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Ignition and pusher adiabat

B. Cheng, T.J.T. Kwan, Y.M. Wang, S.A. Yi, S.H. Batha, and F. Wysocki∗

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

(Dated: April 11, 2018)

In the last five years, large amounts of high quality data on inertial confinement fusion (ICF)
experiments were produced at the National Ignition Facility (NIF). From this data we have sig-
nificantly advanced our scientific understanding of the physics of thermonuclear (TN) ignition and
identified critical issues that must be addressed to achieve a burning hotspot, such as implosion
energetics, pusher adiabat, tamping effects, and confinement time. In this paper we present a re-
view of recently developed TN ignition and implosion scaling theory [1, 2] that characterizes the
thermodynamic properties of the hotspot and the ignition criteria for ICF. We compare our theo-
retical predictions with NIF data and find good agreement between theory and experiments. We
demonstrate the fundamental effects of the pusher adiabat on the energy partition between the cold
shell and the hot deuterium-tritium (DT) gas, and thus on the integrated performance of ICF cap-
sules. Theoretical analysis of NIF experiments [3–5] and physical explanations of the discrepancies
between theory, data, and simulations are presented. It is shown that the true experimental adiabat
of the cold DT fuel can be inferred from neutron image data of a capsule implosion. We show that
the ablator mix and preheat in the cold fuel can be estimated from the experimentally inferred
hotspot mix. Finally, possible paths forward to reach higher yields at NIF implied by the theory
are discussed.

PACS numbers: 83.10.Lk, 47.20.Ma, 83.20.Bg, 83.20.-d, 47.52.+j

INTRODUCTION

ICF experiments at NIF have made significant progress
on improving neutron yields in the past several years.
High-foot experiments at NIF have improved the cap-
sule performance by more than an order of magni-
tude compared to the low-foot NIF ignition campaign
(NIC) experiments through the high-foot drive profile
that launched a higher pressure first shock than the low
foot resulting in reduced ablation front instability and
improved implosion quality [6, 7, 10–13]. Appreciable
alpha-heating has been observed in a number of high-
foot experiments [3, 7]. The recent high-density carbon
shot N170827, driven by 1.78 MJ of laser energy, achieved
a peak implosion velocity of 381 µm/ns, a hot-spot tem-
perature of ∼4.8 keV, a neutron down scattering ratio
(DSR) of ∼3.23 %, and the highest yield 1.78 × 1016 to
date [14]. These experiments have certainly advanced
NIF closer to ignition, yet predictive design method-
ologies for megajoule-yield ignition-class targets are still
needed to support further progress. The NIC experi-
ments also motivated significant modeling advances, such
as in the understanding of the degradation in laser/target
energy coupling due to parametric instabilities, improve-
ments in computational models of non-local electron heat
transport, etc.

In this invited paper we review advances in ignition
theory that have progressed in parallel with the exper-
imental achievements at NIF. We apply our theory to
assess the performance of NIF integrated implosions and
find that the current data trends are consistent with ex-
perimental adiabats that are higher than the intended
design, particularly for targets that significantly under-

performed relative to clean design simulations. Theoret-
ical analysis of the experimental data is thus consistent
with the observed trend that high adiabat target designs
perform closer to predictions than those targets designed
for a low adiabat. The underlying physical reasons for
the difficulty of achieving “true” low adiabat implosions,
as well as the practical implications on energetics require-
ments for high adiabat ignition schemes is a focus of this
paper. Moreover, our theoretical work suggests practi-
cal future research directions for improving experimental
yields on NIF, and these paths forward are the emphasis
of our concluding section.

The article is specifically organized as follows, in sec-
tion 2 and 3, we present the ignition criteria and its al-
ternative forms. Section 4 outlines the implosion scaling
and section 5 compares the theoretical predictions with
experimental data. The pusher adiabat and mix are dis-
cussed in section 6. Finally section 7 summarizes the
results and the paths forward.

IGNITION CRITERIA

In this section we recapitulate the ignition condition
for ICF capsules [2], which imposes thresholds on the
hotspot areal density and temperature below which ig-
nition cannot occur. In particular we quantify how
the thresholds are affected by loss mechanisms such as
bremsstrahlung and electron thermal conduction.

Ignition occurs in the hotspot and is determined by
the principle of energy balance, specifically by two time
scales [1]: the fusion energy reproduction time (τrep =

ET /Ė) and the hydrodynamic disassembly time (τH =
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Rhs/Cs), where ET = 2×(3/2)(nD+nT )kT +Erad is the
total energy density of the hot DT fuel, k is the Boltz-
mann constant, Erad is the radiation energy density, and
Cs is the adiabatic sound speed. The fusion energy de-
position rate is Ė = nT nD 〈σv〉DT Wα, where Wα is the
energy deposited into the hot DT per fusion reaction,
which is normally given by a fraction fα of the α-particle
kinetic energy of 3.52 MeV [8, 9]. In this work, we choose
fα = 1 for simplicity. We assume the neutron energy
deposition is negligible because the mean free path of
the 14 MeV neutrons is much larger than the hotspot
radius Rhs. The energy loss due to collisions between
α-particles and plasma electrons has been neglected be-
cause the α-particles are much heavier than the plasma
electrons. To account for the tamping effect of the cold
fuel, we replace the sound speed with an effective sound
speed C∗

s ≡ Cs/fT , where fT ∝
√

ρp/ρhs [3, 15, 16] is
the tamping factor, and ρp and ρhs are the mass densities
of the pusher and the hotspot at the interface between
the hot and cold fuel, respectively. Here, we define the
pusher as the sum of the remaining ablator and the cold
DT.

In practice energy losses are inevitable, and the
net energy deposition rate can be written as Ė =
nT nD 〈σv〉DT Wα −

∑

i dQi
l/dt. Here the superscript i

denotes various losses, such as the energy loss by elec-
tron bremsstrahlung, dQb

l /dt = C1ρ
2
DT T 1/2, and the heat

loss by electron conduction, dQe
l /dt = C2T

3.35/R2
hs [17],

where C1 ≈ 9.1 × 1022erg-cm3/(keV1/2g2s), C2 ≈ 6.9 ×
1019 erg/(keV3.35cm-s), and T is in keV [2].

Ignition occurs when τrep/τH ≤ 1, the condition for
self-sustained TN burn of the hotspot. This condition
gives a threshold for the areal density of the hot DT

(ρR)hs ≥
[(1 + d)2/d][3kT + Erad/nDT ]C∗

s ADT /NA

〈σv〉DT Wα − (Q̇b
l + Q̇e

l )(1 + d)2/(dn2

DT )
, (1)

where nDT ≡ nD + nT = ρDT NA/ADT , Q̇i
l ≡ dQi

l/dt
(i = b, e), d = nD/nT is the D to T ratio, NA is Avo-
gadro’s number, and ADT is the atomic mass of the DT
mixture. The nuclear reactivity 〈σv〉DT [19] can be ap-
proximated by a power law of the temperature, T n [2].

It is evident from Eq. (1) that any energy loss will
increase the hotspot areal density required for igni-
tion. Furthermore, the denominator being positive
and definite, we make two important observations: (1)
for d = 1, the energy loss by bremsstrahlung emis-
sion prevents ignition at temperatures below Tmin =
{[4C1/(CDT Wα)](ADT /NA)2}2/7 ≃ 3 keV at any (ρR)hs,
and (2) the energy loss through electron heat conduc-
tion makes ignition impossible at any temperature when
(ρR)hs < {[4C2/(CDT Wα)](ADT /NA)2T−0.65}1/2 ≃
0.13 g/cm2. These constraints may be improved if the
burn is in equilibrium, i.e., when the bremsstrahlung
and inverse-bremsstrahlung emission balance such that
the associated energy loss is small relative to the heat
capacity of the blackbody radiation losses.

For simplicity we now assume spherical symmetry with
no mix, no energy loss from bremsstrahlung or electron
heat conduction, and a blackbody radiation energy loss
from the hot DT into the pusher. The effects of mix
are analyzed in detail in a later section of this paper,
while the effects of asymmetry will be treated in a future
publication. Thus, Eq. (1) becomes

(ρR)hs ≥
(1 + d)2

d

[3kT + aT 4/nDT ]C∗

s ADT

〈σv〉DT WαNA
, (2)

which gives ignition curves on the ρR-T plane under var-
ious conditions, as shown in Fig. 1. The general thresh-
old depends on the ratio of D to T and has minimum at
d = 1. Eq. (2) suggests two ways to achieve ignition: (1)
low ρR at high temperature (i.e., NIF), or (2) high ρR
at low temperature (i.e., stars). For example, the NIC
ignition point design specifies (ρR)hs ≈ 0.3 g/cm2 and
T ≈ 4 keV [20]. Using the approximation 〈σv〉DT ∝ T 4

and ignoring the radiation energy, Eq. (2) becomes

(ρR)hs ≥
(1 + d)2

d

κc

fT

(

T

keV

)

−2.5

g/cm2. (3)

Here 3 keV < T < 5.5 keV and κc ≡ 12.683 ×
10−20/CDT ≃ 5.514 is a constant that depends on the
power law fit approximation for 〈σv〉DT . Eq. (3) rep-
resents an ideal lower limit for ignition at temperatures
relevant to the NIC point design, while any departure
from ideal conditions such as asymmetry, a decrease in
α-particle energy deposition, or radiation and other en-
ergy losses would lead to higher threshold.

Fig. 1 shows various ignition curves at fT = 1 on the
ρR-T plane, showing that inclusion of the radiation heat
capacity significantly raises the ignition threshold at tem-
peratures above 3 keV. Below 3 keV, achieving ignition in
an equilibrium mode is only feasible at high areal density.
For reference we have also plotted in Fig. 1 the ignition
curve including the effects of electron bremsstrahlung and
heat conduction, which shifts the ignition space to higher
temperatures (i.e., Tmin > 3.2 keV).

ALTERNATIVE FORMS

In this section we explore the physical applications of
our ignition criterion Eq. (2), including the minimum
hotspot pressure and mass required for ignition and max-
imum hotspot that can be assembled given a fixed driver
energy.

A. Lawson criterion. Substituting ρhs = ADT P/2RT
(R is the gas constant) and Rhs ≈ C∗

s τH into Eq. (3)
gives the Lawson criterion [22]

P (Gbar)τH(µs) >
2κc

ADT

(1 + d)2

d

0.03472

γ
1/2
g T (keV)2

. (4)
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FIG. 1. The ignition curve on the ρR-T plane for fT = 1.
These curves characterize the ignition region under various assump-
tions regarding loss mechanisms.The black curve represents the ig-
nition criterion in Eq. (2) when the radiation term is neglected.
The maroon dot-dashed line includes the losses from both electron
bremsstrahlung and heat conduction. The dashed blue curve is the
analytic solution in Eq. (3) for the parameters of the NIC point de-
sign. The red dots denote the 1D numerical simulations performed
by Betti et al. [21]. The black dots are experimental data from
NIF including the NIC and high-foot campaigns. The golden star
represents the goal of the NIC ignition target point design and the
purple diamond is the record-yield shot to date.

FIG. 2. Experimental data from NIF plotted against the
ignition criterion in PτH − T space. The purple diamond
represents the record performance high-density carbon shot
N170827. In general, high-foot experiments show improved
performance in PτH − T space relative to the low-foot NIC
data.

Here we have used Cs ≡ (2γgRT/ADT )1/2 ≃ 2.778 ×

107
√

γgT (keV) cm/s. For d = 1 and γg = 5/3, sub-
stituting κc = 5.514 into the above equation gives
P (Gbar)τH(µs) ≥ 0.475/T (keV)2. For example, at T =
5.5 keV and Rhs ∼ 30 µm the required minimum hotspot
pressure is ∼ 375 Gbar, which is more stringent than the
ignition conditions given in Ref. [23]. The pressure and
confinement time achieved in selected NIF experiments
is compared to the ignition criterion in Fig. 2. In the fig-
ure, we compare the experimental capsule performance in
PτH − T space with respect to the ignition curve given
by Eq. (2). Fig. 2 shows that even the record yielding

high-density carbon shot N170827 is substantially below
the ignition threshold. Thus, significant improvement in
hotspot areal density or temperature, or both, is neces-
sary to achieve ignition.

B. Minimum hotspot mass (Mhs) required for ig-
nition. Sustaining TN burn and achieving ignition for a
given hotspot temperature and target design (e.g., laser
energy and convergence ratio) requires a minimum hot
fuel mass. This minimum mass can be obtained from the
ignition condition Eq. (3), and is related to the minimum
energy required to assemble the hot core. For T = 3–5.5
keV the minimum mass is given by

Mmin
hs ≥

4π

3

κc

fT

(1 + d)2

T (keV)2.5d

R2
0F

C2
f

, (5)

where Cf ≡ R0F /Rhs is the geometric convergence ratio,
and R0F and Rhs are, respectively, the initial inner ra-
dius of the cold fuel and the final radius of the hotspot.
For d = 1, T = 4 keV, R0F = 850 µm, and Cf ≈ 35,
as in the NIC point design, the minimum hotspot mass
is approximately 17 µg assuming fT = 1. For Cf ≈ 27,
as in the high-foot design, the minimum hotspot mass
is 29 µg if fT = 1. Compared to the hotspot masses
achieved in experiments, the minimum hotspot mass re-
quired for ignition is approximately four times greater.
For example, Mhs was inferred as ∼3.9 µg in the low-
foot shot N120321 [24] and ∼7.2 µg in the high-foot shot
N130927 [7]. Our model thus implies that substantial im-
provements in the hotspot mass are required for ignition,
which in turn necessitates greater energy delivery to the
hot core.

We note that although the required minimum hotspot
mass decreases dramatically at higher convergence ra-
tios, the instabilities at the interface between the hot
and cold fuel grow nonlinearly with Cf [50]. Thus, for
high-convergence implosions it is a significant challenge
to suppress the instabilities that mix cold fuel into the
hotspot.

C. Maximum possible hotspot mass for a given
driver energy. From the ideal ignition criterion given
in Ref. [2] and the scaling laws in Ref. [1], we can esti-
mate the maximum hotspot mass that can be achieved
for a given driver energy. Let Emax

L be the maximum
available laser energy and ηL be the ratio of pusher ki-
netic energy to the laser energy (i.e., the conversion effi-
ciency from laser energy to pusher kinetic energy). Be-
cause not all kinetic energy is directed inward we have
MpV

2
imp/2 ≤ ηLEmax

L , where Vimp is the peak implosion
velocity in the radial direction and Mp is the mass of the
pusher. The pusher and hotspot masses are related by
the expression [1]

η

2
MpV

2
imp =

(3γp − 1)

(γp − 1)
ǫhsMhs, (6)
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where ǫhs = 2RT/[ADT (γg − 1)] is the specific internal
energy of the hotspot, η is the conversion efficiency from
pusher kinetic energy to internal energy of the total stag-
nated mass, and γp and γg are, respectively, the adiabatic
index of the pusher and hot DT gas. We thus obtain the
maximum hotspot mass that can be assembled given a
laser energy Emax

L

Mmax
hs ≤ ηLη

(γp − 1)(γg − 1)

(3γp − 1)

ADT Emax
L

2RT
. (7)

Assuming a high adiabat implosion γp = γg = 5/3, ηLη ≈
1.5% (typical of NIF experiments), Emax

L = 2 MJ (the
maximum NIF energy at 3ω), and T = 5 keV, we find
Mmax

hs ≤ 10 µg. Thus, the maximum attainable hotspot
mass for a high adiabat implosion given the available
driver energy on NIF is less than the minimum hotspot
mass required for ignition with the design parameters of
the NIC or high-foot targets [2].

The maximum hotspot mass given Emax
L = 2 MJ can

be improved if a low adiabat implosion can be achieved.
As will be shown later in this paper, the data indicates
that true low adiabat implosions are difficult to achieve
in practice. On the other hand, in order to initiate igni-
tion with the maximum hotspot mass ∼10 µg currently
attainable on NIF, the hotspot convergence ratio must
be greater than 40 [2]. As noted previously such a high
convergence ratio poses a significant challenge due to the
amplification of asymmetries and hydrodynamic insta-
bilities. Thus, to achieve ignition at modest convergence
ratios improvements must be made in (1) the maximum
attainable hotspot mass through an increase in the cou-
pling ηLη, or (2) the minimum required hotspot mass
through an increase in the tamping factor fT . Estimates
of the increase in coupling or tamping needed to ignite
without an improvement in Emax

L are given in Ref. [3].

IMPLOSION SCALING

In this section we summarize scaling laws that result
from the least-energy implosion model given in Ref. [1].
The least-energy implosion model assumes that the total
implosion kinetic energy is converted into the total in-
ternal energy of the capsule at stagnation time and then
a pressure equilibrium between hot spot and pusher is
achieved. Here, the pusher is the sum of the remaining
ablator and the cold DT fuel, i.e., the total in-flight mass.
The pusher plays two roles in the implosion energetics:
(1) it is a carrier for the total kinetic energy available to
do PdV work on the fuel and (2) it is a parasitic energy
sink that absorbs some of the PdV work that would oth-
erwise be done on the hot fuel. Thus, we applied the
least-energy principle and minimized the pusher mass
with respect to the hot spot pressure for a given peak
implosion velocity. This leads to scaling laws that relate

FIG. 3. Energy partition between pusher and hotspot for
the low (left) and high (right) adiabat cases. Energy delivery
to the hotspot is approximately halved if a true low adiabat
implosion cannot be achieved. Here we take γp = 3 for the
low adiabat case and γp = 3/2 for the high adiabat case in
Eqs. (8), (12) and (14) to get these estimates.

the implosion and stagnation parameters. These scal-
ing laws are useful in many cases, for example inferring
the implosion adiabat from experimental observables or
characterizing the energy partition between hotspot and
pusher as a function of the adiabat.

Understanding of ignition thresholds requires a de-
tailed accounting of the energy available in the implosion
to assemble the required hotspot mass and surrounding
cold fuel. For ICF implosions we can assume that the
maximum implosion energy is attained at the peak ve-
locity time and is equal to the pusher kinetic energy.
The peak kinetic energy is thus the total energy budget
available to heat the hotspot via pdV work during the
stagnation phase.

Due to the finite available kinetic energy, the energy
partition between the pusher and the hotspot during
stagnation is an important factor in determining capsule
performance. As discussed in previous work [3], the en-
ergy partition between pusher and hotspot is sensitive to
the adiabat of the pusher. For a given peak kinetic en-
ergy, the hotspot internal energy can range from 1/6 of
the total energy for a high adiabat to 1/3 of the total for
a low adiabat. Since the hotspot mass is limited by the
energetics, a high adiabat implosion that attains for ex-
ample Mhs ∼ 3.5 µg (at α ∼ 3) can achieve Mhs ∼ 10 µg
at a low adiabat α ∼ 1.5.

Fig. 3 illustrates how the energy partition between
pusher and hot DT is affected by the adiabat of the
pusher. A detailed optimum scaling relationship on
mass, areal density, and size between the pusher and
the hotspot at stagnation time is derived from the least
energy implosion model [1] and given by the following
expressions: the mass ratio

Mhs

Mp
=

(γp − 1)ηV 2
imp

(3γp − 1)2ǫhs
, (8)

Page 4 of 12AUTHOR SUBMITTED MANUSCRIPT - PPCF-101889.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



5

the areal-density ratio

(ρR)hs

(ρR)p
=

"

„

1 +
2γp

γg − 1

«

1/3

+

„

1 +
2γp

γg − 1

«

2/3

+ 1

#

Mhs

Mp

(9)

and

(ρR)hs

(ρR)tot
=

(ρR)hs/(ρR)p

1 + (ρR)hs/(ρR)p
, (10)

the volume and aspect ratios

Vhs

Vp
=

γg − 1

2γp
,

∆p

Rhs
=

[

1 +
2γp

γg − 1

]1/3

− 1, (11)

the energy ratio

Ehs

Ep
=

γp − 1

2γp
,

Ehs

Etot
=

γp − 1

3γp − 1
, (12)

and the mass density ratio

ρhs

ρp
=

2γp

(γg − 1)

Mhs

Mp
= [(1 + ∆p/Rhs)

3 − 1]
Mhs

Mp
. (13)

Here, ∆p is the thickness of the pusher at stagnation
time. The subscripts ”hs”, ”p” and ”tot” represent
hotspot, pusher and total, respectively. The hotspot
pressure and neutron yield are given by the following
scaling laws [2, 3]

Phs

P0
=

[

γp

(3γp − 1)ǫ0
ηLηV 2

imp

]

γp

γp−1

(14)

and

Yn ≈ 2.8×106 (γp − 1)(γg − 1)

(3γp − 1)

„

Mp

µg

« „

Vimp

km/s

«

2
„

PhsτB

Gb.ns

«

T 2,

(15)

where P0, ρ0, and ǫ0 are, respectively, the pressure, mass
density, and specific internal energy of the pusher at peak
velocity time. Gb means Gigabar and τB is the burn
width. Note that the burn width is the full width at
half maximum of the neutron production rate. It is fun-
damentally different from the thermonuclear confinement
time defined as the duration during which the fuel under-
goes self-sustained TN burn [3]. We apply these scaling
laws to the NIF data in the next section.

PREDICTIONS VS. EXPERIMENTS

In this section we compare the observed data trends to
the theoretical scaling laws, and show how our theory can
be applied to infer the true adiabat from the experimental
data in the absence of direct measurements of the pusher
entropy. We find that low adiabat implosions are difficult
to achieve in practice, and that both the performance
trends and neutron imaging data are consistent with high
adiabat implosions.

Pressure vs. velocity scaling. Eq. (14) shows the
dependence of the hotspot pressure on implosion velocity,
adiabat, and the equation of state (EOS) of the pusher.
For a low adiabat (γp ≃ 3) [3, 25], Eq. (14) recovers the
scaling law Phs ∝ V 3

imp extracted from ensemble code
simulations [26]. For a high adiabat (γp ≃ 5/3), however,
Eq. (14) gives Phs ∝ V 5

imp. This scaling is more consistent

with the data trend Phs ∝ V 4.73
imp observed in the high

adiabat high-foot experiments by Hurricane et al. [27].
Figure 1 in Ref. [1] shows the above two scaling laws

plotted against the low-foot NIC data. The agreement
between the NIC data and the scaling Phs ∝ V 5

imp in-
dicates that both low- and high-foot implosions were in
practice on a high adiabat [3] regardless the intended de-
sign adiabat.

It is worthwhile to point out that scaling law (14) has a
general expression where the power law index is a func-
tion of the pusher adiabat. This is in contrast to the
scaling law obtained in the simplest static isobaric model
[29, 30] where the power law index is just a constant. For
high adiabat (γp = 5/3), the scaling law (14) recovers the
scaling law in the static isobaric model [31, 32] and for
low adiabat (γp = 3), the scaling law (14) recovers the
Livermore scaling law [33].

Yield vs. velocity scaling As shown in Eq. (15), the
thermodynamic properties of the hotspot and the perfor-
mance of the capsule uniquely depend on the peak implo-
sion kinetic energy (MpV

2
imp/2), the stagnation efficiency

(η) and the adiabat of the pusher [1]. Incorporating the
relation (14) between Phs and Vimp into Eq. (15), to-
gether with the adiabatic heating scalings of perfect gas

Rhs ∝ P
−1/3γg

hs and Ths ∝ R
−3(γg−1)
hs , and the scaling

τB ∝ Rhs/T 1/2 assuming τB ∝ τH , we obtain a power
law dependence of the neutron yield on the peak implo-
sion velocity [3],

Yn ∝ V Γ
imp Γ ≡ 2 + 2

γp

γp − 1

(

5

2
−

11

6γg

)

.

Assuming γg = 5/3 for the hot DT gas, we obtain Γ = 9
in the case of a high adiabat (γp = 5/3), and Γ = 6.2 in
the case of a low adiabat (γp = 3). The values of Γ and
pusher adiabat α as a function of adiabatic index γp are
plotted in Fig. 4. Where the pusher adiabat is defined as
the mass averaged DT fuel pressure at a given density at
peak implosion velocity time divided by the ideal Fermi
degenerate pressure at the same density [3, 26].

In our theory the temperature of the hotspot
scales with the peak implosion velocity as T ∝

V
2γp(γg−1)/[γg(γp−1)]
imp . Thus, we predict that the higher

the adiabat of the pusher, the more sensitive the hotspot
temperature is to the peak implosion velocity. For high
adiabat implosions in particular, small changes in the
implosion velocity lead to large variations in the temper-
ature of the hotspot and therefore the neutron yield.
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FIG. 4. The relationship between the adiabat α and adiabatic
index γp of the pusher. Γ is the power law scaling index of
the neutron yield to peak implosion velocity.

FIG. 5. Experimental data from the NIC and high-foot cam-
paigns showing the scaling of neutron yield with hotspot tem-
perature. The power law scaling index consistent with the
data allows us to infer the experimentally achieved adiabat.

The relationship between implosion velocity, temper-
ature, and yield has been thoroughly characterized in a
large database of integrated NIF experiments [28]. Fig. 5
shows the observed dependence of the neutron yield to
hotspot temperature, compared to theoretical predic-
tions for different values of Γ (different adiabats). Be-
cause of Ths ∝ V 2

imp, we have Yn ∝ T 5 ∝ V 10
imp. Thus

the data is consistent with a power index of Γ ≈ 8 − 10,
which is in a good agreement with model predictions for
the case of a high adiabat with γp = γg = 5/3 (Fig. 5
solid line).

Aspect ratio As shown in Eq. (11), the aspect ratio
at stagnation ∆p/Rhs is solely determined by the adia-
bat of the pusher. In NIF experiments, the radii of the
hotspot and cold fuel can be measured from the primary
and down-scattered neutron image data. The experimen-
tal uncertainties associated with the pusher thickness is
usually larger than the uncertainties associated with the
radius. In order to minimize the errors, we rewrite the
aspect ratio as the ratio of the hotspot radius to the outer

FIG. 6. Aspect ratio at stagnation, i.e., the ratio of the
hotspot radius to the outer radius of the cold DT fuel
(Rhs/RDT ), obtained from the neutron image data for both
low- and high-foot experiments. Shot-to-shot fluctuations can
be attributed to the slight variations of the adiabat due to dif-
ferences in laser delivery, the thickness of the remaining abla-
tor at different implosion velocities, and measurement uncer-
tainties of the hotspot radius.

radius of the cold DT

Rhs

RDT
=

1

[1 + 2γp/(γg − 1)]1/3 + δa/Rhs
, (16)

where δa is the portion of the pusher thickness attributed
to the remaining ablator. For γg = 5/3, and setting
δa = 0 for simplicity, Eq. (16) gives Rhs/RDT ≈ 0.6
if γp = 5/3 and Rhs/RDT ≈ 0.465 if γp = 3. These
theoretical predictions can be directly compared with the
neutron image data obtained in NIF experiments. We
note that in reality δa 6= 0, thus the measured aspect ratio
should be slightly larger than the theoretical predictions.

Fig. 6 shows the aspect ratio Rhs/RDT observed in
both high-foot and low-foot experiments. Details of the
neutron image data analysis are given in Refs. [34, 35].
The nearly constant value of 0.6 across the experimental
data set agrees with our theoretical predictions for the
high adiabat case, with γg = 5/3 and γp ranging from
4/3 to 5/3. This constant value indicates that in prac-
tice the adiabat was very similar in both the low- and
high-foot experiments. Indeed, the data indicates that
all of the shots were at a high adiabat state, regardless
of the adiabat predicted by design code simulations. The
significant difference in performance between the high-
and low-foot designs is mainly caused by the unexpected
large hydrodynamic instabilities and mix in the low-foot
capsules. In the next section we explore the physical ex-
planations for the high adiabat attained in practice in
the laboratory.

We note in passing that using the measured aspect
ratio together with Eq. (11), we may deduce the pusher
adiabatic index γp as a function of the hot-spot adiabatic
index γg and consequently the energy partition between
the hotspot and the total fuel assembly as a function
of the experimental aspect ratio and the fuel adiabatic
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index according to Eq. (12) [1],

Ehs

Etot
=

(γg − 1)[(1 + ∆p/Rhs)
3 − 1]/2 − 1

3(γg − 1)[(1 + ∆p/Rhs)3 − 1]/2 − 1
.

PUSHER ADIABAT AND MIX

In this section we recapitulate the results we obtained
in Ref. [5] about how the presence of non-ideal effects
such as preheat and 3D mix can modify the adiabat and
we show how the theory can be applied to infer the fuel-
ablator mix mass and preheat level consistent with the
data-inferred adiabat, in the absence of direct measure-
ments of the cold fuel mix.

As we have emphasized in earlier sections, the pusher
adiabat strongly affects the hotspot pressure and cap-
sule performance by determining the partition of energy,
mass, and areal density between the hotspot and cold
fuel at stagnation. Accurate implosion modeling thus
depends on taking into account the perturbation that
non-ideal and 3D effects have on the fuel specific entropy,
since the adiabat is a measure of specific entropy. In par-
ticular, the change in specific entropy due to preheat,
vorticity, and mix is given by [5]

∆s =
∆Q

MDT T
+

∇P

nMDT T
−

NDT kB

MDT
ln

χχ

(1 + χ)1+χ
, (17)

where ∆Q ≡ Cv∆T is the fuel preheat and χ ≡
NCH/NDT is the mix concentration. Here, Cv is the
specific heat for a fixed volume, n is the number density,
and P the pressure of the cold fuel. NCH and NDT are,
respectively, the number of molecules of CH mixed in the
DT and the total number of DT molecules. The first term
in Eq. (17) is the entropy change due to fuel preheat, the
second term is the entropy change due to the vorticity
from non-radial shear flow [36, 37], and the third term
is the entropy change due to mixing from hydrodynamic
instability growth. The adiabat change corresponding to
such an entropy increase is given by the expression

α = [1 + exp(
s0 + ∆s − 0.455

0.063
)]0.54, (18)

where s0 = 0.462 GJ/g/keV is the specific entropy of
the DT fuel at adiabat α = 1.5 and temperature 26 K.
Eq. (18) shows that the adiabat grows monotonically
with entropy, so that any change in entropy due to non-
ideal or 3D effects increases the adiabat of the DT fuel.
We have shown in previous work [1–3, 5] that using a
higher adiabat in a theoretical implosion model captures
the performance degrading effects of hot electron preheat,
vorticity and hydrodynamic instabilities.

The coupling between fuel adiabat and mix is clearly
demonstrated in Eqs. (17,18). The adiabat α is increased
when hydrodynamic instabilities lead to interpenetration
and mixing of the ablator material and the cold fuel.

Clean mass fraction 0.87 0.7 0.0
Preheat (mJ) 30 0.0 0.0

Resulted adiabat 2.8 1.9 2.9
Design adiabat 1.5 1.5 1.5

TABLE I. The increase of pusher adiabat due to preheat and
mix.

However, in many modern design simulations and theo-
retical ignition criteria the adiabat and mix are assumed
to be decoupled. The adiabat increase due to hydrody-
namic mix has been ignored in design simulations. For
example, in the Ignition Threshold Factor (ITF) [6, 26]
the term due to the effects of adiabat, (α/1.46)−4, and
the term due to the fuel-ablator mix, (Mclean/MDT )0.5,
are independent and do not have cross-terms. Here,
Mclean is the mass of the cold DT not contaminated by
fuel-ablator mix. Such a decoupling assumption can un-
derestimate the true implosion adiabat and thus overes-
timate the probability of ignition.

We now analyze NIF data to determine the adiabat
increase produced in experiments due to mix. The to-
tal number of particles (both electrons and ions) is given
by NDT = 2MDT NA/ADT , and for ignition capsule de-
signs typical of the NIC and high-foot campaigns we
have MDT ∼ 170µg. Setting ADT = 2.5 we then have
the number of particles NDT ∼ 8.2 × 1019. Assum-
ing that vorticity is negligible, a clean fuel fraction of
Mclean/MDT ∼ 0.7 (or χ ∼ 0.215) without any pre-
heat gives from Eqs. (17,18) α ∼ 1.9, compared to a
design adiabat of 1.5 for the NIC point design. In the
case of complete mix (NCH/NDT = 1) the adiabat in-
crease due to mix alone is sufficient to turn a low adia-
bat (α = 1.5) design into a high adiabat (α = 2.9) implo-
sion. In the case where both preheat and mix are present
even a moderate amount of these two effects leads to a
substantial increase of the adiabat. For example, for a
preheat of ∆Q ∼ 30 mJ and a relatively small mix ratio
NCH/NDT = 0.09 (equivalent to 21.4 µg of CH pene-
trating the cold DT) the fuel winds up on a high adiabat
(α = 2.8). For clarity, we have summarized the effects of
preheat and mix on the pusher adiabat in Table I.

The amount of preheat due to hot electrons, self-
generated electric fields, and hard xrays has been esti-
mated to range from 10 to 30 mJ [38]. In this case, 17 µg
of CH mixed into the cold fuel is sufficient to place the im-
plosion on a high adiabat, whereas 81 µg of fuel-ablator
mix would be required to reach high adiabat if all pre-
heat were eliminated. On the other hand, preheat levels
above ∼40 mJ place the fuel on a high adiabat even if
all fuel-ablator mix were to be suppressed. It is impor-
tant to note that the ablator mass mixed into the cold
fuel is significantly greater than the mass that mixes into
the hotspot. Since only the mix into the hotspot is de-
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tected through xray emission, there is currently no way
to directly measure the precise mass of ablator material
mixed into the cold fuel.

Consistent with the above examples, analysis in our
previous works [3, 5] indicates that in practice very few
NIF capsule implosions were on a low adiabat, contrary
to design or postshot simulations [20]. Our analysis
shows that most capsule implosions were on a high adi-
abat either due to mix and preheat, or by design due
to the shock history of a high foot drive profile. The
amount of CH mix mass and preheat consistent with the
observed capsule performance can be inferred from ex-
perimental measurables, and are reported in Refs. [3, 5].
Inferring the mix mass from the data requires only the
assumption that the mix mass is distributed uniformly
in the cold DT. Such an assumption is consistent with
detailed 2D and 3D postshot simulations [40] of NIC and
high-foot experiments, as well as theoretical analysis of
hydrodynamic instability growth and spike penetration
of ablator material into the cold fuel [41].

Achieving a low adiabat (α ≤ 1.6), even in the absence
of preheat and vorticity, requires suppression of the fuel-
ablator mix to less than NCH/NDT = 0.02 [5]. This
implies that the clean fuel fraction must be kept greater
than Mclean/MDT = 1 − MCH/MDT = 0.972. We em-
phasize that such a condition is much more restrictive
than the rule of thumb typically adopted by capsule de-
signers, (Mclean/MDT )0.5 ≥ 0.7 [42]. Our calculations
impose more stringent criteria for ignition target design,
and suggest that designers must be more conservative in
metrics such as the dopant concentration and the frac-
tion of unablated mass at peak velocity. Moreover, such
restrictive design criteria must be taken into account for
planning future ICF facilities as they may lead to in-
creased driver energy requirements.

Our analysis also highlights the need for accurate ex-
perimental diagnostics of the mass of ablator material
mixed into the cold fuel, not just the central hotspot.
Penetration of ablator material into the hotspot has
been successfully measured in a number of NIC exper-
iments [43, 44] and has also been inferred [45] from
the enhanced xray self-emission and postshot simula-
tions. Radiographic measurements of hydrodynamic in-
stability growth at the fuel-ablator interface (seeded by
preimposed perturbations) have also been reported [46].
Nonetheless, in an integrated ignition experiment there is
currently no way to directly measure the mass of ablator
material mixed into the cold DT.

When there is significant instability growth at the fuel-
ablator interface, all of the spikes of ablator material
penetrate through the cold DT and reach the hotspot.
In other cases it is possible that a fraction of the ablator
spikes reaches the hot core, while the rest only partially
penetrate the cold fuel. Thus, we are likely to underes-
timate the mix mass inside the cold fuel when inferring
the fuel-ablator mix from the emission enhancement due

Shot # Adiabat NCH/NDT Mix in hotspot Preheat
N120321 2.9 0.01 80 ng < 40 mJ
N120405 2.9 0.98 > 4 µg –
N120802 2.8 0.1 550 ng < 30 mJ

TABLE II. Analysis of three low-foot NIC experiments with
varying degrees of observed hotspot mix. In all NIC experi-
ments the design adiabat was 1.5, in contrast with the high
adiabats inferred from the data.

to hotspot mix. We can therefore make an estimate of
the lower bound of the fuel-ablator mix from a measure-
ment of the hotspot mix by assuming a uniform mix mass
density in the hotspot and cold fuel regions. Under this
assumption we can further estimate an upper bound for
the cold fuel preheat by inferring the adiabat from the
ratio of the hotspot radius to the cold fuel radius at stag-
nation.

We now carry out such an estimate of the fuel-ablator
mix mass for two representative experiments from the
NIC campaign. NIF shot N120405 achieved a neutron
yield 1.45 × 1014 and the hotspot mix inferred from the
emission was ∼5.5 µg [45, 47], a significant fraction of
the hotspot mass ∼9.5 µg [47]. Under the above as-
sumptions, we estimate the mix between cold fuel and
ablator as NCH/NDT ∼ 0.98. Eqs. (17,18) then give an
adiabat α ∼ 2.85 when preheat is assumed to be negli-
gible, substantially higher than the design adiabat of 1.5
for the NIC point design. This increased adiabat is also
consistent with the ratio of hotspot and cold fuel radii
observed in the neutron images, Rhs/RDT ∼ 0.7 [3].

For our second example we analyze NIC shot N120802,
which achieved a neutron yield 2.4× 1014 and had an in-
ferred hotspot mix mass ∼550 ng [45, 47] relative to a
hotspot mass ∼5 µg [47]. We estimate that the fuel-
ablator mix consistent with the observed hotspot mix is
NCH/NDT ∼ 0.1. Again, we use Eqs. (17,18) to arrive
at a lower bound for the adiabat increase ∆α ∼ 0.21 and
α ∼ 1.71. In this case, however, the ratio of hotspot
to shell radius Rhs/RDT ∼ 0.75 [3] implied by neutron
imaging data is consistent with an adiabat of α ∼ 2.8.
This discrepancy indicates that either (1) the observed
hotspot mix underestimates the fuel-ablator mix because
not all spikes that enter the cold fuel penetrate to the hot
core, or (2) preheat is responsible for additional adiabat
increase with an upper bound of 30 mJ or 0.17 J/kg.
This example illustrates the need for a direct experimen-
tal diagnostic of fuel-ablator mix to break the degeneracy
between the inferred mix and preheat consistent with the
adiabat implied by neutron image data. We have summa-
rized in Table II the adiabat, mix, and preheat consistent
with the data for three representative NIC shots.

Similar to the trends observed in NIC, data from
direct-drive implosions at OMEGA also indicate that
hydro-instability induced mix led to significant perfor-
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mance degradation in shots where the design adiabats
were low (α < 2) [48]. A similar analysis to the one
presented above would conclude that the true adiabats
in these mixed OMEGA shots were substantially higher
than the clean design simulations due to the increase in
adiabat from mix. Thus, an implosion model that takes
into account the increased adiabat due to mix would re-
sult in better agreement with the observed performance.

It is worthwhile to point out that features of large
implosion jets driven by the tent and fill tube in the
low-foot implosion experiments are not included in the
current analysis. These features not only affects the im-
plosion symmetry and hot spot shape of the capsule but
also increases the hot-spot mix and the pusher adiabat.
The integral effects of the tent and fill tube cause further
degradation in capsule performance. Recent NIF experi-
ments demonstrated significant improvement in neutron
yield by removing tent and reducing the size of fill tubes.

CONCLUSION AND PATHS FORWARD

In this section we present an analysis of the capsule en-
ergetics required for ignition, and conclude with possible
research directions for improving the neutron yields on
NIF. As we have discussed in the previous section, pre-
heat and mix increase the effective adiabat of the cold
fuel which leads to a less compressible pusher and re-
sults in reduced energy delivery to the hotspot during
stagnation. On the other hand, ignition requires a min-
imum hotspot energy that can be derived from the min-
imum hotspot mass needed for propagating burn given
by Eq. (5). For an ignition capsule with a hotspot of
T = 4 keV, satisfying the ignition condition [2, 49] re-
quires a hotspot mass of 26µg and a radius of 30µm.
The minimum hotspot energy required for ignition is then
Ehs ≃ 2RTMhs/[ADT /(γg − 1)] ∼ 12kJ.

The total energy budget available for heating the
hotspot via pdV work during stagnation can be esti-
mated by the implosion kinetic energy at the time of
peak velocity. The fraction of the energy budget de-
livered to the hotspot is given by the energy partition
between hotspot and pusher, which is crucially sensitive
to the pusher adiabat [1]. For a pusher where the re-
maining ablator is mass-matched to the DT, and where
MDT ∼ 170µg for typical NIF ignition capsules, a peak
implosion velocity of 370 km/s gives an implosion kinetic
energy of Eimp ∼ 23kJ. In particular, for the low adiabat
(α ∼ 1.5) case Eimp/3 of the energy budget is deliv-
ered to the hotspot, versus Eimp/6 for the high adiabat
(α ∼ 3) case. Therefore, if a low adiabat implosion can
be achieved an implosion kinetic energy Eimp ∼ 36kJ
would suffice for ignition, whereas for the high adiabats
that are currently achieved in practice an implosion ki-
netic energy Eimp ∼ 72kJ is required. Thus a substantial
increase in capsule scale size or velocity (or both) is re-

quired to meet the minimum implosion energy required
for ignition. Detailed application to the required hydro
scaling of NIF experiment will be given in a separate pa-
per.

The laser drive energy required for ignition can be ob-
tained from Eq. (7),

EL ≥
2RT (3γp − 1)

ADT ηLη(γp − 1)(γg − 1)
Mhs. (19)

For typical NIF experiments the overall coupling is given
by ηLη ≈ 1% and the minimum hotspot mass required for
ignition is given by Mhs = 26µg at T = 4 keV. Thus, the
minimum laser energy required for ignition is ∼ 4.8 MJ
if a low adiabat (γp ∼ 3) can be achieved, and ∼ 7.2 MJ
for a high adiabat (γp ∼ 5/3) implosion. It is important
to note that mitigation of preheat and fuel-ablator mix
is a necessary condition for achieving a true low adia-
bat, which in turn reduces the drive energy required for
ignition.

Even for non-igniting capsules the neutron yield can
be improved by increasing the hotspot energy, mass, and
pressure using the currently available laser energy. En-
hancing the performance of modern NIF targets thus re-
quires improving the confinement metric PhsτH , given
by

PhsτH = P0

[

γp

(3γp − 1)ǫ0
ηLηV 2

imp

]

γp

γp−1

τH . (20)

Eq. (20) identifies four possible paths forward for im-
proving the performance of NIF targets: (1) Improving
the available implosion kinetic energy by enhancing the
drive coupling and optimizing the capsule design (ablator
material, mass, and thickness); (2) Enhancing the abla-
tion pressure and reducing the pusher adiabat by mit-
igating preheat and mixing and reducing the coasting
time; (3) Lengthening the effective disassembly time by
improving the implosion symmetry; and (4) Lengthening
the effective disassembly time by increasing the inertial
tamping through the use of dense high-Z liners on the
inner surface of the ablator shell with a sharp metal-
gas boundary. Recent successes on NIF demonstrating
record yields with high-density carbon ablators and low
coasting times show that increased capsule performance
can indeed be achieved though the mitigation of mix in
both the hotspot and cold fuel.
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Döppner, D. E. Hinkel, L. F. Berzak Hopkins, J. L. Kline,
S. Le Pape, T. Ma, A. G. MacPhee, J. L. Milovich, A.
Pak, H.- S. Park, P. K. Patel, B. A. Remington, J. D.
Salmonson, P. T. Springer, and R. Tommasini, Nature
506, 343 (2014).

[8] G. S. Fraley, E. J. Linnebur, R. J. Mason, and R. L.
Morse, Phys. Plasmas 17, 474, 1974.

[9] O. N. Krokhin and V. B. Rozanov, Sov. J. Quantum
Electron. 2, 393 (1973).

[10] H.-S. Park, O. A. Hurricane, D. A. Callahan, D. T. Casey,
E. L. Dewald, T. R. Dittrich, T. Döppner, D. E. Hinkel,
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