Theory of Hydro-Equivalent Ignition for Inertial Fusion
and Its Applications to OMEGA and the
National Ignition Facility

Introduction

In inertial confinement fusion (ICF),! a spherical capsule is
illuminated either directly with laser light? or indirectly within
x rays generated by laser irradiation of the walls of a container
(hohlraum) enclosing the capsule.? The capsule consists of a
cryogenic layer of deuterium and tritium (DT) frozen onto the
inner surface of a spherical shell of ablator material. Photons
are absorbed in the coronal plasma surrounding the shell via
inverse bremsstrahlung, and the energy is thermally conducted
to the surface of the shell, causing it to ablate. The ablating mass
creates an equal and opposite force that causes the remaining
shell material to implode. This mechanism is typically known
as the “rocket effect.” The imploding shell attains a peak implo-
sion velocity before converting a fraction of its kinetic energy
into internal energy upon stagnation. The compressed core of
an ICF capsule consists of a low-density (tens of g/cm3) and
high-temperature (several keV’s) DT plasma (the hot spot) sur-
rounded by a dense (hundreds of g/cm3) and cold (hundreds of
eV’s) DT shell. If the thermal energy and areal density of the hot
spot are large enough, the alpha particles generated from fusion
reactions deposit their energy within the hot spot, triggering a
thermal runaway process called “thermonuclear ignition.” A
robust ignition would launch an alpha-driven burn wave in the
surrounding dense fuel, leading to a significant fusion-energy
output. The resulting energy gain (target gain = fusion energy/
laser energy on target) depends on the shell’s areal density (oR),
which determines the fraction of fuel burned (®) according to
the expression © = pRg/cy2 / (7 + PRg/ecm 2) (Ref. 4). The shell’s
areal density is a critical parameter for the onset of ignition since
it provides the inertial confinement for the hot-spot pressure.

To date, no significant fusion gain has been achieved in a
laboratory setting, although experiments at the National Igni-
tion Facility (NIF) have achieved core conditions, where the
fusion energy released exceeds the energy in the fuel and the
alpha-particle heating approximately doubles the number of
fusion reactions.> The Lawson criterion is the metric used to
determine how close these implosions are to ignition.® This
criterion is obtained by balancing the energy lost from the
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plasma to the total energy gained via fusion reactions, thereby
determining the minimum values of performance metrics
required to sustain a burning plasma. The Lawson criterion
has long been used in magnetic confinement” and only more
recently has it been applied to ICF implosions in a useful form
that depends on experimentally measured quantities.810 The
criterion can be expressed through an overall ignition parameter
X = PT/PT,, where P is the hot-spot pressgre, 7 is the hot-spot
energy’s confinement time, PTi, = 24, T / <O'V> is a function
of ion temperature only with {ov) representing the fusion
reactivity [(0v)(T)|, and &, = 3.5 MeV is the alpha-particle
birth energy. The ignition condition is defined such that when
x = 1, the target gain = 1. Other performance metrics such as
the ignition threshold factor (ITF and ITEx)!! or the minimum
energy required for ignition!213 can be easily related to the
Lawson criterion.!? The generalized Lawson criterion for ICF
was first derived in one dimension by Zhou and Betti'® and
later generalized to three dimensions by Chang er al.? and
Betti et al.® Throughout the remainder of this article, we will
consider only the generalized Lawson criterion.

The 1.8-MJ NIF Laser System is unique in its ability to field
ignition-scale indirect- and direct-drive implosions. Because of
high costs and low shot-repetition rates, most of the fundamen-
tal physics must be investigated at smaller-scale laser facilities
such as the Omega Laser Facility.!* Experiments on the 30-kJ
OMEGA laser are not expected to achieve ignition since the
amount of laser energy that couples to the target is not enough
to achieve the performance metrics required by the Lawson cri-
terion. This gap in laser energy can be bridged using the theory
of hydrodynamic equivalence. Hydro-equivalent implosions
share a set of performance metrics that enable one to compare
two implosions scaled in laser energy. Because the performance
metrics scale hydro-equivalently, the Lawson criterion can be
scaled up in energy from OMEGA to the NIF. The core idea
of this work is to determine the performance required on an
OMEGA-scale implosion to predict the achievement of ignition
on a hydro-equivalently scaled NIF-sized target. The extrapo-
lation on which this work is based is from the OMEGA Laser
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System to a symmetric direct-drive NIF Laser System with two-
dimensional (2-D) smoothing by spectral dispersion (SSD).1° It is
important to emphasize that the NIF is currently not configured
for symmetric illumination but could be with significant resource
investment. This extrapolation will provide both guidance and a
goal for OMEGA-scale cryogenic experiments.

The remaining four sections of this article (1) develop the
theory of hydrodynamic equivalence in both one and three
dimensions, establish design criteria for hydro-equivalent targets,
and discuss the limitations of the theory; (2) present hydro-equiv-
alent designs for the NIF and OMEGA laser-energy scales and
confirm the theory developed in the previous section; (3) discuss
the Lawson criterion parameter and its hydro-equivalent scaling,
develop an analytical derivation of the scaling between hydro-
equivalent implosions, present 2-D computational simulations
supporting this simple model, and draw conclusions from the
results; and (4) summarize the implications of this article.

Theory of Hydrodynamic Equivalence

In this section the theory of hydrodynamic equivalence is
developed, showing how it connects to existing scaling relations
and describing some of its limitations. As previously stated,
hydrodynamic equivalence provides a tool for comparing the
performance of implosions driven with different energies.
The subsections (1) define hydro-equivalency in one dimen-
sion; (2) show that one-dimensional (1-D) hydro-equivalent
implosions conserve their equivalency in three dimensions;
(3) establish design criteria for hydro-equivalent targets; and
(4) discuss the limitations of the theory.

1. One-Dimensional Hydrodynamic Equivalence

The simplest model for a 1-D implosion of a thin shell
(A < R) driven by an applied pressure P, includes the evolu-
tion equation for the shell radius R and the shell thickness A:

MR =—47Py, R?, (1)
SMh

= )
87pabIR

where p,;, is the density at the ablation surface. This simple
model neglects the fraction of ablated mass and assumes that
the shell mass is constant. Equation (1) is Newton’s law applied
to a thin shell driven by a constant pressure P,y,; Eq. (2) shows
that the shell expands like 1/R? to conserve mass since the
applied pressure maintains a fixed density profile given by
dP/dr =—pR and P ~ p>?3 for an isentropic implosion. The

resulting density profile is p = p,p(1-x/A)¥2, where A is given
by Eq. (2) and x = R,,;—r with R, being the radial location of
the shell’s outer surface. Equations (1) and (2) can be solved
using the initial conditions for R and A. We define the initial
time of the acceleration phase (f = 0) as the time soon after the
main shock breaks out of the inner shell surface after the shell
is set in motion by the initial shock (or shocks merging near the
inner shell surface). For a strong shock, the post-shock veloc-
ity of the shell is approximately Vs = £0C,(0), where C,(0) is
the shell’s sound speed after the shocks have passed through
the shell. The factor & = (3 / {5 )(Psh / Pabl)l/S is of the order
of unity and depends on the ratio of the pressure used to drive
the initial shock P, and the peak ablation pressure P, used to
implode the target. The initial conditions for Egs. (1) and (2) are

R(O) = Ro > 3
R(0)=—£,C(0). @

By multiplying Eq. (1) by R and integrating between ¢ = 0 and
the end of the acceleration phase when the velocity has reached
its maximum value V;,, and the radius has shrunk by the con-
vergence ratio CR, = R(0)/R,, where R, is the radius at the end
of the acceleration phase (note CR, is the convergence ratio at
the end of the acceleration phase and not the total convergence
ratio at stagnation), the following energy relation is obtained:

2
1 5 §o\ an 1
2Mshvimp(1 - ]\/12) = 3PablR(3)<l - CR%), ®)
where M, = Vi, /Cs(0) is the implosion Mach number.
Substituting the mass of a thin shell My, = 47(p)AR? (with

()= 2pap1 /5) into Eq. (5) yields the relation between the in-
flight aspect ratio (IFAR) and the Mach number M:

[FAR RO MZI_%/M%
TAO0) T -1 /CRY

©)

In the limit of large Mach numbers and large values of CR3,
Eq. (6) reduces to the well-known scaling relation IFAR ~ M2
(Ref. 16). The implosion model in Egs. (1) and (2) and their
initial conditions can be rewritten using the dimensionless
variables R = R /R(0), 7 = 1V;, /R(0), and A =A/AO)

1-gg/mz

Re—2— R, 7
1-1/CR3 2

W
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Equations (3)—(6) show that implosions with the same M, &,
and CR, exhibit the same dimensionless trajectories and the
same [FAR; therefore, this family of implosions is labeled
“hydrodynamically equivalent.” By neglecting the term 1 / CR}
in Egs. (7)—(9), the dimensionless trajectory of a thin shell is
uniquely determined by the Mach number M. Interestingly, in
the limit of large Mach numbers and large convergence ratios,
the dimensionless trajectories of both the radius and thickness
approach a universal curve. Note that the thin-shell Egs. (7)—(9)
are valid only for large values of M and IFAR and as long as
the shell’s time-dependent aspect ratio R/A is of the order of M2,
Since R/A decreases like R3, it will eventually become smaller
and of the order of M. (instead of M 2). At this point, Egs. (7)-(9)
are no longer valid and the shell thickness will stop increasing;
the shell density will start increasing, while the shell pressure
will exceed the applied pressure. This limit is considered by
Basko:!” the resulting final pressure at stagnation is proportional
to the applied pressure amplified by a power law of the Mach
number. According to Basko, that power law is Pyag = Pap M 4
but according to the self-similar solution of Kemp et al.,!3
Pytag = PapiM 3. The important point is that by fixing the Mach
number M- and the applied pressure P,;, all hydro-equivalent
thin-shell implosions lead to the same final stagnation pressure.

In laser-driven implosions, a significant portion of the shell
mass is ablated by the laser. The model [Egs. (1) and (2)] of
laser-driven implosions must be modified to include the effect
of mass ablation. In the presence of mass ablation, the equations
of motion are well described by the rocket model:'8

Mshk = Vesth ’ (10)

Mgy =—4mi,pR?, (11)

where 11, is the mass ablation rate and V, is the exhaust veloc-
ity. Since the exhaust velocity is approximately the sound speed at
the critical surface and proportional to a power of the laser inten-
sity or radiation temperature, for a fixed laser intensity, Eq. (10)
leads to the well-known rocket equation for the shell velocity,

Mgy (0) )

R =_§OCS(O) — Vex In Mg,

(12)
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Equations (11) and (12) can be rewritten in dimensionless form
using the same variables used in Egs. (7)—(9), leading to

‘f 0 Vex 1
- In——, 13
M. Vimp n Mg, a3)

R=-

My, =—WR2, (14)

where My, = M, / M ,(0) is the dimensionless shell mass and

dm ablR (0)3

= 1
Mg (0) Vimp (1)

Since i,V is the ablation pressure, the dimensionless pa-
rameter ¥ can be rewritten as

IFAR Vimp

V= .
M2 Ve

(16)

oW

If we consider a family of implosions with the same final frac-
tion of unablated mass (same M {h), the final implosion velocity
is given by Eq. (12):

1
Vimp = £0Cs(0) + Vex ln(th)~ a7)
s

Notice that for this family of implosions,

Vex £o 1
=|1- 1 18
o=l "t 19

and the remaining mass fraction M {h depends on the Mach
number M, the parameter &\, and the ratio V,, / Vimp- In
the limit of large Mach numbers, the remaining mass frac-
tion depends only on V / Vimp- After substituting Eq. (18)
into Eq. (16),

3 IFAR 1 &o
)08

sh

To achieve the same dimensionless trajectory and the same
unablated mass fraction, Egs. (13) and (14) require the same val-
ues of My, &y, and W. An explicit relation between Mg, and R can
be derived by integrating Eq. (13) after multiplying by Eq. (14):
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v $o
S (R3=1) =37 (M — 1)
Eo\Mg—1— shlnMsh
1- 20
( M*/ lan 20

Rewriting Eq. (20) at the end of the acceleration phase yields
a simple relation for the parameter W:

1, il 50 1 - M,
no) L )
R e

indicating that for large Mach numbers and convergence ratios,
the parameter W' depends only on the final fraction of unablated
mass. Substituting Eq. (20) for W leads to a relation between
the IFAR and the Mach number,

1—&o /M.
IFAR = M? —F—— 0, (22)
1-1/CR3
_if
2 |IMy e &

In the limit of large M+, the factor ® depends only on
the remaining mass fraction. In the limit of 1 —Mf <1,
R (1 +§O/M ) and Eq. (21) reproduces Eq. (6) for the

“no-ablation” case. For arbitrary M f < 1, the rocket model
maintains the IFAR ~ M2 scaling of the no-ablation case, but
the proportionality factor depends mostly on the unablated
mass fraction. To preserve hydro-equivalence in the presence
of ablation, one must preserve the value of M { , thereby requir-
ing that Ve / Vimp be constant. Within the framework of the
rocket model, hydro-equivalence requires constant values for
M, Vex / Vimps &, and CR,. Targets with these same dimen-
sionless parameters exhibit the same dimensionless trajectory,
IFAR, and unablated mass fraction.

It is useful to consider the ablation velocity V,y;, defined as
the penetration velocity of the ablation front into the imploding
shell. The ablation velocity is given by the ratio

Map]
Vabl = ﬁ- (24)

Equation (24) can be normalized to the implosion velocity and
rewritten as

ol 3 L i (25)

where the relation P,y =~ m,p; Vex has been used. This shows
that the ratio Vi / Vex depends on the Mach number and the
ratio Vyp) / Vimp- Therefore, the requirements for 1-D hydro-
equivalency can also be satisfied by fixing the values of M.,

Vabl/Vimp» ‘fO» and CRa.

For optimized implosions, the value of the convergence ratio
at the end of the acceleration phase is not an arbitrary quantity.
Typically the shell is driven inward until the remaining implo-
sion time is of the same order of the sound speed’s traveling
time through the shell:

~Cc (26)

13 59

where the subscript “a” indicates the end of the acceleration
phase. This condition implies that for R < R,, the shell density
and pressure increase, with the latter exceeding the applied
pressure. Therefore, even if the laser is still on for R < R,, the
effects on the implosion dynamics are negligible since the
shell pressure exceeds the applied pressure. For a constant
ablation pressure C, = C,(0), Eq. (26) requires that the IFAR
at the end of the acceleration phase scales as the Mach number
(rather than M?2): IFAR, = VM=, where v is a constant of pro-
portionality. Since the unablated mass fraction can be written
as MY = A, /CR2,IFAR, = IFAR / (CRgM{h), leading to an
end-of-acceleration convergence ratio

1— M, 1/3 1/3
CRa:(M* o/ @) z(M* 6) e

g 1_1/CR2 M{h g M{h

where the last term on the right-hand side is obtained in the
large M limit.

In summary, 1-D hydro-equivalence is obtained for fixed
values of M+, V, / Vimp: and &. Implosions with equal values
of these three dimensionless parameters exhibit the same

unablated mass fraction, the same IFAR (both initial IFAR and
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at the end of the acceleration phase), the same dimensionless
trajectory, and the same dimensionless thickness. Given the
importance of the stagnation pressure to the ignition conditions,
we consider hydro-equivalent implosions driven by the same
ablation pressures Py, achieving the same final stagnation
pressure Pgpag ~ PapiM 3.

The last step is to translate the hydro-equivalence require-
ments into constraints on the physical parameters. Using the
isentropic relation P ~ ap>/3 (where o is the adiabat), the Mach
number and the ratio Vi / Vimp can be rewritten as

2
Vimp Vabl

” Figpi 0t
* 2/5° . B35 :
a¥p2i’ Vimp P Vimp

(28

Since both the ablation pressure and ablation rate depend on the
laser intensity I} (for direct drive) or radiation temperature 7,4
(for indirect drive), Eq. (28) shows that fixing P, (and m,), M-,
and V) / Vimp requires setting the values of implosion velocity
Vimp» adiabat o, and laser intensity /1 (or radiation temperature
T.,4)- Once the ablation pressure and shell adiabat are set, the
parameter & is not an independent parameter since the shock
pressure Py, is directly proportional to the adiabat Py, ~ ap S@,
where the post-shock density p is roughly 4x the initial
density for a strong shock. It follows that all hydro-equivalent
implosions designed to achieve the same stagnation pressure in
one dimension require equal values of the implosion velocity,
shell adiabat, and laser intensity (for direct drive) or radiation
temperature (for indirect drive).

2. Three-Dimensional Hydrodynamic Equivalence

In this subsection, we show that the requirements for 1-D
hydro-equivalence guarantee equivalence in three dimensions
provided that the initial seeds for the hydrodynamic instabili-
ties scale proportionally to the size of the target radius R. The
departure from spherical symmetry is caused primarily by
the Richtmyer—Meshkov!%-29 (RM) and Rayleigh-Taylor2!-22
(RT) instabilities. Below, we will apply the hydro-equivalence
concepts to only the RT instability since the RM instability
follows similar arguments.

In ICF implosions, the RT instability develops on the abla-
tion front during the acceleration phase and at the inner shell
surface during the deceleration phase. We first consider the
acceleration phase. Depending on the initial level of nonunifor-
mities and the unstable spectrum, the RT instability can either
be contained within the linear regime or develop a fully nonlin-
ear bubble front. We will consider these two cases separately.

LLE Review, Volume 137

THEORY OF HyDRO-EQUIVALENT IGNITION FOR INERTIAL FUSION

In the linear regime, the RT growth rates approximately
follow Takabe’s formula.23-24 The number of e foldings of
growth is the integral of the growth rates over the duration of
the acceleration phase (f), leading to

NET = [“ypede= [ (kg —3kVi)dr. (29)

where k is the wave number k = ¢ /R, ¢ is the mode number, R is
the time-dependent shell radius, g = — Ris the shell acceleration,
and V,y,, is the ablation velocity. Given that all hydro-equivalent
targets have the same dimensionless radius R and are driven
up to the same convergence ratio CR,, taking the dimensions
out of the expression on the right-hand side of Eq. (29) yields

1 -

- v

NRT = 1/45—34 abl | dR (30)
~1 R R Vimp R

CR;

where R =R R . As discussed in the previous subsection,
1-D hydro-equivalence requires equal values of Vy / Vimps
therefore Eq. (30) shows that hydro-equivalent implosions
exhibit the same RT growth factors for all mode numbers.
The effects of the RT instability on target performance can be
assessed by comparing the mode amplitude 772 with the target
thickness A, at the end of the acceleration phase for each mode.
Using the results of the rocket model for the target thickness
(Aa = AgCR2M {h>, the ratio 7% / A, can be written as

RT
n?  nu0)eNe a0
a AgCR2MY

>|

Since CR, and M -th are the same for hydro-equivalent implo-
sions, Eq. (31) shows that three-dimensional (3-D) hydro-
equivalence for the linear RT instability is attained when the
initial seeds 77,(0) are proportional to the initial target thickness.

While Egs. (30) and (31) prove 3-D equivalence in the linear
phase of the RT instability, the most important effects of the
RT instability occur when the RT bubble front becomes non-
linear and penetrates deeply into the target. It is well known
that a fully developed RT bubble front grows proportionally
to the distance traveled by the shell during the acceleration
phase. By defining the bubble front’s penetration distance h;,
the well-known scaling relation /, = Bgt? applies for a fully
developed, fully nonlinear multimode bubble front with the
coefficient B ~ 0.05 to 0.07 (Refs. 25-28). For a time-dependent
acceleration, the dimensionally correct bubble-front penetration
would be hy, = 2ﬂf0tdt’fot dt"g(t"). At the end of the accel-

5
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eration phase, the parameter 4, can be written in terms of the
distance traveled by the shell during the acceleration phase:

hi = 2B(Ro— Ry) = 2BRo(1 — CRF). (32)

The figure of merit that measures the effects of the RT instabil-
ity on the target performance is the ratio between the bubble-
penetration distance and the shell thickness at the end of the
acceleration. Using the results of the rocket model that ratio is

hd o2 1—CR;!
My _ 2P IFAR( . >. 33)
a M{h CRj;

Since all 1-D hydro-equivalent implosions exhibit equal val-
ues of M {h’ IFAR, and CR,, the nonlinear RT figure of merit
hi / A, will be the same for hydro-equivalent implosions. It
follows that the effects of the acceleration-phase RT instabil-
ity on target performance are the same for hydro-equivalent
implosions regardless of whether the RT perturbation growth
remains within the linear phase or grows into the fully devel-
oped nonlinear regime provided that the initial RT seeds scale
with the target thickness.

While the acceleration-phase RT instability is fully hydro-
equivalent, the deceleration-phase RT instability is not. The
growth rate of the deceleration-phase RT has a similar form to
Eq. (30) with the exception that the coefficient of the ablative
stabilization is 1.4 instead of 3 (Ref. 29) and that mass ablation
is driven by the heat leaving the hot spot rather than the heat
flux coming from the laser (or x rays). The RT growth rate in
the constant deceleration phase on the inside of the shell was
fit to the following equation:

Ke)

Yrr = 0.9 m — 14k(v,y)). (34)

where k is the wave number, (g) is the average acceleration,
(L,,) is the density scale length, and <m> is the deceleration-
phase ablation velocity. In this case the deceleration-phase
ablation velocity depends on the Spitzer conductivity3? of the
hot spot: <@> ~ T(S)/ 2 / Rns psh, where T is the central hot-spot
temperature, Ry is the hot-spot radius, and pg, is the shell
density. It is possible to show that the ablative stabilization term
for the deceleration phase is not hydro-equivalent but instead
depends on the target size like <@> ~ R705_ The ablative
stabilization of the deceleration-phase RT is important only for

implosion velocities exceeding 400 km/s or when the alpha-
particle heating is significantly close to ignition conditions,
leading to large ablation velocities. Since alpha-particle heating
is clearly not hydro-equivalent, as long as hydro-equivalent
targets without alpha-particle energy deposition are compared,
the effects of the ablative stabilization on the deceleration-
phase RT growth can be neglected for Vi, <400 km/s and
the conditions for hydro-equivalency of the RT instability are
retained as well for the deceleration phase. A more-detailed
analysis of hydro-equivalency of the deceleration phase is the
subject of a forthcoming publication.

In summary, the conditions of 1-D hydro-equivalency
(see One-Dimensional Hydrodynamic Equivalence, p. 2)
requiring equal values of implosion velocity V;p,, shell
adiabat «, and laser intensity I} (for direct drive) or radiation
temperature 7,,4 (for indirect drive) guarantee 3-D hydrody-
namic equivalence provided that the initial level of surface
roughness scales proportionally to the target size. If the main
source of nonuniformities is laser imprinting (as in the case of
direct drive), 3-D hydro-equivalence requires that the relative
size of the laser-intensity variations (51/) be the same among
hydro-equivalent targets.

3. Design Criteria for Hydro-Equivalent Targets

This section highlights the design criteria for direct-drive
hydro-equivalent implosions. To design a family of implosions
with the same Vimp, o, and Iy, one must specify the target
radius and thickness, as well as the laser pulse shape. The latter
consists of an initial low-intensity pulse (also called the “foot”)
that sets the adiabat of the shell through one or more shocks
and a main drive that accelerates the shell to the final implo-
sion velocity. While there are different ways of designing the
foot of the pulse, the main drive is defined by the total energy
E; , the peak power Py, and the main pulse length 7. Most
of the pulse energy is contained within the main pulse. The
energy, power, and length of the main pulse are related through
Ey =~ Pyt Since the laser power is Pp, =~ 472'R%[L, keeping the
same intensity on target requires scaling the laser power, with
the target surface P ~ R%. To drive the capsule to the same
final implosion velocity, the pulse length must be proportional
to the implosion time 71, ~ R / Vimp and, therefore, the laser
energy must scale as E} ~ 47[R(3)IL / Vimp- It follows that for
hydro-equivalent implosions, the laser energy must scale as the
target volume Ey, ~ R(3)- For hydro-equivalent targets, the final
shell kinetic energy scaling is proportional to the laser energy
in the main drive, leading to (1/2)Mg, V2, ~ Ep.. To achieve

imp
the same implosion velocity, the target mass must, therefore,
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scale with the laser energy My, ~ Ep ~ RS. Since the target
mass is proportional to the shell volume M, ~ 47Z'R%A0 po, for
the same initial density, the shell thickness must scale with the
target radius A oc Ry,

The basic design criteria for hydro-equivalent implosions
consist of specifying the foot of the laser pulse to launch shocks
of the same strength to set the shell on the same adiabat ¢, using
a total laser energy proportional to the target volume, Ep ~ R%;
a peak laser power proportional to the target surface, P, ~ R(Z);
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a pulse length proportional to the target radius, #; ~ Ry; and a
shell thickness proportional to the shell radius, A oc Ry. One
can express these criteria in terms of laser energy rather than
target radius, leading to Ry ~ E]LB, Ay ~ EiB, P~ E%B, and
L~ E 11‘/ 3. This scaling can be applied to various performance
metrics that have been analytically derived and fit to power laws
from simulation databases previously developed.®-3! Table 137.1
reviews most of the important ICF performance metrics and
their hydro-equivalent scaling with laser energy.

Table 137.1: Hydrodynamic scaling relations for ICF implosions and their hydro-equivalent scaling relations
for 350-nm light. (/;5 = I}, / 1013; T, is the neutron-averaged ion temperature.)

Performance Metric Scaling Relation Hydro-Equivalent Scaling
V. (cm/s)]%7>
Hydrodynamic efficiency n= O'(? ;51 — 5 Constant
Iis x 10
. sta,
Neutron yield v £4-72 " 056 my e yroa _ o
(x10'6) I-D %\ 47 [p tot(n)] 0.12 1-p ~ EL
0.06
Shell areal density (oR) 12 [EL(kJ)] 03 Vimp (cm/s) " £
(g/cm?) PR )max ~ o034 100 3% 107 (OR)max ~ EL.
Shell density Pt Vimp“m’S)] Constant
(g/cm?) Pler = LI 35007
—0.27 2.12
401 Vimp (cm/s)
Shell IFAR IFAR ~ —— o [ Constant
o) " 1 310
0.62
Hot-spot areal density R 031 lEL kN1%27 | Vimp (cm/s) R 5027
2 PRy = ~Er
(g/em?) hs a?ﬁis 100 3% 107 PRpg ~ L7,
1.25
Hot-spot temperature <T > 2.96 [EL(K) 0.07 Vimp(Cm/S) <T > £007
(keV) hs/ ~ a?lirlls 100 3 % 107 hs L
r 11.85
Hot-spot pressure <P > 345 Vimp(cm/s) Constant
(Gbar) hs/ =~ a?ﬁﬁo 35107
V. (cm/s) 0.96
Stagnation aspect ratio A ~ 1.48 | "imp Constant
g P
stag 0.19 7
inn L 3x10
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4. Non-Hydro-Equivalent Physics

Although the hydro-equivalent scaling relations hold well
over nearly two orders of magnitude in laser energy (see the
next section below), not all of the physical processes that
occur in ICF implosions scale hydrodynamically. Hydrody-
namic equivalence breaks down when nonscalable physics
significantly impact target performance. A nonexhaustive list
of nonscalable physics includes radiation transport, thermal
conduction, fusion reactions, and laser—plasma interactions
(LPI’s). Radiation transport can significantly impact radia-
tion and shell-ablation physics in both the acceleration and
deceleration phases. If the mean free path of photons is larger
than the stopping power of the ablator of an implosion capsule,
these photons will penetrate into the DT fuel and deposit their
energy, thereby raising the adiabat. This occurs on smaller-
scale targets, such as those on OMEGA.

Thermal transport in the hot spot is not hydro-equivalent.
As shown by Zhou and Betti,3! the hot-spot temperature scales
weakly with laser energy (or target size): Tps ~ E{-07 ~ RO-21,
Since the fusion yield is a strong function of temperature, this
weak dependence becomes important when scaling ICF implo-
sions from OMEGA to the NIF. Another non-hydro-equivalent
effect is the ablative stabilization of the deceleration-phase
RT instability as discussed in the next section.

Fusion-energy deposition and laser scattering caused by LPI’s
are inherently nonscalable hydrodynamically since alpha-particle
energy deposition depends on the shell’s areal density relative to
a fixed mean-free path as well as on the proximity to the ignition
conditions, and the LPI’s are threshold-dependent instabilities.
This means that all hydrodynamic quantities (except the gain)
must be calculated without alpha-particle deposition (no-alpha
quantities). Therefore, when scaling up in size and energy to
assess the target performance with respect to the ignition condi-
tions, one must use an ignition criterion given in terms of no-alpha
quantities.®? LPI’s will not be considered in this work. Although
a significant amount of work has been invested in understanding
LPI effects on direct-drive target performance32-36 and two-
plasmon—decay thresholds,?” 4! this work will assume that if
any threshold is exceeded on some energy scale versus another,
a mitigation strategy will be employed to address it.

Hydro-Equivalent Implosion Design

In this section we will cover the design and performance of
the two hydro-equivalent implosion designs that will be used for
the remainder of this article. The latter half of this section will
compare the designs to the hydro-equivalent scaling predictions
outlined in Theory of Hydrodynamic Equivalence (p. 2).

The OMEGA-scale target is based on current cryogenic
targets that are routinely imploded on OMEGA.*2 The OMEGA-
scale target [shown in Fig. 137.1(a)] has ~10 #m of plastic ablator,
41 um of DT ice, and an outer radius of 430 u#m. This design
is imploded with 27 kJ of laser energy, and when simulated
with the multidimensional hydrocode DRACO,* it achieves an
implosion velocity of ~350 km/s, has an average in-flight adiabat
of 3, and an IFARg - 5/3g,, of 26. The IFAR is calculated when
the shell radius is approximately 2/3 of its initial inner radius.
It achieves a neutron-averaged areal density of 300 mg/cm? and
a neutron yield of 1.6 x 101 in 1-D simulations. The NIF-scale
target [shown in Fig. 137.1(b)] is geometrically scaled from the
OMEGA-scale target using the hydro-equivalent scaling rela-
tions developed on p. 2. This results in a factor-of-4 increase in
the target radius when scaling the laser energy up to 1.84 MJ.
Because of differences in radiation transport at these two laser-
energy scales, a small change in the target design is required
to compensate for deviations from hydro-equivalence. The
OMEGA-scale target has insufficient preheat shielding in the
CH ablator, which results in an increase in the fuel adiabat when
the ablator prematurely ablates. Some of the plastic ablator in
the NIF-scale design is mass-equivalently exchanged for DT ice.
This leads to lower preheat shielding, resulting in the adiabat
remaining the same for the two implosions. The NIF-scale target
has the same implosion velocity, adiabat, and IFAR but is pre-
dicted to achieve a neutron-averaged areal density of 1.2 g/cm?
and a 1-D yield of 8.6 x 10'© without alpha-particle deposition.
When alpha-particle deposition is turned on, the implosion
achieves a neutron yield of 3.3 x 101, resulting in a gain of 49.

(a) OMEGA

(b) NIF

TC10868JR

Figure 137:1
Cryogenic target geometry and composition for (a) OMEGA-scale and
(b) NIF-scale targets.

When plotted in terms of laser intensity and dimensionless
time #/fyy,, the laser pulses for the NIF and OMEGA are virtu-
ally identical as shown in Fig. 137.2. Here, 5, is the so-called
“bang time,” defined as the time of peak neutron rate. The time
evolution of the implosion velocity and IFAR are the same for
NIF-scale and OMEGA-scale targets. Figure 137.3 shows the
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Figure 137.2
Triple-picket laser-intensity pulses versus normalized time (#/fy,,,g) for the
NIF-scale (solid black line) and OMEGA-scale (dashed red line) targets.
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Figure 137.3

Shell velocity versus normalized time for the NIF-scale (solid black line) and
OMEGA-scale (dashed red line) targets.

shell velocity versus normalized time for the NIF-scale and
OMEGA-scale designs in solid black and dashed red lines,
respectively. The two curves are nearly identical, illustrating
that they have the same 1-D hydrodynamics. Figure 137.4 plots
the IFAR against normalized time and it too shows hydro-equiv-
alent behavior, illustrating that they have the same acceleration-
phase RT growth in three dimensions since the adiabats and
implosion velocities are the same. Figure 137.5 shows the areal

LLE Review, Volume 137

THEORY OF HyDRO-EQUIVALENT IGNITION FOR INERTIAL FUSION

density versus normalized time for the NIF-scale target (solid
black) and the OMEGA-scale target (dashed red) scaled by the
energy ratio of the two designs, € = E EIF / Ef, to the one-third
power. This scaling comes from the laws described in Theory
of Hydrodynamic Equivalence (p. 2) and shows the 1-D
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Figure 137.4
In-flight aspect ratio (IFAR) versus normalized time for the NIF-scale (solid
black line) and OMEGA-scale (dashed red line) targets.
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Figure. 137.5
Scaled total areal density versus normalized time for the NIF-scale (solid black
line) and OMEGA-scale (dashed red line) targets multiplied by £1/3.
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areal density and neutron rate scale as predicted. Figure 137.6
compares the neutron rate versus normalized time, where the
NIF neutron rate is shown as a solid black line and the scaled
OMEGA neutron rate as a dashed red line, which scales as
€7/%. The neutron rate scales with E{/® because the neutron
yield scales as Ei/ 2 and time scales as E i/ 3 This shows good
agreement between the theory and simulations.
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Figure 137.6
Scaled total neutron rate versus normalized time for the NIF-scale (solid black
line) and OMEGA-scale (dashed red line) targets multiplied by £7/.

In terms of multidimensional performance, the two designs
are very nearly hydro-equivalent. Two-dimensional DRACO
simulations were run to assess the performance of the implo-
sions and compare it with the hydro-equivalent scaling theory.
All simulations used the SESAME*** equation of state for
the plastic ablator and FPEOS*® for the DT fuel. Single-mode
simulations were performed in half-wavelength wedges with a
minimum of 20 azimuthal cells and sufficient radial zoning to
ensure a minimum of six points in the 1/k distance away from the
ablation surface. The radial zoning was increased with / -mode
number to keep the same spatial aspect ratio in the Lagrangian
mesh throughout the entire set. This ensured that the amplitudes
of the higher harmonics were typically smaller than one tenth
of the fundamental-mode amplitude. It is important to note that
the seed amplitude between the two designs was kept hydro-
equivalent by a factor of £'/3 in accordance with the change in
target size. It should also be mentioned that all of the simulations
containing an inner-surface ice roughness had a power spectrum
whose amplitude scaled as ¢ ~2, where ¢ spanned every even
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mode from 2 to 50, unless otherwise specified. These simulations
were performed in 90° wedges, and the minimum number of azi-
muthal cells required to adequately resolve the physical impact
of these perturbations was ten per half-wavelength at mode 50.

In the acceleration-phase RT growth, the seed amplitude
was set by a single cosine surface perturbation on the outside
of the shell such that the growth of the mode was always in
the linear stage. Simulations of the single-mode linear growth
factor confirm that the acceleration-phase RT growth factors
scale approximately hydro-equivalently. Figure 137.7 shows
the acceleration-phase linear growth factor versus the / mode
for the NIF-scale (solid black) and OMEGA-scale (dashed red)
designs. The two curves are close together for / modes ranging
from 10 to 300. The small difference between the two curves
is attributed to the non-hydro-equivalent radiation transport
that increases the scaled density gradient scale length on the
OMEGA-scale target with respect to the NIF-scale target. The
initial amplitude of the mode is chosen just after the beginning
of the acceleration phase, where the effect of any phase inver-
sions resulting from shock breakout have already taken place.
Despite these differences, the acceleration-phase growth factors
of the two designs are within 20% of each other, justifying the
statement of their hydro-equivalence.

A series of single-mode growth factor simulations in the
deceleration phase were performed and verified that the decel-
eration phase is not exactly hydro-equivalent as expected (see
Non-Hydro-Equivalent Physics, p. 8). In this case the seed
perturbation was set as a single cosine-mode density perturbation
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Figure 137.7
Single-mode linear growth factors versus ¢ mode for acceleration-phase RT
growth for the NIF-scale (solid black line) and OMEGA-scale (dashed red
line) targets.
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Figure 137.8
Single-mode linear growth factors versus ¢ mode for deceleration-phase RT
growth for the NIF-scale (solid black line) and OMEGA-scale (dashed red
line) targets.

on the inside of the target at the DT gas/ice interface. Figure 137.8
shows the total linear growth factor versus / mode for the two
designs. It shows that the linear growth factors are comparable
for low- ¢ modes but diverge for / > 10. A phase inversion first
occurs at mode ¢ =4 (and for every mode greater than 4), giving
the illusion that the mode does not grow. The difference between
the growth factors of the two designs can be explained by apply-
ing the theory developed in Ref. 29, as outlined in Theory of
Hydrodynamic Equivalence (p. 2). The difference in the lin-
ear RT growth factors has little impact on the yield-over-clean
(YOC) when performing more-representative simulations, where
we define the YOC as the multidimensional yield divided by the
1-D yield. A series of multimode ice spectrum simulations were
performed to study their effect on the YOC, where the amplitudes
of the modes were not constrained to be within the linear regime.
As shown in Fig. 137.9, the YOC decreases at the same rate for
both the NIF-scale (solid black line) and OMEGA-scale (dashed
red line) targets as a function of the normalized ice roughness.
This is the case for both spectrums where the ¢ mode ranged
from 2 to 36 (squares) and 10 to 36 (circles). Altering the starting
mode in the spectrum made it possible for a different / mode
to dominate the hot-spot dynamics to ensure the YOC was the
same for any implosion. Choosing an end mode of 36 in this case
instead of 50 had no significant effect in the simulations other
than decreasing the required computation time.

To summarize, hydro-equivalent designs were presented
and tested against the hydro-equivalent theory to ensure hydro-
equivalence. In terms of 1-D hydro-equivalence, the designs
had identical implosion velocities, laser intensities, adiabats,
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and IFAR’s. The target geometry scaled with the laser energy,
and when applied to the scaling laws shown in Table 137.1, the
simulated performance metrics were in good agreement with
theory (Figs. 137.3 and 137.4). In terms of multidimensional
hydro-equivalence, similar RT growth in the acceleration
phase (Fig. 137.7) was predicted by theory and corroborated
by simulations. Slight differences in the deceleration phase
were predicted by linear theory and seen in simulations
(Fig. 137.8); however, this effect is negligible in terms of per-
formance for these two designs (as shown in Fig. 137.9). The
OMEGA-scale and NIF-scale designs presented are approxi-
mately hydro-equivalent.
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Figure 137.9

Results from two-dimensional DRACO simulations plotting yield-over-clean
(YOC) versus normalized ice roughness for NIF-scale (solid black lines) and
OMEGA-scale (dashed red lines) targets for an ice spectrum with ¢ modes
from 2 to 36 (squares) and 10 to 36 (circles).

Hydro-Equivalent Ignition Scaling of ICF Implosions

In this section, the hydrodynamic equivalence theory
developed on p. 2 is applied to the Lawson criterion to create
hydro-equivalent ignition-scaling relations for ICF implosions.
A simple clean-volume analysis will be derived to estimate the
scaling. Numerical simulations at the NIF and OMEGA scales
are shown to support this result. Finally, ignition threshold
performance metrics for hydro-equivalent ignition on OMEGA
will be presented and discussed.

The Lawson criterion parameter defines the performance
threshold required for an igniting plasma. It is defined as
X = PT/PT;s, where P is the plasma pressure, T is the confine-
ment time, and PTj, is the product of the two required for
ignition. The Lawson parameter can be expressed in terms of

measurable parameters for ICF:8-
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0.34

m YOC 0.06’ (35)

xX= <pRg/cm2)O.6l< DT

mmg

where pRg/cm2 is the 3-D neutron-averaged areal density in
units of g/cm?, Y 16 1s the 3-D neutron yield in units of 1016,
mPBL is the mass of the DT fuel in milligrams, and YOC is
the yield-over-clean defined as the measured yield over the
simulated 1-D yield. All hydrodynamic quantities are calcu-
lated without alpha-particle deposition. The YOC is used as
a measure of the impact of the 3-D nonuniformities such that
Y;.p=Y,px YOC. The YOC is also used to account for 3-D
degradation of the areal density, where

PR3p ~ pR.p x YOCO-17, (36)

The power index of 0.17 is derived by fitting the areal-
density degradation from several 2-D simulations as shown
in Fig. 137.10. This stipulates the Lawson parameter to scale
as YOCO-;

1-D \0.34
I.p \0.61[0.24Y ¢
x=(PRY0) (DT YOCOos.  (37)

mmg

The Lawson parameter can be scaled from OMEGA to the NIF
using the hydro-equivalence scaling laws derived in Theory
of Hyrdodynamic Equivalence (p. 2), where pR| p ~ E'3,
Yip~ E¥2 and m ~ E, to find

X~ E037yQ(C05, (38)

Taking the ratio of Eq. (38) from two different implosions,
we can compare one hydro-equivalent implosion to another
in terms of the Lawson parameter. In this way it is possible
to determine how close non-igniting implosions would be to
achieving ignition if the laser energy and target geometry were
hydro-equivalently scaled to an implosion that could ignite.
Taking the definition of ignition to be when the implosion
achieves marginal gain (y = 1), and assuming that ignition
will occur at NIF’s laser energy, the Lawson parameter for an
OMEGA-scale implosion considered to be hydro-equivalently
igniting would be

YOCNIF)O'5 (39)

= O.21<4

Xa—eqig YOCq

The YOC ratio in Eq. (39) is inferred using both an analyti-
cal clean volume analysis and 2-D hydrodynamic simulations.
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Figure 137.10
Neutron-averaged 3-D areal density from simulations (red circles) compared
to its numerical fit of Eq. (37) (solid black line).

A rough estimate of the YOC can be obtained by assuming
that the YOC is proportional to the ratio of the clean volume
to the 1-D volume: YOC ~ R3 |, /R?_D (Ref. 47). Using
this approximation, it is possible to estimate the YOC ratio
resulting from the RT growth in the deceleration phase. If we
assume that the clean radius will decrease with the amplitude
of the largest RT spike R3_.p = R|_.p—0yGRrr, Where o is the
initial nonuniformity amplitude for the deceleration-phase
RT and Gy is the growth factor for RT modes, then a simple
set of algebraic steps can relate the YOC’s for the two hydro-
equivalent implosions:

NIF o \173 3
%0 Ep 13
og(E{“F) (1-YOCE)|, o)

YOCNE=|1—

where the growth factors are identical for the two hydro-
equivalent implosions. Equation (40) recovers the results from
the simulations shown in Fig. 137.9, where equal YOC'’s are
obtained when using the same normalized 0. In most ICF
implosions, however, laser-imprinting feedthrough will domi-
nate the RT growth in the deceleration phase. It is possible to
take this into account by setting 0 = { O'izce + o%aser, where
Olaser 1S the deceleration-phase nonuniformity seed amplitude
resulting from laser imprinting. If the RT amplitude resulting
from laser imprinting scales with the target size and the number
of overlapping beams (N}) such that Gaeer ~ EV3 Ny, 172, then
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where 6 = Olager / Ojce - Large values of 6 indicate that laser
imprinting dominates the deceleration-phase nonuniformity
seeds over the inner-ice-surface roughness. Inserting Eq. (41)
into Eq. (40) and dividing by YOC, gives an analytic expression
for the YOC ratio and is shown in Fig. 137.11 for NN'F' = 192,
N ﬁz = 60,and YOCq =0.3. YOCg, is set to a value of 0.3 because
this is a typical YOC experimentally inferred from the current
best-performing cryogenic implosions on OMEGA .2 This
function asymptotes to a YOC ratio of 1.8 for large values of
0 g, representing the realistic regime where laser imprinting
dominates over ice roughness. The YOC improvement of 1.8x
is a result of the lower imprinting level in a NIF symmetric illu-
mination configuration caused by the larger number of overlap-
ping beams. Inserting this YOC ratio into Eq. (39) indicates that
hydro-equivalent ignition would occur on an OMEGA-scale
target obtaining g oq jg = 0.15. It is important to emphasize
that this conclusion is valid only within the simple YOC model
shown above and assumes that the NIF imprinting level is lower
than on OMEGA by a factor of ¥ 60/192 .

3.0 T T T T T T

25 F —
20 _\_

1.5

YOCq

1.0

0.5

0.0 1L I I I I I I
0.0 05 10 15 20 25 30

TC11082JR

Figure 137.11

Analytic calculation of the YOC ratio versus perturbation parameter 69
using a simple clean volume analysis. Large values of o, are expected
in experiments.

Two-dimensional multimode ice and imprinting simulations
can be used to determine the YOC scaling ratio. These simu-
lations have an imprint spectrum for a range of even / modes
from 2 to 100, a 1-um root-mean-square ice roughness spec-
trum, and 2-D SSD laser-beam smoothing. Figure 137.12 plots
the YOC of several simulations with varying degrees of laser
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Figure 137.12

Results from two-dimensional DRACO simulations plotting YOC versus an
imprint multiplier for NIF-scale (solid black line) and OMEGA-scale (dashed
red line) targets with expected inner-ice-surface roughness and variable laser
imprinting. The vertical dashed line indicates a YOCg of 0.30.

imprinting for both the NIF-scale and OMEGA-scale designs.
The x axis is an amplitude multiplier on the imprint spectrum,
where an imprint multiplier of zero indicates the simulation has
perfectly smooth beams and an imprint multiplier of 1 indicates
the expected level of imprint modulations being applied to the
target for the 60-beam OMEGA or 192-beam symmetric NIF
Laser Systems. The NIF-scale target with an imprint multiplier
of zero has a YOC of 0.98, as a result of the relatively small
effect of ice roughness, and decreases with increasing imprint
multiplier. At an imprint multiplier of 2.67, the NIF-scale tar-
get achieves marginal ignition (gain = 1) when alpha-particle
deposition is turned on. On the OMEGA-scale target, the
reduction in YOC related to ice roughness only (~75%) is sig-
nificantly larger than on the NIF-scale target. This is because
the relative size of the ice roughness is larger by a factor of
€3 on OMEGA with respect to the NIF, while the absolute
magnitude of the ice roughness remains the same. The YOC
of the OMEGA-scale target decreases as the imprint multiplier
increases, albeit at a faster rate because the imprint spectrum
is smoothed by a smaller number of beams. Above an imprint
multiplier of 1, the OMEGA-scale target can be considered
to be broken up. The OMEGA-scale line in Fig. 137.12 is an
average of two sets of simulations where the phases of the ice
roughness are reversed. Phase coupling’s impact on target
performance between the ice-roughness spectrum and the RT
modes driven by laser imprinting can be significant and may
lead to misinterpretation of the set of simulation results. For
example, if the phases of the ice spectrum and laser imprinting
destructively interfere, increasing the amount of laser imprint-
ing can appear to have a positive effect on the YOC. Similarly,
if the modes constructively interfere, the YOC reduction could
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be grossly exaggerated. Averaging the YOC’s from these two
ice spectrums generalizes the impact of phase coupling and
allows one to compare targets where phase coupling does not
have a significant impact on target performance (such as the
NIF-scale target).

The two curves in Fig. 137.12 contain all of the information
necessary to infer the YOC ratio numerically. It is important
to notice that the OMEGA-scale target exhibits a cliff in
YOC when the imprint multiplier is above ~0.6. This occurs
because the OMEGA-scale target begins to break up for such
levels of nonuniformities, while the corresponding NIF target
maintains its macroscopic integrity. Although the growth of
hydrodynamic instabilities is essentially identical (i.e., hydro-
equivalent) between the OMEGA-scale and NIF-scale targets,
the seeds are not, resulting in very different behavior of the
YOC as shown in Fig. 137.12. The difference in the relative
level of nonuniformities between OMEGA-scale and NIF-scale
targets breaks the hydro-equivalency. Even in the absence of
laser imprinting, the relative size of the ice roughness is 4x
larger on OMEGA than on the NIF. Therefore, both seeds
of the RT instability (ice roughness and imprinting) are not
hydro-equivalent. To achieve a final assessment of the perfor-
mance requirements on OMEGA, we identify three possible
extrapolations from OMEGA to the NIF:

1. A quasi-hydro-equivalent extrapolation corresponding to
values of the YOC for OMEGA above 0.6 in Fig. 137.12.
As shown in Fig. 137.12, in the range of YOC = 0.6 to 1.0,
both the OMEGA and NIF targets remain integral dur-
ing the implosion and are both above the shell’s breakup
“cliff.” Full hydro-equivalency is not achieved because
of the difference in relative ice roughness. The behavior
of the YOC versus imprint multiplier is similar, however,
even though the two curves are shifted and maintain
an approximately constant ratio of 1.3. In this regime,
extrapolations from OMEGA scales to NIF scales are
likely to be quite reliable since the departure from hydro-
equivalency is rather small (a factor of 1.3x in YOC and
1.05x in areal density).

2. A semi-hydro-equivalent extrapolation corresponding
to values of the YOC for OMEGA between 0.3 and 0.6
in Fig. 137.12. The OMEGA shell is highly distorted
and within the cliff in YOC. The OMEGA YOC is still
reasonably high, however, and the clean hot-spot radius
is larger than about 60% to 70% of its 1-D value. In this
case, extrapolating from OMEGA scales to NIF scales
requires a reliance on the hydrocode. This is not an
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optimal or robust extrapolation since it relies on a large
difference in calculated YOC’s when extrapolating from
OMEGA to the NIF.

3. A non-hydro-equivalent extrapolation corresponds to
values of the YOC for OMEGA below 0.3 in Fig 137.12.
The OMEGA shell is broken in flight and its performance
is at the bottom of the YOC cliff, while the NIF target
is still integral. The departure from hydro-equivalency
is so great that it would be unreasonable to attempt an
extrapolation from OMEGA experimental results to the
NIF scale. We do not consider this regime viable for
performance extrapolation.

We restrict our analysis to quasi- and semi-hydro-equivalent
implosions [(1) and (2)] and limit the OMEGA-scale target YOC
to values >0.3. Note that YOC’s of 30% to 40% are the typical
YOCs inferred from current high-performance implosions on
OMEGA .*2 Figure 137.13 plots the YOC ratio versus YOCq,. It
is observed that the YOC ratio varies from 1.3 to 2.7, depending
on the level of laser imprinting. For smooth beams leading to a
YOCg = 0.6 (quasi-hydro-equivalent regime), the YOC ratio is
approximately 1.3—the predicted value given by the analytic
scaling from Eq. (40) (for a YOCg of 0.7). Larger imprinting
levels increase the YOC ratio up to a factor of 2.7 at a YOCgq
of 0.3 (semi-hydro-equivalent regime). It is important to note
that the YOC ratio is not necessarily 2.7 but can range from
1.3 to 2.7, depending on the beam uniformity that is present
on the NIF scale.
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Figure 137.13

YOC ratio determined from 2-D DRACO simulations as a function of YOCg,.
A YOC ratio of 1.3 results from the impact of equal ice-roughness amplitudes,
while a YOC ratio up to 2.7 resulting from laser imprinting is observed at
YOC, of 0.30.

LLE Review, Volume 137



The areal densities and neutron yields required for quasi-
and semi-hydro-equivalent ignition on OMEGA follow from
the 3-D Lawson criterion. Given the bounding values for the
YOC ratio, Xq_cq iz can be calculated to be ~0.19 for quasi-
hydro-equivalent ignition (YOC ratio of 1.3) and between
0.13 and 0.19 for semi-hydro-equivalent ignition (YOC ratio
between 1.3 and 2.7). This indicates that any implosion occur-
ring on OMEGA that obtains ¥ = Yo _q jg Would equate to
either quasi- or semi-hydro-equivalent ignition. Figure 137.14
is a contour plot of the 3-D Lawson criterion plotted against
its two dependent variables—the 3-D neutron yield and the
neutron-averaged areal density; the YOC?-0° dependence is
small enough to be ignored within a 10% error. For comparison,
the white diamond indicates OMEGA’s current best-performing
shot in terms of the Lawson criterion (y = 0.10) (Ref. 42).
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Figure 137.14

Contour plot of the Lawson criterion parameter indicating the hydro-equiva-
lent ignition threshold for OMEGA-scale targets (for YOC = 1). An OMEGA
implosion lying within the white region indicates ignition would occur on a
hydro-equivalent NIF-scale target. An implosion lying within the red region
indicates potential hydro-equivalent ignition depending on the level of laser
imprinting. An implosion lying within the blue region indicates ignition would
not occur. The white diamond is the current best-performing implosion on
OMEGA in terms of y [note yq = 0.10 when taking into account the YOC
term in Eq. (35)].

In summary, to claim quasi-hydro-equivalent ignition in
a NIF symmetric illumination configuration, OMEGA’s per-
formance must increase from at least y = 0.10 to a minimum
value of y = 0.19. To claim semi-hydro-equivalent ignition in
a symmetric NIF illumination configuration, OMEGA’s per-
formance must increase from at least y = 0.10 to a minimum
value of y =0.13. It is important to emphasize that semi-hydro-
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equivalent ignition for yo_cq i, = 0.13 uses a large enhancement
(2.7x) in calculated yields from OMEGA to the NIF, thereby
decreasing the reliability of such a conclusion. Table 137.11
provides reasonable sample values required to demonstrate
ignition on a quasi- and semi-hydro-equivalent symmetric NIF-
scale target at the OMEGA scale in terms of neutron-averaged
areal density and total neutron yield.

Table 137.1: Current OMEGA record performance metrics for
experimentally measured neutron yields and neutron-
averaged areal densities along with its calculated
Lawson parameter y. Sample values required to dem-
onstrate hydro-equivalent ignition on OMEGA-scale
cryogenic implosions are also provided.

Neutron Yield |Areal Density
(x1013) (mglem?)  |X0 eqie

OMEGA’s current

record (shot 69514) 30 173 0.10
Hydro-equivalent

ignition (2.7 x YOC 3.0 240 0.13
improvement)

Hydro-equivalent

ignition (1.3 x YOC 6.0 300 0.19
improvement)

Conclusions

Hydro-equivalence combined with ignition theory allows
one to compare OMEGA-scale implosions to ignition-scale
targets on a symmetric NIF illumination configuration with
the same 2-D SSD smoothing as OMEGA. Hydro-equivalent
implosions are energetically scalable and have identical implo-
sion velocities, laser intensities, and adiabats. Hydro-equivalent
implosions exhibit the same 1-D dynamics and the same hydro-
dynamic instability growth. The measurable Lawson criterion
was used to assess the performance of an implosion using
experimental observables and can also be used in conjunction
with hydro-equivalent scaling relations. Analytical derivations
were developed and numerical simulations were performed to
predict the hydro-equivalent ignition threshold on OMEGA-
scale targets and are in good agreement with one another.

While OMEGA and NIF targets can be designed to be
approximately hydro-equivalent, the difference in the initial
level of nonuniformities prevents an exactly hydro-equivalent
extrapolation. Ice roughness is inherently non-hydro-equivalent
since the ice 0, is the same for OMEGA and the NIF while
the OMEGA-scale’s target size is roughly 4x smaller. Laser
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imprinting is also non-hydro-equivalent because of the different
number of beams between OMEGA and the NIF. In the absence
of perfect hydro-equivalency, two OMEGA-to-NIF extrapola-
tions have been identified: (a) a quasi-hydro-equivalent extrapo-
lation including realistic ice roughness and relatively low levels
of laser imprinting; (b) a semi-hydro-equivalent extrapolation
applicable for a larger level of laser imprinting. A quasi-hydro-
equivalent extrapolation requires OMEGA target performance
characterized by YOC = 0.6. The performance of such targets
can be reliably extrapolated from OMEGA scale to the NIF
scale since it requires a relatively small improvement in YOC
of only 30%. A semi-hydro-equivalent extrapolation requires
an OMEGA YOC of 0.3 to 0.6. The extrapolation to NIF scales
from OMEGA-scale semi-hydro-equivalent implosions is less
reliable since it requires a large calculated YOC improvement for
ignition at NIF scales (up to 2.7x for an OMEGA YOC of 0.3).

In summary, the theory of hydro-equivalency and 2-D simu-
lations of hydro-equivalent implosions indicates that a reliable
extrapolation to ignition (quasi-hydro-equivalent ignition)
on a symmetrically illuminating NIF configuration requires
OMEGA target performance with an areal density of about
0.3 g/cm? and a neutron yield of about 6 x 10'3. As a short-term
goal, semi-hydro-equivalent ignition on OMEGA requires less-
demanding implosions that achieve areal densities and neutron
yields as low as 0.24 g/cm? and 3 x 1013, respectively.
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