
1

Plasma Fluctuations,
theory & observations
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Department of Physics, University of Alberta

Short review of past and current research results from laser 
produced plasmas of relevance to inertial confinement 

fusion, laboratory astrophysics, and examined by means of theory
and measurements of the particle noise. 
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Abstract. The first researches on nuclear fusion for energy applications marked the entrance of hot 
plasmas into the laboratory. It became necessary to understand the behavior of such plasmas and to 
learn how to manipulate them. Theoreticians and experimentalists, building on the foundations of 
empirical laws, had to construct this new plasma physics from first principles and to explain the results 
of more and more complicated experiments. Along this line, two important topics emerged: wave-
particle and wave-wave interactions. Here, their history is recalled as it has been lived by a French 
team from the end of the sixties to the beginning of the twenty-first century. 

In addition to collisionless, wave-particle and wave-wave interactions, processes of particle transport
are needed to understand and model hot, fusion related and laser produced plasmas in general. 
For example thermal transport is critical for the fusion schemes and ignition. 

Theory of plasma fluctuations provides a useful tool in description of particle transport and collisions 
as well as waves and plasma turbulence. Modern diagnostic techniques, such as Thomson scattering,  
based on scattering of light from electron density fluctuations are indispensable in measuring plasma 
parameters and plasma processes. 



3

𝑆 𝑘, 𝜔 =
𝛿𝑛() *,+

𝑛(
=
2𝜋
𝑘

1 −
𝜒(
𝜖

)
𝑓(3

𝜔
𝑘

+ 5
𝑍7)𝑛7
𝑛8

𝜒(
𝜖

)
𝑓73

𝜔
𝑘

�

7(8;<=)

, 			𝑛8= 5𝑛7

�

7

Thomson scattering (TS) cross section is proportional to the dynamical form factor 𝑆 𝑘, 𝜔 .
For stable plasmas (but not necessary in equilibrium) particle discretness gives rise to electron
(small amplitude) density fluctuations and their correlation function, as follows (J. Feyer, Can.
J. Phys. (1960); J. Renau, J. Geophys. Res. (1960); J. Daugherty, D. Farley, Proc. Roy. Soc. 
(1960); E. Salpeter, Phys. Rev. (1960).
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where linear response functions evaluated using distribution functions 𝑓(3, 𝑓73, are

kscat
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density and the width of the observed peaks is a measure of
the electron temperature. Plasma flow velocities in the range
of 1.8! 108 cm/s to 4.0! 107 cm/s are measured from the
ion feature’s [Fig. 2(b)] Doppler shift relative to the incident
probe wavelength. The ion feature is also used to measure-
ment the ion temperature. Both carbon and hydrogen are
assumed to be fully ionized for all target configurations, due
to the measured electron temperature.

The experimental data from Figure 2 at 5.5 ns are com-
pared to the Thomson scattering cross section (using Eq. (4))
in Figures 3 and 4. Combined electron and ion feature fitting
results provide the plasma state parameters of v, n e; Te, and
Ti. We estimate the errors on these parameters by studying
the sensitivity to the fits: 610% in v, 615% in n e; 615% in
Te, and 620% in Ti.

Figure 5 shows the Thomson scattering data from the
double foil target configuration. The electron feature from
the double foil configuration is shown in Figure 5(a). Again,
the width of the electron feature is a measure of the electron
temperature which is clearly higher than the temperature in
the single foil configuration. The electron density has also
increased relative to the single foil configuration as expected.
The spectral shift of the ion feature [Fig. 5(a)] is very similar
to that of the single foil configuration early in time, but after
5 ns, a smaller spectral shift is observed in the double foil

data compared to the single flow data. This is a result of a
decreasing plasma flow velocity for the counter-streaming
flows configuration late in time. The observed ion feature
spectra are also significantly broader than those of the single
foil data. The increased width of the ion feature is a function
of increasing ion temperature. The red-shifted feature is also
visible in the double foil late in time. Early in time, the spec-
tral field of view prevents the measurement of both blue-
shifted and red-shifted ion features simultaneously in the
double foil configuration.

The double foil Thomson scattering measurements are
compared to the Thomson scattering cross section in Figures 6
and 7 to determine plasma conditions and estimate the error in
the measurements. Similar errors to the single foil data are
found for the double foil data: 610% in v, 615% n e; 615%
in 15% in Te, and 620% in Ti.

Thomson scattering measurements are also made with
a k-vector parallel to the target surface, orthogonal to the
k-vector used in the configurations shown in Figures 2 and 5.
A composite image of the ion feature for this parallel
k-vector is shown in Figure 8(a). The ion feature is nearly
centered around the incident probe wavelength of 527 nm,

FIG. 2. A composite image is shown of the electron feature (a) and the ion
feature (b) for the single foil configuration. A heavy dashed line in (b) is
shown at the wavelength of the Thomson scattering probe beam. Thin
dashed lines are shown to guide the eye.

FIG. 3. The Thomson scattering cross section is fit to the measured Thomson
scattering electron feature at 5.5 ns to determine the electron temperature and
density from a single foil experiment. The best fit to the experimental data
(red line) is calculated using an electron temperature of 100 eV and an elec-
tron density of 5:6! 1018cm"3. (a) The electron temperature is increased to
125 eV (green line) and decreased to 75 eV (blue line) to demonstrate the sen-
sitivity of the fit. (b) The electron density is varied from 6:6! 1018cm"3

(green line) to 4:6! 1018cm"3 (blue line) as well. A stray light block is used
and heavily filters wavelengths between 520–537 nm.

FIG. 4. The Thomson scattering cross section is fit to the measured Thom-
son scattering ion feature at 5.5 ns to determine the ion temperature and
plasma flow velocity. The best fit to the experimental data (red line) is calcu-
lated using an electron temperature and density determined from the electron
feature (100 eV and 5:6! 1018cm"3), ion temperature of 40 eV, and a
plasma flow velocity of 8:65! 107cm=s. (a) The ion temperature is
increased to 60 eV (green line) and decreased to 20 eV (blue line) to demon-
strate the sensitivity of the fit. (b) The plasma flow velocity is varied from
8:9! 107cm=s (green line) to 8:4! 107cm=s (blue line) as well.

056501-3 Ross et al. Phys. Plasmas 19, 056501 (2012)

Downloaded 07 Apr 2012 to 129.128.216.34. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

Example from the paper 
by S. Ross et al. Phys.
Plasmas 19, 056501 (2012) 
on interpenetrating plasmas.
Two ion acoustic peaks are 
shown and are fitted with the
𝑆 𝑘,𝜔 and Maxwellians
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Nonlocal heat flux was measured in laser-produced coronal plasmas using a novel Thomson scattering
technique. The measured heat flux was smaller than the classical values inferred from the measured plasma
conditions in regions with large temperature gradients and agreed with classical values for weak gradients.
Vlasov-Fokker-Planck simulations self-consistently calculated the electron distribution functions used to
reproduce the measured Thomson scattering spectra and to determine the heat flux. Multigroup nonlocal
simulations overestimated the measured heat flux.

DOI: 10.1103/PhysRevLett.121.125001

In diverse fields of plasma physics, including astro-
physics, inertial confinement fusion, and magnetohydro-
dynamics, classical thermal transport [1,2] provides the
foundation for calculating heat flux [3–7]. The classical
theories of thermal transport by Spitzer-Härm (SH) [1] and
Braginskii [2] specify the heat flux by a local expression, in
terms of the thermal conductivity κ and the electron
temperature gradient (e.g., qSH ¼ −κ∇Te). This theory
breaks down in the presence of large temperature gradients
[8–11], turbulence [12], or return current instabilities
[13–16]: classical theory does not include nonlocal effects
where energetic electrons travel distances comparable with
the temperature scale length before colliding.
Local thermal transport theories [1,2] follow from a

perturbative solution of a kinetic equation in terms of the
collision parameter λei=LT ≪ 1, where λei is the electron-
ion (e-i) mean free path and LT ¼ j∇ lnðTeÞj−1 is the scale
length of the temperature gradient. Nonlocal theories
overcome limitations of classical theory by accounting
for the range of electron-ion mean free paths associated
with different electron velocities. By extending closure
relations for hydrodynamic models into the kinetic regime
of weak collisions, these theories [17–24] have established
the limits of classical transport (λei=LT ∼ 10−2).
In laser-produced plasmas, classical theory predicts

unphysically large thermal transport and hydrodynamic
simulations of these plasmas require an ad hoc limiter on
the heat flux to match experimental observables. His-
torically, these limiters were set by kinetic simulations
[17,25–27], integrated experiments [10,11,28,29], or
more-focused Thomson scattering (TS) measurements of
the local plasma conditions (i.e., electron temperature and
density) [8,13,30,31]. More recently, the nonlocal Schurtz,
Nicolaï, and Busquet (SNB) model [23] was introduced as

a computationally efficient method for calculating the
nonlocal heat flux in large-scale multidimensional hydro-
dynamic simulations. Experiments that attempt to measure
nonlocal transport have, however, been limited to indirect
observations [8,24,30–32].
In this Letter, we present the first direct measurement of

nonlocal heat flux. A novel implementation of collective
Thomson scattering measured heat flux by probing the

(a) (b)

FIG. 1. (a) Calculated Thomson-scattering features (red curve,
right axis) from electron plasma waves [Eq. (1)] are shown
(vϕ ¼ ω=k) using a Maxwellian (solid blue curve, left axis)
electron distribution function and the non-Maxwellian (dashed
blue curve) distribution that accounts for classical SH heat flux
(λei=LT ¼ 2.2× 10−3, q=qFS ¼ 3%). Inset: For a fixed normal-
ized phase velocity, the ratio (R) of the peak scattered power of
the up- and downshifted features are shown for calculations that
use classical SH (solid curve, top axis) and nonlocal (dashed
curve, bottom axis) distribution functions over a range of heat
flux. (b) A schematic of the setup is shown.
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FIG. 1. (a) Calculated Thomson-scattering features (red curve,
right axis) from electron plasma waves [Eq. (1)] are shown
(vϕ ¼ ω=k) using a Maxwellian (solid blue curve, left axis)
electron distribution function and the non-Maxwellian (dashed
blue curve) distribution that accounts for classical SH heat flux
(λei=LT ¼ 2.2× 10−3, q=qFS ¼ 3%). Inset: For a fixed normal-
ized phase velocity, the ratio (R) of the peak scattered power of
the up- and downshifted features are shown for calculations that
use classical SH (solid curve, top axis) and nonlocal (dashed
curve, bottom axis) distribution functions over a range of heat
flux. (b) A schematic of the setup is shown.
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FIG. 1. (a) Calculated Thomson-scattering features (red curve,
right axis) from electron plasma waves [Eq. (1)] are shown
(vϕ ¼ ω=k) using a Maxwellian (solid blue curve, left axis)
electron distribution function and the non-Maxwellian (dashed
blue curve) distribution that accounts for classical SH heat flux
(λei=LT ¼ 2.2× 10−3, q=qFS ¼ 3%). Inset: For a fixed normal-
ized phase velocity, the ratio (R) of the peak scattered power of
the up- and downshifted features are shown for calculations that
use classical SH (solid curve, top axis) and nonlocal (dashed
curve, bottom axis) distribution functions over a range of heat
flux. (b) A schematic of the setup is shown.
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FIG. 1. (a) Calculated Thomson-scattering features (red curve,
right axis) from electron plasma waves [Eq. (1)] are shown
(vϕ ¼ ω=k) using a Maxwellian (solid blue curve, left axis)
electron distribution function and the non-Maxwellian (dashed
blue curve) distribution that accounts for classical SH heat flux
(λei=LT ¼ 2.2× 10−3, q=qFS ¼ 3%). Inset: For a fixed normal-
ized phase velocity, the ratio (R) of the peak scattered power of
the up- and downshifted features are shown for calculations that
use classical SH (solid curve, top axis) and nonlocal (dashed
curve, bottom axis) distribution functions over a range of heat
flux. (b) A schematic of the setup is shown.
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consistent with thermal transport, with Maxwellian electron
distribution functions. The excellent quality of the fits over
the complete spectrum indicate the high accuracy of the
shape of the distribution functions used. The significant
deviation from the measured spectra that occurs when not
accounting for the effects of heat flux (i.e., Maxwellian
distribution functions) shows the sensitivity of the meas-
urement. The non-Maxwellian distribution functions were
determined from a Fokker-Planck simulation [40] where
the electron temperature and density profiles were con-
structed to equal the measured values. Discrepancies
between the shape of the measured and calculated spectra
at the locations closest to the target suggest that the
simulations do not accurately reproduce the electron dis-
tribution function far from the resonance and suggest that
more work is needed.
Figure 3 shows the resulting heat flux measurements

at the five probed locations obtained by integrating the
electron distribution functions used to fit the Thomson-
scattering (TS) spectrum ½qTS ¼

R
1
2mv2vfeðvÞd3v%. The

measured heat flux is compared to classical heat flux values
(qSH ¼ −κ∇Te) determined by calculating the Spitzer
thermal conductivity and the local temperature gradient
from the measured plasma profiles (Fig. 4). Excellent
agreement between the classical and measured heat flux
is observed for the location farthest from the target surface,
but for locations closer to the target surface, the measured
flux is smaller than the classical values. This difference
highlights the nonlocal nature of the thermal transport.
Figure 4 presents the measured electron temperature and

density profiles determined from fitting the blueshifted
features with the Thomson-scattering power spectrum,
assuming Maxwellian electron distribution functions
(Fig. 2). The electron temperature decreased from

1.27 & 0.04 to 1.12 & 0.04 keV over 400 μm. The electron
temperature gradient at each measurement location was
determined by fitting a fifth-order polynomial to the
measurements. The uncertainty in the temperature gradient
was calculated by varying the data within the relative
error bars, which were used to calculate the errors in the
classical heat flux (Fig. 3). Over this same distance, the
electron density dropped from 8.36 & 0.04 × 1019 cm−3 to
2.63 & 0.01 × 1019 cm−3. The high signal-to-noise ratio in
the measured spectra resulted in excellent χ2 statistical fits,

FIG. 3. The heat flux (red points) measured along the target
normal is compared with classical heat flux (SH) calculations
(blue points) and heat flux values (black points) obtained from
the simulations using the SNB model. Both the simulations and
calculations were initiated with the measured electron temper-
atures and densities. For reference, λei=LT ¼ 1.4 × 10−2,
1.4 × 10−2, 1.3 × 10−2, 1.0 × 10−2, 7 × 10−3 at 1.1, 1.2, 1.3,
1.4, and 1.5 mm, respectively.

FIG. 2. The measured collective Thomson-scattering spectra (top row) and the corresponding spectral profiles (blue dots) at 1.5 ns
(bottom row). The data were fit (red curves) with Eq. (1) using non-Maxwellian electron distribution functions to measure heat flux.
Insets: The redshifted features are shown with calculations (black curves) that used the plasma conditions from the fit but a Maxwellian
electron distribution function. These spectra recover the location of the scattering features but fail to match their amplitudes. At 1.5 mm,
the spectrum was fit (dashed curve) with calculations that use a distribution function consistent with classical SH theory. All spectra are
normalized to the peak scattered power.

PHYSICAL REVIEW LETTERS 121, 125001 (2018)
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Electron heat flux is poorly described by the classical diffusive model, qSH=−κ∇Te, in 
many laser produced plasmas. Thermal transport requires kinetic theory or nonlocal closure 
when reduced to hydrodynamical description.

• Asymmetry of resonances associated with electron
plasma waves propagating with and against the 
heat flux in 𝑆 𝑘,𝜔 is used to measure qTS by employing 
results of Vlasov-Fokker-Planck simulations.
• SNB is G. Shurtz, Ph. Nicolai, M. Busquet, 
Phys. Plasmas 7, 4238 (2000) – current standard 
in nonlocal transport implementation into radiation 
hydrodynamics.



onto the plasma with an f /3 lens combined with a RPP with
elongated elements (0.130.9) mm2, producing a line focus
of 100 mm31 mm along the axis of the interaction beam.
The Thomson scattered light was collected with an off-axis,
34° aperture parabolic mirror, which was part of the optical
system imaging the focal region onto the entrance slit of a
spectrometer, after a rotation by 90°. The output of the spec-
trometer was coupled to a streak camera. The CTS
spectrometer–streak camera combination was aligned to ob-
serve scattered light from a small volume in the region of
peak SRS-driven EPW activity, which was ;300 mm to-
ward the interaction beam from the plasma center.18 The size
of the probed volume was set by the magnification of the
imaging system, the width of the slits of the spectrometer,
and the streak camera, and the focal spot diameter of the
interaction beam. This was 75 mm along the interaction axis,
70 mm in height, and 300 mm along the transverse direction.
A scheme of the probed volume along with isodensities of
the plasma is shown in Fig. 2. The range of wavelengths
observed was between 280 and 480 nm, with a temporal
resolution of 50 ps and a spectral resolution of 30 Å. Time-
integrated results, obtained under different pumping condi-
tions and with different diagnostics, have been previously
reported.19

The geometry of the CTS diagnostic was designed to
collect downshifted scattered light (vdown5vprobe2vepw1)
from the primary EPWs associated with backward SRS. Up-
shifted scattered light (vup5vprobe1vepw2) from secondary
EPWs having same frequency and opposite wave numbers as
the primary EPWs was emitted in the same direction and
collected by the same CTS detector optics. Figure 3 shows
the general wave vector diagrams for the Raman and the LDI
decays, and for Thomson scattering, as well as the relation-
ships between the wave numbers and frequencies of the
probe beam ~kprobe , vprobe!, the EPW ~kepw1,2 , vepw1,2! and
scattered beam ~kscatt , vscatt!. To ensure that the two strongly
different light amplitudes both fell within the streak camera
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driven EPW side of the spectrum, after the spectrometer, at
the streak camera entrance slit. The spectral dependence of
the total optical system was taken into account when unfold-
ing the data to make quantitative wave–amplitude compari-
sons.

FIG. 2. Imaging of the plasma to the entrance slit of the spectrometer. ~a!
Sketch of the plasma electron isodensities (ne5const), indicating the direc-
tion of the interaction laser beam. ~b! Image of the plasma at the entrance
slit of the spectrometer, after rotation by 90°. The probed volume is located
300 mm in the front part of the plasma. It is 75 mm along the interaction
axis, 70 mm in height, and 300 mm along the transverse direction.

FIG. 3. Wave-vector diagrams for the SRS of the interaction beam, the LDI
of the electron plasma waves produced by SRS, and Thomson scattering of
the probe beam. The relationships between the wave numbers and frequen-
cies of the probe beam ~kprobe , vprobe!, the EPW ~kepw1,2 , vepw1,2!, and
scattering beam ~kscatt , vscatt! are also indicated.

FIG. 4. ~a! Time-resolved spectra of the Thomson scattered light from ion
acoustic waves associated with stimulated Brillouin scattering, primary elec-
tron plasma waves associated with stimulated Raman scattering, and sec-
ondary electron plasma waves associated with the Langmuir decay of the
former ones. These three types of waves are driven by the interaction beam.
The first signal in time is Thomson scattered light from electron plasma
waves produced by the two-plasmon decay of the plasma-producing beams.
Intensity of the interaction beam was 831013 W/cm2. Different optical at-
tenuations have been used for the four signals. ~b! Temporal evolution of
scattered light from primary and secondary EPWs showing symmetrical
slopes in frequencies as a function of time @dvup /dt/dvdown /dt
5(ldown /lup)2dlup /dt/dldown /dt521# .
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FIG. 2. Spectrum of the light Thomson scattered off EPWs for a laser energy equal to (a) 17 J, (b) 24 J, and (c) 68 J. The kEPW
and vEPW axes are shown in correspondence to the measured parameter d and lscatt axes. For these shots, the collection volume was
located in the front part of the plasma at 250 mm from the initial target plane where the maximum of Raman activity was observed.
The spectral resolution is 40 Å.

energy case. The scattered intensity at ne!nc ! 0.076 and
its decomposition into EPW peaks are plotted in Fig. 3b
as a function of the EPW wave vector. In this case, the
spectrum is steeper than in the middle energy case: The
relative line intensities of the components EPW1, EPW3,

FIG. 3. (a) Scattered intensity (in arbitrary units) and its de-
composition into the EPW1, EPW3, EPW5, and EPW7 con-
tributions at ne!nc ! 0.055 as a function of the probed EPW
wave vector for a laser energy of 24 J. The corresponding sec-
tion is shown by the dotted vertical line in Fig. 2b. (b) The
same plot as in panel (a) but for the spectrum measured at 68 J
at ne!nc ! 0.076. The units are the same in both panels so that
the respective level for these two plots can be compared.

and EPW5 are 1:0.33:0.1. The total energy transferred in
the cascade EPWs in that case is found to be less than the
energy of the primary EPW. We therefore conclude that in
the high laser energy case a smaller part of the SRS energy
is transferred into the cascade decay products than in the
medium energy case.

We now show that the broadening of the IAW Thom-
son scattering spectra is in agreement with the number of
LDI cascades deduced from the EPW spectra. Figure 4
shows that the broadening of each IAW TS peak is of the
order of "1.5 Å. Various sources may contribute to the
width of each peak. First, the collected light is coming
from a certain volume of plasma. The variation of the
electron density across this volume produces a variation
of wave number corresponding to a wavelength broaden-
ing of "0.13 Å. The variation of the expansion velocity
produces a broadening of "0.53 Å [9]. The broadening
resulting from these two sources is larger than the spec-
tral resolution, 0.3 Å, but cannot account for the observed-
spectral width of 1.5 Å. On the other hand, this observed
width can be explained by the fact that each peak is the su-
perposition of light scattered off IAWs coming from four

FIG. 4. Spectrum of down- and up-TS light off IAWs produced
in the odd and even steps of the LDI cascade. This spectrum is
time integrated over 100 ps around maximum scattered energy.
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TS spectrum of epw cascade reconstructed from
the experimental data using instrumental spectral 
width for each component of the cascade.

Nonlinear electron plasma waves driven by the stimulated Raman scattering undergo
further decays that contribute to saturation of the scattering instability.
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Thomson scattering has been used to investigate the nonlinear evolution of electron plasma waves
(EPWs) generated by stimulated Raman scattering (SRS). Two complementary diagnostics demonstrate
the occurrence of the cascade of Langmuir decay instabilities (LDI). The EPW wave-number spec-
trum displays an asymmetric broadening towards small wave numbers, interpreted as a signature of the
secondary EPWs produced in the LDI cascade. The number of cascade steps is in agreement with the
broadening of the associated ion-acoustic-waves’ spectra. The total energy transferred in the EPWs cas-
cade is found to be either less than or of the same order of magnitude as the energy of the primary EPW.
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The control of laser-plasma instabilities represents an
important component of the laser-driven inertial confine-
ment fusion (ICF) research. The future megajoule lasers
[1,2] will give rise to plasma conditions for which these
instabilities might grow at a level so high that the linear
description fails. Their final excitation level will conse-
quently be determined by saturation mechanisms [3] whose
identification and comprehension are prerequisite for an
efficient control. In this Letter, we present new experi-
mental results concerning the nonlinear evolution of the
stimulated Raman scattering (SRS). SRS is the paramet-
ric instability by which the incident laser wave decays
into an electron plasma wave (EPW) and another trans-
verse wave. It could be detrimental in ICF experiments
because the scattered light decreases the laser/plasma cou-
pling [4] and may affect the irradiation symmetry. In addi-
tion, the EPWs accelerate electrons which may preheat the
fusion fuel.

A possible saturation mechanism for this instability
is the coupling of the SRS-generated EPW (henceforth
named the primary EPW, and denoted as EPW1) to the
ion acoustic waves (IAW). Depending on the value of the
quantity kEPW1lDe (here kEPW1 denotes the EPW1 wave
number and lDe is the Debye length), this coupling may
give rise to (i) the Langmuir decay instability (LDI) [5] in
the regime kEPW1lDe . 0.2 [LDI is the process by which
the primary EPW decays into a secondary EPW (EPW2)
and an ion acoustic wave (IAW2); this process may repeat
itself, the secondary EPW2 decaying into another EPW
(EPW3) and IAW (IAW3), thus generating the so-called
LDI cascade] and (ii) the Langmuir collapse [6,7] in
the opposite regime kEPW1lDe , 0.2 . The EPW1 wave
number in our experiment lies in the domain kEPW1lDe !
0.2 0.3 , so that the coupling of the primary EPW to
the IAWs could give rise to the LDI cascade. The LDI
cascade may be viewed as corresponding to an energy

sink for the primary EPW, because the secondary EPWs
are nonresonant for SRS. Therefore, the LDI cascade
can be expected to be an efficient nonlinear saturation
mechanism for SRS.

The LDI occurrence has been demonstrated in a previous
experiment [8] where the two decay products, namely the
secondary IAW and EPW, were observed simultaneously.
The Thomson scattering (TS) spectra of IAWs exhibited
two components interpreted as the evidence of the first
LDI cascade step. Counterpropagating IAWs (see Fig. 1a)
produced by the initial LDI of the primary EPW and by
the first step in the LDI cascade were respectively probed
by down and up TS giving two peaks in the IAW spectrum
separated by 3.5 Å. The next steps in the LDI cascade
could not be resolved, because the large Doppler effect
in the expanding plasma broadened each peak by 0.5 Å,
whereas the separation between the peaks corresponding
to the IAWs produced in successive even cascade steps
(IAW2 and IAW4) was 0.2 Å only [9].

In the present experiment, we set up a new diagnos-
tic to k-resolve the EPW spectra for a well-defined elec-
tron density in order to eliminate the strong dependence of
kEPW1 on the time evolving density. Above a laser thresh-
old of 2 3 1013 W"cm2 , the k spectra show an asymmet-
ric broadening towards small wave numbers, consistently
with the LDI cascade. This broadening is interpreted as
due to the contribution of the EPWs produced in the LDI
cascade, up to the seventh secondary EPW. Because the
decay products are all probed with a unique TS geome-
try, the k spectra give an accurate measurement of their
relative intensity. These observations are of fundamental
importance in the context of SRS saturation because the
EPW and IAW evolutions determine the energy balance in
the SRS process.

Four beams of the Laboratoire pour l’Utilisation des
Lasers Intenses (LULI) facility (see Fig. 1b) were used to
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mental results concerning the nonlinear evolution of the
stimulated Raman scattering (SRS). SRS is the paramet-
ric instability by which the incident laser wave decays
into an electron plasma wave (EPW) and another trans-
verse wave. It could be detrimental in ICF experiments
because the scattered light decreases the laser/plasma cou-
pling [4] and may affect the irradiation symmetry. In addi-
tion, the EPWs accelerate electrons which may preheat the
fusion fuel.

A possible saturation mechanism for this instability
is the coupling of the SRS-generated EPW (henceforth
named the primary EPW, and denoted as EPW1) to the
ion acoustic waves (IAW). Depending on the value of the
quantity kEPW1lDe (here kEPW1 denotes the EPW1 wave
number and lDe is the Debye length), this coupling may
give rise to (i) the Langmuir decay instability (LDI) [5] in
the regime kEPW1lDe . 0.2 [LDI is the process by which
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sink for the primary EPW, because the secondary EPWs
are nonresonant for SRS. Therefore, the LDI cascade
can be expected to be an efficient nonlinear saturation
mechanism for SRS.

The LDI occurrence has been demonstrated in a previous
experiment [8] where the two decay products, namely the
secondary IAW and EPW, were observed simultaneously.
The Thomson scattering (TS) spectra of IAWs exhibited
two components interpreted as the evidence of the first
LDI cascade step. Counterpropagating IAWs (see Fig. 1a)
produced by the initial LDI of the primary EPW and by
the first step in the LDI cascade were respectively probed
by down and up TS giving two peaks in the IAW spectrum
separated by 3.5 Å. The next steps in the LDI cascade
could not be resolved, because the large Doppler effect
in the expanding plasma broadened each peak by 0.5 Å,
whereas the separation between the peaks corresponding
to the IAWs produced in successive even cascade steps
(IAW2 and IAW4) was 0.2 Å only [9].

In the present experiment, we set up a new diagnos-
tic to k-resolve the EPW spectra for a well-defined elec-
tron density in order to eliminate the strong dependence of
kEPW1 on the time evolving density. Above a laser thresh-
old of 2 3 1013 W"cm2 , the k spectra show an asymmet-
ric broadening towards small wave numbers, consistently
with the LDI cascade. This broadening is interpreted as
due to the contribution of the EPWs produced in the LDI
cascade, up to the seventh secondary EPW. Because the
decay products are all probed with a unique TS geome-
try, the k spectra give an accurate measurement of their
relative intensity. These observations are of fundamental
importance in the context of SRS saturation because the
EPW and IAW evolutions determine the energy balance in
the SRS process.
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Lasers Intenses (LULI) facility (see Fig. 1b) were used to
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EPW and IAW evolutions determine the energy balance in
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Centre de Physique Théorique, Ecole Polytechnique, Centre National de la Recherche Scientifique,
91128 Palaiseau cedex, France

~Received 13 May 1997; accepted 30 September 1997!

Direct observations of secondary Langmuir waves produced by the parametric decay instability of
primary Langmuir waves are presented. The measurements have been obtained using Thomson
scattering of a short-wavelength probe laser beam and are resolved in time, space, frequency, and
wave number. The primary Langmuir waves were driven by stimulated Raman scattering ~SRS! of
a smoothed laser beam in a preformed plasma. Measurements of the amplitude of the density
fluctuations associated with primary and secondary Langmuir waves show that the threshold of the
Langmuir decay instability ~LDI! is close to the threshold of the Raman instability. This is in
agreement with theoretical predictions. However, the ratio of amplitudes of the density fluctuations
associated with both secondary and primary Langmuir waves does not agree with existing theories
of SRS saturation due to LDI cascading and/or strong Langmuir turbulence in homogeneous
plasmas. An explanation based on the interaction beam intensity distribution produced by the
random phase plate in the plasma is discussed. © 1998 American Institute of Physics.
@S1070-664X~98!02101-6#

I. INTRODUCTION

Langmuir waves, or electron plasma waves ~EPW!, can
be easily excited in a plasma and are responsible for a variety
of nonlinear effects in many plasma applications, like inertial
confinement fusion, particle acceleration, current drive, and
microwave heating in tokamaks, x-ray lasers, and iono-
spheric plasma modification.1 EPWs are especially important
in laser plasmas as encountered in the context of inertial
confinement fusion by laser beams,2 as they can accelerate
electrons to high energy that preheats the fusion fuel and
reduces the target gain. They can also scatter large amounts
of incident laser light in undesired directions. Several mecha-
nisms have been identified that can generate EPWs in laser-
produced plasmas: stimulated Raman scattering ~SRS!, two-
plasmon decay, parametric decay instability, Langmuir
decay instability, resonance absorption, and hot electron
pulses.3 Because of weak dissipation of these EPWs due to
Landau or collisional damping, Langmuir waves interact be-
tween themselves, couple to ion acoustic waves, and often
bring plasma into a turbulent state.4–6 Previous laser–plasma
interaction experiments have focused on qualitative spectral
indications of the mechanisms of EPW generation, coupling,
and dissipation, while there was no direct measurement of
EPW decays. EPWs are difficult to diagnose as they do not
radiate directly light outside the plasma. Scattering of an

electromagnetic wave off EPWs is a common way to collect
and analyze light associated with EPWs. The most frequently
used diagnostic of parametric instabilities had been based on
the scattering of the incident laser light itself from the lon-
gitudinal waves resulting from the decay.7 However, infor-
mation on longitudinal waves can be distorted by the propa-
gation and nonlinear interaction of the electromagnetic wave
in a dense plasma. Thomson scattering of a short-wavelength
and low-intensity laser beam8 is a much more relevant
method to measure directly the spectrum of density fluctua-
tions in a plasma, and identify waves associated with specific
decays.

In this paper we describe results of an experiment that
was conducted to study features of the Langmuir decay in-
stability, including threshold, growth, and temporal evolution
of the plasma waves. The Langmuir decay instability ~LDI!
is the decay of a primary Langmuir wave into a secondary
Langmuir wave and an ion acoustic wave. First theoretical
predictions of this instability were reported by DuBois and
Goldman.6 Only indirect experimental indications of LDI
have been reported so far, based on the dependence of SRS
reflectivity on EPW damping or broadening of SRS
spectra.9,10 In the present experiment, SRS was used as the
source of EPWs, as the Langmuir wave spectrum driven by
SRS is simpler than the primary spectrum, driven by either
the ion acoustic decay instability or the two-plasmon decay.
In particular, EPWs driven by SRS are emitted only in the
forward direction of the laser propagation. Thus, any EPWs
traveling antiparallel to the laser wave vector must be due to
the LDI or another mechanism that can reverse the EPW’s
wave vector. LDI is of particular importance for SRS in the
context of laser-driven inertial confinement fusion, as it had
been proposed as one of the possible mechanisms respon-
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Livermore National Laboratory, P.O. Box 808, Livermore California
94550.

b!Present address: Department of Physics, University of Nevada, Reno, Ne-
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the scattering of the incident laser light itself from the lon-
gitudinal waves resulting from the decay.7 However, infor-
mation on longitudinal waves can be distorted by the propa-
gation and nonlinear interaction of the electromagnetic wave
in a dense plasma. Thomson scattering of a short-wavelength
and low-intensity laser beam8 is a much more relevant
method to measure directly the spectrum of density fluctua-
tions in a plasma, and identify waves associated with specific
decays.

In this paper we describe results of an experiment that
was conducted to study features of the Langmuir decay in-
stability, including threshold, growth, and temporal evolution
of the plasma waves. The Langmuir decay instability ~LDI!
is the decay of a primary Langmuir wave into a secondary
Langmuir wave and an ion acoustic wave. First theoretical
predictions of this instability were reported by DuBois and
Goldman.6 Only indirect experimental indications of LDI
have been reported so far, based on the dependence of SRS
reflectivity on EPW damping or broadening of SRS
spectra.9,10 In the present experiment, SRS was used as the
source of EPWs, as the Langmuir wave spectrum driven by
SRS is simpler than the primary spectrum, driven by either
the ion acoustic decay instability or the two-plasmon decay.
In particular, EPWs driven by SRS are emitted only in the
forward direction of the laser propagation. Thus, any EPWs
traveling antiparallel to the laser wave vector must be due to
the LDI or another mechanism that can reverse the EPW’s
wave vector. LDI is of particular importance for SRS in the
context of laser-driven inertial confinement fusion, as it had
been proposed as one of the possible mechanisms respon-
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primary Langmuir waves are presented. The measurements have been obtained using Thomson
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Left to right: Arthur Ashkin, Gérard Mourou, and Donna Strickland. Credits: Bell Labs, Alexis

Cheziere/CNRS Photothèque, and University of Waterloo

Arthur Ashkin, Gérard Mourou, and Donna Strickland are to be awarded the 2018

Nobel Prize in Physics “for groundbreaking inventions in the field of laser

physics,” the Royal Swedish Academy of Sciences announced on Tuesday. Ashkin,

formerly of Bell Labs in New Jersey, will receive half the prize of 9 million

Swedish krona (roughly $1 million); Mourou, of École Polytechnique in France and

the University of Michigan, and Strickland, at the University of Waterloo in

Canada, will split the other half.

The Royal Swedish Academy is honoring Ashkin for his invention of optical

tweezers to trap and manipulate particles and living cells. In the 1970s and 1980s,

he discovered that the radiation pressure in laser beams could be used not only

to push small objects but also to confine and manipulate them. Although the

“During the 1990s, a kind of 
revolution occurred in the little 
world of laser-plasma interaction. 
The simultaneous development of 
high energy lasers for fusion and 
of the chirped pulse amplification 
allowed a huge jump in accessible 
laser light intensities.” 
G.Laval, et al. EPJ H 43, 421 (2018)

Opportunities in Intense Ultrafast Lasers: Reaching for the Brightest Light

Copyright National Academy of Sciences. All rights reserved.

15I N T R O D U C T I O N  A N D  T E C H N I C A L  S U M M A R Y

FIGURE 1.3 Highest focused intensities over time. CPA and solid-state laser technology have pushed 
the present peak intensity to the range of 1022 W/cm2. The European ELI project will scale this up more 
than one order of magnitude in the near future. Also shown is a blue dot for the SLAC E144 experi-
ment that achieved high intensity by boosting the laser-matter interaction into a relativistic frame. The 
three horizontal lines show the intensity for the ponderomotive (quiver) energy Up of an electron in 
the focus of an 800 nm (Ti:Sapphire) laser to be equal to one atomic unit; or for Up to be equal to the 
electron rest mass; or for the Schwinger intensity Y = 1 where the vacuum becomes unstable and light 
is directly converted to matter. SOURCE: Philip Bucksbaum, Stanford University.

 

1.5 LIMITS TO SCALING TO STILL HIGHER INTENSITY

The “Moore’s Law” analog in high-intensity lasers is shown in Figure 1.3.
Since the invention of CPA, the power has increased about an order of magni-

tude every 4 to 5 years. The current limits are due to the optical elements with the 
lowest damage thresholds, which are the special dispersion optics required for pulse 
compression in CPA or OPCPA systems. More details can be found in Chapter 3 
and in Appendix A4.
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107S C I E N C E  M O T I V A T I O N

FIGURE 5.6 Schematic illustration of a seeded laser-driven plasma wakefield accelerator. SOURCE: W.P. 
 Leemans, 2010, White Paper of the ICFA-ICUIL Joint Task Force—High Power Laser Technology for Accelera-
tors, http://icfa-bd.kek.jp/WhitePaper_final.pdf. The inset illustrated the plasma electron density behind the laser 
pulse for a self-injection mechanism in the so-called bubble regime. SOURCE: V. Malka, J. Faure, Y.A. Gauduel, 
E. Lefebvre, A. Rousse, and K.T. Phuoc, 2008, Principles and applications of compact laser–plasma accelerators, 
Nat. Phys. 4: 447-453.

an accelerat ing to a decelerating bucket in the plasma wave. Both of these limita-
tions point to the need for high energy/intensity lasers: high energy pulses counter-
balance depletion and drive large amplitude plasma waves over long propagation 
distances especially at low plasma densities where dephasing is minimized. Using 
a PW-class laser, the Berkeley Lab Laser Accelerator facility at Lawrence Berkeley 
National Laboratory has reported a record 4.2 GeV electron beam in single 10 cm 
plasma channel, with 10 GeV in 1-meter appearing feasible.67

Achieving even higher beam energies requires a “staging” of many laser-plasma 
acceleration modules in order to mitigate depletion and dephasing. Acceleration 

67   W.P. Leemans, A.J. Gonsalves, H-S. Mao, K. Nakamura, C. Benedetti, C.B. Schroeder, Cs. Tóth, 
et al., 2014, Multi-GeV electron beams from capillary-discharge-guided subpetawatt laser pulses in 
the self-trapping regime, PRL 113(24): 245002.

High intensity short pulse lasers:
• electron and proton acceleration,
• photon, positron, neutron sources
• nuclear physics applications
• extreme intensities, QED

6

Radiography EOS experiments measured the shock 
Hugoniot of CH in spherical geometry to 60 Mbar

T. Doppner et al., PRL 121, 025001 (2018)

T. Doppner et al.
PRL, 121, 025001 
(2018)

• Lasers can deliver high powers of electromagnetic
energy. Coupling with matter (plasma) is a complex
and interesting problem. 
• Almost from the very beginning (~1960)  laser driven,
inertial confinement fusion (ICF) was a main reason
for studying laser plasma interactions. 
• Indirect drive fusion is the leading experiment on ICF



Inertial Confinement Fusion (ICF) was supposed to be attained in 2012 on the National Ignition 
Facility (NIF) in Livermore, CA. However, hydrodynamic instabilities and laser–plasma interactions
that weren’t foreseen in computer simulations have kept experimenters from achieving the uniform 
implosions that are required for the reaction. The recent milestone says:
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A series of cryogenic, layered deuterium-tritium (DT) implosions have produced, for the first time,
fusion energy output twice the peak kinetic energy of the imploding shell. These experiments at the
National Ignition Facility utilized high density carbon ablators with a three-shock laser pulse
(1.5 MJ in 7.5 ns) to irradiate low gas-filled (0.3 mg=cc of helium) bare depleted uranium hohlraums,
resulting in a peak hohlraum radiative temperature ∼290 eV. The imploding shell, composed of the
nonablated high density carbon and the DT cryogenic layer, is, thus, driven to velocity on the order of
380 km=s resulting in a peak kinetic energy of ∼21 kJ, which once stagnated produced a total DT neutron
yield of 1.9 × 1016 (shot N170827) corresponding to an output fusion energy of 54 kJ. Time dependent low
mode asymmetries that limited further progress of implosions have now been controlled, leading to an
increased compression of the hot spot. It resulted in hot spot areal density (ρr ∼ 0.3 g=cm2) and stagnation
pressure (∼360 Gbar) never before achieved in a laboratory experiment.

DOI: 10.1103/PhysRevLett.120.245003

The potential of nuclear fusion as an efficient source of
energy was identified decades ago [1]. However, harness-
ing fusion for energy production has proven to be a difficult
task. Throughout the world, billions of dollars are invested
in experimental facilities and programs with the goal of
demonstrating ignition—the point at which the amount of
energy produced via fusion reactions is equal to or greater
than the energy supplied to initiate the process [2]. At
Lawrence Livermore National Laboratory, the indirect
drive approach for inertial confinement fusion (ICF) is
pursued at the National Ignition Facility (NIF) [3]. Most
ICF work on the NIF is based on the hot spot ignition
concept, where the kinetic energy of an imploding shell is
converted, upon stagnation, to internal energy in a central
hot spot. Fusion is initiated in the hot spot, and a
thermonuclear burn front propagates radially outward into
the main fuel producing high gain if the main fuel is of
sufficiently high areal density. Ignition is only achieved
when self-heating of the hot spot occurs: 3.5 MeV α
particles produced by the deuterium-tritium (DT) fusion
reactions transfer their energy to the central hot spot to

compensate for bremsstrahlung, conduction, and any other
energy losses. The theoretical fusion yield can be in the
megajoule range, exceeding by a factor of 1000 the kinetic
energy supplied to the deuterium-tritium fuel by the implo-
sion alone. While megajoule fusion yields are the goal of the
ICF program, reaching that stage requires achieving distinct
steps in target gain and yield, each representative of the
understanding and resolution of key issues.
The high foot design, in reducing the implosion vulner-

ability to hydrodynamic instabilities plaguing low adiabat
implosions, achieved a net fuel gain (as defined in Ref. [4])
in a hot spot dominated by alpha heating [5]. Nevertheless,
the high foot implosions plateaued near 26 kJ of fusion
yield, hot spot areal density < 0.2 g=cm2 and 250 Gbar of
stagnation pressure. Detailed analyses have shown that
symmetry swings were, in part, responsible for the implo-
sion degradation [6] and the high apparent ion temperature
measured [7,5].
The high density carbon (HDC) experiments we report

on, by controlling low mode asymmetry through the laser
history, achieved, for the first time, a fusion yield (54 kJ)

PHYSICAL REVIEW LETTERS 120, 245003 (2018)
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Fusion Energy Output Greater than the Kinetic Energy of an Imploding Shell
at the National Ignition Facility

S. Le Pape,1 L. F. Berzak Hopkins,1 L. Divol,1 A. Pak,1 E. L. Dewald,1 S. Bhandarkar,1 L. R. Bennedetti,1 T. Bunn,1

J. Biener,1 J. Crippen,2 D. Casey,1 D. Edgell,3 D. N. Fittinghoff,1 M. Gatu-Johnson,4 C. Goyon,1 S. Haan,1 R. Hatarik,1

M. Havre,2 D. D-M. Ho,1 N. Izumi,1 J. Jaquez,2 S. F. Khan,1 G. A. Kyrala,5 T. Ma,1 A. J. Mackinnon,1 A. G. MacPhee,1

B. J. MacGowan,1 N. B. Meezan,1 J. Milovich,1 M. Millot,1 P. Michel,1 S. R. Nagel,1 A. Nikroo,1 P. Patel,1

J. Ralph,1 J. S. Ross,1 N. G. Rice,2 D. Strozzi,1 M. Stadermann,1 P. Volegov,5 C. Yeamans,1 C. Weber,1

C. Wild,6 D. Callahan,1 and O. A. Hurricane1
1Lawrence Livermore National Laboratory, Livermore, California 94550, USA

2General Atomics, San Diego, California 92186, USA
3Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14636, USA

4Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
5Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

6Diamond Materials Gmbh, 79108 Freiburg, Germany

(Received 3 November 2017; revised manuscript received 4 May 2018; published 14 June 2018)

A series of cryogenic, layered deuterium-tritium (DT) implosions have produced, for the first time,
fusion energy output twice the peak kinetic energy of the imploding shell. These experiments at the
National Ignition Facility utilized high density carbon ablators with a three-shock laser pulse
(1.5 MJ in 7.5 ns) to irradiate low gas-filled (0.3 mg=cc of helium) bare depleted uranium hohlraums,
resulting in a peak hohlraum radiative temperature ∼290 eV. The imploding shell, composed of the
nonablated high density carbon and the DT cryogenic layer, is, thus, driven to velocity on the order of
380 km=s resulting in a peak kinetic energy of ∼21 kJ, which once stagnated produced a total DT neutron
yield of 1.9 × 1016 (shot N170827) corresponding to an output fusion energy of 54 kJ. Time dependent low
mode asymmetries that limited further progress of implosions have now been controlled, leading to an
increased compression of the hot spot. It resulted in hot spot areal density (ρr ∼ 0.3 g=cm2) and stagnation
pressure (∼360 Gbar) never before achieved in a laboratory experiment.

DOI: 10.1103/PhysRevLett.120.245003

The potential of nuclear fusion as an efficient source of
energy was identified decades ago [1]. However, harness-
ing fusion for energy production has proven to be a difficult
task. Throughout the world, billions of dollars are invested
in experimental facilities and programs with the goal of
demonstrating ignition—the point at which the amount of
energy produced via fusion reactions is equal to or greater
than the energy supplied to initiate the process [2]. At
Lawrence Livermore National Laboratory, the indirect
drive approach for inertial confinement fusion (ICF) is
pursued at the National Ignition Facility (NIF) [3]. Most
ICF work on the NIF is based on the hot spot ignition
concept, where the kinetic energy of an imploding shell is
converted, upon stagnation, to internal energy in a central
hot spot. Fusion is initiated in the hot spot, and a
thermonuclear burn front propagates radially outward into
the main fuel producing high gain if the main fuel is of
sufficiently high areal density. Ignition is only achieved
when self-heating of the hot spot occurs: 3.5 MeV α
particles produced by the deuterium-tritium (DT) fusion
reactions transfer their energy to the central hot spot to

compensate for bremsstrahlung, conduction, and any other
energy losses. The theoretical fusion yield can be in the
megajoule range, exceeding by a factor of 1000 the kinetic
energy supplied to the deuterium-tritium fuel by the implo-
sion alone. While megajoule fusion yields are the goal of the
ICF program, reaching that stage requires achieving distinct
steps in target gain and yield, each representative of the
understanding and resolution of key issues.
The high foot design, in reducing the implosion vulner-

ability to hydrodynamic instabilities plaguing low adiabat
implosions, achieved a net fuel gain (as defined in Ref. [4])
in a hot spot dominated by alpha heating [5]. Nevertheless,
the high foot implosions plateaued near 26 kJ of fusion
yield, hot spot areal density < 0.2 g=cm2 and 250 Gbar of
stagnation pressure. Detailed analyses have shown that
symmetry swings were, in part, responsible for the implo-
sion degradation [6] and the high apparent ion temperature
measured [7,5].
The high density carbon (HDC) experiments we report

on, by controlling low mode asymmetry through the laser
history, achieved, for the first time, a fusion yield (54 kJ)

PHYSICAL REVIEW LETTERS 120, 245003 (2018)

0031-9007=18=120(24)=245003(6) 245003-1 © 2018 American Physical Society

 

Fusion Energy Output Greater than the Kinetic Energy of an Imploding Shell
at the National Ignition Facility

S. Le Pape,1 L. F. Berzak Hopkins,1 L. Divol,1 A. Pak,1 E. L. Dewald,1 S. Bhandarkar,1 L. R. Bennedetti,1 T. Bunn,1

J. Biener,1 J. Crippen,2 D. Casey,1 D. Edgell,3 D. N. Fittinghoff,1 M. Gatu-Johnson,4 C. Goyon,1 S. Haan,1 R. Hatarik,1

M. Havre,2 D. D-M. Ho,1 N. Izumi,1 J. Jaquez,2 S. F. Khan,1 G. A. Kyrala,5 T. Ma,1 A. J. Mackinnon,1 A. G. MacPhee,1

B. J. MacGowan,1 N. B. Meezan,1 J. Milovich,1 M. Millot,1 P. Michel,1 S. R. Nagel,1 A. Nikroo,1 P. Patel,1

J. Ralph,1 J. S. Ross,1 N. G. Rice,2 D. Strozzi,1 M. Stadermann,1 P. Volegov,5 C. Yeamans,1 C. Weber,1

C. Wild,6 D. Callahan,1 and O. A. Hurricane1
1Lawrence Livermore National Laboratory, Livermore, California 94550, USA

2General Atomics, San Diego, California 92186, USA
3Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14636, USA

4Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
5Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

6Diamond Materials Gmbh, 79108 Freiburg, Germany

(Received 3 November 2017; revised manuscript received 4 May 2018; published 14 June 2018)

A series of cryogenic, layered deuterium-tritium (DT) implosions have produced, for the first time,
fusion energy output twice the peak kinetic energy of the imploding shell. These experiments at the
National Ignition Facility utilized high density carbon ablators with a three-shock laser pulse
(1.5 MJ in 7.5 ns) to irradiate low gas-filled (0.3 mg=cc of helium) bare depleted uranium hohlraums,
resulting in a peak hohlraum radiative temperature ∼290 eV. The imploding shell, composed of the
nonablated high density carbon and the DT cryogenic layer, is, thus, driven to velocity on the order of
380 km=s resulting in a peak kinetic energy of ∼21 kJ, which once stagnated produced a total DT neutron
yield of 1.9 × 1016 (shot N170827) corresponding to an output fusion energy of 54 kJ. Time dependent low
mode asymmetries that limited further progress of implosions have now been controlled, leading to an
increased compression of the hot spot. It resulted in hot spot areal density (ρr ∼ 0.3 g=cm2) and stagnation
pressure (∼360 Gbar) never before achieved in a laboratory experiment.

DOI: 10.1103/PhysRevLett.120.245003

The potential of nuclear fusion as an efficient source of
energy was identified decades ago [1]. However, harness-
ing fusion for energy production has proven to be a difficult
task. Throughout the world, billions of dollars are invested
in experimental facilities and programs with the goal of
demonstrating ignition—the point at which the amount of
energy produced via fusion reactions is equal to or greater
than the energy supplied to initiate the process [2]. At
Lawrence Livermore National Laboratory, the indirect
drive approach for inertial confinement fusion (ICF) is
pursued at the National Ignition Facility (NIF) [3]. Most
ICF work on the NIF is based on the hot spot ignition
concept, where the kinetic energy of an imploding shell is
converted, upon stagnation, to internal energy in a central
hot spot. Fusion is initiated in the hot spot, and a
thermonuclear burn front propagates radially outward into
the main fuel producing high gain if the main fuel is of
sufficiently high areal density. Ignition is only achieved
when self-heating of the hot spot occurs: 3.5 MeV α
particles produced by the deuterium-tritium (DT) fusion
reactions transfer their energy to the central hot spot to

compensate for bremsstrahlung, conduction, and any other
energy losses. The theoretical fusion yield can be in the
megajoule range, exceeding by a factor of 1000 the kinetic
energy supplied to the deuterium-tritium fuel by the implo-
sion alone. While megajoule fusion yields are the goal of the
ICF program, reaching that stage requires achieving distinct
steps in target gain and yield, each representative of the
understanding and resolution of key issues.
The high foot design, in reducing the implosion vulner-

ability to hydrodynamic instabilities plaguing low adiabat
implosions, achieved a net fuel gain (as defined in Ref. [4])
in a hot spot dominated by alpha heating [5]. Nevertheless,
the high foot implosions plateaued near 26 kJ of fusion
yield, hot spot areal density < 0.2 g=cm2 and 250 Gbar of
stagnation pressure. Detailed analyses have shown that
symmetry swings were, in part, responsible for the implo-
sion degradation [6] and the high apparent ion temperature
measured [7,5].
The high density carbon (HDC) experiments we report

on, by controlling low mode asymmetry through the laser
history, achieved, for the first time, a fusion yield (54 kJ)

PHYSICAL REVIEW LETTERS 120, 245003 (2018)

0031-9007=18=120(24)=245003(6) 245003-1 © 2018 American Physical Society

et al.

A key achievement of the high foot campaign in 2014
was to achieve a fuel gain of unity: more fusion energy was
produced in the hot spot than energy was delivered to the
DT fuel. This demonstration required a detailed estimate
of the energy balance during stagnation. Here, we have
improved the implosion enough to report a net gain of two
between the fusion energy produced and the maximum
kinetic energy of the imploding shell, including both the
DT fuel and the remaining ablator, at peak implosion
velocity when the hohlraum does not accelerate the capsule
anymore. This can be thought of as the fusion gain of an
isolated system (the free-falling imploding shell) and
reporting the gain does not have to rely on internal
mechanics. The shell velocity is measured using the
2DconA platform (N170419 shot), the position of the shell
is recorded as a function of time on an x-ray gated imager.
The fraction of nonablated carbon at peak velocity is
calculated by HYDRA and consistent with in-flight x-ray
radiography. For N170827, the fusion energy (54 kJ) is
more than twice the maximum kinetic energy of the
imploding shell (21 kJ, see before for details), while for
one of the high performing implosions, N140304, the
output energy is about equal to the maximum kinetic
energy of the imploding shell (see Table I).
As a result of reducing the symmetry swing in the x-ray

drive, the improved compression increased the hot spot ρr
by more than 50% and stagnation pressure by more than
60%. In addition to twice the fusion yield, the energy
deposited by the α particle in the hot spot increased from
∼3.4 kJ to ∼9.7 kJ. For N170827, with a hot spot ρr of
0.3 g=cm2 and a T ion of 4.7 keV, fα ∼ 0.87 which implies
that the bulk of the α particles are stopped in the hot spot.
A static, isobaric hot spot model [4] can be used to

estimate the energy balance in the hot spot at peak
compression. The self heating condition for an isobaric
hot spot can be written

ðAαhσvifα − AbT1=2ÞðρrÞ2 − 3ceAeT7=2

lnΛ
> 0; ð5Þ

where hσvi is the DT reactivity, fα is the fraction of α
energy deposited, Aα ¼ 8.1 × 1040 erg=g2, Ab ¼ 3.5×
1023 erg.g−2 cm3 s−1, T is the ion temperature, ρr is the
areal density in g=cm2, lnΛ is equal to 3.7 in our hot spot
conditions, ce ¼ 1, Ae ¼ 9.5 × 1019 erg.keV−7=2 cm−1 s−1.
The first term in equation (5) is the deposited fusion power;
the second term is the bremsstrahlung emission power
density, and the thermal conduction power density is the
third term.
At the conditions achieved on N170827, bremsstrahlung

and electron conduction losses are still dominating the
alpha deposited energy. We can estimate from N170827
conditions (at constant ρr and adiabat) what it would take
to reach equilibrium and the onset of the burning plasma
regime. At constant ρr, the α deposited energy scales like

hσvi, which roughly scales like T4
ion [4], thus, the equilib-

rium is reached for an ion temperature of 4.8 keV,
corresponding to a neutron yield of 2.4 × 1016. The two
solid lines shown in Fig. 4 are the yield extrapolation at
constant ρr for the best high foot and HDC shots based on
the DT cross section dependence with temperature. The
black diamond shows the point on the yield/ion temperature
curve where the α deposited energy equals the bremsstrah-
lung and electron conduction losses. For the best HDC
shot to date, the hot spot ρr is high enough at moderate
temperature (∼4.7 keV) that the α deposited energy clearly
exceeds the conduction losses leading to equilibrium as
the ion temperature increases. At ρr < 0.18 g=cm2, the α
deposited energy is never enough to compensate for the
bremsstrahlung and electron conduction losses.
Figure 4 shows most of the cryogenic DT layered

implosions carried out on the NIF since the beginning of
the National Ignition Campaign [31]. The performance of
HDC implosions was improved, first, by increasing the
implosion velocity and, second, by increasing the target
scale and shortening the time between the end of the laser
pulse and the time of peak neutron emission. At scale 5.75,
increasing the implosion velocity resulted in higher ion
temperature and, thus, implosion performance with a
velocity scaling consistent with scaling of previous high
foot experiments [32]. At scale 5.75, 20 kJ of fusion yield
was achieved using “only” 1.1 MJ of laser light (versus
1.7 MJ of laser light for a similar high foot implosion).
To increase the performance of the HDC design further,
the target size was scaled up by 8% from 5.75 to 6.20.
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FIG. 4. Total DT neutron yield as a function of ion temperature,
red dots are doped HDC implosions, blue dots are high foot
implosions, green dots are low foot implosions. The neutron yield
is plotted against the lowest burn averaged DT ion temperature
measured by NTOF detectors (Brysk temperature). For high foot
implosions, the Brysk temperature is estimated to be up to a keV
higher due to flows in the hot spot. Black diamond is the point
where α deposited energy equals bremsstrahlung and conduction
losses. Solid curves are a yield extrapolation with temperature
using a constant ρr and adiabat.
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Experiments doubled previous records both for neutron 
yield (now at 1.9 x 1016) and fusion energy output 
(now at 54 kilojoules) generated from capsules 
containing cryogenic deuterium–tritium fusion fuel. 
The progress was due largely to changes to both 
the capsules and the hohlraums, that helped maintain 
the symmetry of the fuel’s implosion.

The latest shots have achieved 360 gigabars 
of pressure—exceeding that at the center of the Sun
—which is around 70% of what’s needed for ignition
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Large scale fusion laboratories, OMEGA (Univ. Rochester), NIF, etc., have been used to investigate 
astrophysical processes, e.g. collisionless shocks and particle acceleration. Shocks were proposed as 
cosmic rays accelerators via Fermi mechanism [A. R. Bell, MNRAS 182, 147 (1978); R. D. 
Blandford, J. P. Ostriker, Astrophys. J. 221, L29 (1978)] . 

• In high Mach number shocks we need to understand how plasma instabilities mediate 
the shock formation and its structure.
• The onset of turbulence and injection of particles in the shock are critical elements of the 
cosmic ray acceleration scenario that are not yet understood.
• Laboratory experiments introduce rigor and constrain parameters of the shocks and plasma
turbulence.
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Collisionless shocks require a specific scale length separation to form: Linst<<Lexp<<Lmfp
where only by using energy of NIF lasers (~1 MJ) one can generate large enough collisionless
plasma (Lexp) and short gain length for Weibel instability (Linst~ c/𝜔@8), while having large
temperature to achieve large collisional mean-free-path.

We will use the NIF platform to study collisionless shocks in counter-
streaming plasmas

Experimental approach

This platform has been developed and used at 
NIF and OMEGA by our team

Vertical geometry maximizes driven 
energy (~ 450 kJ/foil) and system size

D3He proton backlighter provides 
characterization of E and B field structure

Thomson scattering (e- and ion features) will 
be available on NIF on FY20 and provide 
detailed and conclusive measurements of the 
shock structure

C. Huntington et al
Nat. Physics 2015

S. Ross et al
PRL 2017

D3He proton radiography
on OMEGA

Electron heating
on NIF

F. Fiuza | October 31, 2018 | NIF DS proposal

NEEPS will provide measurement 
nonthermal tails in electrons and ions
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Experimental platform

Progress towards collisionless shocks

Our most recent experimental geometry allows for the larger system size needed for shock 
formation: newly developed optical Thomson scattering and NEPPS diagnostics are critical for 
detailed characterization of the shock and particle acceleration

Scientific objectives

The measurement of the shock width, Te/Ti, E and B field structure, and nonthermal 
particle spectra will dramatically expand our understanding of particle injection in shocks 
and impact theoretical, experimental, and observational programs 

Only NIF allows the generation of large enough collisionless plasma 
volumes to reach shock formation and the onset of particle acceleration

We aim to use the energetic laser beams at NIF to drive high-velocity (>1000 km/s), counter-
streaming collisionless plasmas to:   

Previous experimental efforts by our team showed B-field amplification by Weibel instability at 
OMEGA, plasma heating at NIF, and first evidence of nonthermal acceleration at NIF

Ablation
plasma

Demonstrate the generation of Weibel-mediated collisionless 
shocks for the first time in the laboratory

Characterize the shock structure (v, n, Te, Ti, E & B fields) and 
compare it with observations (Te/Ti from Balmer lines)

Characterize the onset of turbulence during shock formation

Characterize the injection of nonthermal particles at the shock

Ablation
plasma

Shocks

Shocked 
plasma

F. Fiuza | October 31, 2018 | NIF DS proposal

• Measurements of the shock width, Te/Ti,
E and B fields, and nonthermal spectra of
Particles will validate theoretical-
astrophysical scenarios. 
• Drive lasers ~450 kJ/foil, NEEPS –
measure nonthermal tails of electron and 
ions, OTS- optical Thomson scattering will
measure compression rate, temperatures.

Experiment	in	Feb.	2019,	was	a	success	– stay	tuned	for	the	results	by	F.	Fiuza et	al.	
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Anna Grassi, Frederico Fiuza, SLAC, described by 2D particle-in-cell (PIC) 
simulations Weibel instability of interpenetrating plasmas, magnetic field 
generation and collisionless shock formation 
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As a result of instability
plasma flows are transversely
modulated, give rise to current 
and B-field normal to the plane 
of simulations and shown at 
different times
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C. Bruulsema, F. Fiuza, W.R., G. Swadling, S. Glenzer, propose local measurement of magnetic 
field in Weibel unstable plasmas. TS spectra are used to calculate electric current, and B-field, 
assuming that electron density fluctuations and 𝑆 𝑘, 𝜔 are not affected by the electromagnetic 
instability. The method is first validated by PIC simulations.

Thomson Scattering from Simulation is fit with Maxwellian f
e,i

(v)

• ‘TS region’ is chosen on a current filament, and particles in the region are used to 
make distribution functions. 

•

• To examine current, Maxwellian fits are applied to TS spectra to extract current

TS Spectrum from simulate distribution functions 
and from Maxwellian fit

J
x
 from PIC simulations with a sample TS 

region shown.

4

Electric current in PIC 
simulations of the 
interpenetrating plasmas

TS volume

Currents from TS fits track currents in PIC Simulations

Current fits follow trends of current growth 

Non-maxwellian tails in ion distribution 
functions in PIC simulation influence 
electron current measurements

Currents from TS spectra and PIC over the 
simulation time

Asymmetry in ion distribution function is 
fitted as a change in electron current.

5

Comparison of PIC current and 
results from “synthetic” TS

Current and field measured at late times in experimental plasma

Sample fits of Lab TS spectra

7

TS spectrum from lab plasma 
(G. Swadling, Session T06.00004)

Electron density and temperature in lab 
plasma obtained from electron feature fit

Electron temperature used to constrain 
ion feature fit, which determines current.

Sample of the experimental 
TS spectra and fits 

Current and field measured at late times in experimental plasma

Filed strength from fit current 

8

TS spectrum from lab plasma (by George 
Swadling)

Spectra at early times have low density, making it difficult to measure the growth phase.

Assuming a cylindrical filament of current with average current density determined by the 

TS fits, the field is found to be 0.25 MG (σ = 0.01, similar to radiography observations*).

•

•

*Huntington, C.M. et al. Nature Physics 11, 173-176 (2015)

Field strength from fit 
current
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• Influential monograph Plasma Turbulence by B.B. Kadomtsev was published in 1965
in English translation.  It addressed not only quasi-linear and weak-turbulence theory but also 
sophisticated results about strong turbulence. 
• Eq. (IV.18) from Kadomtsev’s book describes evolution of the ion acoustic turbulence 
in terms of the spectral intensity Ik according to weak turbulence theory: 

∂Ik
∂t −

1
k2

∂
∂k Ak7Ik

2 =2γkIk−Ak
4 Ik
2
,			giving stationary solution: Ik=

α
2Ak3

ln
k0
k

where the linear growth rate of the ion acoustic instability,  γk=αk.
• This result has been refined and generalized, cf. V.Yu. Bychenkov, et al. Physics Reports 
164, 119 (1988). Subsequently several attempts have been made to incorporate it into main 
stream laser plasma interaction theory.

Anomalous absorption of the 2ω 
probe: νan and N(k) from the weak
turbulence theory have reproduced
measurements of transmitted light
and electron temperature

Ion acoustic turbulence (IAT) contributes to anomalous collision
frequency that enhances absorption of laser light as 
compared to classical inverse bremsstrahlung (IB) mechanism.
No direct observation of IAT spectra has been made. 
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Practical expressions for anomalous absorption and transport using Kadomtsev spectrum of the IAT 
have implemented in the radiation hydro codes (cf. M. Sherlock et al. 2017)

pT
SH>1 → pT

SH ≈
3
2
vTe
cs

λei
LT

>1, nonlocal threshold: pT
NL >1

small ion damping : γe = γ s pT-1( ) > γ i

Linear 
threshold:

!
R ≡ n̂R=ene

!
Ea-
!
∇ neTe( ),

Knudsen
number for 
IAT

KN=
6πωpe2 λDi

2 R
ωpi
2 λDeneTe

	
J=0

12
Ti
ZTe

1
mecsωpi

∂Te
∂x

recall:

Anomalous collision 
frequency

νan=0.04	ωpi
ZTe
Ti

1+9KN
2

KN
2+ln2( 1

KN
)

1/2

Enhanced IB absorption κIB=
νei+νan

c
ne
nc

1−
ne
nc

−1/2

Anomalous heat flux qan=fneTevTe, f=0.18
Z
A

�
1+1.6 KN

� ≈ 0.09

Au,KN<<1
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… ICF

Necessary choice?


