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Evidence for suprathermal ion distribution in 
burning plasmas
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At the National Ignition Facility, inertial confinement fusion experiments 
aim to burn and ignite a hydrogen plasma to generate a net source of energy 
through the fusion of deuterium and tritium ions. The energy deposited 
by α-particles released from the deuterium–tritium fusion reaction plays 
the central role in heating the fuel to achieve a sustained thermonuclear 
burn. In the hydrodynamic picture, α-heating increases the temperature 
of the plasma, leading to increased reactivity because the mean ion kinetic 
energy increases. Therefore, the ion temperature is related to the mean ion 
kinetic energy. Here we use the moments of the neutron spectrum to study 
the relationship between the ion temperature (measured by the variance 
in the neutron kinetic energy spectrum) and the ion mean kinetic energy 
(measured by the shift in the mean neutron energy). We observe a departure 
from the relationship expected for plasmas where the ion relative kinetic 
energy distribution is Maxwell–Boltzmann, when the plasma begins to burn. 
Understanding the cause of this departure from hydrodynamic behaviour 
could be important for achieving robust and reproducible ignition.

The laser indirect-drive inertial confinement fusion (LID-ICF) at the 
National Ignition Facility (NIF) uses a hohlraum to convert laser energy 
into X-rays that symmetrically implode a capsule loaded with deute-
rium–tritium (DT) fuel (Fig. 1a). Lasers enter the top and bottom of the 
Au or depleted-uranium hohlraum, heating it with approximately 2 MJ 
of laser energy and irradiating the capsule with approximately 200 kJ of 
X-rays from a 300 eV X-ray spectrum. This ablates the layer of material 
(for the capsules considered here, high-density carbon (HDC)) sur-
rounding a DT ice layer accelerating the capsule shell up to about 380–
390 km s–1. This results in the compression of DT ice and the generation 
of a hot-spot plasma through pressure–volume work on the DT gas that 
fills the centre of the capsule1. Fusion reactions (D + T → α + n + 17.59 MeV) 
begin to occur in the hot-spot plasma as this is compressed and heated 

to ~4–5 keV. Once a sufficient flux of α-particles (4He) is generated by the 
fusion reactions, the surrounding dense DT fuel is heated by the energy 
loss of the α-particles leaving the central core, leading to ‘run-away’ heat-
ing that ignites the fuel (Fig. 1b, schematic). The details of the α-particle 
energy deposition as it is transported through the plasma and into the 
fuel are important for achieving the burning-plasma regime, the condi-
tion in which this α-energy exceeds the energy of the hot spot2. The domi-
nance of the α-heating process, leading to the generation of a burning 
plasma, has been recently reported3,4 for two-shot campaigns at the NIF.

Since the α-particles generated in the fusion reaction are stopped 
by the dense fuel surrounding the hot spot and do not escape the 
implosion, key physics performance parameters are determined by 
measuring the spectrum of the escaping neutrons. At the NIF, these 
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where the velocities are in units of km s–1 and the ‘isotropic velocity’ 
is defined by

viso(Tion) = 1.4641K̄(Tion) + 0.37969Tion, (4)

where K̄(Tion) and Tion are in units of keV, and the numeric coefficients 
are defined by the DT cross section and Maxwellian ion distribution. 
The ion temperature is typically determined from the second central 
moment or variance of the neutron spectrum as

Var (En) ≈ 0.31401Var (u∥) + 6024.6⟨Tion⟩. (5)

where again all terms are in units of keV. The symbol 〈⋅〉 represents the 
burn average over the space and time moment of the plasma variables. 
Also, u∥ is the projection of the plasma velocity along a particular direc-
tion (for example, the line of sight from the target to spectrometer). The 
isotropic velocity is the manifestation of the neutron energy upshift 
due to two physical factors: (1) additional relative velocity of the D and 
T ions in their centre-of-mass frame, leading to the first term in equa-
tion (4); (2) the motion of the the centre-of-mass frame that is related 
to the ion temperature and leads to the second term. A description of 
how the velocity and temperature is determined from the diagnostics 
is shown in Fig. 2.

Taking advantage of the relationship between the mean ion kinetic 
energy and ion temperature in a thermal plasma, a sufficiently precise 
determination of the isotropic velocity (equations (2) and (4)) would 
provide a measure of the ion temperature10 independent from the 
plasma velocity variance in equation (5); we note that relativistically 
treating the neutron kinematics is essential in achieving this accuracy. 
The thermal or hydrodynamic expectation is then simply expressed 
as equation (4).

Equation (5) anticipates a source of neutron kinetic energy vari-
ance in addition to the average ion temperature. This term is due to the 
ion velocity variance as viewed along a line of sight that may result from 
flows generated inside the hot spot due to asymmetries in the implo-
sion. The anisotropic component of this velocity variance appears as 
an anisotropic ‘apparent Tion’ measured by the neutron diagnostics, 
denoted as Tion in Table 1. The ion velocity variance could also contain 
radial components that would appear the same in all the directions 
and increase the apparent Tion measurement. This was observed in 
another work11 in which a comparison of the apparent Tion values with 

measurements, such as the implosion neutron yield (equivalent to 
the energy released), ion temperature, cold-fuel neutron opacity  
(down-scatter ratio) and capsule velocity, are obtained from five  
neutron spectrometers that view the implosion from different direc-
tions. Figure 1c provides an example of a neutron and γ-arrival time 
spectrum in a quartz Cherenkov detector (QCD).

Hydrodynamic models describing the implosions approximate 
the transport of α-particles through the burning plasma and cold fuel 
by diffusion, assuming that the mean free path of α-particles is short 
compared with the size of the burning region. In this approximation, 
the plasma is in local thermal equilibrium, where the ion velocity dis-
tribution is described by a Maxwellian with temperature Tion, and a 
relationship exists between Tion and the mean relative kinetic energy 
of the ions undergoing fusion, K̄, can be described by5–8

K̄ = ∫dKK2σ(K)e−K/Tion
∫dKKσ(K)e−K/Tion

, (1)

where σ(K) is the fusion cross section and e−K/Tion is the Maxwell–Boltz-
mann distribution. The general solution to equation (1) was described 
in other work5,6,8 for different approximations, which we summarize 
here as

K̄ → Tion [(
TG
Tion

)
1/3

+ ℱ(Tion)] , (2)

where TG = 295.5 keV for DT fusion and ℱ(Tion) is calculated using the 
DT fusion cross section (Methods).

Equation (2) has the physical interpretation that the ions with  
the highest likelihood of undergoing fusion occupy the tail of  
the Maxwell–Boltzmann distribution, for example, for Tion = 4 keV 
thermal plasma, K̄ ≈ 5Tion and is referred to as the ‘Gamow’ energy, first 
identified by Gamow9. At Tion = 4 keV, it is 5 e-foldings down from the 
distribution’s maximum value.

The characteristics of the DT ion distribution are encoded by the 
neutrons generated by the fusion reactions in the plasma, enabling the 
determination of the plasma ion kinetic energy, ion temperature and 
plasma velocity moments from the neutron spectral moment. For the 
mean neutron energy,

⟨En⟩ ≈ 14.02839MeV + 0.00056 [⟨u∥⟩ + viso] , (3)
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Fig. 1 | Indirect-drive inertial confinement fusion. a, Laser energy is converted 
into X-rays that compress and heat a spherical DT-filled capsule to generate 
fusion reactions. The HDC capsule is filled with DT gas through a fill tube and 
cryogenically frozen to create a solid DT ice layer on the inside surface. On 
heating and compression, the fusion of DT ions generates 14.028 MeV neutrons 
(blue) and γ-rays emitted by both fusion reaction and (n, γ) reactions in the 
surrounding capsule (purple) and the target TMP (orange). b, If heating of the 

compressed DT ice fuel by α-particles (green) emitted by the fusion reaction 
exceeds the radiation and electron conduction losses, the hot-spot reaction can 
become self-sustaining. c, The QCD nToF detectors on the NIF uniquely measure 
both γ- and neutron signals at approximately 100 and 500 ns, respectively. 
Low (n, γ) backgrounds enable a high-precision measurement of the mean 
line-of-sight neutron velocity vLOS for a detector at distance dLOS.
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the emissivity-weighted electron temperature shows that the neutron 
measurement overpredicts the electron temperature by hundreds of 
electronvolts.

The largest systematic uncertainty in the apparent Tion measure-
ment comes from uncertainties in the instrument response func-
tion12. Lacking an ion-temperature calibration source, the instrument 
response function is built from data (obtained in ‘timing shots’, intense 
and instantaneous pulses of γ-radiation, and exploding pushers for 
which the long-time tail of the signals is known to be free from the pri-
mary neutron scatter). The magnitude of this uncertainty is estimated 
to be 240 eV.

On each neutron yield shot, a suite of analysis codes are run to 
produce a set of scaler metrics for the shot. These scalers are then used 
to produce three-dimensional (3D) values, such as v⃗HS, and scaler quan-
tities averaged over multiple line-of-sight measurements such as viso 
and Tion. Relationships like equation (1) can be used to assess the state 
of the plasma during the burn duration. Figure 3 shows the data for 
implosions using an HDC ablator with a cryogenic layer of solid DT and 
a central DT vapour. The laser pulse waveforms and the hohlraum 
dimensions change within this dataset.

Figure 3 shows that most of the low-yield implosions at the NIF  
(circles) are within systematic uncertainty to the expectation of a 
plasma described by a single-temperature Maxwellian. This region is 
shown below and right of the boundary indicated by equation (4) shown 
as the thick grey line in this figure. Here ten shots are highlighted with 
square symbols (more details in Table 1). This table lists the measured 
viso and Tion values, and compares them, in the rightmost columns, 
with the two corresponding values calculated by equation (4). The 
first expectation in the column marked ‘viso(T)’ in Table 1 assumes 
the measured Tion value to calculate viso, whereas that in the column 
marked ‘T(viso)’ assumes the reverse and uses equation (4) to calculate 
the expected Tion value using the measured viso value.

Two-dimensional (2D) simulations of similar implosions13 
are shown as a point cloud in Fig. 3 (the yield is colour coded) and 
using equations (5) and (4) for Tion and viso, respectively, including 
all the higher moment terms. The simulation trends as it would for a 
single-temperature Maxwellian displaced by the plasma velocity distri-
bution, which tends to increase Tion. The increased Tion value results in an 
increased yield along the ion kinetic energy boundary. The calculations 
represent a realistic instantiation of the hydrodynamics of these implo-
sions and use particle Monte Carlo (PMC) simulations to transport the 
ions produced in the burn. The high-resolution 3D simulations14 include 
more engineering features and drive asymmetries. These calculations 
simulate specific shots in the dataset shown in Fig. 3.

Confidence intervals are constructed using a Gaussian likelihood 
calculated from the region described by the simulation data. For each 
‘slice’ of Tion, a cumulative distribution function in viso of the summed 
Gaussian likelihoods provides the upper and lower limits for which 
the probability integrates to the confidence interval value. Out of the 
44 measured data points, 11 are outside the 99% confidence interval 
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Fig. 2 | Neutron spectra recorded by a single line-of-sight QCD nToF detector. 
Normalized data for three shots are shown to compare the data from burning 
(N210207, blue) and non-burning (N180429, black; N180930, red) implosions.  
a, Raw data from the north-pole (NP) nToF are shown with the time axis corrected 
to the co-time of the γ-bang-time signals. b, By fitting all the five nToF lines of 
sight, the mode-1 component due to the bulk hot-spot velocity ( v⃗HS) can be 
determined and then removed for each individual line of sight ( v⃗HS ⋅ n̂LOS) to 
reveal the different kinetic energy shifts (ΔE = 0.56037viso) and the different 
spectral widths (Var(En)). The mean neutron energy upshift ΔE is plotted on the 
top x axis for each shot and is shown as the dashed vertical line.

Table 1 | Neutron yield (YDT) and ion temperature (Tion) data

viso YDT Tion viso(T) T(viso)

Shot ID (km s–1) (1016 neutrons) (keV) (km s–1) (keV)

N210207-002 59 ± 2 5.29 ± 0.16 5.67 ± 0.14 42 9.03

N201122-002 56 ± 3 3.21 ± 0.10 5.17 ± 0.13 39 8.31

N210605-001 54 ± 3 4.11 ± 0.13 5.86 ± 0.12 43 7.86

N210220-001 54 ± 3 4.99 ± 0.13 5.54 ± 0.14 41 7.86

N210307-004 54 ± 2 4.40 ± 0.14 5.53 ± 0.12 41 7.86

N201101-001 54 ± 3 3.04 ± 0.08 4.95 ± 0.12 38 7.86

N210328-001 51 ± 2 1.93 ± 0.05 5.43 ± 0.14 41 7.21

N210117-002 45 ± 3 1.40 ± 0.05 4.26 ± 0.12 34 6.01

N180930-001 41 ± 2 1.53 ± 0.04 5.50 ± 0.12 41 5.34

N201011-001 40 ± 3 0.84 ± 0.03 4.38 ± 0.12 35 5.09

N180429-001 38 ± 2 0.83 ± 0.03 4.61 ± 0.14 36 4.67

N210418-003 36 ± 2 1.06 ± 0.03 4.33 ± 0.12 34 4.40

Values for the implosions depicted with square symbols in Fig. 3 and the examples shown 
in Fig. 2 are shown in the first two columns. Here viso(T) is the expected isotropic velocity8 
calculated from the nominal experimental value Tion. The column labelled T(viso) lists the ion 
temperature for a Maxwell–Boltzmann plasma with the observed viso. The 1σ error bars for the 
measured viso and Tion have not been propagated to their respective T(viso) and viso(T) values.
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and 8 belong to the HyE and I-Raum campaigns15. These implosions 
represent a departure from the behaviour expected by a plasma char-
acterized by a single-ion-temperature Maxwellian ion distribution.

The neutron yield corrected for elastic scattering in the com-
pressed DT fuel16 (YDT) for these shots is plotted against the observed 
viso values (Fig. 4, square and circular data points) and compared with 
the equivalent data from 2D simulations (point could). Both are com-
pared with the DT Maxwellian reactivity ⟨σν⟩ calculated using the Tion 
value derived from the observed viso value. The solid line is scaled in the 
ordinate to best fit the data. To best match the simulations, the dashed 
line in Fig. 4 is not only scaled in the ordinate but also must be calculated 
using a Tion value that is 2.5 times greater than that derived from viso. It 
is evident from this plot that the data is burning ‘cooler’ than the simula-
tion for a given yield. The higher apparent Tion value associated with 
the recent shots is consistent with an increase in the population of ion 
kinetic energy (≳10 keV). This ion population would be suprathermal; 
it does not exist as a consequence of the single-temperature Maxwellian 
that governs the behaviour of the majority of ions in the plasma for 
these implosions. The mean kinetic energy of the reacting ions is very 
sensitive to the shape of the ion kinetic energy distribution in this 
energy range as the DT fusion cross section is rapidly increasing. Small 
contributions of high-energy ions can increase the reactivity and shift 
⟨K̄⟩ to higher values; however, ions with energies much greater than the 
thermal energy also start to increase Var(En); therefore, these data place 
a unique constraint on the shape and energy of the DT ion distribution 
that is fusing and generating neutrons.

The upscattering of ions to higher energies through elastic  
collisions with the fusion α-particles can act to increase the 

higher-energy ion population; however, this is accounted for by 
PMC used in the simulations. The PMC samples a subset of ions and 
tracks them through the plasma until a specified kinetic energy of 
the scattered ion is reached—at which point the calculation stops 
and the remaining energy is deposited in that cell. Changing this 
parameter from 100 to 10 keV increases the yield by less than 10% in 
one-dimensional simulations and does not account for the increases 
in yield or viso observed in the data.

Other subtle changes to the neutron spectrum represented by 
skew and kurtosis as well as reaction-in-flight neutrons can also slightly 
move the mean neutron energy, but are estimated to contribute less 
than 1 km s–1 shifts in viso. The ion distributions described with multiple 
Maxwellians of different ion temperatures result in viso values below the 
boundary defined by equation (4).

We summarize the possible physical causes for the observed dif-
ference from Maxwellian into four general hypotheses: (1) kinetic, (2) 
hydrodynamic, (3) burn (temporal extent) and (4) burn (spatial extent).

For hypothesis (1), suprathermal DT ion distributions are predicted 
in some models that incorporate kinetic effects in the implosions17,18. 
However, most of the published studies on ion kinetic effects only 
consider the hot spot and start with higher ion temperatures than those 
existing in the implosions studied here17–20. The α-particles produced 
in DT fusion are suprathermal (having 3.5 MeV in a ~5 keV DT plasma), 
the majority of their kinetic energy comes from the Q value (17.59 MeV) 
of the fusion reaction, which is much larger than the ion temperature. 

14

60

50

30

3.5 4.0 4.5 5.0 5.5 6.0 6.5

15

20

25

30

35

40

15

log10YDT

v i
so

 (k
m

 s
–1

)

16 17

Tion (keV)

90%
95%

99%

N
eutron m

ean kinetic energy shift (keV)

Fig. 3 | Interdependence of isotropic velocity (viso) and ion temperature (Tion). 
Implosions of DT ignition capsules indicated by circles and squares symbols 
(the square symbols represent the data in Table 1) with uncertainties with the 
neutron yield (YDT) indicated as a colour code. The high-resolution 3D simulations 
are shown as diamonds. The boundary, namely, equation (4), is indicated by 
the thick black line. If a range of ion temperatures exist in the hot-spot plasma 
volume and during the time neutrons are generated, Tion increases due to the 
increased velocity distribution, creating a ‘hydrodynamically accessible’ region 
(shaded grey) below the boundary. The 2D simulation ensemble for similar 
implosions is shown as the point cloud, using equations (5) for Tion and equation 
(4) for viso, and colour coded for yield. This point cloud is bounded by the 90%, 
95% and 99% confidence intervals, indicating the regions of expected statistical 
fluctuations of an implosion described by the simulation using δviso = 3 km s–1 and 
δTion = 0.100 keV. The mean neutron energy upshift equivalent to viso is plotted 
on the right axis. The error bars include contributions from systematic and 1σ 
statistical uncertainties.

1017

15 20 25 30 35

1016

1015

30 40 50 60

Y D
T (

co
rr

ec
te

d)

Neutron mean kinetic energy shift (keV)

viso (km s–1)

3 4 5 6 7 8 9

Tion (keV)

Fig. 4 | Relation between the measured neutron yield (YDT) and isotropic 
velocity (viso). This demonstrates that the data are burning at a cooler 
temperature than expected from the simulations. The top ordinate axis 
translates the measured viso value into the kinetic energy upshift (ΔE) that it 
represents in the centre-of-mass frame of the DT fusion reaction. Experimental 
data points are shown as circles and squares and the shots (listed in Table 1) are 
depicted as squares. The 2D simulation ensemble for similar implosions is shown 
as the point cloud, using equation (4) for viso and the calculated yield. 
High-resolution 3D simulations are shown as diamonds. The experimental 
neutron yield and 3D simulations are corrected to account for neutron scatter of 
the compressed fuel shell (Methods). The solid line is the Maxwellian reactivity 
⟨σν⟩ calculated using Tion derived from viso (equation (4)) and freely scaled to 
overlay the data. The dashed line is equivalent but using a 2.5 times higher ion 
temperature and freely scaled to overlay the data below the hydrodynamic 
boundary and 2D simulations. The error bars for neutron yield and viso include the 
systematic and 1σ statistical uncertainties.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-022-01809-3

The details of how the α-particles transfer their energy to the surround-
ing plasma—plasmas that are at the temperatures and densities of the 
current NIF implosions (fuel-shell temperatures of ~1–2 keV and areal 
densities of ~1 g cm–2)—is an open experimental question. Hypothesis 
(2) results from the slight neutron opacity of the hot spot, which can 
lead to fewer neutrons from the far side of the hot spot (away from the 
spectrometer) reaching the detector than those emitted on the near 
side. This can act to upshift the mean neutron energy if the hot spot 
is radially expanding, but is present in the HYDRA simulations that 
should show this hydrodynamic behaviour. Hypothesis (3) requires a 
large (>10%) early time yield (for example, from the shock convergence 
in the capsule), shifting the mean of the total neutron time-of-flight 
(nToF) distribution early, generating an apparent isotropic velocity. 
Hypothesis (4) requires the neutron burn region separated from the 
presumed capsule centre of the order of 10 mm, and is ruled out by 
neutron images.

Two examples of how different suprathermal distributions 
(hypothesis (1)) can change the values of viso and Tion are shown in  
Fig. 5, illustrating that to significantly move above the Maxwellian 
boundary requires a more ‘boxy’ distribution in which a suprathermal 
population exists with a cut-off in energy similar to that described in 
another work17.

Experimental, theoretical and simulation work continues  
to identify the cause of this observation. The departure from  
Maxwellian plasma behaviour is a signature of this burning-plasma 
domain.
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Fig. 5 | Neutron spectra generated by different DT ion distribution functions. 
a–f, Neutron spectra in b and e are derived from the ion distribution shown in a 
and d, respectively. c and f show the location of viso and Tion calculated from the 
spectra in b and e, respectively, relative to the hydrodynamic boundary (Fig. 3, 
solid line). The distributions in a are two-temperature Maxwell–Boltzmann with 
increasing fractions (f2) of the higher-temperature population. T1 = 4.5 keV, 
T2 = 25.0 keV and f2 = 0, 0.0004, 0.0008, 0.0020, 0.0040, 0.0080, 0.0200, 

0.0400, 0.0800, 0.1600, 0.2800. Distributions in d are described by a Maxwell–
Boltzmann plus a tail with functional form f2√Ecut − E/√Ecut with an energy 
cut-off Ecut = 35 keV and increasing fractions (f2). T1 = 4.5 keV and f2 = 0, 0.07, 0.13, 
0.27, 0.43, 0.60, 0.79, 0.88, 0.94, 0.97. The colours represent increasing f2 from 
grey, black, red, yellow, orange and green to blue. The dashed line represents the 
continuous locus for different fractions of the non-thermal population.
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Methods
Determining implosion attributes with nToF
Additions to nuclear diagnostics at the NIF, by the use of Cherenkov 
nToF spectrometers and by a fifth nToF line of sight10, have improved 
the ability to detect implosion anisotropy through measurements of 
the neutron kinetic energy spectrum21. These high-precision meas-
urements22 simultaneously measure both γ-rays and neutrons emit-
ted by nuclear reactions associated with only the fusion burn. Since 
the time-of-flight diagnostics integrate the neutron spectrum over 
the duration of the burn (of the order of 100–200 ps), distinguishing 
between neutrons emitted by the hot spot compared with those emit-
ted by α-heating is not possible. However, the improved precision 
of the nToF measurements on NIF have uncovered distinguishing 
signatures of the neutron spectrum that are unique to the generation 
of a burning plasma.

The determination of the ‘hot-spot velocity’—the average of the 
velocity of the DT ion pairs undergoing fusion—provides information 
on the capsule drive asymmetries23 as well as the mean of the neutron 
kinetic energy distribution10. The ion temperature is determined by a 
forward fit of the nToF spectrum whose parameters include the vari-
ance in the neutron kinetic energy distribution24, which includes not 
only the ion temperature but also the plasma velocity variance.

Multiple line-of-sight measurements of the neutron spectral 
moments are necessary to determine the hot spot and isotropic 
velocities. There are six nToF line-of-sight spectrometers with scin-
tillator detectors capable of measuring the neutron kinetic energy 
spectrum24–27. Five of these lines of sight have an additional spectrom-
eter system—the QCD22 optimized to have high timing precision for 
high-yield implosions.

The QCD system measures the ‘γ-flash’, which is used to deter-
mine the time of flight of photons produced during the implosion. 
This is measured with a precision of ±25 ps. The γ-flash is created by a 
combination of processes (Fig. 1): the direct DT → 5Heγ fusion channel, 
(n, γ) reactions on the carbon ablator that emit at 4.4 MeV and (n, γ) 
interactions with the thermal mechanical package (TMP), which is a 
part of the target system, and generates a broad spectrum of γ-rays 
up to about 8.0 MeV. The relatively low-energy Cherenkov threshold 
of the QCD system means that the signal is predominantly from the 
1–5 MeV γ-rays emitted by the neutron reactions with the TMP and 
HDC ablator. Because of the finite flight time of the neutrons to these 
scattering sources, the γ-rays generated from these reactions arrive 
at the detector between 20 and 60 ps later than the fusion γ-rays. The 
QCD also measures the arrival time of the DT neutrons to ±16 ps, and 
the uncertainty of the 20 m flight path (dLOS) is ±1 mm. Figure 1c shows 
the raw data measured by the QCD nToF detectors demonstrates the 
high dynamic range of the γ- and neutron signals used to determine vLOS. 
The uncertainties in both γ- and neutron measurements combine to an 
overall line-of-sight velocity uncertainty of ±4.7 km s–1.

The five line-of-sight measurements using the QCD spectrometers 
are fit to a four-parameter velocity model21: vx, vy, vz and viso, where 
the first three vector velocity components characterize the ‘hot-spot 
velocity’ associated with the mean velocity of burning-plasma in the lab 
frame and the fourth component is the ‘isotropic’ velocity. The mean 
neutron kinetic energy shift for a particular line of sight from equation 
(3) contains the following term:

⟨u∥⟩ = vLOS ≈ v⃗HS ⋅ n̂LOS,

where n̂LOS is the direction vector of the line of sight.
This is illustrated in Fig. 2. The raw neutron spectra from one line 

of sight is shown in Fig. 2a and the time axis is corrected to account for 
the approximate 1 ns differences in implosion bang times for different 
experiments. Once the data from all the lines of sight are combined, the 
mode-1 component can be removed (Fig. 2b). This reveals the upshift 
in the mean neutron energy as ΔE = 0.56037viso

Calculating ℱ(T) from the DT fusion cross-section
The function ℱ(T) is equal to 5/6 for the considerations elsewhere5. In 
the following discussion, we use the numerical results of Munro (table 
A.3 in ref. 8) calculated using a relativistic expression for equation (1) 
and the ENDL2011 DT fusion cross-section evaluation, yielding

ℱ(T) = 0.81857 + T(0.14272 + T(−0.0048217 + 1.1536 × 10−5T))
1 + T(−0.0027543 + T(0.0092859 + 5.1419 × 10−6T)) (6)

Equations (3)–(5) are from Munro’s8 equations (73) and (74) but 
include only the low-order terms. The coefficients are calculated using 
the data in ref. 8 and transformed to the coordinate system of the neu-
tron kinetic energy, En (keV).

Neutron yield measurements
Neutron yields at the NIF are measured by the neutron activation of 
zirconium (Zr). Three Zr discs (radius, 34.9 mm; length, 7.5 mm) are 
positioned 4.559 m from the implosion. Neutrons emitted by the target 
travel to and interact with the 90Zr atoms in the discs producing 89Zr 
atoms via the (n, 2n) reaction. The cross section of the (n, 2n) reaction 
rises nearly linearly with the energy from a threshold of 12 MeV; there-
fore, the number of 89Zr atoms produced is proportional to the number 
of DT neutrons. Noteworthily, 89Zr is unstable and decays, emitting a 
909 keV γ-ray with a half-life of 78.41 h. This half-life allows the pucks 
to be collected and transported to a counting facility in which the 
decays are energy analysed and counted for a fixed amount of time by 
a dedicated germanium detector. Accounting for the solid angle and 
collection efficiency of the detector, this measures the number of 
neutrons that leave the target to an uncertainty of 1σ ≈ 5%. When 
14.028 MeV ‘primary’ DT fusion neutrons generated in the hot spot 
leave the target, they must pass through compressed DT fuel (Fig. 1). 
The high areal density of the compressed fuel scatters the primary DT 
neutrons causing them to lose energy, and leading to a characteristic 
down-scattered tail to the neutron spectrum in addition to the primary 
DT fusion neutron peak. The amount of down-scatter is proportional 
to the compressed fuel areal density; in inertial confinement fusion 
experiments, it is typically characterized by the down-scatter ratio 
(DSR), which is the ratio of neutron yield between 10–12 MeV and 
13–15 MeV. The compressed fuel density changes in different experi-
ments; therefore, to calculate the fusion birth yield in the hot spot, the 
measured primary neutron yield must be corrected to account for the 
loss due to neutron scattering. This correction factor is approximately 
exp(3.8DSR(%)/100) derived from the average (n, DT) scattering cross 
section (0.79barns) and the relation between areal density (ρr) and 
DSR. This correction has been applied to the primary neutron yield (Yn) 
values (Fig. 4)16,28.

Impact of ion distributions on neutron spectra
The constraint of these measurements on the ion kinetic energy dis-
tribution can be assessed through the calculation of neutron spectra 
for somewhat arbitrarily chosen, non-Maxwellian ion distribution 
functions29. Two examples are shown in Fig. 5. In Fig. 5a–c, a simple 
two-temperature Maxwell–Boltzmann ion distribution is used and the 
moments of the resulting neutron spectrum are plotted in Fig. 5b and 
viso and Tion calculated from the spectrum are shown in Fig. 5c relative 
to the thermal expectation (or boundary) described by equation (4). 
An equivalent analysis is performed for an arbitrarily chosen ion dis-
tribution function that adds a tail to a Maxwell–Boltzmann distribution 
in Fig. 5d–f. The tail is described by f2√Ecut − E/√Ecut. These two figures 
illustrate how ion distributions with a high energy population tend to 
increase the variance of the neutron spectrum (from which Tion is 
derived) more quickly than the mean neutron energy associated with 
viso. The alternative is true when a suprathermal population is limited 
to energies below a certain cut-off energy and the viso point lies above 
the thermal expectation boundary. It is worth noting that this is 
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reminiscent of the kinetic α-particle energy deposition model 
described in another work17 in which 3.5 MeV α-particles gradually lose 
energy to electrons until they reach a critical velocity at which they 
couple more strongly to the ion population.

Data availability
Raw data were generated at the National Ignition Facility and are not 
available to the general public. Derived experimental data supporting 
the findings of this study shown in Figs. 3 and 4, but not in Table 1 are 
available from the corresponding authors upon reasonable request.

Code availability
The simulation codes used in this manuscript are not available to the 
general public.
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