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Abstract. Converting and using the National Ignition Facility (NIF) to deliver 527 nm light instead of its current 351 nm
would allow the laser to deliver more energy and power to ignition targets. We update previous 527 nm target design work
to reflect more contemporary target designs using high-density carbon capsules and low density helium gas filled
hohlraums. We extend single shell capsule designs based on current experimental results to higher energy and power and
also explore double shell capsules, both driven by green light. These studies were completed using detailed pulse shapes
found for targets that converged with acceptable 2-D implosion symmetries, then used the Lava Lamp II code to confirm
their feasibility at NIF. A 1.2X dimensional scaleup of one tuned NIF target at the limit of its current 351 nm capabilities,
shot 170827 uses 3.3 MJ, at the limit of the current NIF’s 527 nm capability. With the less-structured pulse of a double
shell target, 3.7 MJ could be delivered by the laser. Our LPI calculations do not preclude operation at 527 nm, particularly
for low fill hohlraums, and suggest that the Stimulated Raman Backscatter may be no worse than the small quantities seen
in 170827; Stimulated Forward Raman Scattering may be present. If Stimulated Brillouin Scattering is too great, the much
greater laser bandwidth available at 527 nm could be used decrease backscatter. These larger targets with higher energy
and power may offer a better chance of achieving ignition with only modest changes to NIF laser.

I. INTRODUCTION

Although great progress has been made toward the goal of ignition at the National Ignition Facility' (NIF), it has
not yet been achieved. Significant DT fuel heating has been achieved?”, but capsule yields remain about a factor of
~15 away from ignition, defined as achieving 1 MJ of DT yield, or 3.3 10'" neutrons. Pak et al.® gives a summary of
NIF experimental ignition campaigns. Reasons for not achieving ignition on the current NIF include implosion
asymmetries, growth of perturbations from capsule mounts, fill tubes, and unknown sources increasing fuel entropy.
Improvements in target design, in fabrication, and a major increase in laser energy and power may be needed to deliver
increased energy to the fuel hot-spot for substantial progress. The history of ICF has been to implode large capsules
with more DT fuel, to achieve higher areal density. The exception is testing physics such as convergence effects at
sub-scale. (Olson et al.’) More laser energy could lead to driving larger scale targets which could achieve higher fuel
compressed areal densities (pR) without greater convergence and higher yields from greater DT mass. Higher power
could lead to higher radiation temperature and higher ablation pressures. Increases in DT mass and fuel pR could be
expected to increase the ignition threshold factor and move performance closer to ignition.'” This paper explores a
few ways the higher power and energy of NIF at 527 nm could be used to reach closer to ignition.

Early glass lasers for ICF progressed from delivering 1053 nm light, to 527 nm and then to 351 nm, largely due
to better absorption of laser light and lower absorption by collective plasma instabilities!!. It was optimistically
believed that large lasers could deliver enough energy and margin for ignition. However, the ~ 2MJ delivered by
NIF at 351 nm has not proved adequate and upgrades to NIF's power and energy are being considered. This could
entail additional fluence at 351 nm or, as considered here, changes to the laser that would enable operation at 527
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nm. This paper explores using the capability of NIF to deliver more energy and power in the green, at 527 nm, rather
than converting to the blue at 351 nm. Targets operating in the green were explored by Suter et al.'>'* in 2004,
before experiments began on NIF. Heestand et al. (2008)'* reported performance of a single NIF beam operated in
the green. Suter ef al '>'? considered gold wall hohlraums with copper doped beryllium capsules', the original NIF
target design'®. Since 2004 target designs have evolved, with capsules that used ablators of plastic (Glow Discharge
Polymer, GDP), beryllium'”-'8, and most recently, high-density carbon (HDC).'*2%2! Hohlraum walls can now be
gold or uranium. The understanding of both capsule and hohlraum physics has improved and been tested by
numerous experiments®?!:22:23:2425.26.27.2829 - G| a yield of 3e+17 (1 MJ produced) has not been achieved. More laser
energy and power may be needed.

The energy and peak power that NIF is capable of delivering depend upon the temporal shape of the requested
pulse. It is this shape that couples the target and laser together for determining optimal operation. The objective of this
paper is to explore NIF capabilities at 527 nm as applied to some modern target designs, using the experience gained
from previous NIF experiments at 351 nm.

NIF is fundamentally a 1053 nm laser with frequency conversion in the final optics to a shorter wavelength, either
527 nm or 351 nm. Conversion to 527 nm will allow higher laser power and higher total energy than at 351 nm. The
spectral bandwidth possible at 527 nm is also much wider. The advantages at 527 nm can be exploited to deliver more
energy and power to the capsule and DT fuel, potentially leading to higher neutron yields. We will explore the
capabilities of NIF at 527 nm, using specific scaled target designs based on recent NIF experiments to identify laser
powers and energies that would be attractive and feasible to field.

II. NIF CAPABILITIES AT 527 NM

Specific target designs need to be considered for understanding the capability of NIF at 527 nm. Energy extraction
at 1053 nm and net frequency conversion both depend upon the shape of the laser pulse. Frequency conversion optics
are optimized for a particular peak laser power and pulse length when most of the laser energy is delivered. A
frequency converter optimized for high power will convert less efficiently at lower laser power. Single shell ignition
targets require low power for an extended time at the beginning of the pulse. This feature creates a first shock in the
DT fuel and sets its specific entropy profile; this is then followed by increasing the power level to drive stronger
shocks that compress the capsule. Baker et al.*°, gives a good discussion of how the specific entropy of the fuel, the
“adiabat” is defined, used, and modified in ICF targets.

Suter er al.'>13 (2004) plotted the potential power and energy landscape of NIF at 1053 nm as shown by the red
line in Figure 1. This curve was plotted using analytic estimates for limits to the laser within different operating
regimes. It was this curve, with an assumed conversion efficiency to 527 nm of 85% (the green curve of Figurel) that
captured our interest in using green for ICF experiments. We also estimated a conversion efficiency of 57% from 1053
nm to 351 nm given by the blue curve in Figure 1 (although this conversion efficiency is more sensitive to the details
of the pulse shape than for conversion to 527 nm). Since 2004 laser modeling tools have improved substantially. Now
when a desired 351 nm pulse is specified, the power needed at 1053 nm can be derived in an iterative process. The
Laser Performance and Operations Model (LPOM)!, with a physical optics code at its core, was developed to quantify
351 nm output from 1053 nm input as constrained by energy extraction at 1053 nm, various limits for optical damage®',
and experience with earlier NIF shots. The Optics Recycle Loop was devised to provide a supply of optics for NIF
regardless of damage incurred during operation at 351 nm. Damage concerns for operation in the green are
considerably lower than for operation at 351 nm, but they are by no means of no concern. Available (but unpublished)
data®? for damage initiation indicates that the fluence at 2w is about 1.4 times higher than the fluence at 3o for
equivalent damage initiation. Data on the differences for damage growth for different wavelengths are given in Fig
7.4-4 Manes et al.’'. Reduction of damage at 2 compared to 3 does not change the repetition rate of the laser
because optics exchanges are not done instantly after a damage event has been observed. The size of the sites (in the
range from 30 pm and larger) are monitored using the FODI system on NIF, and when their size gets large enough,
as the result of damage growth, the optics exchange is done during a regular maintenance cycle. Maintenance cycles
include a lot of different types of work, not just optics exchanges. An off-line version of LPOM, the Lava Lamp II
code, was used to model NIF output at 527 nm for this study. When using LPOM for the green, the doubler and tripler
used for analysis at 351 nm are replaced by an 18 mm thick doubler.

The 351 nm NIF shot 170827 (fielded August 27, 2017)*, the solid blue square in Figure 1, lies close to the inferred
351nm (blue) curve and used a pulse at the limits of NIF’s capabilities as reported by LPOM. This shot for the first
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time produced a fusion yield twice the peak kinetic energy of the imploding shell. The high density carbon capsule
was the culmination of an experimental laser tuning sequence with low laser backscatter. Higher yields and targets
with substantial alpha heating have been reported.® The solid green markers in Figure 1 show our modeling of specific
targets near the limit of the NIF capabilities, as reported by Lava Lamp II, in agreement with the green curve
representing 85% conversion from 1053 nm to 527 nm.

The choice of operating points in the wide power and energy space below the solid curves relies on coupled
expectations for laser and target performance. Suter et al.'>!3 populated this space with specific target designs using
beryllium capsules, and gold hohlraums filled with 1.0 mg/cm?® helium gas. More recent experience in NIF ignition
experiments has led to the current typical practices of using high density carbon (HDC) shells to replace beryllium or
glow discharge polymer (GDP) plastic. This has reduced the laser pulse length, improved radiation symmetry, and
reduced the risk of stimulated scattering?’. Concerns about cross beam energy transfer and stimulated backscatter led
to lower hohlraum gas fill densities (now 0.03 and 0.3 vs Suter et al.’s 1.0 mg/cc)?'. Capsules scaled to use more laser
energy require longer laser pulses; those driven at higher hohlraum temperatures require higher laser power.

Our approach to designing single shell 527 nm targets has been to scale up targets based on NIF shot 170827 that
produced 1.9e+16 neutrons, giving the fuel the same profile of specific entropy by preserving shock velocities in the
DT. We also designed a capsule with a thicker ablator in the same hohlraum as 170827, but with all the power NIF
could deliver at 527 nm (810TW). This led to a moderately faster implosion (438 vs 407 km/s). We did not explore
increasing the fuel entropy to keep pR constant as might be done in a Big-Foot target (e.g. Thomas et al.?®. We have
also explored double shell ignition targets which have only begun to be tested on NIF. The 527 nm double shell target
is scaled from a 351nm design®. The qualitatively different pulse shape for a double shell capsule allows slightly
more laser energy to be extracted than for a target with a single shell capsule. The capsules and hohlraums we explored
are summarized in Tables I, II, and III.

FIGURE 1. Scaled NIF capabilities at 1053 nm (red), 527 nm (green) and 351 nm (blue) with specific capsule designs.

III. SCALED TARGETS AT 527NM

Table I. Characteristics of 527 nm Single Shell Targets

Capsule 170827 1.2X170827 810 TW design
Capsule Outer Radius (um) 980 1176 999

HDC Thickness (um) 70 84 90

DT Thickness (pm) 56 67.2 56

Solid and Gas DT density (g/cm®) 0.25, 0.00043 0.25, 0.00043 0.25, 0.00043
Calculated Asymmetry P2/P0, P4/P0 | -4 %, 11% 14%, 8% 19%, -29%
Unablated Mass (mg) Fraction (%) 201mg or 7.5% 348mg or 7.4% 211mg or 5.9%
Fuel pR(g/cm?) (no burn) 0.84 1.03 1.04

Peak velocity (km/s) 401 407 438

Fuel Tion (keV) (no burn) 4.0 4.0 4.7

Total Laser Energy (MJ) 1.8 3.3 1.9

To create candidates for larger, higher energy, or higher power targets at 527 nm that might have a better chance
for ignition, we needed to have detailed calculations showing higher yields and better performance than at 351 nm.
Our calculations of scaled targets used the two-dimensional version of the HYDRA radiation transport code** using
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the “high-flux model”®. which has been extensively applied to NIF and Omega laser targets*® We have performed
hydrodynamic scaling of the entire target: the pulse length, and the capsule. Capsule and hohlraum dimensions and
pulse length are scaled by a factor of X while keeping the materials the same; the laser power is scaled by X?; and the
laser energy is scaled by X3. Since radiation transport and alpha particle transport do not scale hydrodynamically, a
scaled target is only approximately tuned. We have changed to ablator thicknesses and laser pulse shapes slightly in
scaled capsules to maintain the same shock pressures in the DT fuel, giving the fuels the original specific entropy
profiles. With our scaling, hohlraum physics allows the time dependent radiation drive temperatures to scale closely
with time. Thus, shock pressures are the same and arrival times at interfaces are scaled. In our scaled targets we have
used the same laser phase plates as currently used in NIF. Since a scaled hohlraum is larger, phase plates that could
produce with larger spots at the laser entrance aperture could be fabricated if lower laser intensities were desired.
Laser frequencies could be adjusted to avoid cross beam transfer by operating the fundamental laser on different lines'
or in the extreme the inner cones at 351 nm and the outer at 527 nm. With X? times the DT mass and X times the
compressed DT areal density, the neutron yield is expected to scale by X>3. Hurricane et al.’® describe a yield scaling
of velocity”% times size*’ for fuels with the same specific entropy profiles. For an only hydrodynamically scaled
target where velocity is unchanged, yield would scale as X>3. For the 1.2XN170827 and the 810 TW design these are
factors of 2.81 and 1.97. A larger capsule must also be symmetric to ignite, and may have advantages in symmetry
and reduced instability growth. But these need to be calculated with alpha heating included. Our calculations of
scaled 527 nm targets begin with a calculation of the high yield 351 nm targets, which are then are scaled up, while
making small changes in pulse shape (tenths of a ns). The pointing of beams in the inner and outer laser cones was
scaled and adjusted slightly to improve symmetry. The pulse shape and energetics for each scaled design were
evaluated with Lava Lamp II to see whether they were appropriate for fielding at 527 nm on NIF.

We believe that scaling to larger size and higher fuel areal density will lead to improved target yields — the
Hurricane et al*’ scaling suggests a factor of 2 or 3 increase. Areal densities both calculate and scale to increase by
about 25%. But anomalous increases in fuel entropy seem to be limiting experimental areal densities?®. This capsule
physics problem could also apply at 527 nm. Thomas et al.”® suggest that a scale increase of 30% or a 20% increase
in fuel energy per unit mass may be needed to approach ignition. The 810TW design has a 19% increase in energy
per unit mass, and the 1.2X170827 is scaled by 20%. Patel et al.'” describe an experimental deficit in hot spot areal
density and temperature of about 25%. Increases in total fuel rhor of 25% and corresponding increase in total areal
density of the scaled designs would place these 527 nm designs much closer to ignition. However, 3D asymmetries
could spoil ignition as they do now at 351 nm. Our scaled 527 nm single shell designs would represent a substantial
step towards ignition, but probably not a definitive one.

IIIa. Hohlraums at 527 nm

Table II. Hohlraum Characteristics Driving Single Shell Capsules

Target 170827 (351 nm) 1.2 Times 170827 (527nm) 810 TW (527nm)
Hohlraum Diameter (1um) 620 744 620

Hohlraum Length (um) 1120 1344 1120

Laser Entrance Hole Radius (um) | 3640 4368 3640

He Fill Gas Density (mg/cm?) 0.3 0.3 0.3

Peak Laser Power (TW) 450 700 810

Pulse Length (ns) 7.8 9.2 6.8

(b)

a
Figure 2. Laser pulse for 170827 (a) and resulting hohlraum radiation temperature (b) for 351nm (blue) and 527nm (green)
calculations. Shown for the laser pulse are the full NIF equivalent of inner cones(blue), outer cones(red), and total (black) power.

As seen in Figure 2, the calculated radiation temperature response of hohlraums to 527 nm light is, to a good
approximation, the same as that at 351 nm. Figure 2(a) shows the laser power input at 351 nm for NIF shot 170827
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and for a 527 nm equivalent, and (b) the radiation temperatures in the hohlraum each produced. The four cones of NIF
laser beams entering each side of the hohlraum are assigned two different laser pulses; one for the inner (23° and 30°)
cones and a separate one for the outer cones (44.5° and 50°). Different powers help control the time dependent
radiation symmetry on the capsule. Figure 2 shows the full NIF equivalent (192 times the single beam power) of the
inner cones (blue) and outer cones (red) beams needed to produce implosion symmetry. While the radiation
temperatures are not identical due to the shallower penetration of green beams, to a good approximation the radiation
temperature driving the capsule is the same with 527 nm as 351 nm. This is due to almost all of the energy entering
the hohlraum being absorbed, and that radiation temperature in identical hohlraums, can to a good approximation, be
modeled with only the absorbed energy and pulse length®. To time the shocks for arrival at the identical capsule
interfaces at the same scaled time, the second and third laser sub-pulses at 527 nm had to be advanced by 100 and 250
ps respectively, relatively minor changes.

To successfully model ablation pressure in the capsule, time dependent attenuation factors (laser drive multipliers)
are often used®. In our modeling of 170827 to achieve the correct implosion time we would need a multiplier of 0.93
without backscatter subtraction (or 0.95 with) on the laser power in the final pulse. In our 527 nm simulations we have
used none, not knowing what to use or when to subtract postulated backscatter. Hall et al.?' show that at hohlraum
gas fill densities below 0.85 mg/cm? there is little SRS and at 0.03 mg/cm? drive multipliers closer to 1.0 are needed.
At 351 nm experimental observations of shock velocities, implosion velocities and implosion times can validate these
multipliers. We have no such data at 527 nm, but given the similarity of calculated hohlraum temperatures, we have
assumed no difference. This means that our capsule drive energies may be 5-10% to optimistic.

Implosion symmetry depends upon where the hohlraum is illuminated. The higher critical density for 351 nm than
for 527 nm means that the 351 nm beams penetrate deeper into the hohlraum, causing more drive at the wall near the
capsule equator. Figure 3 shows implosion symmetries of calculated capsule densities at peak yield rate for 170827
hohlraum driven at 527 (top) and 351 nm (bottom) lasers. While these cannot be directly observed as can the time
integrated neutron and X-ray images or the line of sight and spectrally integrated X-ray images, they clearly show
residual asymmetry remains in modes P4, P6, P8, and higher. These implosion asymmetries result from uneven laser
irradiation and motion of the hohlraum wall.

Holraum fill gas density also affects where laser energy is deposited; gas pressure retards the inward motion of the
hohlraum wall. Suter et al '>'3 used a 1.0 mg/cc fill density in all his calculations while we have used 0.3 mg/cc (as
in 170827). Fills between 0.03 and 1.6 mg/cc have now been tested at NIF.

Cross beam energy transport*’ has been ignored here and could be neglected if the various laser beam cones are
set to sufficiently different wavelengths. Cross beam energy transfer from the outer cone to inner cone was not needed
to provide symmetry at 527 nm. If experiments at 527 nm should show a symmetry problem, cone powers could be
changed, crossed beam transport invoked by adjusting laser beam frequencies, or hohlraum gas fill densities changed.
Adjustments in laser spot profile, hohlruam gas fill, and cross beam energy transfer could provide additional margin
to adjust and optimize implosion symmetry, but were not necessary here. It might also be possible to employ radiation
shine shields as proposed by Kritcher, Robey, Young and Olson*' to improve symmetry. In real implosions 3D
asymmetries are also present and would further complicate symmetry and degrade performance. Achieving symmetry
in implosions at 527 nm will require experimental tuning of gas fill, laser pointing, and cross beam transport as in now
done at 351 nm.

FIGURE 3. Calculated density contours near peak compression of the 170827 capsule driven by 527 nm (top) and 351 nm
(bottom) light with a hohlraum fill density of 0.3 mg/cc, no drive multipliers and no backscatter.

IIIb. Targets with Single Shell HDC Capsules

The advantage of using NIF at 527 nm instead of 351 nm is greater available energy and higher power. The
greater energy could be used to field larger capsules; the higher power to field thicker, and perhaps more stable,
capsules. Capsule and hohlraum imperfections, such as perturbations caused by the fill tube, and the capsule
supporting structure (tent) are thought to be major impediments to ignition in both calculations*? and experiments**3,
Weber et al.*, found that a change from a 10 to a 5 mm diameter fill tube made a large change in the ignition parameter,
but a small change in yield. Other mechanisms were degrading performance. The 20% increase in size of the scaled
targets would probably make only a small difference to the growth of fill tube and perhaps other fabrication
perturbations.
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The recent use of HDC shells and low backscatter in NIF experiments led us to consider only HDC shells for single
shell capsules, rather than doped plastic or beryllium shells that were also tested at NIF. The higher density of HDC
leads to thinner shells than for different ablators with the same mass. Shocks transit the thin shells faster, leading to
shorter laser pulses which in turn cause less wall motion, better symmetry, and less laser backscatter. We believe our
conclusions on scaling would apply to other scaled designs, including big foot, and beryllium capsules and possibly
low foot designs, but each proposed design would have to be evaluated by LAVA LAMP II for feasibility.

The 1.2 times scaled 170827 capsule and hohlraum give a close approximation to a symmetry tuned target. Lava
Lamp II runs show that the 1.2 scaled pulse shape, shown in Figure 4b, is at the limit of the NIF 527 nm capability
(for the assumptions made here) with a peak power of 700 TW and 3.3 MJ energy. HYDRA calculations show it
ignites and produces 4.1e+18 neutrons, or 11.5 MJ. When we compare 1.2X170827 in green to a version of 170827
in blue with imposed implosion symmetry, with the shocks timed optimally, and with no drive multipliers, the neutron
yield from twice the DT mass rises from 6.4 to 12 e+17, as expected. The peak fuel averaged implosion velocity
decreased from 428 to 407 km/s, but the fraction of the ablator unpenetrated by the hohlraum radiation, often termed
the “remaining mass fraction”, rose from 4.6% to 7.4%. Radiation penetration of the ablator was less in the 527 nm
target. This should lead to less ablator/fuel mixing in the larger scaled capsule. These calculations need to be taken
with a caveat. With no drive multiplier our calculation of blue 170827 shows a peak radiation temperature of 314 eV,
while with a 0.95 drive multiplier and as measured, the peak was only 294 eV. The increase in performance going
from current 351 nm NIF to 527 nm with higher power and energy will depend on possible degradations in hohlraum
temperature (e.g. drive multipliers) and on obtaining adequate symmetry. The calculations can guide us, but 527 nm
experiments on hohlraum drive will be necessary.

For an alternative target that exploits the higher power available at 527 nm, we began with the hohlraum and
capsule from the 170827. The peak laser power was increased to 810 TW, allowing the capsule ablator to be thickened
by 20 pm. The radiation temperature reached 330 eV, above the 314 eV of the 450 TW target. The HDC mass
remaining after ablation was 5.9% of the original or 211 pg in 810TW target. Only 4.6% or 125 ng remained for the
450 TW blue target, but the green target allowed 7.5% to remain. The peak fuel averaged velocity rose to 438 km/s
for the 810 TW target, even though about the same ablator remained due to greater ablation pressure at the higher
hohlraum temperature. This qualitative difference could lead to better confinement, breaking the velocity cliff
suggested by Hurricane et al.’” The relatively smaller penetration of the radiation into the ablator and higher remaining
mass could lead to greater resistance to hydrodynamic instabilities*. The implosion velocity and unablated mass could
be tuned by adjusting the HDC thickness and pulse shape. This design illustrates possible advantages with higher
power alone at 527 nm.

FIGURE 4. Laser pulses (top) and capsules (bottom) for the 1.2X170827(a), 810TW HDC(b), and the Double Shell(c) target
designs at 527 nm. Black is the Full NIF Equivalent Average Laser Power; Red, power in the outer beams; and Blue, power in the
inner beams.

IIIc. Targets with Double Shell Capsules

Multiple shell designs have been envisioned for ignition capsules since the beginning of the ICF program. More
recently they have been designed for indirect*®#74® and direct drive*’on NIF. A complete double shell target with
hohlraum, including the blue point shown in figure 4, as designed by E. Loomis, offers different capsule physics and
different laser pulse shapes than single shell targets. In a double shell capsule like that shown in Figure 4c, the outer
aluminum shell both absorbs the radiation drive and collides with the inner Be/W shell, accelerating it to modest
velocities of 200-250 km/s and densities of 1000’s of g/cm?, compressing the high density DT to volume, rather than
hot spot, ignition. The small size of the inner capsule leads to lower radial convergence of the fuel, but the convergence
of the outer shell and its collision with the inner shell lead to strong asymmetry and instability growth. Montgomery
et al.*® gives detailed comparison of double and single shell capsule physics.

The high density of the inner shell and its low convergence allow the elimination of the long, low intensity foot of
single shell capsules. The change to a nearly flat laser pulse, allows more energy to be extracted from NIF at 1053 nm
followed by more efficient conversion to 527 nm. It also leads to little laser plasma backscatter as measured at 351
nm>. Although the 351 nm double shell target uses the maximum NIF power, we have not explored the yet higher
power available in 527 nm designs. These could be the subject of a future paper. The physics of the double shell
capsules and their hohlraums are being tested now>® on NIF, but a DT filled double shell target has not yet been
fielded. We have scaled up the 351 nm fall line optimized target described by Montgomery et al.*> by a dimensional
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factor of 1.27. and used the laser cone pulse shapes in Figure 4c to achieve a target at 527 nm. Lava Lamp II
calculations show that its 3.66 MJ laser energy is near the limit of the capabilities of NIF at 527 nm. Both the 351 and
527 nm double shell targets are shown in Figure 1. The 527 nm target can extract more total energy than the 1.2X17027
single shell target. This double shell target calculates to give an output of 2.6 MJ, or 9.3e+17 neutrons. The peak
radiation drive temperature is 322 eV, similar to the 318 eV of the 1.2X170827 target, and the 330 eV of the 810 TW
HDC single shell target.

Table III. Characteristics of Double Shell Targets

Target 1.8 MJ 351 nm 3.66 MJ 527nm
Capsule Outer Radius (um) 1095 1386
Aluminum Thickness (pm) 154 195
DT Thickness (1m) 214 271
DT Density (g/cm?®) 0.20 0.20
Hohlraum Diameter (um) 575 728
Hohlraum Length (um) 1040 1316
Laser Entrance Hole Diam(pum) 1344 1700
He Fill Gas Density (mg/cm?) 0.3 0.3
Mean Peak Laser Power (TW) 500 800
Pulse Length (ns) 4.9 6.2

IV. ASSESSMENT OF LASER PLASMA INSTABILTIY RISKS

The historical progression of ICF lasers has been in the direction of shorter wavelength—from 10,000 nm, to 1053
nm, and then to 351 nm—in order to reduce laser plasma instability growth. In those times the energy NIF could
supply at 351 nm was thought to adequate to achieve ignition. Increasing NIF’s delivered energy and regressing to
527 nm might lead to greater laser plasma instability growth and backscatter. In particular, problematic levels of
stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) might arise, although the laser damage
from 527 nm SBS would be less than for 351 nm SBS. The change from targets with plastic and beryllium ablators to
HDC has shortened the pulse, and the reduction of hohlraum helium gas fill density from 1.6 to 0.3 mg/cm® has
substantially reduced both SBS and SRS backscatter at 351 nm. Hohlraums at 0.3 mg/cc show little SRS and SBS?'.
For example, the measured backscatter was low on 170827: the total backscattered energy fraction was 2.2%; none
on the 23° cone and 0.95% SRS on the 30° inner cones; 3.5% SBS on the 50° cones with 0.95% SRS and 0.78% SBS
on the 44° outer cones. Forward SRS has been measured®, but not for this target. Hot electron pre-heat generated by
SRS was insignificant. This suggests the possibility that there may be LPI margin at 351 nm, and that our 527 nm
designs might have acceptably low backscatter levels. Because of the low measured backscatter at 351 nm, we have,
optimistically, neglected it in our 527 nm simulations, neither subtracting it from laser beam power, nor including hot
electron generated pre-heat. Energetically, we might expect backscatter to be insignificant; any loses could be
compensated for by slightly increasing laser power.

To evaluate the risk of LPI backscatter, we have performed backward and forward stimulated Raman scattering
(BSRS and FSRS) using the particle-in-cell code VPIC*>°33, We begin our simulations of LPI with a discussion of
simulations using blue and green light in a uniform plasma, then blue light simulations of NIF shot 170827 in its
hohlraum, comparing with observed backscatter, and finally green light simulations of 1.2X170287.

For the VPIC simulations in this work, the cell size is approximately the Debye length and 512 particles per
cell are used for each species. We expect these results to be converged based on the requirements of the PIC method
and our prior studies modeling LPI under NIF hohlraum conditions. Moreover, both the level of Langmuir wave
thermal fluctuations and the level of collective Thomson scatter from Langmuir waves in these VPIC simulations
are close to those in the physical system (Yin et al.’>). The simulation box size is sufficiently long (1mm - 2mm) that
BSRS initiated in one region would be amplified in other regions as the scattered light convects in the simulation
domain. Although the scattered light can be re-amplified outside the simulation domain in the LEH (Kirkwood et
al>%%7), the increased damping of the backscattered light in the LEH region plasma would likely limit the growth,
making these simulations appropriate to evaluate the dominant LPI processes.
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2D VPIC simulations in uniform plasma were performed to compare BSRS and FSRS with green and blue light.
The laser beam was modeled with a random phase plate (RPP) beam with an optical F/# of 8 and average intensity
3x10'* W/cm?. The simulation box is 751 pm by 120 pm in (x, z) with 120 um laser beam width in green (Run7-1),
and 500pm by 80um in (x, z) with 80 um laser beam width in blue (Run7-2). For both green and blue lasers, the
plasma has density 0.12 n., and electron temperature 7. = 2.6 keV, and the RPP beams have frequency wo/wp.=2.88
(wpe 18 the plasma frequency). The simulations parameters are chosen such that the simulation box size, the laser beam
width, and the speckle length and width are the same in units of Debye length and laser wavelength. From linear
theory, BSRS is at kA,=0.3. Another simulation has green light with the same box size but with reduced beam width
of 60 um (Run7-3) to examine sensitivity of Raman scattering to beam size.

Figure 5 shows the time-averaged BSRS reflectivity and the hot electron energy spectrum for the three simulations,
with solid curves for Run7-1 (green light), dashed curves for Run7-2 (blue light), and dash-dot curves for Run7-3.
With blue light, no significant FSRS occurs and the highest hot electron energy is ~100 keV; with green light, oblique
FSRS is unstable and its hot electron energy is higher than that from BSRS and it increases with laser beam width
(reaching up to 250 keV) as a result of speckle coupling (SRS initiated in a high intensity speckle can seed SRS in
nearby, lower-intensity speckles via scattered light waves, hot electrons, and plasma waves®>¥). Based on 1D theory™,
the FSRS growth rate is

2
Wpe Vos 1 eEp n,

B 2\/7(4)0 c 242m.cng,’
where v,; = eEy/m,w, is the electron quiver velocity in laser amplitude E,. The two simulations Run7-1 and Run7-
2 have the same laser intensity and plasma density n./n.-and thus should have the same FSRS growth rate y. The
higher level of FSRS with green light cannot be explained by 1D theory where the scattered light is in the direction of
the laser, whereas the FSRS seen in the 2D hohlraum simulations are oblique. As a consequence of the FSRS, the
growth of BSRS is suppressed as indicated in Figure 5 (a) in which the solid curve drops as FSRS grows. As the laser
beam width and FSRS are reduced, the reflectivity in Run7-3 further increases.
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FIGURE 5. 2D VPIC simulations in uniform plasmas comparing BSRS and FSRS with green and blue light.
Run7-1 (green light), solid curves; Run7-2 (blue light), dash curves; and Run7-3, dash-dot curves (green light smaller
laser beam width) (a) Time-averaged BSRS reflectivity. (b) Hot electron energy spectrum (dot curve is the initial
Maxwellian spectrum).

To test the ability of VPIC simulations to reproduce NIF experiments, simulations using the plasma conditions
from the HYDRA simulation of 170827 with blue light were performed to compare with the experimental
measurements of Raman scattering. Large-scale VPIC simulations of hohlraum plasma with NIC design and with
designs using diamond capsules have been performed to assess the LPI risks using plasma conditions from the
HYDRA code using an initial hohlraum gas fill of 0.30 mg/cm?; in these studies, modeled SRS reflectivity and spectra
are consistent with those measured (Yin et al.>®® ) For these VPIC simulations, the laser beam was modeled with a
RPP beam with an optical F/# of 8 and average intensity 3.0x10'* W/cm? and the same laser pointing as the HYDRA
simulations. We also introduced electron collisionality. In the VPIC simulation, the plasma density is initialized with
a spatially varying function obtained from fitting the HYDRA simulation data, whereas the plasma temperature is
spatially uniform based on the spatially averaged value from the HYDRA data over the region modeled in VPIC.
Temperature variations from HYDRA output across the volume simulated in VPIC are minimal, justifying this
approximation. The plasma for the simulation box along the 30° beam path has average electron temperature
T.=3.1keV, maximum density n./n.,=0.22 (n. is the respective critical density), and minimum kA,=0.18 for BSRS.
On the 50° beam path, the average electron temperature is 7.=5keV, the maximum density n./n.,=0.2, and the
minimum kA,=0.26 for BSRS. The box size is 1000 pm by 600 pm in (x, z) and the laser beam width is 600 pm for
the four simulations along the 30° and 50° beam paths with and without collisions. Figure 6(a) shows the hohlraum
density, indicating regions of the simulation domains. Reflectivity along the 50° beam path is ~1.4% for both
simulations with and without collisions, in agreement with the low reflectivity in the experimental data. However, the
reflectivity from the simulation along the 30° beam path is >25% both with and without collisions, significantly higher
than the experimental data. The estimated inverse bremsstrahlung damping of the laser beam is small, as confirmed
by the VPIC simulations. The collisional effects on the reflectivity are small, however FSRS hot electron is reduced
by collisions as indicated by results in frame (d). This raises concerns about the accuracy of the plasma conditions
from HYDRA simulation in high density-gradient region along the inner beam path of the 30° beam.

FIGURE 6. 2D VPIC simulations of BSRS using plasma conditions from the 170827 blue light HYDRA
simulation. Shown in (a) are contours of the hohlraum plasma density at 7ns at the peak of the laser pulse with black
lines indicating the 23°, 30°, 44°, and 50° beam paths; VPIC simulation domains are indicated by the shaded areas
along the 30° and 50° beam paths (the blue dots are the center of the simulation boxes). (b) Time-averaged BSRS
reflectivity along the 30° (b) and 50° beam (c). (d) Hot electron energy spectrum from simulation along the 50° beam.
The solid curves in (b), (c), and (d) are from collisionless simulations, while the dash curves are from collisional
simulations; the dot curve in (d) is the initial Maxwellian spectrum.

In our assessments of SRS in the green light 1.2X170827, target plasma density and temperature profiles obtained
from HYDRA green light simulations are employed. Figure 7(a) shows the contours of BSRS kA, values of the
hohlraum plasma at 6 ns at the peak of the laser pulse with a shaded region along the inner beam paths indicating
maximum domain size of the VPIC simulations with parameters summarized in Table 1. The simulations are
performed with and without collisions and laser bandwidth, the latter intended to explore mitigation options for SRS.

TABLE IV. 2D VPIC simulation parameters using hohlraum plasma conditions at 6 ns from 1.2X170827 green light design
shown in Figure 7 (a). Run5-8 and Run5-9 use the same bandwidth but with two different random seeds for generating the laser

beam.
Simulation Box Box Beam Collisions Laser Ave. Max | Min k1)
name size in | size in width bandwidth Te Ne/Mer (BSRS)
x (um) | z(pm) (um) (THz) (keV)
9
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Run5-1 1000 600 300 No 0 1.8 0.068 0.36
Run5-2 1000 600 600 No 0 1.8 0.068 0.36
Run5-3 1000 300 280 No 0 1.8 0.048 0.45
Run5-4 1000 300 150 No 0 1.8 0.048 0.45
Run5-5 1000 300 150 No 0.156 1.8 0.048 0.45
Runs-6 1000 300 150 No 15.6 1.8 0.048 0.45
Run5-7 1800 1000 1000 No 0 1.96 0.078 0.34
Run5-8 1800 1000 1000 No 3.0 1.96 0.078 0.34
Run5-9 1800 1000 1000 No 3.0 1.96 0.078 0.34
Run5-10 1800 1000 1000 Yes 0 1.96 0.078 0.34

Of the ten simulations, Run5-1 and Run5-2 are medium-size simulations with the same box sizes of 1000um by
600 um in (x, z) but with a laser beam width of 300 um and 600 pm, respectively. They show similar, low levels of
reflectivity (~2%) in Figure 7(b), comparable to the measured blue 170827 reflectivity levels. However, with green
light, oblique FSRS®! is unstable in these two simulations: frame (c) shows the hot electron energy spectrum with
maximum energy ~400 keV and frame (g) shows the electron velocity space distribution f{v,, v), indicating electron
trapping in FSRS daughter electron plasma wave (EPW).

To examine the sensitivity of FSRS dependence on laser beam width, Run5-3 and Run5-4 are performed in which
the simulation size is reduced to 1000 pm by 300 um in (x, z) with 280um and 150um beam widths, respectively. The
BSRS levels in these simulations are insignificant and Figure 7(d) shows that FSRS hot electron production decreases
with beam width (comparing the black and red curves). Furthermore, Run5-5 and Run5-6 are performed with the same
box size and beam width as Run5-4 but with laser bandwidths of 0.156 THz and 15.6THz, respectively. Results in
Figure 7(d) shows the suppression of FSRS hot electrons by laser bandwidth (comparing the red, blue, and green
curves). Since SRS occurs on a fast electron time scale, the required laser bandwidth for mitigation is high, higher
than available from NIF (even with new modulators) even after the exchange of frequency converters from blue to
green.

At larger spatial scales, simulations are performed with box size 1800 um by 1000 um in (x, z) and laser beam
width 1000 um, but without collisions and bandwidth (Run5-7), without collisions but with 3 THz bandwidth (Run5-
8 and Run5-9 using two different random seeds in generating the laser beams), and with collisions but without
bandwidth (Run5-10). Surprisingly, the BSRS reflectivity from Run5-7 is ~30%, significantly higher than in the
smaller size runs discussed above. The SRS is also strongly nonlinear and insensitive to collisions [comparing solid
and dotted curves in Figure 7(e)]. With 3THz laser bandwidth, the BSRS reflectivity is reduced to ~10%. Figure 7(f)
shows the SRS hot electron spectrum from these runs: the 3THz laser bandwidth reduces FSRS hot electrons
(comparing the solid curve without bandwidth and the dash and dash-dot curves with bandwidth); however, collisions
are more effective in suppressing FSRS hot electrons because the FSRS daughter EPW has large phase velocity and
interacts with the tail of the electron distribution [indicated in frame (g)]. As seen in the uniform plasma simulations
with green light, oblique FSRS is present as illustrated by the example in Figure 7 (g).

Future assessment of FSRS mitigation using bandwidth should include collisions. The high reflectivity results
from the largest scale simulations that have a domain indicated by the shaded box in Figure 7(a) where a high gradient
region is included (whereas this is excluded in the six smaller scale simulations Run5-1 to Run5-6). In this thin region
of high density gradient, the density jumps abruptly by more than 20% over tens of microns. The density scale length
is Ly, ~ 1/(d log n/dx) ~ 20 um/ (0.2) ~ 100 um. The mean free path for ion-ion collisions is ~5 microns (for electron-
electron collisions, ~50 um). This implies a Knudsen number 0.05 (0.5), well within the regime where kinetic
modifications to the hydrodynamic equations become important. Therefore, the HYDRA code is likely not modeling
properly the inter-penetration of the counter-streaming plasmas. While this may not affect the fusion yield appreciably
(capsule dynamics integrate the x-ray radiation drive from the hohlraum, which is largely insensitive to these details),
it does however lead to differences in the hohlraum plasma conditions, which can in turn affect the LPI. Consequently,
LPI assessments based upon simulations over domains containing these possibly unphysical features are not likely to
be predictive.

10



AlP

Publishing

FIGURE 7. 2D VPIC simulations assessing BSRS and FSRS risks using plasma conditions from 1.2X170827
green light design. Shown in (a) are contours of BSRS kA, values of the hohlraum plasma at 6ns at the peak of the
laser pulse with black lines indicating the 23°, 30°, 44°, and 50° beam paths; VPIC simulations of domain sizes up to
the shaded area (the blue dot is the center of the simulation boxes) are performed (see Table 1). (b) Time-averaged
BSRS reflectivity (b) hot electron energy spectrum (c) from Run5-1 (solid curves) and Run5-2 (dash curves). (d) Hot
electron energy spectrum from Run5-3 (black), Run5-4 (red), Run5-5 (blue), and Run5-6 (green). Time-averaged
BSRS reflectivity (e) and hot electron energy spectrum (f) from Run5-7 (solid curves), Run5-8 and Run5-9 (dash and
dash-dot curves), and Run5-10 (dot curves). (g) Electron velocity space distribution f{v,, v;) showing excitation of the
oblique FSRS. The dot curves in (c) and (f) are the initial Maxwellian spectra.

In summary, the VPIC simulations of BSRS in moderately large domains show low levels of reflectivity
(~2% or smaller), suggesting it may not be a problem for these green target designs; on the other hand, VPIC
simulations performed over the largest spatial scale indicate significantly higher reflectivity level (~30%) than in the
smaller size simulations. Furthermore, VPIC simulations show that oblique FSRS may arise with the green light option
(at a more significant level than with the blue light), leading to hot electron production. Increasing laser bandwidth
may reduce hot electron production. Larger and more detailed simulations may be needed, emphasizing the need for
527 nm LPI experiments. We note that the LPI assessment in this work (and in other work using various LPI tools in
the community) relies on plasma conditions from hohlraum hydrodynamic simulations that may not represent correctly
the interpenetration of counter-streaming plasmas which may be necessary for accurately predicting LPI levels,
especially at largest special scale. In the future, with focused, well-diagnosed LPI experiments available in smaller
laser facilities, the degree of accuracy of the plasma conditions predicted by rad-hydro design codes can be evaluated.

The largest backscatter threat to experiments at 351 nm is SBS and, we hypothesize, this may also be the case at
527 nm. VPIC simulations on longer timescale may be performed in the future to provide assessment on SBS risk.
The frequency change to 527 nm may also enable another option for control. Large laser bandwidth can also suppress
instability growth, particularly SBS®?. At the present time, NIF has a bandwidth of 45-90 GHz at 1053 nm,
corresponding to 135-270 GHz in the blue. The bandwidth in the blue is constrained by a reduction in conversion
efficiency as the bandwidth is increased. This same effect does not occur in the green where the bandwidth is only
constrained by the linewidth, now ~0.50 THz %, of the 1053 nm amplifiers. The available bandwidth in the green is
then ~1.0 THz, Realization of this much larger bandwidth would require new modulators to be added to NIF. A large
bandwidth of Av/v=2% at 527 nm was demonstrated in a frequency doubled Nd:glass laser by Eimerl et al.**. Cross-
beam energy transfer may also be mitigated by such enhanced bandwidth®.

While simulations can give guidance, hohlraum experiments conducted at 527 nm to measure SRS and SBS would
be invaluable for discovering whether high backscatter exists and characterizing it.

V. CONCLUSIONS

Several target types and their corresponding capabilities have been evaluated when driven by a NIF laser that has
been converted to operate at 527 nm rather than 351 nm. Results are encouraging, with the most straight-forward
path following that first established by 170827 at 351 nm. In general, operating NIF in the green should allow larger
capsules to be fielded. These may make the effects of fill tube imperfections, capsule support structures, and
capsule surface imperfections less significant. The fidelity of laser plasma instability modeling is such that
experiments at 527 nm will be required to test performance at extrapolated sizes. Our LPI calculations do not
preclude operation at 527 nm, particularly for low fill hohlraums, and the potential benefits to power and energy
justify experimental tests. This will probably be done before NIF is converted from 351 to 527 nm. Our radiation
hydrodynamic calculations suggest that the current NIF 1053 nm laser, converted to green, could drive hohlraums
with single shell HDC capsules using 3.3 MJ or perhaps 3.7 MJ with double shell targets. The 20% larger HDC
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capsules and the 810TW high power design should achieve higher yields and higher fuel areal densities. The
upgrade of NIF to a 527 nm laser on target would be a substantial, but probably not a definitive, step toward
ignition. If NIF’s 1053 nm power and energy could be further increased, then yet larger capsules could be fielded.
We agree with D. S. Clark ef al.*?, “Given the uncertainties in any extrapolation, particularly as nonlinear as
ignition, there will be no definitive answer on the requirements for ignition until it is actually demonstrated
experimentally”. This is also true at 527 nm.
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