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A B S T R A C T

A standard technique for generating a burst of hard x rays (above 30 keV) is to use ultra high intensity lasers
incident on a target. The strong laser field causes rapid electron oscillations which then generate hard x rays via
bremsstrahlung. We have demonstrated a new technique for optimizing the conversion efficiency of laser light to
hard x rays at moderate Iλ2 (mid 1013 W/cm2.µm2) assuming that the two plasmon decay plasma instability is
the predominant acceleration mechanism. In this scheme, electrons are not directly accelerated by the laser field
but by electron plasma waves. Experiments at the National Ignition Facility show the effect of a pre-pulse on the
hard x ray spectrum and conversion efficiency. Different experimental configurations are investigated to opti-
mize the conversion efficiency using various pre-pulse levels as well as different target designs (gold vs. silver,
varying target thickness, presence of an ablator layer of CH). The conversion efficiency of laser energy into
photon above 30 keV for a 100 ps short pulse scales as ∼ I1.23 for laser intensity ranging from 1 × 1016 to
1 × 1017 W/cm2 at 3ω for high Z target. A 1-ns-long pre-pulse pre-seeding an 88-ps Gaussian laser pulse coupled
with a CH-coated thin Au target led the highest conversion efficiency above 30 keV of ∼ 3 10 4× .

1. Introduction

The generation of a bright x ray source above 30 keV to probe mid
Z-elements at high pressure to study material strength [1,2] or high
ρ× r capsule implosions [3] in the Inertial Confinement Fusion (ICF)
context required so far the use of a high intensity laser (with peak in-
tensity > 1017 W/cm2). In this regime, electrons are directly ac-
celerated by the laser to temperature following the ponderomotive
scaling [4], implying that lower laser intensity ( < 1016 W/cm2) would
not produce the hot electrons population required for hard x ray gen-
eration. In this paper, we report on the development of a hard x ray
source at moderate laser intensity (mid 1015 W/cm2) based on electron
acceleration via the Two Plasmon Decay instability [5]. We have in-
vestigated the production of x rays above 30 keV over two orders of
magnitude in Iλ2, from 1014 W.µm2/cm2 to 1016 W.µm2/cm2. Over this
range of Iλ2, laser absorption transitions from inverse Bremsstrahlung
[6] (about 1014 W.µm2/cm2) to resonant absorption up to
5 × 1015 W.µm2/cm2 [7]. To produce enough hot electrons to generate

x rays above 30 keV at intensities where direct acceleration of electron
is not the dominant process, we relied on the two plasmon decay in-
stability (TPD) to generate energetic electrons. This new scheme will
allow the development of large area backlighter used for radiography or
long duration (several hundreds of picosecondes) to study the hydro-
dynamic evolution of a system at photon energy above 30 keV at
moderate laser intensities.

The Two Plasmon Decay (TPD) instability is generally a significant
risk in ICF, where hot electrons can preheat the fuel and degrade the
implosion. As a result most studies have been focused on mitigating the
TPD instability. Few experiments have tried to take advantage of the
generation of high-energy electrons at moderate intensities. A recent
exception is shock ignition, where hot electrons generated by TPD help
drive a strong convergent shock [8]. In this study, we take advantage of
the low TPD instability threshold to generate high-energy electrons in a
regime where vacuum heating or resonant absorption are not the
dominant processes. Experiments were performed on the National Ig-
nition Facility (NIF) at Lawrence Livermore National Laboratory. The
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high-energy electron spectrum was optimized by varying target design
and laser pulse shape. High-energy x ray yield above 30 keV was
measured using a 5 mm-thick diamond CVD, x ray spectra were mea-
sured using a suite of calibrated x ray diodes. To optimize hot-electron
production by TPD, as the TPD gain is linear with density scale length,
high-Z targets (gold or silver) were coated with plastic (CH) and/or
used a laser pulse shape with a pre-pulse. The generation of an under-
dense plasma to increase laser conversion efficiency into x rays already
has been demonstrated [9–15]. These experiments were focused on
increasing x-ray emission from thermal lines emitted in the hot coronal
plasma, not on tailoring the high-energy part of the x-ray energy
spectrum.

2. Experimental techniques and measurements

2.1. NIF experiments

The National Ignition Facility is a 192-beam laser system producing
1.8 MJ at 3ω [16]. Experiments reported in this paper used 96 NIF
beams focused on a single point on each side of a high-Z disk placed at
the center of the NIF target chamber (Fig. 1a). A 1-ns square pulse
shape delivered by 4 beams on each side of the target forms the pre-
pulse part of the pulse designed to create the initial plasma scale length.
A 88 ps gaussian pulse directly following the end of the square pulse up
to 100 J per beam forms the main pulse (Fig. 1b). The intensity on
target was varied over 2 orders of magnitude by changing the focal spot
diameter focusing the laser beam with or without phase plates. With
phase plates in the beampath, the focal spot has a 1.2 mm diameter at
best focus. Without phase plates, the focal spot has a 120 µm diameter
containing half of the laser energy (Fig. 2d–f). The size of the laser spot

was checked on every shot using a time-integrated soft x-ray imager
(SXI) [17] (Fig. 1 (d–f)).

A 5 mm thick CVD diamond detector was fielded to measure the x
ray yield on every shot; it did sit behind a 4 mm aluminum filter cutting

Fig. 1. (a) NIF experimental set up, silver targets are 25 µm thick, gold targets are 10 µm thick. (b) NIF laser pulse shape without pre-pule and with pre-pulse, red
pulse is the 88 ps Gaussian pulse, blue and green pulse shapes are pulse shape with 1% and 5% pre-pulse. (c) X ray temporal profile measured with an X-ray streak
camera (spider) on the NIF centered on 25 keV with a Full Width at Maximum of 2 keV. (d) Lineouts over X ray pinhole images of laser focal without phase plate (red)
with phase plate (blue) in the 3 to 5 keV X-ray range. (e) Static X-ray images of laser focal spot without phase plate in the 3 to 5 keV X-ray range at 5 × 1015 W/cm2,
(f) with phase plate at 9 × 1016 W/cm2. Rectangular area is the area where the line-outs display on figure d are made.

Fig. 2. Calculated CVD response and convolution of the spectrum with the CVD
response as a function of photon energy for four hot electron temperatures 30,
40, 50 and 70 keV.The CVD response function was calculated using a Monte-
Carlo code, its includes fluorescence and Compton electrons generated in the
electrodes which deposit their energy in the diamond.
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most of the x rays bellow 30 keV (Fig. 2) [18,19]. X rays incident on the
diamond generated electron-hole pair initiated by photoelectric events
[20]. The diamond detector is placed in an aluminum well in a Diag-
nostic Instrument Manipulator (DIM). The aluminum from the well and
the DIM shields the CVD electronic from x rays. Hot electrons were too
slow to affect the measurement. The solid angle sustained by the CDV
diamond on NIF is sr5.9 10 ,7× the detector angle to the target is 25°.
Due to the random nature of hot electron trajectory in solid matter, X-
ray bremsstrahlung emission is isotropic. Hot electrons accelerated by
plasma waves are accelerated in the under-dense plasma at the position
of the quarter critical surface then propagates to the solid density part
of the target where bremsstrahlung emission takes place. The target
thickness either 10 µm of gold or 25 µm of silver is lower or in the order
of the attenuation length of 30 keV x rays (lower bound of the X-ray
spectrum of interest in this paper) in solid cold matter meaning that the
angle subtended by the detector does not impact significantly the
measurement.

High-energy x ray spectra were recorded using the absolutely cali-
brated filter-fluorescer diagnostic (FFLEX) [21] (Fig. 3). A hot-electron
population is then inferred from the measured hard x ray spectra. An
exponentially falling hard x ray spectrum with a one temperature
component following
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is assumed, where Ehot is the hot electron energy, and thot is the hot
electron temperature [22,23]. This is used to calculate the expected
signal on the ith FFLEX channel for a given hot-electron population. By
comparing the predicted signal to the experimental data, the hot-elec-
tron temperature and energy content are determined through an
iterative fitting process and a ξ 2 minimization analysis.

X ray temporal shape was recorded using a streak camera (SPIDER)
on a 3-ns time window with 19-ps time resolution [24] (Fig. 1-c). The
SPIDER photocathode is positioned behind four mid-Z filters, 11 µm Ge,
20 µm V, 8 µm Cu, and 5 µm Zr. Targets were high-Z silver or gold disks
coated with a 10 µm CH layer.

3. Results

The NIF data are compiled in Fig. 4, which shows the conversion
efficiency as a function of laser intensity, target design and pulse shape.
The first clear observable trend is that the production of high energy
photon scales with laser intensity (square on Fig. 4). It drops from
0.003 ± 0.0005at ∼ 1017 W/cm2 to 3 10 4 105 6× ± × at ∼
5 × 1015 W/cm2 for the same target (bare silver), same pulse shape
(88 ps gaussian pulse shape). These conversion efficiencies are in
agreement with previous works [25] carried out on the Omega EP laser
facility using a 100 ps laser pulse at 3ω. The second clear observable is
the effect of the pre-pulse on CH-coated target on the production of
hard x rays (solid dots on Fig. 4). For a silver target, adding the pre-
pulse on the CH-coated target increases the conversion efficiency from
3 10 4 105 6× ± × on bare silver to 4 10 6 104 5× ± × . Higher con-
version efficiency might have been reached using larger than 10% pre-
pulse level,but one of the constraint was to keep the temporal profile of
the x ray pulse as short and sharp on the leading edge as possible.
Fig. 2c shows the x ray temporal profile measured by a fast x ray streak
camera for a 5% pre-pulse. Higher pre-pulse led to distortion of the
rising edge of the pulse due to x-ray emission of the pre-formed plasma.
Changing the target material from silver to gold without pre-pulse led
to similar conversion efficiency ∼ 2.5 10 ,5× and similar conversion
efficiency level ∼ 4 10 4× with pre-pulse for a CH-coated gold target
versus silver. In conclusion, at similar laser intensity, adding the pre-
pulse to the laser pulse and the CH-coating on the silver target resulted
in an ∼ 14x increase of the conversion efficiency into photon above
30 keV. The effect of pre-pulse level is shown on Fig. 5a. Increasing the
pre-pulse level from 0 to 5% (i.e 2.8TW) resulted in a boost of the
conversion efficiency from ∼ 5 10 5× to ∼ 4 10 4× . The hot electron
temperature (Fig. 5-b) increased from ∼ 40 keV without pre-pulse to
∼ 90 keV at a 5% pre-pulse level.

Fig. 6shows the conversion efficiency as a function of laser intensity
only for a bare silver target. A least-square fit to the data gives. CE ∼

I2 10 3 1.23× × where I is the laser intensity divided by 1 × 1016 × λ2.

3.1. Simulation and discussion

We note a clear dependence of hot-electron temperature (Thot) with
laser intensity. As the laser intensity increases, the temperature of

Fig. 3. X ray spectra measured by a suite of X-ray diodes (FFLEX). Squares are
experimental data, curves are associated fits. These fits are used to infer the
conversion efficiency of laser light into photons above 30 keV. Blue points and
curve are a shot on a CH-coated gold target with a 5% pre-pulse without phase
plate 5 × 1015 W/cm2, red points and curve are a shot on a bare gold target
using a 88 ps gaussian pulse without phase plate at 5 × 1015 W/cm2.

Fig. 4. Conversion efficiency of laser energy into photon above 30 keV inferred
from FFLEX data. Red is gold target, blue is silver. Square are shot without pre-
pulse, dots are shots with pre-pulse. solid dots or square are targets coated with
CH.
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energetic electrons produced increases; high-energy x ray production
also increases accordingly (Fig. 5). For short-pulse lasers at laser in-
tensities ranging from 1019 W/cm2 to low 1016 W/cm2, the hot electron
temperature follows the experimental Beg scaling [26] and analytical
scaling [27]: Thot[keV] ≈ 215 × (I18 × λ2)1/3, where λ is in µm and I in
W/cm2. The absorption process consistent with these results is resonant
absorption. The Beg scaling reproduces the trend observed on the 88
Gaussian pulse shots (squares on Fig. 4), implying that going to an in-
tensity range of 5 × 1015 W/cm2 at 3ω would result in a Thot ≈ 16 keV.
The ponderomotive scaling [4], valid at higher Iλ2 would result in an
even lower value of Thot as it scales as I( )2 . In this regime (mid
1015 W/cm2 at 3ω), with an imposed pre-pulse, the mechanism of
electron acceleration is different from that dictated by the Beg scaling.
Electrons with energies up to 100 keV can be generated through ac-
celeration by Langmuir waves via the TPD instability. An extensive
literature database, both experimental and theoretical, has been pub-
lished on the TPD instability, primarily in the ICF context [28–31]. The
linear gain of the TPD instability in the multibeam configuration with
polarization smoothing is a function of plasma scale length and electron
temperature and scales as:

G I L
T

¯ .c
n

e

14
= × ×

(1)

where I is the laser intensity in W/cm2, Ln is the plasma scale length in
µm, λ is the laser wave length in µm and Te is the bulk electron

temperature in keV.
The intensity and length of the pre-pulse has been designed to meet

a few requirements (the energy and temporal profile of the Gaussian
pulse is set by the laser capabilities): (1) create a sufficiently long
plasma scale length to trigger the TPD instability. (2) Pre-plasma not to
be long enough to absorb most of the laser light before reaching quarter
critical, thus reducing the TPD gain. (3) Quarter critical surface does
not stand too far from the high-Z layer to maximize high-energy elec-
tron to high-Z layer coupling. (4) Shock launched by the pre-pulse does
not reach the back surface of the high-Z layer before the 88-ps Gaussian
pulse arrives.

The hydrodynamic expansion of the target has been modeled using
the 2D radiation hydrodynamic code HYDRA [32]. HYDRA output was
then post-processed to calculate plasma scale lengths and TPD gains.
Table 1 shows results of the HYDRA simulations for different levels of
pre-pulse on a CH-coated silver target. Going from a non-pre-pulse case
to a 4-kJ/ns pre-pulse, the plasma scale length changes from 20 to
300 µm and the TPD gain from about 1 to 15. The trend observed in
simulation is similar to the trend observed experimentally (Fig. 6): a
larger scale length leads to higher gain and increased high-energy
emission.

The boost of Thot with the pre-pulse level (Fig. 5b) from 40 to
70 keV at 1% and up to 80 keV with a 5% pre-pulse level is also
characteristic of TPD. As the gain rises, the hot electron temperature is
predicted to linearly increase [33]. Increasing the pre-pulse level from
5% to 10% on a CH-coated silver target the spectrum content of the x
ray emission changed. The lower part of the spectrum increased while
the harder part went down, i.e the hot electron temperature went from
80 to 30 keV. Nevertheless total amount of hard x ray generated went
up from 50 J to 200 J. Gain calculation shows that the TPD gain drops
slightly going from 5% to 10% pre-pulse level because even if the
plasma scale length grows, the plasma temperature is hotter (Table 1).
Meanwhile, going from 5% to 10% results in an increase of a factor of 2
of stimulated Raman scattering (SRS) gain. This could explain the drop
in electron temperature at the higher pre-pulse level, transitioning from
TPD to SRS, but without information on the wavelength of the scattered
light we cannot be more conclusive.

Fig. 5. (a) Conversion efficiency of laser energy into
photons above 30 keV on gold target and silver targets
inferred from FFLEX data. (b) Corresponding hot
electron temperature inferred from FFLEX data. Empty
square is bare gold target with phase plate, solid
squares are CH-coated gold target with phase plate.-
blue square is CH coated silver target with phase plate.

Fig. 6. Conversion efficiency of laser energy into photon above 30 keV inferred
from FFLEX data for bare silver target on the NIF.

Table 1
Summary of plasma parameters with pre-pulse level from HYDRA simulation.

PP power (TW) Ln[µm] bulk Te [keV] at 1 ns TPD gain at peak power

0.001 no PP 20 1 0.95
0.4 i.e 1% PP 160 1 7.6
1 i.e 2.5% PP 200 1.4 9.5
4 i.e 10% PP 300 3.5 14.2
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3.2. Summary

We have presented a set of experimental data characterizing high-
energy x ray emission at intensities ranging from mid-1015 W/cm2 to
1017 W/cm2 carried out at the NIF laser facilities (0.351-µm light).
Emission was characterized using a CVD diamond, sensitive to above
30 keV x-rays, and FFLEX measuring the hard x ray spectra. The con-
version efficiency of laser energy into photon above 30 keV for a 100 ps
short pulse scales as ∼ I1.23 for laser intensity ranging from 1 × 1016

to 1 × 1017 at 3ω. Experimental data show a gain in conversion effi-
ciency from laser light to hard x rays ( > 30 keV) by a factor of 14 when
a thin CH coating is added to the front of the high-Z target and a long
( > 1 ns) low-power (5%) pre-pulse is added before the main 88-ps
Gaussian pulse. These experimental data are consistent with accelera-
tion of energetic electrons by plasma waves driven by the Two Plasmon
Decay instability around quarter critical density. As the plasma scale
length gets larger due to the low-Z coating and pre-pulse, the TPD gain
grows and so does high-energy emission and hot-electron temperature.
Experimental trends follow expectation of linear gain scalings derived
from radiation hydrodynamic simulations and experimental data
gathered in the context of direct-drive ICF studies. Increase on plasma

scale length led to an increase of hard X-ray production due to TPD
electrons. Our focus has been on developing a bright source of high
energy at moderate intensities (mid-1015 W/cm2) where the ponder-
omotive force is too weak to accelerate electrons to high enough en-
ergies. Using the electric field of plasma waves generated by laser-
plasma instabilities instead has been proven successful. Experimental
data show that the presence of a pre-pulse does increase the conversion
efficiency without impacting the time history of hard x ray emission.
This type of bright high energy x-ray source could be used for large
areal backlighter experiments such as Compton radiography, where
reaching a higher intensity (typically mid-1016 W/cm2) would require a
high-energy short-pulse laser system.
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Appendix

A proof of concept campaign has been carried out on the Omega laser facility prior to the NIF campaign. On the Omega laser facility, 20 laser
beams all focused at the same point using OMEGA E-IDI 300 DPP phase plate. the pulse shape was a PS100ps, a 100-ps full-width-half-maximum
applied on all 20 beams with a maximum energy of 50 J per beam. On a subset of shots a pre-pulse was induced using 100 ps beams stacked in times
up to 500 ps. Identical to NIF targets and CVD diamond detector were used on the Omega facility. During the Omega campaign, a few target and laser
options were tested. The baseline shot, a bare silver flat foil was shot to connected to previous NIF data. On Omega adding a CH coating to a high Z
foil did not result in an increased production of x ray, the laser did not ablated enough CH to produce a long enough plasma scale length. Adding the
a pre-pulse did greatly increase the x ray signal production given time to the under-dense plasma to develop, by a factor of 4, measured by the cvd
diamond. The hot electron temperature measured by the x ray diodes also increased from ∼ 40-30 keV to ∼ 70 keV. The increase of x ray
production and hot electron temperature thanks to the addition of laser pre-pulse and low Z coating is in agreement with the experimental data
obtained on the NIF (Fig. 7).
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