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Efficient Multi-keV Underdense Laser-Produced Plasma Radiators
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Novel, efficient x-ray sources have been created by supersonically heating a large volume of Xe gas.
A laser-induced bleaching wave quickly ionizes the high-Z gas, and the resulting plasma emits x rays.
This method significantly improves the production of hard x rays because less energy is lost to kinetic
energy and sub-keV x rays. The conversion efficiency of laser energy into L-shell radiation between
4-7 keV is measured at ~10%, an order of magnitude higher than efficiencies measured from solid disk
targets. This higher flux enables material testing and backlighting in new regimes and scales well to

future high-powered lasers.
DOI: 10.1103/PhysRevLett.87.275003

X-ray sources with high multi-keV conversion efficiency
(CE) are important to laser fusion and a multitude of
applications [1], including radiography of crystals and
plasmas, fluorescence techniques, and material testing.
Extensive research on laser-heated disks has shown that
sub-keV x rays are predominantly generated in an ablated
conversion layer, while multi-keV x rays are produced
in the expanding, lower density nonlocal thermodynamic
equilibrium (non-LTE) plasma [2—-4].

Unfortunately, steep material gradients in these plasmas
make it difficult to optimize the temperature and density
conditions for multi-keV (hard) x-ray production [5]. Past
disk experiments measured multi-keV CE <1% [4,6,7] and
data are low compared to predictions, especially for those
at later intensities >10'> W/cm?. Although the electron
heat flux limiter in the plasma model can be adjusted to
match the data, the discrepancy remains unexplained and
is a stumbling block to developing brighter sources with
higher photon energies.

In this Letter we present data showing the highest
multi-keV CE to date in laser-produced plasmas. This
research significantly extends the accessible photon
energy (hv > 4 keV) and utility of multi-keV sources
for new applications. Such sources are critically needed
to probe the denser plasmas expected in experiments at
the National Ignition Facility (NIF) [8]. They also show
promise as high-brightness, low-debris sources in the
4-10 keV energy range, where there is a lack of suitable
sources for specialized material testing applications [9].
In addition, this research enables controlled studies of
non-LTE processes because the initial conditions of the
plasma can be well characterized.

To improve the multi-keV CE, we have developed
“underdense” radiators. These sources are created by laser
irradiating a confined gas. The term “underdense” means
that the initial ionized electron density, 7., is less than the
critical density for the laser, n, = 1.1 X 10%'/ )t% cm 3,
where Ay is the laser wavelength in um. When n, < n,
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PACS numbers: 52.50.Dg, 52.25.0s, 52.50.Jm, 52.70.La

laser absorption occurs predominately by inverse
bremsstrahlung and a supersonic heat wave propagates in
the gas. This research has increased x-ray CE by an order
or magnitude and represents a new pathway for the devel-
opment of efficient, large-area, multi-keV x-ray sources.

All the experiments were performed on the Nova laser
using 35.6 £ 3.2 kJ in ten beams of 0.35 um light de-
livered in a 2-ns-long square pulse. Figure 1(a) shows
a schematic of the target and the laser irradiation. Five
beams enter through laser entrance holes (LEH) from each
side of a cylindrical Be enclosure, or “can,” containing
1 atm of high-Z gas. Opposite beams produce overlap-
ping spots on the inside wall to irradiate as large a volume
as possible. The intensity varies from 2 X 10'5 W/cm?
at the LEH to 4 X 10'* W/cm? at the cylindrical Be wall.
The path length through the gas was 1.3 mm long from the
LEH to the wall.

The cylindrical enclosure was 2 mm in diameter and
1.6 mm long. It was constructed from a 100-um-thick Be
tube, capped on either end by 50-um-thick Be washers.
The LEHs were 1.5 mm in diameter and covered with
3500 A of polyimide (C;sHgN,O4) to confine the gas. The
enclosure itself was designed to have two functions: (i) to
serve as a pressure vessel to contain the gas, and (ii) to
provide hydrodynamic tamping of the Xe gas so that the
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FIG. 1. (a) Schematic of a gas-filled target. Laser beams enter
each side in a cylindrically symmetric geometry. (b) 2D x-ray
image at 1.8 ns for hv > 4 keV.
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target does not disassemble like gas-filled balloons, called
“gas bags,” used in other plasma studies [10].

The gas was a mixture of 80% Xe and 20% Kr. Xe,
whole L-shell emission is in the 4—7 keV range, was the
primary gas of interest. Kr was present to act as a spec-
troscopic tracer [4]. Simulations and x-ray image data
confirmed that the tracer gas did not perturb the hydro-
dynamics.

The use of a gas-filled target is important because the
initial density, p ~ 0.003 g/cm?, could be strictly con-
trolled to ensure that an underdense plasma is formed. Fur-
thermore, the radiator size is well defined by the walls of
the enclosure. The initial density of Xe is measured with
high accuracy by transducers that monitor the gas pres-
sure. When ionized to a charge state of 44, the nominal
1 atm pressure translates to 7, ~ 1 X 10?! cm™3, which
is ~0.1n.. In the series of five experiments discussed here
target pressures averaged 1.05 atm *5% at shot time.

X-ray CE measurements of L-shell emission are not well
documented in the literature. Therefore, to conclusively
demonstrate the improved efficiency of supersonic heat-
ing, we also performed four experiments on conventional
ablatively heated cesium iodide Csl disk targets for com-
parison. Cs and I bracket Xe in the periodic table and serve
as a substitute for a solid Xe target which would have re-
quired cryogenic cooling.

A comprehensive set of instruments diagnose the Xe
plasma through the Be wall. The most important were
Bragg crystal spectrometers and a set of seven x-ray diodes
(XRDs) which measures multi-keV absolute flux. The two
spectrometers, located at 25° and 68° from the cylindrical
axis, provide time-integrated spectra with ~6 mA spectral
resolution. The XRDs, filtered with Be, Fe, Ti, V, and
Zr, measure the time-resolved flux in broadband spectral
channels.

Different diagnostics measured other characteristics of
the x-ray source. Gated pinhole cameras provided two-
dimensional (2D) x-ray images filtered for x rays greater
than 4 keV [see Fig. 1(b)]. X-ray streak cameras equipped
with Bragg crystals measured the n = 3—-2 emission re-
solved in time. Filtered radiochromic x-ray film packs
were fielded at different angles in the target chamber to
measure the isotropy of the emission. In addition, ten x-ray
diodes (Dante) measured the thermal x-ray emission [11].

The Bragg crystal spectrometers record spectrally re-
solved absolute flux onto Kodak direct exposure film. A
set of Ti, V, and Al filters on each piece of film enabled
weak and strong line intensities to be recorded on a single
shot with a dynamic range of 20. In Fig. 2, the Xe and
Csl spectra are shown together with the CsI vertically off-
set —0.5. The time-integrated spectrum is spectrally inte-
grated over the 4—7 keV energy range to obtain the total
energy emitted by L-shell radiation from the plasma. The
total L-shell energy is then divided by the laser energy to
give the multi-keV x-ray CE.

The raw spectroscopic data are converted to source flu-
ence by converting film density to exposure [12] and then
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FIG. 2. Spectra from Bragg crystal spectrometers. The CsI
from a disk target is multiplied 10X and offset —0.5 relative to
the underdense Xe target.

correcting for the geometry, filters, and crystal reflec-
tivities. The thin filters were laboratory calibrated and
checked in situ for self-consistency. The reflectivities
were measured, using a Manson source with a Ti anode
(4.7 keV) that is well matched to the peak Xe emission.
This calibration is accurate to 8% and was particularly im-
portant to the CE because theoretical reflectivities can vary
widely depending on the assumed crystal structure (perfect
or mosaic). This calibration has been cross-checked in the
2-4 keV range with the Dante diagnostic on gas-bag tar-
gets [13]. The best crystals showed 5% variations in re-
flectivity across the width of the crystal utilized; crystals
with >10% variations were rejected. At the upper energy
end of the spectrum, hard x rays penetrate deeper into the
crystal and errors of up to 25% can be expected. However,
~80% of the L-shell emission is emitted below 6 keV;
therefore the larger error at higher photon energies is com-
pensated by a smaller weighting factor on its contribution
to the measurement.

X-ray diodes provide an independent measurement of
x-ray flux and complement the Bragg crystal measure-
ments by recording the temporal history. An example in
Fig. 3 shows that the laser heating produces an immediate
onset of L-shell emission, which monotonically grows and
peaks near the end of the pulse as predicted by simula-
tions. The measured XRD voltages are converted to spec-
trally integrated fluxes by an unfold procedure that uses
the photocathode sensitivity and experimentally measured
frequency distribution. The error, primarily due to the un-
fold, is ~15%. To obtain CE, the XRD signal is integrated
over time and divided by the laser energy.

For the series of Xe targets, the CE is 10% with an over-
all error bar of 30%, which includes a small systematic
error between the x-ray spectrometers and diodes. Fig-
ure 4 shows the Xe gas and Csl disk data from these
experiments, plotting the average values at the median
energy of 4.8 keV. For comparison, a compilation of data
(0.35 wm laser light only) is also shown. The L-shell solid
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FIG. 3. Total L-shell emission into 47 vs time: data (dashed
line) and calculation (solid line). The laser power, divided by a
factor of 10 (dot-dashed line), is also shown.

CslI target gives a CE of ~1% and is consistent with past
research showing a strong logarithmic decrease with in-
creasing photon energy [4,6,7]. The 10% CE from the su-
personically heated Xe-filled targets are nearly 10X above
that of CsI and other solid, ablatively driven targets in the
same energy range.

Analysis of the 2D time-resolved x-ray images shows
the conduction to be efficient enough between the beams
to produce a source spatially uniform to 10%. The an-
gular distribution, measured with film packs positioned in
the plane defined by the cylindrical axis, was isotropic to
within 5% and is consistent with expectations of an opti-
cally thin volume emitter.

The experimental T, can be deduced from temperature-
sensitive spectral line intensity ratios. The ratio of the
Na-like satellite to the Ne-like resonance line of the n =
4-2 transitions has been identified by kinetics modeling of
Xe plasmas to decrease with increasing 7, [14]. The ratio
for the Xe n = 4-2 lines gives values between 0.5 and 0.8
and corresponds to a time-integrated 7, of 4.5-5.5 keV.
The Kr spectrum was consistent with this 7, range, but
the spectral dispersion was not sufficient for a more precise
determination.
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FIG. 4. CE of multi-keV x rays. The solid symbols represent
disk data noted in the text: K shell (squares), L shell (diamond),
and M shell (triangles). The open circle (data) and cross (2D
calculation) are for Xe. The solid circle is for the CsI. The band
labeled NIF is the predictions for 60—-300 TW of laser power.
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A clearer picture of the energetics is provided by simu-
lations summarized in Table I. These compare 1D simula-
tions of cryogenic Xe solid disk target and Xe gas column
at 2 ns and do not take into account the dynamics due to
the 3D enclosure around the gas. For the gas target, nearly
50% of the energy is thermal (column 1), producing a CE
of 20% into >4 keV x rays (column 4). Meanwhile, for the
disk target, only 30% is in thermal energy, leading to only
6% in >4 keV radiation. Based on the increased kinetic
energy of the disk, we deduce that the laser energy prefer-
entially ionizes the gas as opposed to setting up pressure
gradients as in the disk target. The third column shows
that the parasitic sub-keV x-ray fraction in the gas is sig-
nificantly reduced relative to the disk. This reduction is
due to the absence of the ablatively created high density,
cooler plasma which leads to higher electron conductiv-
ity losses in the disk target radiators. In fact, simulations
show that, when the density is high enough to produce a
subsonic heat front (>0.2n,.), the CE significantly drops.
Full 2D radiative-hydrodynamic calculations predict a CE
of 11% for the Xe targets.

A qualitative understanding of the target behavior can
be obtained by examining analytic equations. The plasma
is predominantly heated by a supersonic heat wave [15],
where the laser energy deposition can be assumed to oc-
cur within a volume defined by the diameter of the laser
beam and the inverse bremsstrahlung absorption length, ¢
[16]. However, the cooling is determined by radiative and
electron conductive losses.

The radiated power can be estimated by a coronal model
in which the rate of collisional excitation from the ground
state, n,C, is balanced by the spontaneous radiative de-
cay rate, A. In a simple two-level description where
n, is the upper state population, ng is the ground state
population, iy is the energy of the transition, and all
ions are in the average state of ionization, (Z), we have
nAhv = non,C,ohv and ng = n./{Z). If we assume
that the power density of the entire L shell is due to the
Ne-like ions, then the radiation emitted in TW /cm? is

n2 o exp(SX
PLshenn = 5[8.1 X 107%F TT} (1

where F = > f,g, is an averaged oscillator strength
weighted by the individual oscillator strengths, f,, and
Gaunt factors, g,, summed over all species. Non-LTE
radiative-hydrodynamic calculations performed to assess
the validity of this representation found it to be accurate
for temperatures and densities in these experiments. Simu-
lations to determine the parameter, F, using both average

TABLE 1. Partition of energy in 1D simulations of a Xe gas
column and a cryogenic Xe solid disk target.

Thermal Kinetic <4 keV >4 keV

L5nkT,  0.5m,v? + 0.5mjv; X rays X Tays
Gas 46% 12% 22% 20%
Solid 29% 28% 37% 6%
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atom and detailed calculations, give a fit of F = 2.5
for n, = 1 X 10*! cm™? and (Z) = 44 with F varying
weakly for plasma parameters in the range of interest.
Therefore, for the measured average T, = 5 keV, Eq. (1)
gives Py ghen ~ 800 TW/cm3. For this size target, this
corresponds to ~4 TW, or 20% of the laser power. This
provides a reasonable estimate, but will tend to overesti-
mate the CE because the instantaneous power ratio does
not take into account the time-dependent ionization and
temperature history.

By contrast, the cooling due to electron conduction
is much larger. For convenience, we use Spitzer-Harm,
where the conduction is proportional to VT [17]; flux-
limited electron conduction equations give the same or-
der of magnitude loss for these experimental conditions.
Here, we assume a model plasma 7, that drops a factor of
2 from the center to the outer radius, R, of the laser chan-
nel, VT, = T,/(2R). For a cylindrical area 2w RAX and
volume wR*AX = A, AX, the power lost in TW/cm? is
7/2

T,
P, =116 ——— 2)

where T, is in keV, Z is the ionic charge, and InA is ~8
for these plasmas. Equation (2) with R = 500 um yields
40 TW lost by conduction, comparable to the input. Thus
the bulk of the cooling is through electron conductivity and
not radiative cooling.

Of note for future extrapolations, we can derive the fol-
lowing analytic equation for T, if we ignore the radiative
losses. By setting the input laser power density equal to
electron conduction losses only, Eq. (2) gives

_ [(Z—j)2 (ZInA)P, }0-2
6507 1 — (%) ‘

In general, Z is temperature dependent [18] but, for
these plasma conditions, its dependence is weak. For the
experimental conditions, i.e., Pp = 17.8 TW, n./n. =
0.1, and average charge Z of 44, this equation yields a
T, of 4.9 keV, in good agreement with data. Even if the
radiative losses were comparable to the conduction losses,
the T, would only be a factor of (1/2)°2, or 13% lower.
Therefore, this model can provide reasonable T, estimates
for high-Z plasmas.

At future facilities such as NIF, the 25X larger laser
power could be distributed to produce 25 modular targets at
the same size and the same 7,. Alternatively, by inspection
of Eq. (3), NIF could heat the same size target to 2X higher
T, and, from Eq. (1), get similar CE at twice the pho-
ton energy (e.g., L-shell emission at 10 keV from under-
dense Ta).

The band labeled NIF in Fig. 4 shows predictions for
multi-keV underdense radiators created with 0.35 um
laser light. The upper limit is determined from calcula-
tions using 300 TW of laser power for 6 ns into a 7 mm
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diameter spherical target. The lower limit assumes 60 TW
for 2 ns using a 2-mm-diameter, 2-mm-long cylindrical
target. Based on weighted averages over the shell emis-
sion, they span L-shell (Xe 4.5 keV, Dy 8.6 keV) and
K-shell (Cu 8.5 keV, Ge 10.3 keV, and Kr 13.3 keV) emit-
ters. Further development of underdense targets created
from gas-filled targets, exploding foil targets, gas jets, or
preformed capillary discharge plasmas is a promising way
to meet the needs for ever more penetrating backlights
and brighter large-area x-ray sources.
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