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Abstract. Herein, recent progress on indirectly-driven inertial confinement
fusion (ICF) work at the National Ignition Facility (NIF) is briefly reviewed.
An analytic criteria for an ICF burning plasma is given and compared to
recent ICF implosion data from the NIF. Scaling of key hot-spot performance
metrics is derived from simple physics considerations, including some speculative
impacts of asymmetry on the assembly and disassembly of an ICF implosion. A
Steepest Descent solution for the nonlinear equation for hot-spot pressure at peak
compression, with the full effects of alpha-heating, is also given. To test if the
scalings derived in this paper have some merit, they are compared to data from
a variety of recent implosion campaigns on NIF and good agreement is observed.
Given the implications of the scalings and existing data, a strategy for injecting
more energy into the hot-spot of NIF indirectly driven ICF implosions is defined
and the principles of the strategy is discussed. The importance of implosion
velocity, late-time ablation pressure, and implosion scale with good symmetry in
obtaining the goal of ~ 50% more hot-spot energy are highlighted along with the
limitations of trying to leverage low fuel-adiabat. Keywords: Inertial Confinement
Fusion, Indirect Drive, Burning Plasma
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1. Introduction

Since 2013, the national indirect drive inertially
confined fusion (ICF) program at the National Ignition
Facility (NIF) has made progress in steps away from
a high-gain implosion design that was limited in
performance due to being sensitive to a number of
failure modes [1, 2] to designs that mitigated ablation-
front Rayleigh-Taylor (A-RT) instability obtaining
order-of-magnitude better fusion performance [3, 4, 5,
6] and where able to obtain much higher implosion
speeds without mixing [7, 8]. However, symmetry
control [9, 10, 11] and reduced x-ray coupling in
the high gas-fill hohlraums remained a performance
limiting problem, albeit somewhat better hot-spot
symmetry control was obtained with Au-lined DU
hohlraums [12] with the added benefit of higher x-
ray drive for a given laser power and energy [13].
Near vacuum hohlraums [14, 15, 16, 17] resolved the
problem of reduced x-ray coupling by operating well
outside a laser plasma instability (LPI) dominated
regime, but implosion symmetry control remained
a challenge and also placed the hohlraum into a
kinetic regime[18] where the predictive capability of
radiation-hydrodynamics simulation tools[19] becomes
more unreliable.

On implosion, asymmetries degrade the conversion
of kinetic energy into internal energy [20]. Engineering-
feature (e.g. capsule mounting and fill-tube hardware)
generated perturbations also limit performance with
the impact becoming more severe as implosion velocity
and compression were increased [21, 22]. At high
velocity and/or high convergence asymmetries and
engineering-feature induced perturbations can both
generate thin-regions in an imploding shell to the point
where the confining shell may have become perforated
[23] greatly frustrating the desired amplification of hot-
spot pressure and fusion yield.

The ability to control implosion symmetry and
obtain high x-ray coupling with low gas-fill hohlraums
has been demonstrated[24, 25, 26] under the correct
combination of case-to-capsule ratio (CCR), the energy
in the early (‘picket’) part of the laser pulse, hohlraum
helium fill density, and total laser pulse-length).
Surprising, a simple underlying pattern for symmetry
control in a low gas-fill hohlraum was discovered [27]
by utilizing our data-base generated from a number
of experiments that spanned a wide-range of different
hohlraum and capsule parameters [28, 24, 29, 30].

2. Present Hot-spot Performance

Simplified, the temperature development of an ICF
implosion hot-spot is determined by a balance of energy
sources and sinks

1 dv

o T = foQu— 5@~ Qe — o~ Quiner (1)

where T is the hot-spot temperature (assuming
electron-ion equilibrium), ¢ is time, cpr = 0.115
GJ/(g - keV) is the heat capacity of DT (deuterium-
tritium fusion fuel), f, is the fraction of alpha-particles
stopped in the hot-spot, Q, = 8.2 x 10**p(ov) is the
DT alpha-particle self-heating-rate per unit mass in
GJ/(g -s), Qe = 3.1 x 107p\/T is the bremmstralung
x-ray loss, Q. = 5.4 x 103732 /(p*-¥ R?) is the electron
conduction loss (assuming a SESAME [31] form rather
than Spitzer[32]), p is the hot-spot density, and R is the
hot-spot radius, m is the hot-spot mass, p is the hot-
spot pressure, and V' the hot-spot volume. The term
fB is the fraction of x-rays lost to the hot-spot, usually
assumed to be fg ~ 1 for high temperatures, but
detailed calculation suggests that some bremmstralung
x-rays are stopped at the edge of the hot-spot[33], so
assuming fp = 1 may be too pessimistic. The loss
term Qoiher in Eq. 1 is associated with losses than may
exist in a real implosion that are not captured in the
conventional thermodynamic hot-spot model balance
of alpha-heating, x-ray losses, electron conduction, and
pdV work (e.g. a shell perforation as described in Ref.
23)).

For a symmetric implosion upon convergence
dV/dt < 0 and dV/dt > 0 upon explosion, changing the
sign of the pdV work done by the shell of the implosion
on the hot-spot. Whether the pdV work term is a
source or sink of energy becomes more complex for an
asymmetric implosion since the time rate of change
of volume is a complex juxtaposition of modes and
their time dependencies, namely (up to mode 2 and
assuming axi-symmetry)

d 1 1 .
Vv —477{<B§ + =B} + 533) By

dt 3
2 2 :
+3 (BO + 532> BB (2)

21 1 .
~|=B?+By(By+=B:1 )| B
+5[3 1+ 2<o+7 1)} 2}—|—
where the perimeter of the hot-spot radius is given
by Legendre mode expansion Rps(t) = DBo(t) +
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Figure 1. NIF indirect drive implosion data are plotted in

the space of burn-average hot-spot ion temperature, Tp;,ysk,
and inferred pR. The ignition boundary defined by foQa =
fBQB + Qe is the dashed black curve to the upper right (with
fB = 1 assumed). The burning plasma boundaries, Eq. 4, for a
370 km/s (lower curve) and 430 (upper curve) km/s implosion
are shown in the dashed brown color curves. The various
implosion designs are the low-foot/NIC (LF) implosions [1], the
high-foot (HF) with various ablator thicknesses (T0, T-1, T-1.5),
the low gas-fill hohlraum high-foot [28] (HF T-1 672), the low-
foot adiabat-shaped (LF AS) [34, 35, 36], the high-foot adiabat
shaped (HF AS) [35, 36], the low gas-fill hohlraum beryllium (Be)
[37], the high-density-carbon near-vacuum hohlraum 2 shock
design [14, 15, 16, 17] (HDC 2SH VAC), the low gas-fill hohlraum
HDC [24, 38, 39] (HDC LGF), and the Bigfoot design [25, 26]
(BF SC).

Bi(t)P1(cosf) + Ba(t)Pa(cosd) + - - - with 6 being the
polar angle and the over-dot in the above expression,
Eq. 2, denotes a time derivative (note that B,,’s are the
Pn shape values usually reported in NIF experiments) .
The symmetry of the shell, which drives the pdV work,
is indirectly connected to the symmetry of the hot-
spot in a non-simple way. If non-asymmetric modes
are included, Eq. 2 becomes even more complex.
Eq. 2 makes it explicit that both the instantaneous
“shape” (associated with the amplitudes, B,) and
the “swings” (B,’s) contribute to the pdV work, a
fact found perviously in numerical simulations [20].
Stagnation of an implosion is defined as the moment
when dV/dt = 0.

2.1. Burning Plasma Condition

A simple ideal and static hot-spot ignition criteria,
that is the equivalent of Lawson’s criteria [40, 41],
is given by the right hand side of Eq. 1 when
dV/dt = 0, the resulting condition f,Q. > fpQp +
Q. is only a function of hot-spot T and hot-
spot pR for a one-dimensional (1D) implosion [42]

(assuming Qoher = 0). For a real implosion, with
asymmetry and other non-ideal factors, the actual
ignition boundary is configuration dependent and
the static ignition condition is a necessary, but not
sufficient for ignition. Nevertheless, plotting burn-
average data from implosion experiments in (pR,T)
space and the boundary f,Q, = fs@p + Q. does give
an approximate measure of “distance” from ignition
(see Fig. 1).

Another condition of physical interest is that of
a “burning plasma,” a condition where the a-particle
deposition is the dominant source of plasma heating.
From Eq. 1 the definition of a burning plasma appears
to be satisfied when fo,Qo. > —(p/m)dV/dt, but
because of the temporal nature of an implosion (e.g.
dV/dt = 0 at peak burn), time integration is needed

tm tm

faQadt = -

0 0
where t,, is the time of minimum hot-spot volume. The
integrals can be easily approximated (see Appendix
A) using an adiabatic hot-spot assumption, which is
generally a good assumption for ICF implosion with
hot-spot temperatures below 5 keV temperatures
(see Section II.B.4). The resulting burning plasma
condition is then

%dv (3)

7.4 x 10% fa(pR)hS% > Vimp (4)

in units of keV, g, cm, and s (Fig. 1). Like the
hot-spot ignition criteria, the burning plasma criteria,
Eq. 4, is also simply a function of pR and T (for a
fixed implosion speed, v;m,) and this should be roughly
equivalent to the burning-plasma criteria found by
Betti, et al. (3.5x yield amplification)[43] which itself
can be related to the x, Lawson parameter. As shown
in Fig. 1, several DT experiments lie on or near
the threshold for a burning plasma. While from the
figure it appears that some points have achieved a
burning-plasma state, there is enough uncertainty in
the boundary and datum that we do not currently
make this claim.

2.2. Performance Scalings

Achieving a burning plasma state would be a scientific
milestone, but experiments presently approaching the
burning plasma threshold [25, 38, 39] are operating
near the performance limits of the NIF in terms of laser
power and energy. Moreover, because of high velocities
involved in these implosions (380-430 km/s) and the
exponentially decreasing amount of ablator remaining
mass that goes with higher velocity, these implosions
are likely near their performance limits (recent data, to
be published elsewhere, will document these results).
Therefore, in order to make another step forward in
implosion performance it is import to determine how
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our present class of implosions scale with parameters
that can be experimentally controlled. In particular,
understanding the response of performance quantities
(Y, phs, Ths, pRps,7) to design parameters that are
controllable is of interest.

2.2.1. Assembly time, Disassembly time, and
Burn-width/Confinement-time () As an implosion
decelerates and stagnates, the assembly time to
create a high pressure hot-spot surrounded by a
shell of assembled DT fuel is given by Newton’s law
pshelths = p/Ashells Psheir 18 the density of the shell
and Agpep is the average shell thickness. Dimensional
scaling then gives the assembly (deceleration time) to
be

Ris(pA) she
Phs '

a ™~

(5)
The disassembly time of a high pressure hot-spot, due
to the surrounding shell of assembled DT fuel (see 2),
is also given by Newton’s law, but at the location where
the shell is weakest, pshe”RC = p/A¢hin. Here R, is the
local radius of curvature of the shell, pspep is the local
density of the shell, and Ay, is the local thickness
of the shell. Then from dimensional scaling, the time-
scale for one e-folding of the shell thickness is given
by
Re(pA)thin Re (pA)thin
Td ~ ———— ~ T4 AN -
Dhs Rhus (pA)shent

(6)

Detailed calculation [44] confirms the scaling of Eq. 6.

The application of Eq. 6 and Eq. 7 (below)
to the confinement of a hot-spot is heuristic and is
only approximately correct if V' is significantly altered
by the rupture of the weakest location on the shell.
Detailed calculation of the hot-spot confinement time

\/V/V using Eq. 2 and an
equation of motion for each mode (beyond the scope
of the present paper). In this paper, the burn-width

is estimated using combination of the above assembly
and disassembly times,

|: Rc (pA)thzn :| L4
Tow ™~ Ta .

is technically given by

Rps (pA)sheu )
As can be seen in Eq. 7, weak regions of the shell
will truncate the burn-duration. Again, a caveat in
Eq. 7 is that the rupture of any weak region in the
shell needs to be large enough such that the hot-
spot volume is non-negligibly altered (i.e. Eq. 7 is
inappropriate in the limit of R. — 0). In the limit of a
1D implosion, R. = Rps and (pA)tpin = (pA)shen and
Eq. 7 recovers the Betti[41] expression for burn-width
scaling when combined with a statement of energy
conservation (below).

Local defect

Asymmetry

Fuel

Fuel

Pshett

(a) (b)

Figure 2. Whether due to a local defect in the shell (a) or
shell asymmetry (b), the inertial confinement of a high-pressure
hot-spot is determined by the areal density, (pA)¢nin and local
radius of curvature, Rc, of the thinnest/weakest location on the
shell not the average shell thickness or hot-spot radius.

2.2.2. Stagnation pressure with a compressible shell
Hot-spot pressure and fusion yield respond to the late-
time ablation pressure on the outside of the remaining
shell, as was illustrated in experiments where the
“coast-time” of implosions were systematically reduced
[45]. Inferred burn-average stagnation pressure data
was consistent with the relation [46]

3
5/2 2/5 Vimp
DPhs ~ € / Pabl 9710 (8)

o
where pup; is the ablation pressure which is directly
related to the hohlraum radiation temperature and
ablator material, a;s is the DT fuel in-flight adiabat
— the constant of proportionality between the DT
pressure and Fermi pressure and e is an efficiency factor
associated with 3D asymmetry (albeit technically, the
exponents on the right-hand-side of the equation would
be reduced in the presence of asymmetry).

2.2.3.  Conductivity limited ion temperature Until
significant alpha-heating occurs, the temperature of an
ICF hot-spot is conduction limited, so a dimensional
comparison, in a fashion similar to Ref. [47], of the left-
hand-side of Eq. 1 to the @, term (assuming SESAME
conductivity form) quickly yields the scaling

s o

lhs ~n ——
1/3
k1370l

where Ry, is the effective hot-spot radius at stagnation
and x (nominally unity) is an ad-hoc conductivity
multiplier on Q. included for the purpose obtaining
the sensitivity of hot-spot quantities to uncertainty in
electron conduction.
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2.2.4. Adiabatic Hot-spot To find a useful relation
between p and Ry we note that as the hot-spot of an
implosion heats, electron conduction and any alpha-
particles leaving the hot-spot ablate the DT fuel into
the hot-spot increasing the hot-spot mass according to
the rate equation

dm m
E = m [Qa(l _fa)+Qe]'

Since the energy in the hot-spot is Eps = cprm1 =
(3/2)pV, one can take dE};/dt can combine Eq. 10 and
Eq. 1 to obtain an expression for hot-spot pressure.
Namely, after a little algebra, on finds

d d
£ + §£—V = gp(Qa - fBQB - Qother)-
3p/(2cprT)

(10)

dad  3V.d 3 (11)

Noting that p = and that p +

5/3(p/V)V = pldIn(pV®/3)/dt] allows Eq. 11 to be
integrated simply obtaining
5/3 _
pv _ / Qoz fBQB Qotherdt (12)
5/3 cprT

where poVOS/ % is an integration constant given by

the conditions of pressure and volume at ¢t = 0.
Eq. 12 does not solve the pressure equation because
the integral depends upon p through the density
dependence of the ) terms, but Eq. 12 puts the
equation into a form where an approximate solution
can be easily found by the method of Steepest Descent
(see Appendix B). The resulting solution for Eq.
12 that includes the effects of alpha-heating is a
transcendental equation for p (see Appendix B).

When the alpha-heating gain just balances losses
(Qa ~ fBQB+Qother), the right hand side of Eq. 12 is
unity and the hot-spot behaves in an adiabatic fashion
— as has been noted previously [48]. If Qotper = 0 then
right hand side Eq. 12 is unity when T' = 4.3 keV
when fp =1or T = 3.9 keV if fp = 0.8 as detailed
hot-spot transport modeling suggests[33]. In any case,
T ~ 3.9—4.3 keV is the parameter regime where many
of the indirect drive implosions on NIF presently reside
(see Fig. 1). So, relating effective hot-spot radius to
volume by Vis = (47/3)R3, and assuming that the
initial radius is proportional to a spatial scale factor,
S, obtains

S
1/5°
Pps
Multiplying hot-spot pressure by radius, Eq. 13,
and dividing by Eq. 9 gives a simple expression for
hot-spot areal density

2/3 1/351/3

Rps ~ (13)

(pR)hs ~ Phus (14)

where the combination of pressure and confinement-
time implies a connection to Lawson’s criteria[40, 41].

2.2.5.  Conversion of kinetic energy into internal
energy The kinetic energy of an ICF implosion at
peak velocity, %mshe”vfmp is turned into internal
energy of the hot-spot, (3/2)pnsVhs and shell,
(3/2)pshetr Vshetr, with some efficiency (e < 1) as both
hot-spot and shell are compressed at stagnation so

3 1
5PhsVis + 5Pshett Vshent = €§mshellvfmp- (15)

2 2
The inefficiency of the conversion of kinetic energy into
internal energy should be understood to come from
residual kinetic energy (RKE) which is a combination
of 1D effects, such as the compressibility of the shell[41]
and/or 2D /3D asymmetry effects[20].

Assuming an isobaric condition between the hot-
spot and shell, pps = pspen, yields two limits of Eq.
15 for a thin-shell, where Ve =~ 47TR%L3Ashell with
Agner € Ry, and for a thick shell where Vg > Vis.
Namely,

Ashell 5,2
Dhe = €Pshell R’ Vi
hs —
epshellvlmp

thin

thick (16)

where pspern is the average shell density.

2.2.6. Thin-shell limit The thin-shell limit should
apply when the ablator remaining mass is small (which
is associated with very high velocity, because of the
rocket equation), the fuel layer is thin, and/or with
low-adiabat such that the fuel plus remaining ablator
are compressible. So, combining Eq. 16 with Eq. 5

gives
9/50
a; S
2
Ta ™ 3725 8/5 ¢ (17)
abl “imp

As can be observed, asymmetry with R.(pA)hin <
Rps(pA)shen reduces burn-width, while asymmetry
that reduces the kinetic to internal energy efficiency
increases burn-width. The scaling of the shell areal
density can be obtained from combining the thin limit
of Eq. 16 with Eq. 13 and Eq. 8, obtaining (pA)spen =
eSpiél%vfﬁ/ 18/25 (this result is not used directly in
the subsequent derivations, but it shows how the shell
areal density is expected to scale).

Combining Eq. 17, Eq. 13, and Eq. 8 into Eq.
9 gives the scaling for temperature and hot-spot areal-
density

2/25, 14/15
T ~ 2/3p7:iﬂ/3a29’7§[) 1/3 (18)
6/25 22/15
(pPR)ps ~ 64/351/3%52/3 (19)
if

The near-linear dependence of T' upon v, has been
noted before[41]. Note that the fractional power of
scale, S/3, in T is due to conduction whereas for a
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Figure 3. Total experiment fusion yield data from several

implosion campaigns are plotted against the velocity, adiabat,
and scale terms of Eq. 25. The terms are normalized as shown,
except for the spatial scale factor, S, which is taken to be the
initial radius of the fuel-ablator interface normalized to 1000 pm.
The multiplier on the abscissa coordinate is arbitrary and chosen
so that the abscissa and ordinate cover the same logarithmic
range.

true ‘hydro-scale’ there would be no scale dependence
of temperature[49]. Both T and (pR)ps are seen to
be negatively impacted by asymmetry (but the impact
is insignificant unless the asymmetry is large), while
velocity and late-time ablation pressure both help
increase T and (pR)ps.

In range 3 keV < T < 5 keV, (ov) ~ T* for
DT, so the fusion yield will scale as Y ~ p2T2RfLSwa
(assuming equi-molar DT) which with Eq. 18, Eq. 17,
Eq. 7, Eq. 13, and Eq. 8 becomes

1/4 ,16/25 67/15
Y~ (23/6 &(PA)thm / Pavl Vimp gl4/3 (20)
Rps (pA)shett /<;2/3a§’?/25 :

Eq. 20 shows a similarly strong dependence upon
Vimp and S, but with late-time ablation pressure and
adiabat playing some role to increase fusion yield as
well. Interestingly, the terms that increase yield in Eq.
20 are the same, with nearly the same powers except
in reciprocal, as the terms that determine the energy
requirement for ignition [50] — E; g, ~ a%fgv;j’fp;bg'w.
It is clear from Eq. 20 that yield is degraded by
asymmetry, instability, or engineering features. To re-
iterate, in obtaining Eq. 20 just enough alpha-heating
was assumed to offset energy losses, so significant a-
heating (beyond ~ 2x) would improve these scalings.

2.2.7. Thick-shell limit The thick-shell limit should
apply for lower velocities with more ablator mass-

remaining, thick DT ice layers, and/or high adiabats
that reduce shell compressibility and increase the shell
thickness such that Agpey ~ Rps. Combining the
thick-shell limit of Eq. 16 with the DT equation of
5/3 . . .
state pspenr ~ aipp,y.; and the isobaric assumption
DPhs = Pshell gives the hot-spot pressure relation
5/2 Vmp
as/2
Neglecting ablation pressure, the vfmp scaling of hot-
spot pressure has been shown to approximately apply
to high-foot implosions[23] and low-foot implosions[51].
Using the thick-shell limit of Eq. 16 in Eq. 5, Eq.
13, and Agpenr ~ Rps obtains

(21)

Phs ~ €

Sa3/10
Ta ™~ a2 (22)
Vi
Then using Eq. 22, Eq. 21, with Eq. 13 in Eq. 9 gives
LA/3
L 2/3_ imp 1/3
Ths € 1/3 3/10 S ) (23)
kHSag
oL
(PR)ps ~ €*/2w1/5 T8 5217 (24)
o

where again the dependence of T" upon vy, is nearly
linear. In this limit, increased velocity clearly drives
any increase in T or (pR)ps. Finally, combining Eq.
23 and the previous relations of this section into Y ~
p*T?R3} . Tp, gives an expression for fusion yield

1/4 23/3
Y ~ 23/6 &(PA)thin / mp___ g14/3 (25)
Rhs (pA)shell ;4;2/3043?/5

Spatial-scale and asymmetry at stagnation impact Eq.
25 in an identical way to Eq. 20 while velocity, nearly
vfmp, is the dominant way to increase fusion yield.

3. DT Implosion Data Comparison

Equations 20 and 25 can be used to understand
the trends of NIF DT implosion data as can be
observed in Figs. 3 and 4. Post-shot simulations,
with the as-delivered laser pulse and target geometry
details, are used to infer v;,, and oyf, since these
quantities are not directly measured in DT implosions.
Calculation of the late-time ablation pressure is less
accurate in the absence of a direct hohlraum T,
(radiation temperature) measurement, which is not
always available for every DT implosion shot.

The peak T peak ~ (Elaser/Ahohl)O'SOS can be
estimated[52] from the laser energy delivered (Ejqser)
to the hohlraum and the area of the hohlraum wall
(Apont). After the laser energy deposition terminates,
the cooling of the hohlraum, due to energy loss out
the laser entrance hole of area Arpy and continued
diffusion into the hohlraum wall, can be modeled by
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an exponential decay[53] using cooling-rate, 7,y
that depends upon Apopn; and Appy. Empirical fitting
to experiments, where a hohlraum 7, measurement
was performed, gives Tc;})ling = —0.0146A50n; +
0.395A, g in ns units of time and the areas in
mm? units. The late-time ablation pressure can
be written as a function of a coast-time (the time
duration between peak compression of the implosion
and the time at which the laser is reduced to half
of peak power at the end of the pulse), tconst, as
Pabl ~ {Tnpeak exp[_(tcoast - 5t)/7-cooling]}7/2~ Here
0t is the characteristics communication time between
the outside of the ablator and the hot-spot, which is
0t ~ 100’s of pico-seconds[45].

The presence of ablation pressure in Eq. 20 reveals
the efficiency gains of low gas-fill hohlraum designs
as compared to a representative high gas-fill designs
(see Fig. 4). The Bigfoot and High-foot designs
most closely follow the scaling of Eq. 20 and bracket
the other designs which fall somewhere in between.
When plotted against Eq. 25 (Fig. 3), all of the
implosions collapse onto one curve (to within half of
an order of magnitude) implying that the differences
in ablator materials are not so significant for the same
fuel velocity, scale, and adiabat. The points further
below the dashed line in Fig. 4 are degraded due to
the integrated impact of asymmetry (or other factors)
and in principle the asymmetry prefactor in Eq. 25
could be estimated with this information (a topic
for a future publication). Closeness to the scaling
prediction implies an implosion that is behaving more
symmetrically. However, alpha-heating levels > 2 can
also cause points to move upward in Figs. 3 of Fig. 4.

4. ‘HYBRID’ strategy

Data from NIF show indirect drive implosions in low
gas-fill hohlraum with mid-to-high adiabats (a;; ~
2 — 5) largely responding in expected ways (Figs.
3 and 4) to design parameters (Vimp, Pabl, 5)-
Through control of ablation-front Rayleigh-Taylor (A-
RT) instability, improved symmetry control using
low gas-fill hohlraums, and with reduced impact
engineering features such as the implementation of
smaller capsule fill-tubes[54] energy delivery to the
central hot-spot of indirect drive implosions on NIF
has increased 5 fold from the initial ignition effort[1] to
present experiments (see Fig. 5) with a concomitant
21 fold increase in fusion yield and 3 fold increase in
hot-spot stagnation pressure[38, 39]. However, in order
to improve hot-spot plasma conditions and increase
pRrs and T, increased energy delivery to the hot-spot
is needed as can be observed in Fig. 5.

Hot-spot energy scales as Eps = (3/2)ppsVhs ~
2/5

p;.S® for a mnearly adiabatic implosion.

Increasing
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Figure 4. Total experiment fusion yield data from several
implosion campaigns are plotted against the velocity, ablation
pressure, adiabat, and scale terms of Eq. 20. The terms
are normalized as shown, except for the spatial scale factor,
S, which is taken to be the initial radius of the fuel-ablator
interface normalized to 1000 pm. The multiplier on the abscissa
coordinate is arbitrary and chosen so that the abscissa and
ordinate cover the same logarithmic range.

Eps by increasing pps with higher efficiency (e),
velocity, and late-time ablation pressure (i.e. via
short coast-times) — Eqs. 8 or 21 — has already
been exercised in obtaining the results shown in
this paper. Some additional efficiency gains may
be possible with further reductions in perturbations
caused by engineering features. However the time-
scales for improved engineering solutions is years. The
highest velocities of our present suite on implosions
are over 400 km/s (the highest being 430 km/s in
the Bigfoot design) and come at a risk of more
uncertainty in controlling mass remaining, because
of the exponential decrease in remaining mass with
velocity (from the rocket equation[42]), which could
lead to loss-of-confinement (pRipin — 0). Holding
up the late-time ablation pressure with reduced coast-
times has already been shown to be effective, but the
effect has also been shown to eventually saturate[45].
The last remaining parameter for increasing stagnation
pressure is adiabat, but in practice utilizing low-
adiabat is problematic.

In spite of theory and simulation indicating that
low-adiabat designs should have much higher yield and
stagnation performance for the same implosion scale
and velocity, it has already been demonstrated that
implosions do not always respond in the expected way
to low-adiabat (a;r < 2, see Fig. 6) due to reducing
control of A-RT instability[1, 55]. Even when A-RT is
controlled through pulse-shape modifications[56] and
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Figure 5. Similar to Fig. 1, except with contours of constant
hot-spot energy shown and the burning-plasma boundary region
removed. Low-foot (LF) implosions all lay within the hyperbolic
shaped region between 1.25-2.5 kJ of hot-spot energy, reflecting
an inability to concentrate more energy into the hot-spot in order
to increase both T or pRps at the same time. High-foot (HF)
and associated implosions largely occupy the region between 2.5-
5 kJ of hot-spot energy. The best performing of the HDC LGF
and Bigfoot (BF SC) implosions occupy the region between 5-7.5
kJ of hot-spot energy.

a low DT fuel adiabat is achieved, as reflected in a
measured increase in fuel areal density, the hot-spot
plasma conditions (e.g. see the ‘LF AS’ and ‘HF
AS’ points in Fig. 1) or fusion yield performance
does not necessarily improve as compared to higher
adiabat designs when asymmetries or other implosion
performance degrading factors are dominating[36].
So, lowering adiabat to increase p should only be
considered after engineering feature perturbations and
asymmetries have been minimized. For now, the focus
remains on designs with o,y > 2.

However, increasing capsule scale, .S, modestly at
fixed p should result in substantial increase in FEjg,
a concomitant increase in Y (e.g. Eqgs. 20 or 25),
and locus of the burn-average hot-spot (pR,T') that are
well into the burning-plasma regime. Controlling the
symmetry of large scale capsule implosions in indirect
drive has been difficult historically on NIF in regimes
where the case-to-capsule ratio (CCR =hohlraum
radius, Rponi, over the capsule outer radius) has been <
3. Moreover, integrated capsule-hohlraum simulations,
while greatly improved from the past[57] are not
yet predictive and still require ad-hoc multipliers in
order to post-dict data. This lack of a predictive
simulation capability has impeded the success of large
scale capsule indirect drive implosions on NIF.

Data from the last few years of low gas-fill

hohlraum experiments on NIF have revealed a simple
underlying relationship between implosion symmetry
and a combination of elements of the laser pulse-shape,
laser beam spot size, hohlraum geometry, hohlraum
gas-fill, and capsule radius parameters[27]. This data-
based scaling for implosion symmetry control can be
used to design an indirect drive implosion at any scale,
S, with the expectation of symmetry control as long as
certain constraints are respected. The key constraint
for mode 2 symmetry control (By ~ 0 at stagnation)
being[27], here with an updated density dependence to
approximately capture the limit of vacuum hohlraums
(Pgas — 0) and other recent low gas-fill experiments[58]

Epicket tiaser —4.4 0.97
N = CCR (0.95e~*40ses 4 1.43p2-97)26
Aouters Rhohl ( pg ) I )

where Ep;cret is laser energy in the NIF outer cone
during the ‘picket’ (early-time) of the laser pulse, pgqs
is the hohlraum gas-fill (usually helium) mass density
in mg/ce, tigser is the total time duration of the laser
pulse, and Ayyters is the spot area, in mm? of the NIF
outer laser beams on the inside of the hohlraum wall.
Physically, Eq. 26 captures the hohlraum wall plasma
ingress into the path the NIF inner laser beams, over
time increasingly impeding the deposition of inner-
beam energy on the desired location on the hohlraum
wall, but also includes that as the bubble density
drops the plasma is less effective at absorbing the inner
beam. Armed with relationship, Eq. 26, the odds of
obtaining a symmetric large-scale implosion are greatly
improved.

So, the preceding reasoning implies a strategy
for increasing Ejs and fusion performance in a way
that builds upon previous work and integrates the
understanding gained from the last few years of
experiments.  Capsule scale, S, will be increased
by modestly (10-30%) from previous indirect drive
implosion on NIF, but at similar high velocities,
adiabat, and coast-time as the implosions on NIF
that have been demonstrated to work without any
indications of mix or loss-of-confinement (e.g. Vimp,
ajf, and pgp all kept similar to present highest
performing designs). Fixed vimp, aif, and pep when
increasing S will result in the same p (Egs. 8 or
21) if the same level of alpha-heating is obtained,
but increasing S should result in more alpha-heating
and less electron conduction than exists in present
NIF implosions meaning p may actually increase non-
linearly (Eq. B.6 of Appendix B, since 73, increases
with S and Tj,s increases with S/3).

In order to control symmetry as .S increases, Eq.
26 is used guide the trade-offs in the design choices.
Since the picket energy controls the melt of crystalline
ablators and A-RT stability (e.g. adiabat), Epicker is
bounded from below to deliver the same hohlraum T,
at early time as present day designs (~ 20 — 25 kJ for
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Figure 6. (a) Fusion yield normalized to inferred velocity and
capsule scale is plotted against post-shot model adiabat for all
DT layer implosions on the NIF up to shot N170723. No clear
adiabat dependence is observed except for a maximum near
ajf =~ 2.3. (b) Is the same plot as in frame (a), but filtered
down to datum for which hot-spot symmetry was restricted to
|P2/P0| < 20% and where no hot-spot mixing (enhanced x-ray
emission) was measured. For reference, also shown in frame (b)
is a curve (red) of the expected scaling of Y/(UZ%ZPS4'67) with

a?fl from Eq. 25 using an arbitrarily chosen proportionality

multiplier. Frame (b) suggests a performance cliff for a;¢ < 2.

CH and Be albators and ~ 50 — 55 kJ for HDC based
ablators). Generally, ¢4 1S expected to increase in
proportion to S, so Rpon; can also be increased in
proportion to S in order to maintain constant CCR
and tjgser/Rhoni, albeit that that need not be the
case. There are practical limits on increasing Rpon;
and S, since the hohlraum 7T, will decline without
delivering more total laser energy, so if more total laser
energy is not available 1 Rj,n; may need to stay fixed
in order to keep vimp and pgp up at present levels
— a situation that makes Eq. 26 more difficult to
satisfy. In order to maximize laser energy delivery
to the hohlraum and capsule, a NIF optimal laser
cone-fraction of 33% is desired. Finally Agyters and
Pgas can be varied to satisfy Eq. 26, but with 0 <
Pgas < 0.6 mg/cc in order to avoid laser plasma
instability[29]. By this procedure, a new High-Yield
Big-Radius Implosion Design (HYBRID) design can
be generated using the existing experimental database
(rather than simulation) to choose parameters that
optimize the integrated hohlraum-capsule target for
higher Ejg, higher Y, and reduced ignition energy
requirement.

i NIF is presently limited to 1.9 MJ of laser energy at a peak
power of 500 TW, but work is underway to explore extending
NIF’s delivered laser energy capability to 2.1 MJ at 500 TW.

5. Conclusion

As of this writing, experimental campaigns applying
the HYBRID strategy are underway and will be
reported elsewhere after the initial set of campaigns
are complete. These experiments are attempting to
maximize the implosion scale and energy couple to
the implosions central hot-spot with the full energy
delivery capability of the NIF facility. As a joint
commissioning exercise, HYBRID experiments are
proceeding in a series of steps where the capsule
scale and the NIF laser energy enveloped is extended
and evaluated at each step. The goal of these
experiments is to definitively step beyond the burning-
plasma threshold using the present level of physics
understanding and design control, but some challenges
remain.

So, efforts on improving implosion efficiency by
reducing the impact of target engineering features
will continue. While Eq. 26 is a step forward in
hot-spot symmetry control, shell asymmetry at peak
compression, as measured from neutron diagnostics,
imply that thin regions in the shell [(pA)thin)
remain a problem. Some circumstantial evidence
for deceleration-phase fuel-ablator instability is also
suggested in integrated implosion data (to be reported
elsewhere), a problem that, if actually present, would
need mitigation in order to obtain higher levels of
fusion performance.
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Appendix A. Approximate burning plasma
condition

For an implosion most quantities of interested, such
as T, are highly peaked around minimum volume.
In order to approximate the integrals in Eq. 3 we
make the assumption that the volume average ion-
temperature in the hot-spot follows a Gaussian time-
dependence of form

_ 2

=Tye 27—1?11/

T(t) (A1)

where Ty, & Rps/Vimp is the burn-width assuming a
1D implosion. The burn-average ion-temperature is

then Ty ~ [THVat/ [Tdt = \/n/(n+ 1)Tp, with

a power-law fusion reaction-rate, (ov) ~ T™. In the
range of 3-5 keV n = 4.
To integrate the left-hand-side of Eq. 3, the

method of Steepest Descent is applied by defining

explg(t)] = faQa, Taylor expanding g(t) ~ g(tm) +
19" (tm)(t—tn)?+- - -, and using the fact that 0 f, /0t =

0 and 9Q, /0t = 0 at minimum volume. One obtains,

tm

faQadt ~ (faQa)|tm

0
1 (1 8%fa 1 8%Q
<3 (f(x 8t2ﬂ+Qa at;)
X e

— 00

(t—tm)?
tm dt.

(A.2)

It is straightforward to show (1/Qqa)(0?Qa/0t?)ls,, =
(Olnp/0T + Oln{ov)/OT)T at peak compression.
Using an adiabatic assumption for density, 01n p/0T =

[(y = 1)T]', Eq. A.1 to obtain 7" = —Tp/72,, and
using (ov) ~ T™ gives
1 82Q, 1 1
— ~— | —— —. Al
Qo ' (v 1 +n> Thnw (43
With fo = 1—(1/4)(pAa/pR)+(1/160)(pAa/pR)?

and alpha-stopping range p\, = 0.0257°/%/(1 +
0.00827°%/%) (in keV, g/cc units) it is tedious but
straightforward to show that (1/f,)0%f,/0t? <
(1/Qa)0*Q,/0t? at peak compression and therefore
negligible in Eq. A.3. So,

tm

faQadt = (faQa)|tm/ (G

0 —o00

~ (£aQu)] _O\/?wa
T=T 9 /ﬁ_i_n

Using the fact that for DT p = (2/3)cprpT in GJ/cm?,
g/cc, keV units, and the fact that a non-igniting DT
hot-spot is nearly adiabatic (TVY~! ~ const.), Eq.

(A.4)

12, allows the the right-hand-side of Eq. 3 the be
integrated obtaining
ZCDTTO
— A5
/ 2y = (A.5)

where v is the polytropic index for atomic DT.

Egs. 3, A4 and A.5 give a burning plasma
condition in terms of burn-width and peak temperature

1

3.8 x 10% f,p {ov >>
X f TO Tow

(A.6)
where characteristic values of n ~ 4 and v = 5/3
have been used. Eq. A.6 is obviously related to the
Lawson parameter (pr) by re-writing density in terms
of pressure and multiplying both sides of Eq. A.6
by 7pw. Converting from peak temperature to burn-
average temperature ((ov)/T|r, ~ 1.95(cv)/T|T,.)
and estimating 7y, =~ Rps/Vimp gives Eq. 4 which can
be plotted in hot-spot (pRps, Ths) space as in Fig. 1.

Appendix B. Solution to pressure equation

Assuming Qother = 0, Eq. 12 can be re-written as
V5/3 t

P = exp [/ pF(T)dt]
0

5/3
pOVo/
where the function F(T) is only a function of
temperature and some constants, namely

(B.1)

2 p(eprT)
40 x 107731 — 3.5 x 109fB
T3 (B.2)

To obtain the right-hand-side of Eq. B.2 [in cm?/(GJ

s)], a best-fit to the Bosch-Hale DT reaction-rate,
(ov) ~ 4.2 x 10729736 (in 3 < T < 6 keV), has
been used. Like Appendix A, the method of Steepest
Descent can be applied to Eq. B.1 at minimum volume,
where p and T both peak. Defining exp[G(t)] = pF
and differentiating twice and evaluating at minimum
volume obtains

. p
G(tm) ’
The first term in Eq. B.3 can be approximated using
the adiabatic assumption for the pressure in which case
#/p ~ [v/(y — 1)]T/T and the error in doing this is
small since the second term in Eq. B.3 dominates
numerically. Hence,

(B.3)

tm

. ~y Ty, OF 1
Glty) = — | —— — B.4

( ) (7_ 1 - ( ) 8T ) wa ( )
So, for the peak stagnation pressure, Eq. B.1 can be
approximated as

5/3 S Yelt? t—t
phngS _ PreF(T0)3 s e3 G tm)( m’zdt. (B.5)
poV?

Performing the integral in Eq. B.5 gives to solution for
the effect of alpha-heating as a transcendental equation
relating pps, Vis, Tbw, and T.

phsV5/3 _ fphswa ( )
/53 2T,
PoVy \/ + Feroy 6T|TO

(B.6)
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Note the expected result in Eq. B.6 that higher
Lawson pps7p results in more pressure amplification
than is obtained from adiabatic compression alone.
Incidentally, because of the pjs scalings of Ty, 74, Y,
etc. in the body of this paper, the right hand side
of Eq. B.6, taken to the appropriate power, gives the
alpha-heating multiplication factor for those quantities

— to be explored more in a future paper.
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