotspot, Y13–15 is the primary
neutron yield/1016, and Mfuel is the initial mass of the ice layer in mg.

The diameter of the points in Fig. 4(a) represents symbolically
the initial surface area of the capsule, ranging from an inner capsule
radius of 0.833–1.1mm. The Bigfoot shots are represented as green
circles, whereas the shots performed with 0.844mm capsules in the 5.4
� 10.13mm Hohlraums are all below 1.4MJ. The red circles are HDC
shots below 1.2MJ using three shocks all merging near the DT fuel/
gas interface of 0.844mm capsules in 5.75 � 10.13mm Hohlraums. If
we account for differing Hohlraum efficiency between gold (e.g., used
for BigFoot), uranium (e.g., used for HDC), and gold-lined uranium-
based campaigns, then, we can plot the yield amplification as a func-
tion of capsule-absorbed energy for the various campaigns in Fig. 4(b).
We see that the capsule-absorbed energies (Ecap) for the BigFoot and
HDC 844 implosions were less than 130 kJ at the laser energies and
wall materials in which the experiments were carried out in. Hence,
the 844 campaigns have been significantly more efficient at achieving
a given yield amplification value approaching the burning plasma
regime. In addition from Fig. 4(a), we can see that the BigFoot 844
implosion at 1.3MJ and 400 TW, N190721, carried out in a gold
Hohlraum achieved a higher yield amplification than the majority of
the campaigns on the NIF conducted at full energy and power with
higher albedo Hohlraum walls (including the HyE 1100,44,45 HyB,46,47

LF,38,48 HF,49–51 HF low fill,39,52 and ASHF53–55 campaigns). Only the
BigFoot 950, HDC 910, Iraum 1000,56 and HyE 105057–59 campaigns
achieved higher performance than N190721 but only achieved this at
the full NIF energy and power. The question then becomes, what does
it take for an 844 design to reach the burning plasma and ignition
regime?

To assist in answering this, Fig. 5 highlights the four BigFoot 844
implosions, as smaller green circles, the BigFoot simulations,3,4 as
black circles, the HDC 844 implosions, as red circles, as well as the
neutron-imaged hot spot cores of the BigFoot experimental data. Also
included are two Iraum, brown circles, and HyE 1050, gray circles,
shots which recently crossed the burning plasma and the one HyE
1050 shot that crossed the ignition threshold.59 As shown in Fig. 5(c),
the simulated yield amplifications have620% error bars. This is consis-
tent with measurements of Yamp using deuterium-tritium/deuterium-
tritium-hydrogen (DT/THD) pairs at lower yield amplification levels.7

The hotspot for N190617 at 1.35MJ was very prolate, P2/P0� 56%,
to which we attribute its drop in yield and yield amplification
relative to a rounder hotspot. Interpolating the simulations, they predict
that this BigFoot 844 platform would enter the burning plasma regime

FIG. 4. Yield amplifications, Yamp, as a function of (a) laser energy and (b) capsule-
absorbed energy for numerous campaigns conducted on the NIF.
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(Yamp > 3.5) at a laser energy of 1.5MJ (430 TW) and reach ignition
with capsule-absorbed energy �175kJ, using �1.8MJ of laser energy
into a gold-lined Hohlraum equipped with 3.45mm LEHs, and appro-
priately thicker fuel and ablator.3,4,12 With the typical NIF laser energy
of 1.85MJ and Au-lined DU Hohlraums with 3.1mm LEHs, this plat-
form could drive these capsules with up to 200 kJ of capsule-absorbed
energy for these 844lm inner radius capsules.

The generalized Lawson criterion (GLC) has been used in both
direct and indirect drives to determine the proximity of an implosion
to ignition. Conveniently, the GLC, excluding alpha heating, scales as
the square root of the ignition metric EhsPhs

2 derived previously,30,60

GLC Phs; Ehsð Þ ¼ Phs Gbar=280ð Þ Ehs kJ=4ð Þð Þ0:5: (21)

So, it follows that the 500 TW design using an Au-lined U Hohlraum
on the lowest row of Table II promises a

ffiffiffiffiffiffi
3:6
p

¼ 1.9� higher GLC in
1D than shot N190721. Furthermore, published 1D simulations
provide the relationship between Yamp and GLC, in this case, for an

idealized BigFoot design as vary peak power, as shown by the black
points and fitted curve in Fig. 6. So, scaling from the measured Yamp

¼ 2.6 of N190721 on that curve, the green point, that happens to be at
GLC� 0.62, we predict a Yamp of�18 for a 500 TW extrapolation that
corresponds to a GLC that is

ffiffiffiffiffiffi
3:6
p

higher, at 1.18. This is consistent with
the 500 TW simulation Yamp of 17 in Fig. 4. One can also rewrite the neu-
tron yield in terms of the yield amplification and peak power as follows:

Y � Yampn
2
i T

3:5
i R3

hssbw � YampT
11
r � YampP

3:2
L � YampP

2
hs; (22)

where the DT fusion reaction rate�Ti
3.5, Rhs � 1/Tr

0.45 per Eqs. (14)
and (18) and for the given design and per 1D simulations Ti � Tr

3.3

and sbw �1/Tr
3.5. Hence given the N190721 yield of 1.1 � 1016, a 500

TW (530 TW effective given Au-lined DU) design yield extrapolates
using Table II and Eq. (22) to 1.1� 1016� 18/2.6� (530/400)3.2¼ 1.9
� 1017 or 0.5MJ, all else equal.

The analytic scaling for pressure and energy, without-alpha heat-
ing, along with the pressure and energy amplification scalings can

FIG. 5. Generalized Lawson criteria, Phs(Ehs)
0.5, as a function of (a) laser power overplotted with analytic scaling and (b) capsule-absorbed energy. (c) Yield amplification,

Yamp, as a function of laser energy for the four BigFoot layered implosions (green circles) carried out in the 5.4� 10.13mm size Hohlraum and simulations1 (black circles)
which extrapolate the performance to higher laser energies. The neutron-based hotspot shapes measured in each of the experiments are plotted next to inferred yield amplifi-
cations. Also included are the two Iraum, brown circles, and HyE 1050, gray circles, shots which recently crossed the burning plasma threshold with 400–500 kJ more effective
energy.
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then be compared to the GLC (with alpha heating) ¼ Phs(Ehs)
0.5 from

the BigFoot simulations. In particular, the Phs, Phs-amp, Ehs, and Ehs-amp

scaling with laser power for case A of PL
17/7, PL

0.8, PL
11/7, and PL

1.5,
respectively, leads to a case A GLC (with-alpha heating)� PL

4.8. This is
in excellent agreement with the fit of the simulated BigFoot results
shown in Fig. 5(a) of GLC � PL

5. Likewise, the Phs, Phs-amp, Ehs, and
Ehs-amp scaling with laser power for case C of PL

9.5/7, PL
1.5, PL

8/7, and
PL
4.7, respectively, leads to a case C GLC (with-alpha heating) � PL

5.8.
This is in reasonable agreement with the fit of the simulated BigFoot
results shown in Fig. 5(a) of GLC � PL

5.1. Again, using the relationship
between PL and Ecap from Fig. 2(c), we arrive at the analytic scalings

for GLC as a function of Ecap for case A of GLC � Ecap
4.8 and for case C

which is also GLC � Ecap
4.8 . This is then in reasonable agreement with

the scalings in Fig. 5(b) for case A of GLC� Ecap
4.8 and for case C which

is also GLC � Ecap
3.9 . Figure 5(c) then shows the yield amplifications as

a function of capsule-absorbed energy for the BigFoot experimental
data (green circles) and simulations (black circles), the HDC data
(red circles), and the best performing Iraum (brown circles) and HyE
(gray circles) implosions. The yield amplification scalings for the
BigFoot simulations in case A, Yamp �1þ 1.8 � 10�12Ecap

5.7, and case
C, Yamp �1þ 1.6 � 10�13Ecap

6.2 , show similar power scalings with
capsule-absorbed energy. Again, by plotting the yield amplification
as a function of capsule-absorbed energy, we can see that both the
BigFoot and HDC implosions using 844 lm I.R. HDC capsules
have a similar performance of yield amplification vs capsule-
absorbed energy and are more efficient (lower Ecap) at reaching a
given yield amplification level than the larger best performing
Iraum (1000 lm I.R.) and HyE (1050 lm I.R.) campaigns. The
ignition threshold, GLC¼ 1, is plotted for the BigFoot simulations
suggesting that the ignition threshold could be reached with a
capsule-absorbed energy �175 kJ, �1.8MJ of laser energy into a
gold-lined Hohlraum with 3.45mm LEHs. One could further
improve the GLC and, hence, Yamp and yield of the 500 TW BF 844
design by reducing the LEH size to 3.1mm to improve the coupling
by 6%, Phs by 10%, GLC by�10%, Yamp to its maximum simulated
value of 20, shown in Fig. 6, for this design adiabat and yield
0.7MJ. However, more impactful options potentially exist: length-
ening the laser pulse to optimize the shock timing for reduced adia-
bat (employed by the HDC 844 campaign) or better quality more
highly doped capsules to reduce mix and reduce the adiabat to
increase the compression, confinement time, and Yamp(>30) and
increasing the DT fuel layer thickness to further increase the fuel
areal density and the achievable burn-up fraction and maximum
Yamp as discussed next.

FIG. 6. Yield amplification vs no-alpha GLC from 1D full-scale Bigfoot simulations
(black) on which is overplotted measured Yamp of N190721 (green point) and 500
TW design at

ffiffiffiffiffiffiffiffi
GLC
p

¼
ffiffiffi
3
p

higher per Table II (red point).

FIG. 7. Down-scattered ratio (DSR) vs initial ice thickness for most campaigns on the NIF. (a) The point size is proportional to the percent of dopant in the ablator, W dopant
for the HDC ablator campaigns (BF, HDC, Iraum, HyB, HyE1100, and HyE1050) and Si for the CH ablator campaigns (LF, HF, ASHF, and HF low fill). (b) The point size is pro-
portional to the coast time of the implosion.
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VIII. STAGNATED FUEL AREAL DENSITY

In this section, we compare the DSRs from many of the cam-
paigns on the NIF, sorted by the initial ice thickness and further sorted
by dopant level and coast time in Figs. 7(a) and 7(b). Only shots with
Yamp < 3 are plotted as the DSR is expected to drop slowly with
increasing yield amplification (by ’4% at Yamp ¼ 3) as alpha-heating
leads to an explosion phase before peak burn. The residual DSR varia-
tions within a given campaign or between campaigns can be attributed
to variations in delivered shock strength and timing affecting adia-
bat,61,62 level of modes 1 and 2 drive asymmetries,63,64 dopant areal
density [as depicted by the size of circles in Fig. 7(a)] affecting Atwood
# at the interface and, hence, level of fuel/ablator mix, coast time65

[depicted by the size of circles in Fig. 7(b)], level of multi-keV x-ray
preheat spectrum set by peak laser intensity, Hohlraum wall material66

and Hohlraum temperature, Hohlraum geometry,56,67 and potential
level of>170 keV hot electrons preheating the inner ablator layer and
the fuel.68

A. Thicker DT ice

In Refs. 3 and 4, it was pointed out that the DSR between experi-
ments carried out on two different platforms with two separate ablator
materials had measured maximum experimental DSRs that were pro-
portional to the initial ice thickness. We have extended that in Figs.
7(a) and 7(b) to include the DSR achieved on many platforms con-
ducted on the NIF, including both HDC and CH implosions. This fig-
ure shows that the maximumDSR increases with increasing initial DT
fuel thickness. As such, thickening the DT fuel can be an important
way to increase the burn-up fraction in layered implosions and lead to
higher performance.3,4 The fractional burn-up of the fuel, /, in a
robustly igniting ICF plasma can be represented2 by / ¼ qr/(qr
þ qrB(Tion)), where qr is the total areal density of the imploded mass
of fuel and remaining ablator and qrB(Tburn) is a decreasing function
of Tion, asymptoting to 6 g/cm2.

To directly measure the effect of a thicker ice layer on DSR, a
comparison experiment, N180317, was carried out in the HDC plat-
form where the ice thickness was increased by 11.6, 66.6 vs 55lm,
over four other experiments repeating N170827. The pulse shape on
N170827 and repeats was lengthened on N180317 to keep the shock
timing the same through the thicker ice layer and maintain a similar
velocity between the experiments. The DSR measured in the two sets
of experiments increased from 3.136 0.2 to 3.686 0.2, increasing by
18% as the DT ice layer was increased by 21%. The velocity of the two
experiments was estimated to be the same within error bars,

4086 10 km/s on N170827 to 4046 10 km/s on N180317. The bang
time increased from 8.18 to 8.66 ns, consistent with the expected 0.4 ns
increase in the laser pulse lengths, 7.8 vs 8.2 ns, needed to maintain the
shock symmetry through the thicker ice layer.

In the set of four layered implosions that were performed in the
BigFoot 844 platform in the 5.4 � 10.13mm Hohlraum, the ablator
thickness and ice thickness were increased on the latter two shots rela-
tive to the initial two while keeping the Hohlraum and the capsule
inner radius fixed as detailed in Table III. For these two latter shots,
the ice thickness was increased by 9.3%, the ablator thickness by 5.9%,
and the laser energy increased from 1.1 to 1.33MJ relative to the previ-
ous two implosions in this platform. The average DSR for the two
shots with the thicker ice/ablator increased by 11.6% per Table III.
However, the higher DSR was partially due to a 5% higher velocity, a
3% effect assuming DSR � vimp

0.6 . In addition, across all the BigFoot
implosions, 844 and 950 scales, there were roughly three ice layer
thicknesses employed: 40, 45, and 50lm. As seen in Figs. 7(a) and
7(b) at each of these ice thicknesses, the peak DSR falls close to the
dashed line, DSR in % ¼ 0.069� ice thickness in lm.

Subsequent to these experiments, a variety of thicker DT ice
layers spanning 57–76lm were used in the HyE1100 campaign.44,45

The nanocrystalline high density carbon ablators, UNCD, used in
these experiments had numerous internal defects, voids, and surface
pits, whereas the internal voids at least were believed to be largely
absent from the experiments described above (except for the HyB cap-
sules) which used microcrystalline high density carbon capsules,
MCD. These poorer quality nanocrystalline capsules likely contributed
to the lower DSR/(lm of ice) seen in the HyB and HyE1100 cam-
paigns by mixing more ablator material into the ice layer. Unlike
BigFoot and HDC campaigns, the HyE1100 DSR did not vary with ice
layer thickness for a given coast time, perhaps because of the poorer
capsule quality. The yield of the implosions, however, increased by up
to a factor of two with the thicker ice layer. Recently, nanocrystalline
capsules with high dopant levels have been developed which are of
much higher quality than the previous UNCD and MCD capsules and
should lead to reduced mix and increased DSRs relative to the capsules
used in earlier campaigns.

B. Coast time

Figure 7(b) shows that the DSRs within a given design increase as
coast time decreases, as noted previously for subsets of the data shown
here. The clearest examples are within the CH LF, CH HF, HDC, and
HyB series where coast times varied significantly (from as low as 0.5 to

TABLE III. Measured data from the BigFoot 844 campaigns.

Shot or
design

Laser
energy
(MJ)

Laser
power
(TW)

Ablator
thickness
(lm)

DT fuel
thickness
(lm)

Peak
velocity
(lm/ns)

Primary
yield

Tion
(keV)

DSR
(%)

Neutron
P0

(lm)

Hotspot
pressure
(Gbar)

Yield
amp.

N161030 1.06 318 63.8 39.9 388 1.7 � 1015 4.14 2.61 24.4 158 1.5
N170109 1.15 332 65.3 40.5 392 2.3 � 1015 4.16 2.81 22.4 214 1.6
N190617 1.35 404 68.5 41.0 404 6.6 � 1015 4.58 3.12 22.3 316 2.2
N190721 1.31 403 68.3 44.6 400 9.5 � 1015 4.83 3.12 27.6 291 2.5
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as high as 2 ns). The optimum use of a given laser energy and power
would leave the laser drive on until just before deceleration time, so
typically a coast time of 0.5 ns before bang time, scaling with capsule
size/peak velocity, as assumed in Secs. IV–VII. Long coast times,
>1.2 ns, were present in the HyE 1100 and HyB campaigns due to
their larger capsules, Hohlraums, and LEHs, leading to lower DSR val-
ues. Therefore, the use of a smaller hotter Hohlraum and capsule
should also relax the requirements on laser energy required to main-
tain short coast times.

C. Design adiabat

The no-alpha heating DSR26 is also expected to depend on the
adiabat and velocity of the implosion according to DSR � a�0.8vimp

0.6 .
Indeed, the highest DSR/(thickness of ice) is seen for the CH LowFoot
(LF) shots (teal points) which have a significantly lower design adiabat
<1.6 than the other campaigns and, hence, higher convergence. A
case where two different campaigns can be compared to look at the
effect of adiabat on compression is the adiabat-shaped high foot and
the high foot campaigns. In the adiabat-shaped high foot campaign
(red points), the trough was lower relative to the high foot campaign
(blue points), which allowed the first shock to decay as it traveled
through the ablator and enter the DT ice layer at a lower velocity than
the high foot campaign and, hence, led to a lower adiabat and higher
compression.53,55 As shown in Figs. 7(a) and 7(b), the peak DSR in the
adiabat shaping campaign was �15% higher than in the high foot
campaign with equivalent capsule dopant, similar implosion velocity,
and coast time.

While going to lower adiabat has led to higher compression and
DSR in plastic implosions, this has not been as apparent in the HDC
ablator implosions. Given the DSR dependence on design adiabat, it
would be expected that the BigFoot campaign would have a lower
DSR/(thickness of ice) than most of the campaigns on the NIF due to
its higher design adiabat, a ¼ 4. However, what is seen in Fig. 7 is a
linear relationship for the maximum DSR vs ice layer thickness across
many of the platforms including the BigFoot (green points), Adiabat-
Shaped High Foot (red points), Iraum (black points), Low-Fill High
Foot (light gray points), and the HyB (brown points) implosions con-
sistent with these platforms having a similar fuel convergence ratio
despite their different design adiabats.26 Though, the Iraum cam-
paign’s DSR/(lm of ice) is higher than the other campaigns on the
NIF that used HDC ablators. The Iraum used both a higher picket
power/energy, �20%, and lower trough, �27%, than the HyE cam-
paigns69 leading to a decaying radiation temperature in the
Hohlraum69 which could have contributed to the higher DSR perfor-
mance in that campaign.70 The adiabat-shaped low foot campaign
(orange point) as seen in Figs. 7(a) and 7(b) also used a higher picket
power than the 1 � Si dopant level low foot shots (light blue points)
and achieved a similar DSR, �5% higher, though it had a lower coast
time, �150 ps. The yield and yield amplification for the adiabat-
shaped low-foot implosion was higher than all of the low-foot layered
implosions.54,55 This suggests that ablation front growth reduction via
adiabat shaping, in this case, was not a large factor in improving DSR
but led to higher performance by reducing feedthrough of localized
engineering perturbations such as the tent scar and fill tube. The
Iraum also had a much higher W areal density content than the other
campaigns on the NIF that used HDC ablators as discussed in
Sec. VIIID.

D. Dopant level

The level of dopant in the ablators may also play a role in the
maximum achievable DSR in DT implosions.20,51,71 The dopant layer
shields the undoped ablator layer in contact with the DT fuel layer
from higher energy x rays, >1.8 keV, which allow it to be compressed
to a higher density and makes the fuel–ablator interface more stable
though the higher dopant level increases ablation front instability
which if bad enough can also reduce the average DSR. The diameter of
the circles in Fig. 7(a) is a function of the dopant areal densities. The
diameter of the circles in the HDC campaigns is normalized to the
areal density of W dopant where the smallest circle represents 0lm%
W dopant in the HDC capsules. The diameter of the circles in the CH
campaigns is normalized to the atom percent of Si dopant where most
of the circles represent 1 � Si dopant in the CH capsules, which
defines as 2% by atomic fraction Si in the most doped layer. The
undoped HDC experiments had very low DSR values, as seen by the
small yellow and green circles toward the bottom left of Fig. 7(a);
although as seen in Fig. 7(b), these also corresponded to long coast
times, up to 2 ns, which reduces the DSR. In addition, some of the
more recent campaigns utilizing HDC ablators used higher tungsten
dopant areal densities than the HDC and BigFoot campaigns. The
Iraum campaign is the only HDC platform to match the maximum
DSR/(lm of ice) of the BigFoot campaign, and it did so with longer
coast times as seen in Fig. 7(b). Figure 7(a) shows that the Iraum cap-
sules had much higher W dopant areal density, qR, than the HyE
1050, BigFoot, and HDC capsules by 30%–40% and a slightly higher
mass, 2%–4%, for their scale (thickness).6 Higher W dopant areal den-
sities would likely help the other HDC campaigns achieve a higher
value of DSR/(lm of ice).

Putting the full NIF energy into a smaller Hohlraum is expected
to increase the radiation temperature relative to current Hohlraums.
As stated, the radiation temperature could rise from 315 eV in
the larger Hohlraums to 335 eV. Currently, the m-band fraction of the
Hohlraum drive, x-ray energies >1.8 keV, is about 20%. The
Planckian component of this m-band fraction at 315 eV is�16.5%. At
335 eV, we would expect a Planckian component of �20%. Thus, we
would expect the m-band fraction to increase from �20% to �24% at
the higher Tr which would require a small increase in the dopant areal
density to account for the 20% increase in the number of x-rays above
1.8 keV as well as their higher fluence on the capsule due to the closer
proximity of the outer beams to the capsule with the smaller size of
theHohlraum.

E. Hot electrons

Reduction of parametric instabilities, in particular, stimulated
Raman scattering, and two plasmon decay which create hot electrons
in the damping of the Langmuir waves could also be important in
achieving higher DSRs. These hot electrons can deposit their energy
into the ablator and the DT fuel making them more difficult to com-
press and lowering the achievable DSR for the implosion. This is one
of the differences between the 1.6mg/cc 4He Hohlraum fill high foot
CH campaign (blue points) and the 0.6mg/cc Hohlraum fill high foot
CH campaign (gray points) though the first low-fill high foot CH also
had a lower first shock speed. The high and low gas-fill campaigns
experienced SRS backscatter of 10%–15% and <1%, respectively, and
the former also showed superhot electrons likely from two-plasmon
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decay.68 As seen in Fig. 7, the best-performing low-fill high-foot
implosion had 15% higher DSR/(lms of ice) than the best-
performing high-foot implosion for similar design adiabat and
implosion velocity. It is not anticipated that the smaller Hohlraums
at 0.3mg/cc Hohlraum fill would see a higher percentage of SRS at
higher laser energies. Moreover, the BigFoot campaign with its
higher design adiabat would be less affected by the hot electrons
than the lower design adiabat HDC campaign if the SRS/hot elec-
tron levels did increase.

IX. SUMMARY

Most efforts to improve the performance of layered implosions
to date have focused on increasing the capsule size to increase the sur-
face area and the capsule-absorbed energy. In this article, we expound
upon our approach in Refs. 3 and 4 where we reduce the losses using a
smaller Hohlraum to increase the radiation drive power. The higher
drive enables comparable capsule-absorbed energy with smaller sur-
face area capsules. By increasing the laser peak power, the higher Tr

drive on the smaller capsule should enable both a higher hot spot gen-
eralized Lawson criterion and pressure than present for the larger cap-
sules in larger Hohlraums driven with more energy. Specifically, from
analytic scaling of the rocket model of implosions validated by simula-
tions, the generalized Lawson criterion � Ehs

0.5Phs increases as � PL
2.3

by almost 2� going from existing 400 TW implosions in a Au
Hohlraum to the NIF 500 TW peak power limit in a higher albedo
Au-lined U Hohlraum. This, in turn, should allow prior 844 implo-
sions that reached a Yamp of 2.5 to reach burning plasma and near
ignition conditions (0.5–0.7MJ), even with as little as 1.5–1.7MJ of
laser energy.

For further improvements, the ability to increase the fuel areal
density and, hence, confinement time at stagnation is predicted to be
critical in achieving a larger burn-up fraction of the assembled DT fuel
and subsequently in achieving higher yields and performance. In this
article, we also showed that the maximum DSR does increase with ini-
tial fuel thickness (qR), for shots in which the shock timing and implo-
sion velocity are kept fixed.
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