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The hydrodynamics of the dense confining fuel shell is of great importance in defining the behaviour of the
burning plasma and burn propagation regimes of inertial confinement fusion experiments. However, it is
difficult to probe due to its low emissivity in comparison to the central fusion core. In this work, we utilise
the backscattered neutron spectroscopy technique to directly measure the hydrodynamic conditions of the
dense fuel during fusion burn. Experimental data is fit to obtain dense fuel velocities and apparent ion
temperatures. Trends of these inferred parameters with yield and velocity of the burning plasma are used to
investigate their dependence on alpha heating and low mode drive asymmetry. It is shown that the dense fuel
layer has an increased outward radial velocity as yield increases showing burn has continued into re-expansion,
a key signature of hotspot ignition. Comparison with analytic and simulation models show that the observed
dense fuel parameters are displaying signatures of burn propagation into the dense fuel layer, including a
rapid increase in dense fuel apparent ion temperature with neutron yield.

I. INTRODUCTION

Recent inertial confinement fusion (ICF) experiments
at the National Ignition Facility (NIF) have entered the
‘burning plasma’1,2 and ‘ignition’3–5 regimes. In these
experiments, deuterium-tritium (DT) fuel is compressed
to form a central, hot, fusing region, or ‘hotspot’, sur-
rounded by a cold, dense fuel layer, or shell. Within a
burning plasma hotspot, alpha particle heating from DT
fusion reactions dominates the input heating power from
compression. Ignition marks the onset of a thermal in-
stability started when alpha heating dominates all energy
loss mechanisms. With ignition now achieved in the lab-
oratory, understanding the hydrodynamic behaviour of
the confining fuel layer and how the fusion burn prop-
agates into the dense fuel shell is key in realising high
energy gain ICF experiments.

The properties of the hotspot and dense fuel layer are
coupled by hydrodynamics and energy exchange through
thermal conduction, radiation transport and mass abla-
tion. Within a burning hotspot, the temperature and
fusion reaction rate continues to increase after maximal
compression and into the re-expansion phase. The in-
ertia of the dense fuel acts to confine the hotspot as it
explodes radially and decompresses. The thermal gra-
dient between hotspot and shell drives heat conduction
which results in heating and mass ablation of the shell.

It follows that we expect the following characteristics
of the dense fuel layer during neutron production in burn-
ing plasma and ignition regimes: lower fuel areal density,
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positive radial velocity (re-expansion) and elevated tem-
peratures – these signatures are unique to burning plasma
experiments and will not be present in lower performing
implosions. The areal density has been measured us-
ing the down-scattered-ratio (DSR) measurements6 but
the latter two are difficult to directly measure. Re-
cent theoretical7 and experimental work8 has shown that
backscattered neutron spectroscopy can be used to mea-
sure the hydrodynamic conditions in the dense fuel layer
during fusion burn, making it a unique diagnostic of burn
propagation into the dense fuel9. In this work we show,
for the first time, inference of dense fuel velocity and ion
temperature in burning plasma ICF experiments which is
critical to understanding the hydrodynamics and energy
transport during burn propagation.

II. NEUTRON BACKSCATTER SPECTROSCOPY ON
THE NIF

When 14 MeV primary DT neutrons elastically scatter
through 180o from ions they lose the largest fraction of
their energy possible for a single scattering event. This
produces an observable kinematic (or backscatter) edge
in the neutron spectrum. In ICF, ions have kinetic en-
ergies of order a keV which has a detectable effect on
the scattering kinematics. Crilly et al.7 showed that the
shape of the backscatter edges encodes information about
the scattering ion velocity distribution. This informa-
tion can be summarised as the scatter-averaged hydro-
dynamic quantities (fluid velocity, ion temperature, fluid
velocity variance), analogous to the burn-averaging of the
primary neutron spectra10,11. Since the scattering rate
is proportional to the product of the neutron flux and
ion number density, scattering-averaged quantities are
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strongly weighted towards the dense fuel where the den-
sity is peaked. In this work we will use the backscatter
edge from tritium (or nT edge) at ∼ 3.5 MeV to mea-
sure the fluid velocity and apparent temperature of the
dense fuel layer. This is in contrast with primary neu-
tron spectral analysis of the DT (or DD) peak which is
used to infer the fluid velocity and apparent temperature
of the hotspot10–17. For both the backscatter and pri-
mary neutron spectral analyses we define an ‘apparent’
temperature7,10,14 as the sum of the ion temperature and
fluid velocity variance. We denote the apparent tempera-
ture measured from the nT edge as TnT in the following.

Neutron time of flight (nToF) detectors at the
OMEGA laser facility routinely measure the nT edge to
infer areal density18,19. A recent study8 extended this
work to successfully measure scatter-averaged hydrody-
namic quantities from the nT edge. With the successful
demonstration at OMEGA, the possibility of performing
backscatter neutron spectroscopy at the NIF was investi-
gated, specifically on the unique burning plasma experi-
ments. The NIF nToF suite comprises 5 collimated lines
of sight20,21. In order to measure the DD neutron peak
(at ∼ 2.5 MeV) on these detectors, a time gate is in-
troduced which excludes the DT neutrons which arrive
earlier in time. It was determined that the SPEC-SP de-
tector (located at θ = 161.38o, ϕ = 56.75o) was gated
sufficiently early to also return a clean measurement of
the nT edge for the burning plasma experiments.

Backscattered neutron spectroscopy presents a novel
challenge on the NIF. Similar to the OMEGA exper-
iments, a forward fit methodology was used based on
Mohamed et al.22. However, the higher areal densities
increase the degree of multiple scattering and attenua-
tion requiring a novel model to describe the edge spectral
shape. A 6 parameter analytic model was devised for the
backscatter edge energy spectrum and backgrounds:
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where Kn is the neutron kinetic energy, µE and σE are
the edge shape parameters and ci are amplitude coef-
ficients, giving a total of 6 free parameters. The edge
shape parameters measure the scatter-averaged fluid ve-
locity and apparent ion temperature i.e. the hydrody-
namic conditions of the dense fuel. This functional re-
lationship and the derivation of the spectral model are
given in full detail in the appendix.

Combining the dN/dE model with the detector sen-
sitivity, time-of-flight Jacobian and instrument response

function allows a forward fit of nToF data22,23:
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where τ is the neutron arrival time normalised by the
photon arrival time, τ ′ is the normalised recorded sig-
nal time, I is the measured detector signal, a is the
beamline attenuation model, s is the detector sensitiv-
ity model and R is the energy-dependent instrument re-
sponse function22. The detector models (a, s and R) that
were developed23 for the DD peak (at ∼ 2.5 MeV) can
be applied in the nT edge fits since they occupy a simi-
lar neutron energy domain. The measured hotspot and
isotropic velocity12, and apparent ion temperature pro-
jected along SPEC-SP were used to account for the effect
of the shifted and broadened DT peak on the backscat-
ter edge7 and their uncertainties were included in edge
parameter inference. A fit region between 2.8 and 4.0
MeV was constrained using synthetic neutron spectra
from 1D radiation-hydrodynamics simulations for vari-
ous levels of alpha heating9. The lower limit of the fit
region is set by the exclusion of the DD peak and the
upper limit extends beyond the full width of the edge to
capture the edge jump height. Best fits to the data were
found by minimising a χ2 loss function. This summarises
the backscatter analysis methodology for the NIF nToF
system.

III. BACKSCATTER SPECTROSCOPY IN BURNING
PLASMA EXPERIMENTS

A total of 9 burning plasma experiments were anal-
ysed, using the SPEC-SP nToF data for the backscatter
analysis. For illustrative purposes, the nToF data from
two shots (210328 and 210808) are shown in Fig. 1. These
shots have a large difference in yield, ∼ 2 × 1016 (55 kJ)
compared to ∼ 4 × 1017 (1.35 MJ). Differences in the
backscatter edge and DD peak spectra are clearly visi-
ble. The nT edge from shot 210808 appears at a later
time suggesting an expanding dense fuel layer. It is also
broader than 210328 suggesting a higher ion temperature
and/or fluid velocity variance in the dense fuel layer. For
the full data set, a Markov Chain Monte Carlo (MCMC)
algorithm24 was used to find the optimal fitting param-
eters and random uncertainties, as shown in Fig. 1. Sys-
tematic uncertainties are also shown and a full discussion
of these can be found in the appendix.
In the following sections of this work, we investigate

correlations between the backscatter (dense fuel velocity
and apparent temperature) and primary neutron spec-
tral parameters (neutron yield and hotspot velocity) and
relate these to the physics of burning plasmas.
To aid with interpretation of the experimental results,

a set of 30 1D radiation hydrodynamics Chimera simula-
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FIG. 1. (Left) Neutron time of flight data from SPEC-SP
normalised such that the signal amplitudes are equal above
the nT edge to aid comparison between the two shots 210328
(Yn = 2 × 1016, DSR = 3.4%) and 210808 (Yn = 4 × 1017,
DSR = 3.2%). Overplotted in the dashed black lines are the
best fits using Eq. (2). (Right) The marginalised posterior
values of dense fuel velocity and apparent ion temperature
(TnT ) measured on the SP line of sight, as represented by
point clouds drawn from a subset of the MCMC chain. For
each experimental dataset, ∼1 million forward fit evaluations
were used in the MCMC posterior distribution calculation.

tions were used to investigate the trends due to ignition
and burn propagation. Chimera is an Eulerian radia-
tion magnetohydrodynamics code with an alpha heating
model, details of ICF implosion modelling with Chimera
can be found in the literature9,25–29. The simulation set
was performed at a fixed hydrodynamic scale (1014µm
inner radius) and High Density Carbon (HDC) design30.
A uniform pre-mix of carbon in the fuel was included
from t = 0 and the atomic fraction of this carbon mix was
varied between the 30 different simulations to modify the
radiative losses and consequently the yield. This gives a
simulation set which spans the range of yield amplifica-
tions seen in the burning plasma experimental series.

A. Dense fuel velocity measurements

It is found that there is a strong, positive correlation
between neutron yield and the dense fuel fluid velocity
as shown in Fig. 2. As neutron yields increase above ∼
5 × 1016, we see the dense fuel start to explode (positive
radial velocity). This reflects two changes introduced by
significant alpha heating: a shift of peak neutron pro-
duction (bang time) to later times and increased hotspot
pressure. During implosion mechanical work and alpha
heating are energy sources while thermal conduction and
radiative losses are energy sinks31. As alpha heating is
increased, the total hotspot power can remain positive
towards stagnation when the mechanical work vanishes.
With sufficiently high alpha heating, the total hotspot
power can remain positive during the explosion phase
when mechanical work is an energy sink. The measured
dense fuel fluid velocity will correlate with the mechan-
ical work at bang time and thus reflects the changes in

hotspot power balance due to alpha heating. Alpha heat-
ing both maintains positive hotspot power to later times
and increases the hotspot pressure. Increased pressure
drives more rapid expansion and decompression of the
shell after stagnation.

For selected shots, we were able to compare the dense
fuel velocity from the nT edge to the hotspot expansion
velocity as measured by X-ray images32. Using the time-
resolved X-ray image radii at and either side of bang time,
we inferred expansion velocities which are consistent with
the dense fuel velocities, c.f. Fig. 2. This corroborates
the inference from the backscatter spectroscopy within
systematic uncertainty.
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FIG. 2. (Left) Dense fuel velocity against neutron yield,
shown with circle markers, with 1 standard deviation random
uncertainty error bars. Also shown is the calculated system-
atic uncertainty, displayed as the black error bar - there is no
significance to its location, each data point shares the same
systematic uncertainty. The 1D Chimera simulation predic-
tions are shown as a black dashed line. Note positive velocity
means radial expansion of the dense fuel. The coefficient of
determination (R2) between log(neutron yield) and dense fuel
velocity is 0.91 i.e. a strong positive correlation. Also shown
for selected shots are the expansion velocity calculated using
X-ray images with data from Pak et al.32, for 210808 the up-
per error bar is at 465 km/s. (Right) From the 1D simulation
dataset, the time difference between time of peak neutron
production or ‘bang time’, tBT, and time of minimum fuel ki-
netic energy, tmin.KE, is shown as a function of neutron yield
in black. The neutron yield at which tBT equals tmin.KE also
coincides with the dense fuel velocity approaching zero i.e.
stagnation. The burn-averaged fuel areal density is shown in
red and shows a peak when fusion burn occurs during stagna-
tion. For higher yields the fuel is decompressing during burn
and thus the burn-averaged areal density decreases.

The backscatter edge is also sensitive to anisotropy in
the dense fuel hydrodynamic conditions33. As we are
observing neutrons which scattered through 180o, the di-
agnostic is ‘imaging’ the back side of the implosions with
respect to the detector line of sight. Low mode asymme-
tries have been identified as a common yield degradation
mechanism in current ICF experiments34,35. In particu-
lar, mode L=1 asymmetries induce centre of mass mo-
tion of the imploding capsule which can be diagnosed by
Doppler shifts in the primary neutron spectra36. This
can be reconstructed into a hotspot velocity vector12,37,
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showing the magnitude and direction of the asymmetry.
The hotspot velocity measures the centre of mass motion
of the burning plasma and not its radial expansion veloc-
ity. Therefore, a perfectly symmetric implosion will have
zero hotspot velocity but non-zero dense fuel velocity.

Following the abstraction of Hurricane et al.34, we can
consider the mode 1 system as two unequal mass pistons
compressing a central hotspot and inducing a centre of
mass velocity. The model and its relation to backscat-
ter spectroscopy is illustrated in Fig. 3 (top left). The
pressure from the hotspot will differentially accelerate the
unequally massed sides of shell. The more massive side of
the shell has greater inertia and consequently will expe-
rience a lower acceleration due to the hotspot pressure.
Therefore, one would expect to measure a lower dense
fuel velocity on a detector where the hotspot is flowing
towards it i.e. a negative correlation. This sensitivity
can be measured from the inferred dense fuel velocity,
whilst accounting for changes due to yield. Therefore,
the yield, hotspot velocity and dense fuel velocity data
from the burning plasma shots was analysed using a em-
pirical sensitivity model:

vmeas.
nT,SP = αY n log10(Y

meas.
n ) + αL=1v

meas.
HS,SP + α0 (4)

The strong yield dependence, as shown in Fig. 2, is
quantified by the parameter αY n = 308 ± 16 km/s per
log10(Y

meas.
n ). Also as expected, it was found that a neg-

ative correlation exists between dense fuel velocity and
observed hotspot velocity in the SPEC-SP line of sight,
αL=1 = -0.37 ± 0.08 km/s per km/s of vHS,SP . The
asymmetric piston model predicts -0.58 km/s of dense
fuel velocity per km/s of vHS due to differential accelera-
tion – see appendix for derivation. The reduced effect of
mode 1 on dense fuel velocity in the experimental data is
likely a projection effect as the mode 1 asymmetry axes
are not aligned to the SPEC-SP line of sight.

B. Dense fuel apparent temperature measurements

It is also found that the dense fuel apparent ion tem-
perature, TnT , correlates with both neutron yield and
the hotspot velocity projected along the SPEC-SP line
of sight as shown in Fig. 3. We hypothesize that these
correlations are due to two separate physical phenomena,
the first of which is due to the effects of burn propaga-
tion. With increased yield, we expect increased hotspot
heating to drive heat transport in the form of electrons
and alpha particles into the dense fuel. The dense fuel
is heated and ablated into the hotspot, reaching ther-
monuclear temperatures. As a larger fraction of the fuel
mass is heated by burn propagation28 we expect a cor-
responding increase in the scatter-averaged temperature.
Alpha heating also increases the hotspot pressure, P , and
thus produces large acceleration, a, of the dense fuel ra-
dially outwards given a = P/ρRshell. Over the duration
of burn, the large acceleration will cause large fluid veloc-
ity variance in the dense fuel. Since the apparent TnT is

sensitive to both the temperature and fluid velocity vari-
ance of the dense fuel, we expect TnT to increase with
increased alpha heating and therefore fusion yield. This
makes the backscatter edge a unique diagnostic of burn
propagation into the dense fuel9.
The second physical phenomena which is affecting the

dense fuel apparent temperature is mode 1 asymmetry.
We will again invoke the Hurricane et al. asymmetric
piston model. We can predict the effect on TnT by con-
sidering the qualitative behaviours of the temperature
and fluid velocity of the pistons. Firstly, the more mas-
sive side will have a higher heat capacity and therefore
remain colder when the hotspot begins to transport heat
into it. Secondly, the more massive piston will experience
a lower acceleration and thus have a lower fluid velocity
variance. The opposite is then true of the less massive
side, producing anisotropy in the backscatter measure-
ment. Combining these effects, one expects to measure
a lower TnT on a detector where the hotspot is flowing
towards it. We can produce a theoretical prediction of
the anisotropy in TnT due to differential acceleration of
the thick and thin sides of the shell (see supplementary
material for derivation):

∆TnT ≈ −0.8 keV
vimp

400 km/s

vHS

100 km/s
, (5)

where vimp is the implosion velocity and vHS is the
hotspot velocity.
Investigating these arguments further, a 2D radiation

hydrodynamics simulation of a capsule driven with a
mode 1 drive asymmetry was performed with the code
Chimera25. The N210808 capsule parameters and tuned
1D drive were used with an additional constant mode 1
drive asymmetry. A summary of the findings are given in
Fig. 3. A simulated burn-averaged hotspot velocity mag-
nitude of 127 km/s was achieved, which is similar to the
maximum hotspot velocity observed in the experiments
considered in this work. Simplified neutron transport
calculations33 calculated scattering ion velocity distribu-
tions to obtain values for the scatter-averaged quantities
parallel and anti-parallel to the hotspot velocity i.e. of
the thin and thick sides of the shell. It was found that
the TnT was largest for the thin side of the shell, 5.0
keV compared to 2.8 keV for the thick side of the shell
- following the intuition of the asymmetric piston model.
Additionally, the thin side of the shell was found to be
exploding at 220 km/s compared to 90 km/s of the thick
side. This additional sensitivity of dense fuel velocity on
mode 1 asymmetry (± 65 km/s vnT per 127 km/s vHS)
can be used to explain variations seen in Fig. 2. For
example, 210207 and 220129 have vHS,SP of -54 and 80
km/s and vnT of -11 and -78 km/s respectively. This sen-
sitivity was also derived empirically from the data using
Eq. (4).
From theory, simulation and experiment, it is clear

that the measured TnT depends on both the level of burn
propagation and magnitude of mode 1 asymmetry. Thus,
when the dependencies are plotted separately, there is
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FIG. 3. (Top Left) The asymmetric piston abstraction of a mode 1 asymmetry. The hotspot pressure, P , and heat flux, q,
impart differential acceleration and heating in the dense fuel due to the unequal masses of the pistons, inducing anisotropy in
the TnT measurement. (Top Centre) Mass density and the z component of the fluid velocity from a Chimera simulation using
N210808 parameters with a mode 1 drive asymmetry applied. (Top Right) The scattering ion velocity probability distribution
function for the +z and −z lines of sight, the hotspot flow is away from and towards these detectors respectively. The −z
line of sight observed backscattered neutrons from the thick side of the shell. Since the thick side of the shell is more massive,
it is colder, and expanding and accelerating slower than the thin side. This is reflected in the scattering ion velocity PDFs.
Neutron transport calculations were used to evaluate TnT for each line of sight. (Bottom Left) TnT against neutron yield with
2D Chimera simulation results plotted as black symbols. Note, the black dashed line is not a trend fitted to the data but rather
the output of 1D Chimera simulations. (Bottom Centre) TnT against hotspot velocity projected along the SPEC-SP line of
sight. (Bottom Right) Measured TnT compared to the predicted TnT from the empirical model given in Eq. (6), the coefficient
of determination (R2) is 0.89 i.e. a strong positive correlation. The solid black line is the identity line (y=x).

scatter about a trend. If we assume these effects are de-
coupled, we can construct an empirical model of the mea-
sured TnT using the 1D simulation results, the asymmet-
ric piston model of mode 1 anisotropy and an additional
degree of freedom to capture higher order effects. We can
then fit the following model to the experimental data:

Tmeas.
nT = T 1D

nT (Y meas.
n ) + αLMvmeas.

HS + αHM+sys. , (6)

where the best fit parameters are αLM = −1.5 ± 0.3
keV/(100 km/s), which can be interpreted as the degree
of shell anisotropy induced by low mode asymmetries,
and αHM+sys. = 0.8±0.2 keV, which can be interpreted as
the effect of unresolved high mode asymmetries8 and/or
systematic uncertainty in the measurements. This model
describes the data well, as shown in Fig. 3 (bottom right,
R2 = 0.89). This confirms that TnT measures both
burn propagation and mode 1 dense fuel anisotropy, cor-
roborating theory and simulation trends. For the low
mode component, the 2D Chimera simulation gives a
αLM = −0.8 keV/(100 km/s) which agrees with the

asymmetric piston model prediction. Experimentally, we
infer an increased dense fuel anisotropy due to low mode
asymmetries compared to these predictions.

IV. CONCLUSIONS

We present novel neutron backscatter spectroscopy
measurements of the dense fuel hydrodynamic conditions
at the NIF. These measurements give unique insight into
the hydrodynamics of the dense fuel in burning plasma
implosions – the principal trends shown in Fig. 2 (left)
and Fig. 3 (bottom right). Both show strong statisti-
cal correlations, R2 ≈ 0.9, which can be explained us-
ing physical arguments. As neutron yield increases, it is
seen that the dense fuel is burning during re-expansion,
is exploding faster and has a raised apparent ion temper-
ature. These measured trends are also consistent with
simulation predictions of the hotspot ignition and propa-
gating burn regimes. Improving agreement between sim-
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ulation and experiment can be used to constrain models
of burn propagation and identify the dominant hydrody-
namic and energy transport phenomena. Daughton et
al. showed the enthalpy flux between shell and hotspot
is sensitive to both the dense fuel temperature and the
relative importance of electron thermal conduction, al-
pha particle heating and transport, and potentially fu-
sion neutron heating38. The anisotropy in dense fuel
conditions created by mode 1 asymmetries is also seen
to affect the backscatter spectra. This was identified
through trends between hotspot velocity and, apparent
dense fuel temperature and velocity. A consistent trend
was found with the asymmetric piston model34 and in
a 2D radiation hydrodynamic simulation with a mode 1
drive asymmetry. Therefore, a 3D picture of the dense
fuel conditions can be achieved when more nToF lines of
sight are used to measure the backscatter spectra. Future
work will develop the other NIF nToF detectors to allow
backscatter measurements from multiple lines of sight on
the same shot. Understanding burn propagation into the
dense fuel is key in achieving high gain in inertial con-
finement fusion and the results of this paper show that
the backscatter edges encode important information on
shell conditions and burn propagation.
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Appendix A: Spectral model

At NIF scale areal densities both multiple scattering
and differential attenuation are non-negligible. There-
fore, devising an ab-initio model of the backscatter spec-
trum is challenging. We must make a number of simpli-
fying assumptions in order to construct a suitable fitting
model for the nT backscatter edge:

• The attenuated nT single scatter spectrum can be
expanded to linear order in the vicinity of the edge.

• The distribution of backscatter energies, due to
both primary neutron and scattering ion velocity
variations, is Gaussian. This has been justified in
previous studies7,8.

• The background from other scattering processes,
including multiple scattering, around the backscat-
ter edge can be sufficiently described by a linear
function of energy.

Constructing the resulting neutron spectrum using these
approximations yields:

dN

dE
= nT + Background (A1a)

=

∫
(c′1 + c′2(Kn −K∗

n)) (A1b)

Θ(Kn −K∗
n) exp

[
− (K∗

n − µE)
2

2σ2
E

]
dK∗

n

+ c′3Kn + c′4 ,

where Kn is the scattered neutron kinetic energy, K∗
n is

the nT backscatter energy and the Heaviside function,
Θ, enforces the kinematic endpoint of the nT scattering.
Performing the integration, we arrive at the final model:

dN

dE
= c1erf

(
Kn − µE√

2σE

)
(A2)

+ c2

[√
2

π
σE exp

(
− (Kn − µE)

2

2σ2
E

)
+(µE −Kn)erf

(
Kn − µE√

2σE

)]
+ c3Kn + c4



7

where µE and σE are the edge shape parameters and ci
are amplitude coefficients, giving a total of 6 free param-
eters.

The fitting parameters µE and σE can be re-
lated to scatter-average quantities7 by manipulation
of the backscatter kinematics equation (assuming non-
relativistic ion velocity):

Kn ≈ (Ai − 1)2

A2
i + 2Aiγ′

n + 1
K ′

n + 2
Ai(A

2
i − 1)(Ai + γ′

n)

(A2
i + 2Aiγ′

n + 1)2
p′nv

′
i

(A3)
where K, γ, p and v are the kinetic energy, Lorentz
factor, momentum and velocity with species denoted by
subscript, primed and unprimed denoting pre- and post-
collision values respectively and Ai is the ratio of the ion
to neutron mass. From the above, we find9:

⟨v′i⟩ ≈
(A2

i + 2Aiγ
′
n + 1)2

2Ai(A2
i − 1)(Ai + γ′

n)

µE − ⟨KnT,0⟩
⟨p′n⟩

(A4a)

TnT ≈ (A2
i + 2Aiγ

′
n + 1)3

8Ai(Ai + 1)2(Ai + γ′
n)

2

σ2
E,nT

⟨KnT,0⟩
(A4b)

⟨KnT,0⟩ =
(Ai − 1)2

A2
i + 2Aiγ′

n + 1
⟨K ′

n⟩ , (A4c)

σ2
E,nT = σ2

E −
(

(Ai − 1)2

A2
i + 2Aiγ′

n + 1

)2

Var(K ′
n) (A4d)

In these calculations we neglect the variance in the pre-
collision Lorentz factor as this is order Var(K ′

n)/(M
2
nc

4).
The accuracy of these approximate analytic expressions
was tested numerically using Monte Carlo sampling of
test distributions and shown to have errors of ∼ 5 km/s
and ∼ 50 eV for ⟨v′i⟩ and TnT respectively. It is impor-
tant to note that the pre-collisions quantities include any
directional changes to the DT primary spectral moments
(⟨K ′

n⟩ and Var(K ′
n)), e.g. from hotspot velocity flows.

Appendix B: Systematic uncertainties

Relevant systematic uncertainties can be separated
in model and measurement effects. Absolute tim-
ing uncertainty will affect the velocity inference more
than temperature, which is a differential measure-
ment. The uncertainty in dense fuel velocity is ≈
22 km/s (∆t/1 ns)(20 m/d) for a given timing uncer-
tainty, ∆t, and distance to detector, d. Hatarik et al.12

report a total timing uncertainty of ∼ 0.1 ns on the NIF
nToF suite. The model uncertainties include uncertainty
in the IRF, sensitivity and spectral models. The peak
and FWHM of the IRF at 3.5 MeV are ∼ 3.5 ns and ∼
6 ns respectively. An assumed 10% uncertainty in these
IRF parameters introduce errors of ∼ 8 km/s and ∼ 20
eV to the edge parameters. The spectral model assumes a
Gaussian form for the scattering ion velocity distribution
which neglects profile effects7 and invokes an empirical
form for the background neutron signal. Fits to synthetic
neutron spectra with known dense fuel conditions9 show

these approximations have dense fuel properties system-
atic errors of ∼ 45 km/s and ∼ 200 eV at NIF scale
areal densities. Additionally, approximations made in
the scattering kinematics introduce model errors of ∼ 5
km/s and ∼ 50 eV for the dense fuel velocity and tem-
perature respectively, as discussed in the section above.
Combining all contributions in quadrature, the total sys-
tematic uncertainties were found to be 50 km/s and 210
eV for the dense fuel velocity and apparent temperature
respectively.

Appendix C: Asymmetric piston model prediction of L=1
dense fuel anisotropy

Using the analytic results of Hurricane et al.34, one
can derive the change of velocity over the hotspot con-
finement time for a piston with areal density ρR:

astag∆t =
Pstag∆t

ρR
, (C1)

where astag is the shell acceleration at stagnation, ∆t is
the confinement time and Pstag is the hotspot stagnation
pressure. We note that the Lawson criterion appears in
the numerator which simplifies in the limit of negligi-
ble initial hotspot pressure (equation 17 of Hurricane et
al.34):

astag∆t ≈ 1√
3

ρRave

ρR

(
1− f2

)
vimp , (C2)

f ≡ vHS

vimp
, (C3)

where the areal densities of the thick and thin sides of
the piston are given by:

ρRmax = ρRave(1 + f) , (C4)

ρRmin = ρRave(1− f) , (C5)

and vHS is the hotspot velocity and vimp is the implosion
velocity.
Using this result we can find the change in dense fuel

velocity due to a mode 1:

astag∆t− astag∆t(f = 0) =
1√
3

ρRave

ρR

(
1− f2

)
vimp −

vimp√
3

,

= ±vHS√
3

(C6)

where sign depends on if you are considering the thick or
thin side of the asymmetric shell. The thicker, i.e. higher
ρR, side has a correspondingly lower dense fuel velocity.
We can also use the formula for the change in shell

fluid velocity as a prediction of the fluid velocity variance
contributing the apparent dense fuel temperature. As in
Crilly et al.7:

TnT = ⟨Ti⟩+mTVar(v⃗f · v̂n) , (C7)

≈ ⟨Ti⟩+mT (astag∆t)2 . (C8)
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If we assume the anisotropy in the measured TnT is dom-
inated by the differential acceleration then the following
expression can be derived:

∆TnT =
1

2
mT

(
a2stag,min − a2stag,max

)
∆t2 , (C9)

= −2

3
fmT v

2
imp = −2

3
mT vimpvHS . (C10)

We have defined ∆TnT here as half the full anisotropy as
then the apparent dense fuel velocity is given by TnT =
T 1D
nT ±∆TnT when measured parallel and anti-parallel to

the hotspot velocity direction.
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