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ABSTRACT

We present the results of 3D simulations of indigect drive’ inertial confinement fusion capsules
driven by the ‘High-Foot’ radiation pulse on the Natiepal Ignition Facility (NIF). The results are
post-processed using a semi-deterministic ray, traeing/model to generate synthetic DT and DD
neutron spectra as well as primary and dQwan.scattered neutron images. Results with low-mode
asymmetries are used to estimate the magnitide of anisotropy in the neutron spectra shift, width
and shape. Comparisons of primary and, dowa,_ scattered images highlight the lack of alignment
between the neutron sources, scatter'sites and detector plane, which limits the ability to infer the pr
of the fuel from a down scattéred ratio.«Further calculations use high bandwidth multi-mode
perturbations to induce multiple shert scale length flows in the hotspot. The results indicate that
the effect of fluid velocity-is _to produce a DT neutron spectrum with an apparently higher
temperature than that inferred from the DD spectrum and which is also higher than the temperature
implied by the DT to PD yieldatio.

I. INTRORUGTION

Non-uniformity “in the radiation intensity reaching the surface of an indirect drive, inertial
confinement fusion (ICF) capsule can result in strong variations in the areal density and velocity of
the dense¢fuel layer converging on the axis. In addition, perturbations arising from the capsule
mounting/structure or from surface defects are amplified through Richtmyer-Meshkov and
Rayleigh-Taylor instabilities during ablation and implosion and imprint upon the dense fuel layer
duxing the deceleration phase. Such asymmetries can mean that not all of the momentum of the
dense fuel is extinguished at stagnation and thus there is a reduction in the efficiency with which
the kinetic energy is thermalized and hence a reduction in the pressure of the hotspot
material>***°. Inhomogeneity in the dense fuel layer means that there are weak points of low
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Publi hmeriia where the hotspot is not well confined. This promotes mixing of the cold fuel with the
ublishyg ot as well as an increase in hotspot surface area which boosts the thermal conduction losses®

and truncates the burn duration?.

One of the principal diagnostic approaches to understanding the role of asymmetry during the ICF
stagnation phase is the use of neutron spectroscopy and imaging®’®°. Images of the primary
neutrons arising from DT reactions reflect the structure of the hotspot méaterial, whereas images of
neutrons down scattered to lower energies reveal the structure of the dense fuel layer surrounding
the hotspot. For a stationary hotspot, the DT and DD neutron engrgy ‘spectra are approximately
Gaussian in shape, with a Doppler width governed by the Maxwelliandistribution of ion velocities
which can be used to estimate the ion temperature. Where asymmetry, intreduces a bulk fluid flow
into the hotspot, however, this results in a Doppler shift ofithe thermonuclear neutron spectrum
that is emitted"®. Coherent motion of the hotspot material{"as might be expected from a low-mode
asymmetry, then induces a measurable anisotropy to the\neutrofi spectra'’. Where the component
of fluid motion parallel to the line of sight to the/detector<is’not the same at all points in the
hotspot, then the variance of this velocity companent.broadens the Doppler width of the neutron
pulse, giving a false signature of high apparent.ion temperatures'>2*3!*, The sensitivity of neutron
spectra to both the ion temperature and the fluidelocity represents both a diagnostic opportunity
as well as a significant challenge when it comestg_isotating the separate contributions.

In this work, we seek to evaluate whethier signatures of different forms of bulk residual motion are
embedded within synthetic neutron diagnesties. In section Il, we describe the Chimera 3D
radiation hydrodynamics model which s used to simulate a NIF capsule driven by the ‘High-Foot’
radiation pulse. A two phase ‘@pproaeh to simulations is adopted where high resolution 1D
calculations of the ablation phase (described in section I11) are used to initialise 3D calculations of
the deceleration and stagnation.phase (described in section IV). Section V then describes a semi-
deterministic approachy to«the generation of synthetic neutron spectra and images in post
processing calculationS. These models are then applied in section VI to calculate the effect of low
mode asymmetries/ characterised by the Legendre polynomials Py, P;, P, and P4 on neutron
diagnostic signatures.“Section VII then assesses the effects of shorter scale length motion in the
hotspot using & high bandwidth multi-mode perturbation method. Finally in section V111, we assess
whether theSe synthetic neutron diagnostics signatures provide a qualitative comparison to the
observed trepds in NIF data.

The intention @f these calculations is not to provide an accurate prediction of experiments on NIF,
but-rather<to provide a means of understanding what neutron diagnostic signatures might tell us
about the‘pehaviour of the hotspot and dense fuel. A number of approximations are used in the
radiatien_hydrodynamics simulations and in the construction of synthetic diagnostics. Where such
approximations have been employed we have endeavoured to point them out.
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. THE CHIMERA RADIATION HYDRODYNAMICS CODE
Publishing

Chimera is a 3D radiation hydrodynamics code recently developed at Imperial College. The model
uses an Eulerian mesh in either Cartesian (x,y,z), cylindrical (r,z,0) or spherical (r,0,0) geometry.
Chimera utilises a fully explicit solution method, which maximises the scalability of the algorithm
to large scale parallel computing by avoiding the matrix inversion techniques involved in implicit
solutions. Hydrodynamic motion is solved using a 2™ order van Legf advection algorithm®**®
together with a von Neumann-Richtmyer artificial viscosity. Ablator “and fuel materials are
advected separately with an approximate interface maintained uingja SLIC'" based method.
Separate electron and ion energy equations are solved using tabulated equation of state data for
energy densities, pressures, sound speed and ionic charge, foreach matertal, which are calculated
offline using the Frankfurt Equation of State (FEoS) model &%%,

Electron and ion thermal conductivities, as well as equilibratign rates, are calculated using the
Epperlein-Haines modifications®* to the Braginskii formitlag?’/ Explicit solution of the thermal
conduction equation requires sub-cycling using Smaller<time steps than the hydrodynamics
algorithm, in order to retain numerical stability. FOrthe glectron thermal conduction a flux limiter
of 0.04-0.06 is used. Where the flux limiter iSunvoked, the heat flow is solved as an advection
equation with a time step determined by a Courant—Feigdrichs—Lewy stability criterion which is far
larger than that required for a stable solution 0fthe.diffusion equation and is only a factor of a few
less than the hydrodynamics time stef.«Ihe erergy transfer through ion thermal conduction is
generally much less than through 4she electrons. A notable exception is the first shock which
propagates through the gas, wheré, the geadient in ion temperature is substantial and may
necessitate sub cycling and flux4imiting of the ion heat flow.

Radiative energy transfer issmodelled Using an explicit solution?® for the radiative flux and energy
density based on the Py%pproximation® with the Automatic Flux Limiting®?® method used for
the time integration of‘the radiation flux. Numerical stability for the explicit solution requires the
speed of light transit ackgss a computational cell to be resolved. The radiative transfer equations
can however be modified toallow a reduced speed of light to be used and hence a larger time step.
Provided that ghe“speed“of radiative energy transfer remains far faster than the characteristic
hydrodynamics timescale, i.e. the reduced speed of light does not fall below ¢/10 and a minimum
level of sub cyelingis always observed, there is no observable change in the dynamics compared
to using-the Tull spéed of light. For indirect drive using broad band X-ray sources, the penetration
depth @f the X-rays into the ablator material is a strong function of the X-ray energy and the
frequency-dependent opacity of the ablator material. In order to resolve these effects a multi-group
approach s adopted where the radiative transfer solution is replicated for, in this case, 38 separate
X-ray“energy groups using average emissivities and opacities for each group as functions of
tensity-and temperature calculated offline using the Spk atomic physics code?’.

The "'Spk code is a Detailed Configuration Accounting (DCA) atomic solver which uses energy
levels calculated from the Screened Hydrogenic Model (SHM) including n-1 splitting (see
Faussurier et al.?®) which are augmented with experimental energy levels from the NIST
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2 Level populations are solved using an extension to the Saha equation following the
|30

Publishigg bach of effective temperatures developed by Busquet et al™. This provides a rapid method for

calculating state populations in plasmas in collisional radiative equilibrium. For this work however
the radiation field is more strongly coupled to the plasma temperature and an LTE approximation
is therefore adopted. The method has been extended to include modifications to the effective
temperature which take into account the effect of pressure ionization. This together with the
addition of Compton and Thompson scattering provides a more accurate representation of opacity
in cold, dense material. Detailed line profiles are calculated using.a Veigt profile from the
convolution of a Gaussian contribution from Doppler broadening“with/a Lorentzian contribution
from the natural line width as well as the Stark broadening detegmined by the electron density.
Much of this spectral detail is lost when generating average opacities for multi-group opacity
tables, however retaining this level of spectral detail in the original*ealculation is essential in order
to obtain accurate average opacities for each group. Fer simplicity we do not include here the
contribution to opacity from silicon dopant layers in_the eapsulé which are designed to eliminate
high energy photons originating from M-band tran§itions in the gold hohlraum walls. Instead a
purely black body spectrum is assumed so that the_high energy photon component is reduced and
the cold ablator opacity is then sufficient to prevent the early penetration of the radiation energy
through the ablator into the fuel.

I11. ABLATION AND IMPLOSION PHASE CAECULATIONS IN 1D

The capsule parameters and radiation tempeérature history used in simulations are based on NIF
shot N130927 which is a representatiyeexample of the ‘High-Foot’ radiation pulse designs®. The
capsule has an outer radius of 141345 mm,a 195 um thick CH ablator and a 71.4 pm thick DT ice
layer. Figure 1 shows the density as«a function of radius and time from a 1D Chimera simulation
of N130927, run in spheriCal~geometry with a fixed uniform grid of 250 nm spatial resolution.
Between 3 ns and 8.5 ns the radiation intensity of the ‘trough’ part of the drive pulse is relatively
constant and a steady{blow off'ffom the surface of the ablator occurs launching the first shock at
almost constant velocity*through the ablator and into the ice layer. At 9 ns the intensity increases,
launching a faster'secend shock which catches and merges with the first shock as they reach the
inside surface{of the ice layer. This reduces disassembly of the ice layer prior to its acceleration
and thereby/minimises the adiabat of the fuel®?.

Figure 2a.indicatesthe loss of spectral resolution between the detailed opacity obtained from the
Spk medel and the group averaged opacity used in the Chimera calculations for a density and
temperature_indicative of the blow off plasma during the trough phase. Figure 2b illustrates how
the depen@ence of the opacity on photon energy determines the penetration depth of the radiation
in different energy groups, with a general trend to greater penetration for higher photon energies,
butavith strong absorption in the He and H-like carbon K-alpha lines and Li, He and H-like carbon
K-alpha recombination edges giving rise to finite energy absorption in the lower density blow off
plasma. Similarly, radiative energy is absorbed throughout a thicker ablation surface using a multi-
group model compared to a single group radiation transport and results in a reduced density
gradient.
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. 3D SIMULATIONS OF LOW MODE RADIATION DRIVE ASYMMETRY
Publishing

In this section we use simulations to calculate the form of hotspot structures and flows which arise
from low mode asymmetry in the radiation drive, using Legendre polynomials as examples of
perturbations which are cylindrically symmetric about the hohlraum axis. Rather than exploit this
cylindrical symmetry, we simulate these effects using the full volume 3D Cartesian version of
Chimera in order to be able to directly compare results to the Migher mode asymmetric
perturbations cases described in section VII. In principle these calculations«could be performed by
modelling the ablation phase for the entire capsule in 3D Cartesiag’ geometry ‘with an asymmetric
radiation temperature source. In practice, such a calculation is ngt only time consuming but over
convergences of 25 or more will retain a residual grid imprintssuperimposed on the effects of the
Legendre polynomial.

Here we circumvent these issues by using the results of 1D calculations to reconstruct the
approximate structure in 3D at a convergence level.of 2.5:1 where the fuel has reached peak
implosion velocity. By applying constant drive multipliers-to the radiation pulse T(t) in the range
-4.5% to +4.5% in steps of 0.5% we generate a dataase of 1D results for different intensities. The
plasma parameters at each point in the 3D ‘€artesian grid are then constructed by using the
Legendre polynomial to determine the surface«nténsity and then interpolating between different
1D radial profiles. This method is only apptoximate as it neglects any transverse flow of material
during the ablation and acceleration phases as“well as the effects of any time dependence to the
radiation drive asymmetry. From peak velocity-enwards the fuel is coasting towards the axis and is
hydrodynamically decoupled from the ablation region. The drive intensity is also past its peak and
ablation plays little further role 4 the dynamics. This allows a simple radiation loss model based
upon a probability of escape to bewused during the stagnation phase, which expedites the 3D
simulations. As a test, the ADregults shown above with 250nm resolution can be compared to 1D
results with a simple radiatign loss model used from peak velocity onwards. In addition these high
resolution results candoe compared to a lower (1um) resolution 1D simulation initialised from the
250nm result at peak velgcity‘as well as a similarly initialised 3D simulation of an unperturbed
(Po) capsule using a ¥um cubic Cartesian grid. Using neutron yield as a measure of integrated
performance shows différences at the ~10% level (1.05x10', 1.08x10%, 9.6x10™, 9.5x10%
respectively) between these four calculations. Inspection of the density and temperature profiles
throughout'stagnation‘showed similar levels of consistency.

Figure'3 shows density slices through the mid plane of 3D Cartesian simulations using 1um cubic
grids<forthe unperturbed (Po) case and for P1, P, and P4 perturbations applied. In each case the
hollraum@xis is vertical. Here the variations in Tr(t) are determined by multiplying each Legendre
polynemial by 0.03, i.e. there is a -3% to +3% variation in Tr(t) for the Py, -3% to +1.5% for the P,
and/-3% to +1.2% for the P4, The P; perturbation is equivalent to a vertical displacement of the
capsule in the hohlraum and gives rise to a build-up of cold fuel above the hotspot forming a dense
jet which penetrates through the centre of the hotspot. The centre of the hotspot is pushed
downwards by a jet of cold fuel, eventually breaking through the reduced pr at the bottom and into
the residual ablator. The positive (prolate) P, perturbation equates to a high T, around the equator
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Publi hof the capsule and gives rise to a toroidal band of high pr around the equator which squeezes the
ubtis mg,)ot strongly in the r-¢ (x-y) plane forming two axial jets of hotspot plasma which break out
through the weaker confinement of the lower pr in the axial z direction. The positive P,
perturbation is representative of the form of perturbation that can arise from, for example, time
dependent swings in P, or from the capsule support tent. This results in two bands of higher pr
above and below the centre of the hotspot. The symmetry of the convergence of these two bands
mean that the very centre of the hotpot is compressed to high pressufewwithin a small radius. A
significant fraction of the volume of the hotspot, however, lies"ouiside«ihe region of tight
convergence and contributes little to the overall neutron output® (See séction VI). There are also
weak regions of low pr in the polar and equatorial directions whieh allew two axial jets and an
expanding equatorial ring to form once the hotspot has reboundedjand sStarts to re-expand.

V. GENERATION OF SYNTHETIC NEUTRON DIAGNOSTICS

The principle neutron detectors on NIF which are of intereStdfar this work are: a primary neutron
imager of the flux of unscattered DT neutrons, emergingyfrom the hotspot; a down scattered
neutron imager of the flux of neutrons which scatter4q the.dense fuel layer surrounding the hotspot
and emerge at lower energy®; flange Neutron Activation Diagnostics (FNADs)****> which measure
the anisotropy in the primary neutron flux due te vartations in the pr of the dense fuel layer in 6
and ¢; and neutron time of flight (nToF) detectors®* which together with the Magnetic Recoil
Spectrometer (MRS)® measure the ehergy. spéetrum of the neutrons which emerge from the
capsule.

To generate synthetic neutron diagnastics from the 3D simulation data, we start by constructing
source spectra for DD and DT reactien néutrons using an analytic model****, in which we assume
that the reactants have a Maxwellian distribution which is shifted due to the bulk motion of the
fluid flow. An exact spectrum for the reactants can then be calculated for this distribution in the
centre of mass fram€, which™is then transformed into the lab frame to produce a Doppler
broadened and shifted energy Spectrum as a function of ion temperature and the angle of emission
with respect to the flow vector. For computational expediency, a database of 10° spectra is pre-
calculated for@ range of 100 different ion temperatures, velocity magnitudes and angles. For each
computatiopal cellywithin the hotspot, the ion temperature and velocity are used to determine the
source specttum by interpolating to this database. This process is then repeated, with each cell’s
contribution, weighted by the product of ion densities, to calculate the total neutron source
intensity, as a function of energy and emission angles. This provides a calculation of the source
spectrum emerging from the hotspot. While this neutron flux is attenuated due to scattering within
the“dense fuel layer, this does not significantly change the width and shape of the DT neutron
spectrum. The effect of scattering on the DD spectrum is likely to be more significant. The results
shown below derive the inferred ion temperatures from the unscattered source spectrum. The
inflence of scattering and additional sources on the shape of the neutron spectra will be subject of
future work.
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- ® To construct the primary DT neutron images, the attenuation of the flux by scattering in the
PUbI'ShIl\rfl.& )ot and the dense fuel layer is calculated by ray tracing from each source cell in the direction
of the detector. Elastic scattering of the neutrons by the background deuterons and tritons is
calculated during the ray trace using tabulated energy dependent cross-sections taken from the
ENDF database®’. Synthetic FNADs can then be constructed by integrating the attenuated primary
DT neutron spectrum along a given line of sight (LOS). This synthetic diagnostic approach
neglects contributions from secondary DT neutron production, reaction in flight neutrons and
neutrons scattering into the line of sight. These effects are not.thought, to provide a major

contribution to the structure of images and spectra in the 13-15 MeV, range of interest.

Calculation of the down-scattered neutron images and the contributions of scattered neutrons to
the overall spectrum is a more intensive computational tagk. An_most previous works, down
scattered images have been obtained as a by-product of/detailed.Monte-Carlo simulations of the
total neutron transport within the capsule*’. This involvesinodelfing the emission from each fusion
source as an isotropic particle energy distribution and then Tollawing the trajectory of each particle
accounting for scattering events, before using the flux:emerging from the capsule in the direction
of the detector in order to construct an image. The*¢omputational expense associated with using
this method for 3D radiation hydrodynamic¢data, normally places constraints on the number of
particles that can be calculated and thereby intreduces significant numerical noise into synthetic
images and spectra. In this work we adopt a-different approach which is specifically designed for
use in synthetic diagnostics where the deteetor lime of sight is predetermined. The method equates
to an inverse ray trace which solve§ the neutron trajectory backwards in time. From the detector
plane, rays are traced back towards thescapsule, intersecting with a range of possible scattering
sites in the dense fuel and the "hofspal. For each scattering site, we survey all of the neutron
emitting source cells within the hotspgt and use the scattered energy as a function of scattering
angle to determine a sulgset ofsgource cells whose emission will scatter from this site in the
direction of the detectar andwwill ‘reach the detector within the desired energy range (here 10-12
MeV).

Having paired the'sourge and scattering cell, the cross section at this scattering angle, along with
the density of the scattering cell, is used to calculate the intensity of the source cell emission which
is scatteredowards the detector as well as the down shift in energy. Attenuation of the neutron
flux betweeq the source and scattering cells and between the scattering cell and detector is also
calculafed: Repeating this process for neutron scattering from both D and T ions for all of the
paired Scattering sites and source cells, creates a down scattered neutron image at the detector,
algng ‘with*the scattered contributions to the neutron spectrum. The calculation is simplified by
assuming that the source spectrum is mono-energetic at 14 MeV. The shape of the scattered
spectrumis dominated by the geometric distribution of source cells and scattering sites which
protuces a statistical range of scattering angles. The scattered spectrum shape is therefore
insensitive to the source spectrum. The analysis also assumes that during the neutron transit, the
structure of the hotspot and dense fuel layer remain static. This approximation is justified as the
unscattered DT and DD neutrons transit the 50um from the centre of the hotspot to the outer
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- " reaches of the fuel in 1.0 ps and 2.3 ps respectively which is much faster than the characteristic
Publishing

1 duration of ~150 ps.

At present this approach is limited to the detection of neutrons undergoing a single scatter event.
This approximation is most accurate above 10 MeV, where the intensity of scattered neutrons is
highest. For neutron energies below 10MeV, multiple scattering of neutrons and other sources
such as TT reactions and deuteron break-up become significant and/makes the analysis more
complex. These contributions to synthetic neutron diagnostics will be*thessubject of future work.
For these reasons the down scattered images presented here simplify the analysis by covering the
the 10-12 MeV range.

In this work, synthetic images and spectra are generated every 25ps during the burn phase in order
to assess the contributions of time dependent hotspot and-dense_fuel“structures to time integrated
images and spectra.

VI. SYNTHETIC NEUTRON DIAGNOSTICS FOR.-LOW MODE RADIATION DRIVE
ASYMMETRIES

Figure 4, Figure 5 and Figure 6 show synthetic neutron diagnostics for the P;, P, and P,
perturbations at peak neutron output. In each figure;<the image in the right hand column, middle
row, is a density slice. Arranged around thesdensity-slice are 3 primary DT neutron images in the
13-15MeV range, positioned to show thatthey ate viewing the capsule from above (+z), the side
(+x) and below (-z). Positioned outside the primary images are 3 down scattered images in the 10-
12 MeV range. Also shown are the DJ “spectra at peak emission from detectors above, to the side
and below, together with the Spectrum evaluated with the fluid velocity set to zero, i.e. the
spectrum due to purely thermal motieq of the ions. Finally the bottom left hand corner shows the
ion temperatures inferred/from«ihe width of these DT spectra as functions of time. For the Py
perturbation in Figure 4, the 60 keV up shift in the position of the peak in the DT spectrum
observed from below™is indicative of a 110 km/s centre of mass velocity moving parallel to the
detector direction.his ismgthowever representative of the fluid flow within the simulation where
the central jet drives the hotspot material on axis downwards at speeds of 500-800 km/s. This
region is howeéwyer surrounded by a larger volume toroidal region of backflow moving upwards at
100 km/s. Ihe result of the spread or variance of fluid velocities is an extremely broad spectrum
width observed in the vertical direction compared to the horizontal observation (which closely
matches the neutitron spectrum where the fluid motion has not been included). If one were to
attributesithe widths of time integrated spectra to the Doppler width from a purely thermal ion
temperature, this would give a strongly anisotropic result, with the spectra parallel and anti-
parallel to’the flow giving inferred ion temperatures of 5.43 keV and 5.63 keV and the detector
perpendicular to the flow giving 2.86 keV (which is close to the 2.72 keV obtained by setting the
fluid velocity to zero). Note that the v=0 inferred ion temperature in Figure 4 follows a similar
time" dependence to the unperturbed (Po) calculation, gradually decreasing in time as thermal
conduction, radiation and expansion cool the hotspot. The contribution of fluid velocity to the
inferred ion temperature is finite in the perpendicular (+x) direction prior to peak compression, but
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ligible once the principle radial momentum of the implosion has been dissipated in this

ction. In the vertical direction however the contribution of fluid velocity to the inferred ion
temperature remains significant throughout the pulse. Early in time this is due to the imbalance in
momentum from one side of the dense fuel to the other giving rise to centre of mass velocity in the
hotpot. Later in time the high pressure of the hotspot cannot be confined by the low pr of the dense
fuel below it and the hotspot breaks out into the residual ablator. At the time of peak neutron
output, the regions of highest ion temperature and most intense emission are the on axis regions
moving downwards at high speed. The spectrum detected from ghe —z“direction thus sees a
stronger weighting where there is a positive Doppler shift than at fewer energies (the converse is
true for the detector in the +z direction). This bias introduces Skewness to the spectra detected
parallel and antiparallel to the flow which are no longer well sepresented by a symmetric Gaussian
profile.

Publis

The widths of the DD spectra follow a similar time dependence to those for the DT spectra but are
systematically narrower. The ratio of the DT to /OD speetra widths is sensitive both to the
distribution of ion temperatures and to the Dgppler broadening caused by fluid flow. The
difference in temperature dependence is due to the“steeper slope of the DT cross-section versus
temperature compared to that for DD. The DT_spectrumiis therefore more heavily weighted by the
higher temperature regions. The higher velocity 'of DT neutrons in the centre of mass frame means
that the absolute increase in energy due to“the addition of fluid velocity is larger than for DD.
Fluid flow therefore has a stronger influgnee on“the width and shape of the DT spectrum than on
the DD spectrum. For the Py case, 4sing the inferred temperature as a measure of time integrated
DD spectrum width gives 4.40 and 4.6%keV parallel and anti-parallel to the flow compared to
2.58 keV perpendicular to the flow.ane.2.46 keV with the fluid velocity set to zero. In other words,
the DT spectra are much wider along«the flow axis than the DD spectra, inferring temperatures
roughly 1keV higher, which can.be largely attributed to the greater sensitivity of DT spectra to
fluid flow since the ¥=0 casgs indicate only a 170eV difference due to the ion temperature
distribution.

The primary (13-15 MeV) neutron images replicate the shape of the hotspot (as observed along an
integrated line{ of sight t0 each detector) with the primary image above showing a significant
attenuationue to*down scatter in the high pr of dense fuel above the hotspot. The down scattered
images reflect/the shape of the dense fuel region and are dominated by the large central jet of
dense fuel'moving downwards which provides a strong scattering source particularly for neutrons
emerging fromjthe hotspot in the vertical direction.

For the P2, perturbation shown in Figure 5, the higher intensity of the radiation around the equator
megans that this region of the capsule reaches the axis before the polar regions and has a higher pr
in_the dense fuel layer. As a consequence, after stagnation, the hotspot is strongly confined in the
equatorial directions but is able to break out in the polar directions to form two opposing high
velocity jets with outflow velocities of +/- 600 km/s. The velocity variance in these outflows can
be observed as significant broadening of the neutron spectrum in the polar direction at peak output
and are reflected in the anisotropy of the inferred Tio, from time integrated DT spectra which
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dicate 6.46 keV in end-on, polar (+z and -z) detectors and 3.19 keV in the side on, equatorial
PUb“Sh’ 2 detector compared to 2.95 keV with velocity set to zero. These figures, however,
underestimate the instantaneous contributions of flow velocities as indicated from the inferred Tion
versus time which shows significant velocity variance in the equatorial direction before peak
compression, followed by far higher velocity variance in the polar direction after peak
compression. Similarly to the P; case, the DD spectra widths follow,the DT widths but with
reduced sensitivity to the outflow velocity in the vertical direction. Thedime integrated DD spectra
suggest inferred ion temperatures of 5.13 keV along the flow direction.and 2:85 keV perpendicular
(compared to 2.66 keV with velocities set to zero). Much of the difference in DT and DD spectra
widths observed along the flows is due to the large outflow velgcities which occur after peak
compression. The ion temperatures inferred from the DT /Speetra“ate 15% higher than those
inferred by the DD spectra during the rising part of the neutrom pulse,.but this increases to a 35%
during the fall of the neutron pulse.

The primary images are dominated by an intense région ofwaeutron emission centred inside the
toroidal band of strong convergence around the egquatorial direction. Whilst there is minimal
attenuation of this flux in the polar directions, the side-onsprimary image is of lower intensity both
due to attenuation of the flux by scattering in.thesaigh pr band of dense fuel and due to the aspect
ratio of the source. These scattering events aresthen~the principle source for the side-on down
scattered image. The end-on down scatteredsimages provide a good illustration that the detector
plane, scatter site and source region are_neti co-aligned along the same line of sight (LOS). The
flux of neutrons reaching the detect@r.plane with energies in the range 10-12 MeV is dominated by
neutrons which have been down,shifted #a_energy by undergoing a single scatter through an angle
between 60 and 30 degrees**®In“this case, the end-on down scattered images are largely
comprised of neutrons which emergefcom the central hotspot at an angle to the vertical such that
they reach the dense fuel dayer stgrounding the equator where they then undergo scattering and are
redirected towards the® end=en detectors. For spherically symmetric results, the ratio of the
integrated scattered neuiran emission in the 10-12 MeV range to the primary neutron emission in
the 13-15 MeV range along.a given LOS provides an estimate of the down scattered ratio (DSR)
which can be related tosthe pr of the dense fuel. For asymmetric results such as in the Py, this
correlation is braken by the lack of alignment between source, scatter site and detector. Comparing
the integrated intensity of the down scattered and primary images in Figure 5 produces very
similar resultsin thé end-on (2.7%) and side-on (2.8%) directions. Using a value® of pr = DSR,.
1omev % 188 kg/m?, implies a symmetric pr value of ~5 kg/m?. Whilst this value approximately
matches the average pr, it does not reflect the very strong asymmetry apparent in the actual pr of
thé.fuel bétween the end-on (2.4 kg/m?) and side-on (9.9 kg/m?) directions.

inthe P, perturbation case shown in Figure 6, the hotspot is compressed by two bands of dense
fuel above and below the equator. Despite the large amplitude, the symmetry of this perturbation
means that the flows still converge accurately upon the imposed axis of symmetry. As a
consequence the neutron emission at peak output is dominated by a small central region at the
focal point of the two imploding bands of dense fuel which is roughly half the size of the hotspot
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" © obtained without a perturbation but which reaches almost as high (76%) a peak pressure. By
PUb“Shmgr ast, the majority of the volume of hotspot material inside the 1keV contour emits only a low
intensity neutron flux. The low pr in both the polar and equatorial directions provides escape paths
for outflows after peak compression in the form of axial jets and an expanding toroidal ring. The
neutron emission from the regions of the hotspot involved in these outflows is however smaller
than that of the central region of the hotspot. The Tio, inferred from time resolved DT spectra
indicates a finite contribution from the variances in velocity of thealar and equatorial flows
during the final stages of implosion but limited contributions fromethe outflows that occur after
peak compression. As a consequence the Ty, inferred from time“igtegrated DT spectra is fairly
isotropic (3.39 keV end-on and 3.44 keV side-on) and has a refatively, small contribution from
velocity when compared to the case where velocity is set t@ zexo (2:99 keV). Similarly the DD
spectra are also fairly isotropic with the Tio, inferred from time_ integrated spectra being 2.97 keV
end-on and 3.02 keV side-on compared to 2.83 keV with veloCity set to zero. The difference
between DT and DD spectra widths is therefore much reduced' compared to that caused by the
unidirectional flows in the P1 and P2 examples above-and is only marginally higher than the
difference due to ion temperature distributions along.

The primary images for the P, case are again deginated by the small region of intense neutron
emission at the centre of the hotspot and experience little attenuation due to the low pr in both the
side-on and end-on directions. The down scatiered images are dominated by the two circular bands
of high pr in the dense fuel above and<below the equator, which scatter neutrons emitted
isotropically from within the intensé eentral source region into the end-on and side-on LOS.

VIl. MULTI MODE ASYMMETRIES

In the P, and P, low mode<asyimmetries described above, the contribution of the flow velocity to
the shift, broadening and*skew of the neutron spectrum is due to coherent flows of the hotspot
material, parallel and &nti-parallel along a common axis. The anisotropy in the spectrum shape is
due to anisotropic yariance ofshe magnitude of these unidirectional flows rather than changes in
their direction. At-the.other‘end of the perturbation scale, high mode asymmetries in the hotspot
can arise fromsCapSule defects which grow through the Richtmeyer-Meshkov and Rayleigh-Taylor
instabilities /during ablation and implosion phases. These perturbations may eventually feed
through the_residual*ablator to imprint upon the dense fuel before being further amplified by
Rayleigh-Tayler_growth during the deceleration phase. Such perturbations introduce multiple
incoherent, rakdomly oriented flows into the hotspot material. In the short wavelength limit, such
flofvs“can“be approximated as an introduction of a turbulent velocity field to the hotspot™®. The
congributian of the isotropic variance in fluid velocity associated with truly turbulent flow to the
width ofthe DT or DD neutron spectra is almost indistinguishable to that of ion thermal motion,
sinee isotropic motion introduces only very small spectral shifts. The different changes in DT and
DDvneutron energies caused by each Doppler shift, however, mean that the DT spectrum is
broadened more by velocity effects than the DD spectrum and implies that the presence of an
isotropic velocity variance can in principle be inferred from a comparison of DT and DD widths™.
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" ® In order to introduce a broad bandwidth of high mode perturbations to the hotspot, we adopt the

Publlshmgl rbation structure developed by Taylor et al*. Using the same set of initial conditions used for
the Py calculation, starting at peak implosion velocity, a series of geodesic spheres based on
triangular subdivision of an icosahedron are mapped onto the surface of the capsule (21 pum
outside of the material interface) in order to determine the locations for Rayleigh-Taylor
perturbations. In this case we are interested in high mode behaviour and so have eliminated the
lowest order (12 vertices) perturbation. There are then four levels of perturbation remaining using
42, 162, 642 and 2562 points uniformly distributed over the sphere. Aitotal 0§,3408 perturbations
are thus applied by imposing the velocity field of a single Rayleigh®Taylor bubble*” at each vertex.
Each perturbation is assigned a random magnitude, width and direetion.“gigure 7 illustrates the
structure arising from the superposition of different wavelength perturbations on the different
geodesic grids at 250 ps after the time that the implosion phasedsfinttialised as well as during the
implosion and stagnation phases. Figure 8 shows density §lices duriag the burn phase. The
introduction of multiple irregular perturbations introduces ngn-uniformity to the pr of the dense
fuel layer and its velocity magnitude and direction. The inertia required to confine the hotspot does
not arrive simultaneously at all points on the hotspet surface/Non-radial components of the
momentum are not extinguished and regions ofthigherthan average radial momentum are not fully
decelerated but continue to penetrate into the hatspet, Mix of cold fuel into the hotspot, enhanced
thermal conduction losses due to the incredsed-surface area of hotspot® and outflow of hotspot
material through weak points in pr, all gontribute to truncation of the burn and reduce the yield to
43% of the Py case. The velocity slices inFigure. 8 show that throughout the burn phase, the
hotspot has multiple small scale (10-20um)features which are moving at a significant fraction of
the implosion velocity and which have'different characteristic temperatures.

The widths of the time resolved DT and DD neutron spectra remain largely isotropic until after
peak output when the lodger wavelength structures contributing to non-uniform breakout of the
hotspot introduce somé aniseiropy. Comparing the Ti,n inferred from time integrated spectra in
three orthogonal directignS gives 3.89+0.08 keV for the DT spectra (compared to 3.58 keV with
velocities set to «erqQ) and«3.40+0.06 keV for the DD spectra (compared to 3.16 keV with
velocities set t0 zero). Faus the widths of the time integrated DT and DD neutron spectra are
almost isotropictand there is a difference in their effective widths (490 eV) which is larger than the
level of anisotrepy. This difference is however only marginally larger than the 420 eV difference
that is ,observed with the velocities set to zero. It is unlikely therefore that the differences in
observable DT, and DD neutron spectra widths could be used to infer the presence of the form of
veloeity in.theotspot induced by this particular type of perturbation scenario.

Thedimited scattering of the primary neutron flux (here DSRs are 2.9-3.5%) mean that the primary
peutron images reflect a volume integration of the neutron emissivity and approximately reproduce
the_shape of the ion temperature contours. It is tempting to interpret the down scattered images as
indicative of the cold fuel structure being backlit by a point source of primary neutrons. The
indirect scattering LOS and the distributed primary source however mean that the down scattered
images cannot be directly related to the areal density of the dense fuel lying between the hotspot
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- * and the detector. For unperturbed Pq calculations, where the dense fuel is concentrated in a thin
PUbIIShlllr(I»g( w sphere, the 60-30° scattering angle undergone by neutrons reaching the detector with 10-
12MeV energies produces hollow, circular, down scattered images. The broken up structure of the
dense fuel layer in the multi-mode calculations, however, means that the images no longer appear
hollow. Instead it is the strongly localised concentrations in pr (by factors of 2 above the average)
which lie off axis from the line of sight, which dominate the down scattered images. In particular,
where the dense fuel mixes with the hotspot through the deceleration phase Rayleigh-Taylor
instability, jets of cold dense fuel penetrate into the hotspot. These jets provide dense scatter sites
which are immersed in and surrounded by intense primary neutron‘emission regions and therefore
provide localised points of relatively intense scattered neutron emission, It should also be noted
that ~20% of the neutrons comprising the 10-12 MeV image dindergo seattering within the hotspot
(Tion > 1 keV) before reaching the dense fuel layer, which further reduces the correlation between
the down scattered images and the pr of the dense fuel.

Despite the significant residual velocity in the hotspgt and fuel-during the burn phase, the structure
of the down scattered images remain fairly constant;*ehanging in intensity with the amplitude of
the primary flux. Thus whilst the ~20 um scale featureS-are at the limit of the range of spatial
resolution of the current generation of neutroq imaging diagnostics®® on NIF, the temporal blur is
not substantial and such structures may become resolvable in time integrated images given further
spatial resolution improvements.

The difficulty in extracting data onghe fing/scale structure of the pR of the fuel from the neutron
diagnostics is further illustrated in Figure 9,'which shows maps over the 4r sky of pR, the FNAD
signal and the DSR, at the time«of<pgak neutron emission. Here the pr is taken from a radial
integral of the DT density from the geometric centre of the computational grid, the FNAD is the
attenuated primary neutrof flux'(pormalised to the un-attenuated value) and the DSR is the ratio of
the scattered (10-12 MéV) flux to the attenuated primary flux. The sky maps are constructed by
generating 4535 separate primary and down scattered images, uniformly distributed in 6 and ¢.
Whilst both the FNADs and‘the DSR reflect the average low mode asymmetry of the pr map
(which is dominated by the cluster of high pr regions near the south pole), the finer scale features
of the multi-mede/perturbation are not resolved. In the case of the FNADs, this is due to the
spatially diStributedaature of the neutron source, which limits the spatial resolution compared to a
case where all_of the emission comes from a point source on axis. In the DSR map, it is the
proximity of high' pr scatter points within 30-60° of the line of sight which determines the local
intensity of down scattered neutrons rather than the radial integral of pR.

VIILDISCUSSION

The difficulty in distinguishing the broadening of neutron spectra due to ion thermal motion from
thatidue to fluid velocity has led to a number of different approaches to unfolding the true ion
temperature from the neutron data. One approach is to compare the widths of the DT and DD
spectra. For an isothermal hotspot, a greater Tion inferred from the DT spectrum width compared to
that from the DD spectrum can be interpreted as a clear indication of variance in the fluid velocity.
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" % In the absence of large scale anisotropy, the velocity variance can be attributed to short scale
P“b"S“m& h motion within the hotspot*®. The forms of hotspot velocities shown in the previous section,
however, suggest that where the hotspot is not isothermal, the effects of the spatial and temporal
distribution of ion temperature can be as significant as that due to fluid motion. Another approach
is to compare the absolute yields of neutrons from DT reactions to those from the *He branch of
the DD reaction, which is a known ratio as a function of ion temperature and is insensitive to the

fluid velocity®.

Neutron data from ‘High-Foot’ radiation pulse experiments on NIF are‘characterised by isotropic
spectra widths, with the Tio, inferred from DT spectra widths typically higher than that inferred
from DD spectra and with a DT to DD yield ratio that is lowgr.thanwexpeeted for the inferred ion
temperatures. The macroscopic bulk fluid flows illustrate@, by/the Pi and P, perturbations in
section VI are responsible for considerable broadening offthe. netitcon spectra with the To, inferred
from the DT spectra more than 1 keV higher than that inferred“from the DD spectra and ~3 keV
higher than the true ion temperatures. The absence @f strong-anisotropy in the NIF data, however,
would appear to indicate either that the implgsions areynot dominated by such low mode
asymmetries, or that if such asymmetries exist, theysare #ot aligned with the axes of the existing
nTOF and MRS detectors. Another possibility«is the low mode P, perturbation due to time
dependent radiation drive asymmetry which “arises~from cross-beam energy transfer in the
hohlraum. Such a perturbation causes the cagsule*te swing from a prolate to oblate P, during the
final stages of compression and could petentiallywretain a significant fluid flow whilst producing a
time integrated spectrum where the €ombingd effects appear isotropic.

The form and the amplitude ofithe.multi-mode perturbations applied in section VII are largely
arbitrary, but are designed to provide.an indication of the form of velocity field in the hotspot that
might be expected from thé feed through of instabilities which grow initially on the outside of the
capsule. Table 1 summarises results from a series of runs in which the spatial distribution of the
multi-mode perturbation isckepticonstant, but the magnitude of the initial perturbed component of
the velocity is incrgased: <ot surprisingly, higher perturbation amplitudes lead to reduced hotspot
confinement, lowér hotspot temperatures and a reduced yield due to earlier truncation of the burn?.
In each case,{the minimtm value of the kinetic energy of the DT is a small fraction of the
maximum yalue™af 8.6-9 kJ which is reached just before stagnation. For strongly perturbed
implosionsyhowever,burn truncation can begin ~100 ps prior to this minimum energy point and
the resitiual kinetic energy at peak neutron emission (as shown in the table) is a significant fraction
of the mnplosien kinetic energy. The presence of increasingly large velocities in the hotspot for
larger “perturbation amplitudes means that the ion temperatures inferred from the DT and DD
neutron spectra do not decrease as rapidly as the temperatures inferred when velocities are set to
zewQ. The differences between the inferred temperatures with and without velocity effects become
increasingly large with increasing perturbation, reaching 780 eV for the DT spectra. Without the
contributions of velocity to the spectra, the Tio, for DT remains around 13% higher than that for
DD and so the differences in temperature fall along with their decreasing magnitude as the
perturbation increases. With the velocity effects included, however, the DT Tion, remains ~490 eV
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highar than the DD Ti,n, despite the decreasing temperatures, consistent with an increasing
ity contribution at higher perturbation amplitudes. For each of the four cases, the DT to DD
y|eld ratio obtained from the 3D radiation hydrodynamics simulations remains consistent with the
Tion inferred from the DT spectra with velocity set to zero. The increasing contribution of fluid
velocity to the widths of the neutron spectra at larger perturbation levels, results in an increasing
disparity between the temperatures inferred and the temperature implied by the yield ratio.

Whilst these results are qualitatively similar to the trends observed on*NIFit should be noted that
increasing the perturbation such that these effects become significant causes the yield to drop well
below observed levels. The perturbation method used in section I induces velocity in the hotspot
by feedthrough of instability growth originating in the ablatoglut cannot induce significant flow
without strongly perturbing the dense fuel layer and compf@mising confinement. It may be that
hotspot motion on a smaller characteristic scale than thatdnducedy these perturbations can retain
a strong velocity contribution to the neutron spectra without“having such a strong impact on
confinement, but it is difficult to envision a driving mechanism.for such a perturbation.

A complete analysis of neutron spectra from expegiments-on NIF may in practice require some
combination of the high mode and low mode efigcts described here to be considered. Isolating the
contribution of different spectral components and ideqtifying the source of perturbation which may
be responsible for their origin remains a sigaificaat.challenge.
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Table 1. Resultsdrom perturbation amplitude scan for multi-mode simulations.

Pert. DT Tion DT Tionv=0 | DD Tion DD Tionv=0 | yield/ npt/ Residual
Factor Py yield nop | K.E.
0 (Po) 414 4.09 3.73 3.69 1 280 0%
1 3.89+0.08 3.58 3.40+0.06 3.16 0.43 264 13%
1.5 3.40+0.24 2.83 2.91+0.16 2.48 0.15 237 28%
2 3.20+0.20 2.42 2.72+0.13 2.14 0.07 220 36%
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