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The calibration campaign of the NIF X-ray Spectrometer (NXS) was carried out at the OMEGA laser facility.
X-ray line-emission spectra from various high-Z emitters, between 2 and 18 keV, were recorded by both NXS
and two other spectrometers for cross-calibration. We report on the design and performance of this campaign
with comparisons to radiation hydrodynamics simulations.

The National Ignition Facility (NIF) X-ray Spectrome-
ter ‘NXS’ will record calibrated, time-resolved x-ray spec-
tra in the 2 to 18 keV photon energy range. It consists
of elliptically-bent Bragg-reflection crystals. The energy
range is divided in ten partially overlapping windows,
each corresponding to one given crystal configuration.
For each spectral window, three identical NXS assemblies
are built, thus a total of thirty assemblies. On NIF, a
streak camera! will provide temporal resolution between
8 and 160 ps for a time window from 1 to 20 ns.

The absolute calibration of the NXS instrument was
carried out at the OMEGA laser facility, replacing NIF’s
streak camera with an image plate (time-integrated mea-
surement). Within two shot days, 27 shots were taken,
fielding three NXS assemblies on each shot: all thirty as-
semblies of NXS have acquired spectra at least twice. Si-
multaneously, two absolutely-calibrated x-ray spectrom-
eters ‘XRS’ were fielded in order to cross-calibrate each
NXS crystal, as shown in Fig. 1.

To generate the x-ray spectra in this calibration cam-
paign, a target design has been carefully developed. As
the instruments are fielded around the target in different
directions, uniform x-ray emission was required. This
implies spherical targets, uniformly irradiated by the
OMEGA lasers. The calculated irradiation is 10'® W/cm?
and its uniformity is shown in Fig. 1 (right panel). It cor-
responds to the sixty laser beams (1-ns, 0.5-TW square
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FIG. 1. (Color online) Calibration campaign setup.
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pulses), with phase plates adapted to the 1-mm-diameter
spheres. To ensure a steady target size (not imploding),
full glass beads were selected instead of shells.

The x-ray spectra required line emission instead of con-
tinuum in order to provide contrast that can be discrimi-
nated against potential background. To this goal, various
metals were coated on the surface of the beads. As these
metals must all be ablated during the laser irradiation
to emit x rays, they were coated as a mixture instead
of layers. The 1.5 um thickness of this metallic mixture
was determined using the simulations described below,
to make sure that maximum emission was produced.

The ten NXS configurations span ten different x-ray-
energy ranges from 2 to 18 keV. A number of metal coat-
ings were selected (Si, Ti, Cr, Ni, Zn, Zr, Mo and Ag) to
produce line emission in this whole range using their K-
shell or the L-shell lines. To facilitate the target fabrica-
tion, only two or three metals could be coated on a single
bead, and only a few different types of targets could be
built. According to these constraints, we designed four
different mixtures, denoted by A, B, C, and D, summa-
rized in Table I. Each mixture is adapted to the x-ray
range of two or three different NXS configurations, so
that all ten configurations can detect line-emission from

TABLE 1. Target composition, thicknesses (dr) and corre-
sponding NXS crystal configurations

Target Coating or NXS configurations
% [pm]
. #1 from 1.9 to 2.4 keV
A S;ff%(g;?f 14 | #2 from 2.2 to 2.9 keV
#3 from 2.6 to 3.7 keV
B Ti/Cr/Ag 17 #4 from 3.0 to 4.6 keV
30/35/35 #5 from 3.6 to 6.1 keV
. #6 from 5.9 to 7.4 keV
C (;;; 1;;; gz 13 | %7 from 6.7 to 8.9 keV
#8 from 7.9 to 11.1 keV
D Zn/Zr 16 #9 from 8.9 to 13.7 keV
48/52 #10 from 10.8 to 18.2 keV




one of these mixtures. In order to have similar magni-
tudes of these various x-ray lines, similar concentrations
of all metals were requested, as simulations confirmed.

These targets were fabricated by General Atomics (La
Jolla, CA, USA). The bead radius was measured to 0.6%
precision with a microscope. The thickness of the coating
and its composition were determined with 7% and 1.5%
respective uncertainties using Raman backscatter anal-
ysis. All spectra were recorded on FUJI SR-type image
plates.

Two sets of simulations, with two different codes, were
performed to design and address the performance of each
target configuration. Simulations were performed in 1D
with spherical geometry using HYDRA?, a multiphysics
arbitrary Lagrangian-Eulerian (ALE) multi-dimensional
radiation-hydrodynamics code. In an earlier stage of the
design process, simulations using the ARES code had also
been performed in the same geometry.

Targets A—D were modeled after the experiment with
a 0.1 cm diameter solid SiO2 bead (p = 2.65 g/cm?)
with 1.5 pm of the previously discussed mid-Z coat-
ing. In HYDRA, the glass and coatings were treated
using the Livermore equation of state (LEOS) tables
and the Thomas-Fermi based quotidian equation of state
(QEOS?) model, respectively. We used atomic-fraction-
weighted atomic numbers 7 = > fiZ; and atomic
weights A = Y. fiA; with pressure equilibrated® (har-
monically averaged) mass densities 1/p = >, fi/p; and
sound speeds 1/¢; = . fi/cs,i; a summary the QEOS
input parameters for each target configuration is shown
in Table II. In ARES, LEOS were used for all elements,
averaging by atomic fraction.

TABLE II. QEOS input parameters in the HYDRA simulations
for the various target compositions.

Target| Z A |p [g/cm?]|és [em/pus)
A |32.17(72.05| 4.32 0.46
B |31.45|70.32| 6.73 0.40
C |27.36]50.76| 7.66 0.39
D ]35.20|78.82| 6.80 0.34

The simulations were performed in the purely La-
grangian formulation and strict mass-matching was ob-
served across the glass/high-Z interface (i.e. p1or =
p20r2). The 3w laser was treated using the 1D version
of the 3D ray-tracing algorithm® in HYDRA, and with a
similar approach in ARES.

Guided by the model developed by Colvin et al®, Hy-
DRA employs the Lee-More electron thermal conductiv-
ity formulation” with a large flux limiter (f = 0.2) to
account for non-local electron transport, non-LTE rates
with detailed super-configuration atomic models (DCA)
from CRETIN®, and implicit Monte Carlo (IMC) pho-
tonics for radiation transport® with ~ 10° photons and
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FIG. 2. (Color online) HyDRA-simulated profiles of elec-
tron temperature T, radiation energy density er in the
5.9 — 11.2 keV band and electron density n. (normalized to
the critical density n.), for target type C.

~ 480 radiation bins. ARES simply uses the Lee-More
model without flux limiter, radiation diffusion with 60
bins, LTE rates, and a multi-group opacity model. It
uses CRETIN only to post-process the x-ray spectra.

Overall, the HYDRA results proved to match the data
better than the early ARES simulations; for this reason,
we will mostly discuss the former. Shown in Fig. 2 is
the spatially resolved evolution of the electron tempera-
ture T, radiation energy density er in the 5.9 —11.2 keV
band (approximately NXS configurations #6 to #8) and
the electron density n. (green), normalized to the criti-
cal density n. ~ 9.9 x 102! cm ™3, for the target type C
simulation. Throughout the simulation, we observe peak
electron temperatures in the under-dense blowoff plasma
(£ 0.2n., ~ 150 pm from the initial solid density inter-
face) of approximately 3 keV and the radiation energy
density is peaked at ~ 0.5n. and ~ 2.5 keV (~ 25 um
from the initial solid density interface). Additionally,
power emitted into this band dies rapidly after the laser
turns off at ~ 1.5 ns. At this time, nearly 90% (by mass)
of the coating for this target has become sub-critical in-
dicating that the laser didn’t completely ablate away the
layer. Target types B and D performed similarly with
~ 70% ablated away by the end of the pulse whereas
the coating of target type A had completely been burnt
through ~ 0.25 ns before the pulse turned off.

The HYDRA x-ray spectra are reconstructed from a
spherical harmonic decomposition of the IMC photons,
recorded as they pass through a diagnostic sphere lo-
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FIG. 3. (Color online) Simulated spectra for targets A to D in J/keV/sr are given for both codes, as well as experimental

spectra from the XRS spectrometer.

cated at the boundary of the simulation (r ~ 0.5 cm).
The simulated laser-to-x-ray conversion efficiency in each
x-ray range of interest (see Table I) for targets A to D
amounts to 19%, 14%, 1.2% and 0.3%, respectively. In-
tegrated from 0 to 20 keV, the efficiency varies between
45 and 60%.

Figure 3 provides the four simulated spectra in ab-
solute units corresponding to the four target types, to-
gether with a few experimental spectra from the cali-
brated XRS spectrometer. Line locations and ratios are
overall in good agreement with the HYDRA simulations.
Note that this comparison is preliminary, as the image
plate response for the XRS spectra shows significant un-
certainty in the range of interest. Results from the ARES
code show poorer agreement, due to the reduced hydro-
dynamics and atomic physics models employed.

Future publications will report the NXS spectra that
have been acquired during this campaign, and the cor-
responding calibration analysis. To this goal, the XRS
spectra will be analyzed thoroughly, especially concern-
ing the response of the image-plate detectors, which will
be precisely characterized in the x-ray range of interest
with gamma sources.

Overall, we described the target design that lead to
a successful calibration campaign of the NXS instru-
ment. All crystals have acquired spectra and will be
cross-calibrated to the absolutely-calibrated XRS instru-

ment. The reflectivity and surface quality of each crystal
will then be reported for use on NIF experiments.

This work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore Na-
tional Laboratory under Contract DE-AC52-07TNA27344
and supported by the Defense Threat Reduction Agency
under TAA 10027-5009 BASIC, “DTRA time-resolved
x-ray spectrometer for the National Ignition Facility”.
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