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Fine-structure x-ray spectra have been measured from foils with embedded tracer layers at two laser facilities.
A suite of layered foils with thin Ti tracers under varied tamper layers were studied at both the Titan and
the ALEPH 400 nm laser facilities, where Ti Hea emission was recorded by a high-resolution Bragg crystal
spectrometer. Several indicators of plasma parameters are examined in the spectra, including temperature-
and density-dependent line ratios and line broadening from Stark and opacity effects. Inferences of plasma
conditions are consistent with differing levels of temporal contrast at each laser facility.

I. INTRODUCTION

X-ray emission spectroscopy is a key diagnostic for un-
derstanding laser-produced plasmas, especially near solid
density where lower energy photons cannot escape the
plasma. Even with coarse spectral resolution, x-ray line
intensity ratios that depend on ion charge state have been
used to derive electron temperature profiles, informing
theories of electron transport! and shock heating?. How-
ever, many physical effects can be responsible for line
ratios and lineshapes, including Stark microfields?, di-
electronic recombination®, plasma, collisions®, and radi-
ation transport®. Leveraging these known correlations
to diagnose plasma parameters has been difficult in the
high-energy-density (HED) regime due to plasma gradi-
ents and insufficient spectral resolution, both of which
blur the requisite fine-structure line emission.

Recently, high-resolution Bragg crystal spectrometers
have been deployed to study laser-produced plasmas’.
With spectral resolving power E/dE ~ 10%, crystal spec-
trometers can distinguish x-ray lines from fine-structure
transitions and their detailed lineshapes. When cou-
pled with target platforms that spatially limit relevant
emission to thin tracer layers, minimizing the impact
of plasma gradients, this new diagnostic capability en-
ables laboratory tests of HED plasma physics, collisional-
radiative equilibria, and atomic physics models.

This work compares high-resolution crystal spectrom-
eter data captured at two two laser facilities, thereby
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showcasing several techniques that relate fine-structure
x-ray spectra to plasma parameters. The techniques
show that specific line ratios, sensitive to either elec-
tron temperature or collisionality, can corroborate infer-
ences from independently analyzed lineshapes, sensitive
to either Stark or opacity broadening. The four spectral
indicators compose a consistent narrative regarding the
plasma conditions created by the two lasers: at the Titan
laser, a high-intensity prepulse expands the plasma, low-
ering its density and heating deeper layers; whereas at
the ALEPH laser, extreme temporal contrast minimizes
plasma pre-expansion, maintaning near-solid density and
restricting electron heating to a thinner surface region.
This interpretation builds confidence that many aspects
of fine-structure x-ray spectra can be reliable diagnostics
of hot, near-solid-density plasmas.

Il. EXPERIMENTAL DETAILS
A. Crystal spectrometer design

Optimized x-ray spectrometers that capture fine-
structure emission from HED plasmas must satisfy
two requirements: they must diffract photons ener-
getic enough to escape solid-density plasmas (generally,
> 1 keV) with high spectral resolution, and they must
overcome the strong particle and photon noise ubiqui-
tous in HED experiments. The first requirement is best
achieved with perfect crystals such as quartz, Ge, or Si,
which have relatively small atomic spacing (for high-
energy photons) and narrow rocking curves (for high
spectral resolution); quartz is particularly useful because
it can be cut to accommodate a wide variety of atomic
spacings without forbidden reflections®. The second re-
quirement is achieved by bending crystals into focusing



geometries, where spherically bent crystals are especially
versatile for minimizing source-size broadening, main-
taining high throughput, and fitting into constraining
vacuum chamber geometries.

For these reasons, a spherically bent quartz (2131)
crystal of dimension 30 x 50 mm? was chosen to diffract
x rays of interest near 4.73 keV at a Bragg angle
0 ~ 58.2°. The radius of curvature 49 cm is tight
enough to fit the focusing spectrometer geometry inside
meter-scale vacuum chambers, without being so tight
that crystal properties are severely affected. The inte-
grated crystal rocking curve is estimated by XOP? to be
26.6 urad, setting an upper limit on spectral resolution of
E/dE ~ 6 x 10*; in practice, the resolution is determined
by the detector pixel size and source size broadening.

B. Tracer layer targets

The spectroscopic tracer material was chosen to be Ti
for several reasons: it is highly ionized at achievable tem-
peratures T, ~ 1 keV, its n = 2 — 1 Hea resonance line
at 4.75 keV can escape dense plasmas, it has many non-
overlapping satellite transitions to Hea, and it is easy
to embed in targets via sputtering. Thin Ti layers were
deposited on Al foils of thickness 20-25 pm, and subse-
quently covered by a second tamper layer of Al. Both
tracer and tamper layers had variable thicknesses, with
Ti tracers of 125, 250, 500, or 1000 nm and Al tampers
between 0 and 4 pm. The thickness of the Ti tracer layer
sets the volume of plasma visible by the spectrometer,
so it therefore balances signal (enhanced for thick layers)
against plasma homogeneity (gradients are minimized for
thin layers). The tracer thickness also governs the im-
portance of radiation transport, since photons must tra-
verse more absorbing material before they emerge. On
the other side, varying the tamper layer changes the rel-
ative depth of the Ti layer with respect to the foil surface
where the laser interaction occurs. Therefore, a scan over
tamper layer thickness maps the characteristics of emit-
ted x-ray spectra versus tracer layer depth.

C. Deployment at laser facilities

Both of the laser facilities examined in this work have
short pulse durations < 1 ps and relativistic intensities
> 10 W/cm?, but their characteristics create starkly
different plasma conditions. The Titan laser at the
Jupiter Laser Facility delivers > 100 J of 1053 nm, lw
light to a laser focus with @ ~ 20 um in 700 fs, and a
strong prepulse deposits 2 1 mJ over several ns before the
main pulse. By contrast, the ALEPH 400 nm beamline'°
sends 8-10 J of 2w light to a diffraction-limited spot with
& ~ 1 pum in 45 fs. Due to frequency doubling, laser has
extremely high temporal contrast (10712 at 25 ps). The
difference in prepulse intensity strongly impacts the con-
dition of the target when the main pulse arrives.

Spectrometer deployment strategy was influenced by
the target chamber geometry and noise considerations.
At Titan, a large vacuum chamber with 1 m radius
necessitated placing the entire spectrometer inside the
chamber, so an adjustable-angle crystal mount was con-
structed for easy alignment”. Because the detector was in
the same chamber as the laser-target interaction, particle
and photon noise were significant; spectrometers viewing
near target normal required all-direction shielding, in-
cluding contributions from thick plastic, Pb bricks, and
Ta sheets. Image plate detectors, with 100 pm pixels that
capped the resolution near E/dE ~ 10* and a readout
system that required venting each shot cycle, were the
only feasible detector option. At the ALEPH facility, a
smaller chamber with 70 cm radius accommodated an ex-
ternal crystal box; a vacuum-tight crystal holder was ma-
chined with the precise Bragg angle and tilt necessary to
focus Ti x rays onto a 25x25 mm? CCD with (13.5 pm)?
pixels, installed outside the chamber and requiring only
a thin Al foil filter to eliminate visible photon noise. Be-
cause the CCD remained fixed in space over the duration
of the experiment (unlike image plates, which can shift
by mm with each replacement), the spectral dispersion
was consistent for all target configurations, and each ex-
periment could be repeated to build photon statistics.

In both cases, the spherical crystal was set up in a fo-
cusing geometry, with the crystal center between 85 and
110 cm from the interaction and the detector between
38 and 42 c¢m from the crystal. (A similar layout is pic-
tured in Ref. 7.) This geometry is advantageous because
the detector is near the Rowland circle for the central
diffracted wavelength, minimizing source size broaden-
ing; however, the small x-ray emitting volumes already
make this degradation to spectral resolution negligible,
especially in a defocusing geometry.

I1l.  X-RAY INDICATORS OF PLASMA PARAMETERS

X-ray spectra were obtained from a variety of target
configurations at each laser facility. Data here from Ti-
tan comes from a single shot, whereas ALEPH data rep-
resents the average of 10 identical shots. For each fo-
cused x ray image, a one-dimensional intensity spectrum
is constructed by integrating along the sagittal (spatial)
dimension. The spectral dispersion that converts detec-
tor position to energy is first approximated by an ana-
lytical function describing this focusing geometry, with
inputs such as fp and source-to-crystal distance, and is
then tuned by matching several clear satellite transition
lines with their known energies.

A. Whole-spectrum Stark broadening

Two spectra from comparable targets at each facility
are shown in Fig. 1. Using Gabriel’s notation to label
each transition'!, the spectra encompass the 1s2p 'P; —
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FIG. 1. Measurements of the full Ti Hea spectrum, captured

at Titan (blue) and ALEPH (pink), from targets with 0.5 pm
Ti tracer layer and 1.25 um Al tamper.

1s? 1Sy resonance transition (w) and its He-, Li-, and
Be-like satellites at lower energies. Many discrepancies
between the spectra are immediately evident regarding
both line widths and line ratios.

Though many physical mechanisms affect only particu-
lar lines and not others, it is apparent that all line widths
are broader in data from ALEPH. This enhanced width
is observed in both optically thick (w) and optically thin
satellite lines (such as j and k), indicating that it is not
solely caused by opacity broadening. A more feasible
cause that would affect all line widths is Stark broadening
by plasma particle microfields, where increased plasma
density leads to more broadening®. Many features of
the ALEPH spectrum, such as the blurring of shoulder
q compared to a or the half-width-half-maximum of the
isolated j line, could be compared to synthetic lineshapes
from Stark microfield simulations to quantify the higher
plasma density; even without such models, the spectra
imply that the hot plasma density at ALEPH is substan-
tially higher than at Titan.

B. Temperature from satellite ratios

Of the satellite lines on the red side of the Ti Hea res-
onance, several are chiefly excited via dielectronic recom-
bination (DR), a process which relies on resonant electron
capture and therefore depends on electron temperature
T.. The j satellite line, one of the strongest (and here,
most isolated) transitions caused mostly by DR, has been
used to diagnose temperatures in tokamak plasmas?® and
can be interpreted similarly here. In principle, j can
arise from electron collisions with pre-excited Li-like lev-
els 1s22p, but this effect is only predicted to be important
for j at densities far above solid®. We nonetheless balance
DR with all other excitation mechanisms by employing a
collisional-radiative model.

The spectra shown in Fig. 2 capture conditions from
shallow tracer layers (a) and deeper tracer layers (b).

a) b)

_ L1575, =810% cm™ n,=12-10% cm?
< T,=0.8 keV
§ 1.0
E
2
5 0.5
£

0.0

4.70 4.72 4.70 4.72
X-ray energy [keV] X-ray energy [keV]

FIG. 2. Experimental satellite spectra (blue solid: Titan; pink
solid: ALEPH) compared to SCRAM calculations (brown
dashed) at the noted n. and T.. a) Spectra from targets
with 0.6 pm Al tamper. b) Spectra from targets with > 2.5
pm Al tamper.

In each case, a collisional-radiative calculation from
SCRAM'? is overlaid. Both comparisons show a simi-
lar intensity ratio of the He-like y line to the DR j line
between the ALEPH data and SCRAM calculation. The
data indicates that the line ratio y/j decreases dramati-
cally with tracer layer depth at ALEPH; at Titan, how-
ever, y/j remains high even under microns of material.
With increasing temperature, the importance of DR de-
creases, so that the ratio y/j increases with T,. From this
perspective, both lasers create hot material (T, > 1 keV)
near the foil surface, but T, at ALEPH decreases almost
2x under 2.5 pm of tamp. The temperature gradient at
Titan is much smaller.

We note that these line ratios had much higher shot-
to-shot variation at Titan than they did at ALEPH.

C. Density from a + d intensity

The nature of satellite excitation depends on the
atomic physics of each transition and which plasma ef-
fects are relevant in a given regime. For example, at low
plasma densities, all x-ray transitions decay much faster
than electron-ion collision times, so there is no mecha-
nism other than DR to excite autoionizing 1s2p? levels.
As densities and therefore collision frequencies increase,
low-energy collisions become plentiful enough to equili-
brate the ground configuration 1s?2s with the excited
1s?2p configuration. In this case, all states 1s?2¢ are in
local thermodynamic equilibrium, opening a new route
via high-energy collisions to the doubly excited 1s2p?
configuration. In the Hea spectrum, the satellites first
affected by this collisionality effect are a, b, ¢ and d®.

In the Ti Hea spectrum, a and d are exactly overlap-
ping in energy, but since their intensity is determined
by the same mechanism, we loosely treat them here as
a single line. (Note that r shares the same energy, but
its intensity scales with and is smaller than ¢ and it is
therefore inconsequential here.) It is clear in Fig. 3 that
the a + d line is systematically higher in all spectra from
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FIG. 3. Experimental satellite spectra from (a) ALEPH and
(b) Titan. Al tamp thickness is shown for each spectrum, with
lighter (darker) lines for shallower (deeper) tracer layers.

ALEPH (a) than from Titan (b). The spectra in the
figure are representative; other than a few measurements
from shallow tracer layers at Titan with probable Doppler
shift contamination, the satellites a + d are always more
intense than j at ALEPH and less intense than j at Titan.
This discrepancy for this particular satellite is noticeably
absent for other Li-like satellites, signaling that collision-
ality and therefore plasma density is substantially higher
at ALEPH than at Titan.

D. Opacity of the w resonance line

Dense plasmas have enhanced capacity to absorb
resonant photons through photoexcitation, with the
strongest lines most susceptible. In the data here, the
w resonance line has by far the highest opacity . Fig. 4
shows highly resolved lineshapes of the w line alone for
various targets at ALEPH (a,b) and Titan (c). Fig. 4(a)
shows a scan over tamper layer thickness, with w decreas-
ing in relative intensity with tracer layer depth. Given a
similar charge state distribution (as expected, since He-
like ions exist for wide T, ranges), k is proportional to ion
density n;, and the decreasing w intensity corresponds to
an increasing n; with tracer layer depth.

The optical depth 7 = kL is defined as the number
of photon mean free paths required to traverse a mate-
rial of thickness L. The emergent w lineshape should
thus appear more opaque and decrease in intensity as
the tracer layer thickness L increases. This scan is per-

4

formed at ALEPH (Fig. 4(b)) and Titan (4(c)), both
of which show clear and monotonic trends as expected.
However, the character of the lineshapes is evidently dif-
ferent for ALEPH versus Titan. Firstly, the line widths
are noticeably broader at ALEPH; secondly, the ALEPH
lineshapes show a self-reversed dip at the line center
(emphasized with the arrow in Fig. 4(b)). Both quali-
ties are predicted opacity effects: absorption is strongest
at the resonant line energy and decreases rapidly in the
wings, so that photons further from line center are more
likely to escape. The self-reversed feature is a hallmark
of opaque plasmas with 7 > 1513, These features of
the w lineshapes from ALEPH indicate that & is signif-
icantly higher than at Titan, implying that n; is higher
at ALEPH than at Titan.

IV. DISCUSSION

Several findings have been independently corroborated
by different aspects of the Ti Hea spectrum at Titan
and ALEPH. Firstly, the plasma density at ALEPH is
significantly higher than at Titan, and secondly, T, is
high for near-surface layers at both facilities but drops
more quickly at ALEPH. These two differences between
the facilities are consistent with the drastically higher
temporal contrast at the ALEPH laser. With less than
10~ J on target within 25 ps of the main pulse, the
ALEPH 400 nm beam ensures that the foil target is
largely intact when the bulk of the laser energy arrives.
As such, the target is heated and highly ionized well be-
fore plasma ablation expands tracer layers, so that the
time-integrated x-ray signals presented here emit from a
near-solid-density plasma. In comparison, the Titan laser
has much more laser energy (> 1 mJ) impact the target
before the main pulse, with much of this energy arriving
nanoseconds early. These prepulse photons drive plasma
ablation for a long enough period to considerably expand
the ultimate short-pulse target compared to the initially
solid foil. Highly charged ions heated by the main pulse
will therefore exist in a much lower density, pre-ablated
plasma than they would with higher temporal contrast.

The lower density at Titan, as corroborated by nar-
rower line widths, a less intense a + d satellite, and a less
opaque w resonance, is a direct consequence of the high-
intensity prepulse and subsequent pre-expansion. The
behavior of the y/j line ratio, indicating high (but less re-
peatable) T, in deeper layers at Titan than at ALEPH, is
also consistent with plasma pre-expansion, since the crit-
ical density plane where most laser energy is deposited
moves inward from its initial position on the foil surface.
Therefore, the tracer layers may experience more heat-
ing due to being closer to the location of laser-plasma, in-
teraction. Furthermore, prepulse characteristics tend to
vary shot-to-shot because of strong but often unknown
dependence on many laser parameters. Therefore, the
lack of repeatability in inferred T, at the Titan laser is
reasonable to associate with prepulse variation.
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FIG. 4. The w resonance lineshape with intensity normalized to optically thin j (not shown). (a) A scan at ALEPH with 0.25
pm Ti tracer layers and Al thickness increasing from purple to yellow. (b) A scan at ALEPH with constant 1 pm Al tamper
and varied tracer layer thickness: 125 nm (blue), 250 nm (red) 500 nm (green), 1 pm (black). (c) A similar scan over tracer
layers at Titan with 2 pm Al tamper and tracer layers 250 nm (blue), 500 nm (red), 1 um (green), and 6 pm (black).

All measurements presented here are integrated over
space and time. The thin tracer layers build spatial reso-
lution into a suite of measurements over different targets,
but motion of the emitting thin layers during ablation
occurs over um or less, making imaging challenging. On
the other hand, obtaining time-resolved similar measure-
ments would be straightforward by coupling the focusing
spectrometer with a streak camera, some of which can
resolve evolving emission spectra with sub-ps resolution.

Quantifying plasma parameters from fine-structure
spectra often requires sophisticated models, from plasma
microfield lineshape calculators to collisional-radiative
predictions of line intensities. Such modeling is continu-
ally progressing'®'® and there is often significant scatter
in estimates of spectral quantities by different methods.
Highly resolved measurements from near-solid-density
plasmas may direct the development of these models in
a challenging regime, and may eventually provide bench-
marks when corroborated by secondary diagnostics.

This work has reviewed several indicators of plasma
conditions present in high-resolution x-ray spectra from
HED plasmas. These measurements have been per-
formed at two short-pulse laser facilities and are con-
sistent with expected plasma conditions, illustrating the
capacity of high-resolution x-ray spectra to diagnose a
variety of hot plasmas near solid density.
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