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The compact multipulse terawatt �COMET� laser facility at LLNL was used to irradiate Al-coated 2–50 �m
Ti foils with �1019 W cm−2, 500 fs, 3–6 J laser pulses. Laser-plasma interactions on the front side of the target
generate hot electrons with sufficient energy to excite inner-shell electrons in Ti, creating K� emission which
has been measured using a focusing spectrometer with spatial resolution aimed at the back surface of the
targets. The spatial extent of the emission varies with target thickness. The high spectral resolution �� /��

�3800� is sufficient to measure broadening of the K� emission feature due to the emergence of blueshifted
satellites from ionized Ti in a heated region of the target. A self-consistent-field model is used to spectroscopi-
cally diagnose thermal electron temperatures up to 40 eV in the strongly coupled Ti plasmas.
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K-shell emission measurements are among the most
widely used and reliable spectroscopic plasma diagnostics.
The resonance 1s-2p transitions in H- and He-like ions and
their Li-like satellites have long been used as diagnostics of
electron temperatures and densities in hot plasmas �1,2�, and
K-shell emission from L-shell ions has also proven useful in
determining plasma properties �3–6�. At the other extreme of
ionization, measurements of characteristic �or “cold”� K�
yields from near-neutral ions have been powerful diagnostics
for laser plasmas �7–9�, where their high transition energies
help to isolate the effects of hot electrons formed by laser-
plasma interactions from the effects of thermal processes.
Diagnostics based on spectroscopically resolved K� emis-
sion from M-shell ions �10� are not yet well developed but
are of particular interest in the study of warm, dense matter.

The highly coupled plasmas in the warm, dense matter
regime pose fundamental challenges to spectroscopic model-
ing in the form of density effects such as continuum lowering
and quasibound states. For studies of mid- and high-Z mate-
rials, this regime also poses a practical challenge due to the
complexity of many-electron ions that dominate in few-times
ionized plasmas. Since shifts in the K� lines to higher ener-
gies are relatively small under the ionization of M-shell elec-
trons, measurements with high spectral resolution are re-
quired in order to extract information about the ionization
stages �and thence temperatures� present in an emitting
plasma. In this paper, we present K� emission measurements
with spatial and high spectral resolution from M-shell Ti ions
and introduce a self-consistent-field model for ions in dense
plasmas that can extract thermal temperatures from the mea-
sured spectra.

The experiments were conducted on the compact multi-
pulse terawatt �COMET� laser facility at the Lawrence Liv-
ermore National Laboratory �11�, a hybrid chirped pulse am-
plification �CPA� system consisting of a Ti:sapphire
oscillator and regenerative amplifier tuned to 1054 nm wave-
length with a four-stage Nd:phosphate glass amplifier. To
obtain the present data, 3–6 J of laser energy were delivered
to the target in a 500 fs pulse, which was focused by an

off-axis parabola to a spot size of �10 �m full width at half
maximum �FWHM� at an incident angle of 45°. The nominal
laser intensity reached 1019 W cm−2, and the contrast of the
laser pulse �the ratio between the peak intensity and the in-
tensity 5 ps before the peak� was about 106. The targets were
Ti foils between 2 and 50 �m thick and were coated on the
front �laser-irradiated� surface with 1000 Å of Al. The Al
coating absorbs the small amount of energy in the laser
prepulse, prevents direct laser heating of the Ti target, and
acts as a tamper to the Ti foil over the short duration of the
main laser pulse. The tamping ensures that the back surface
of the targets remains near solid density over the few-ps time
scale of K� emission �as measured by a time-resolved Von
Hamos spectrometer aimed at the front of the targets�.

Spatially resolved x-ray spectra were measured using a
focusing spectrometer with spatial resolution �FSSR-1D�
�12,13� equipped with a spherically bent quartz crystal �R
=150 mm, 2d213̄0�3.082 Å� and a vacuum-compatible,
back-illuminated charge-coupled-device �CCD� camera. The
spectrometer viewed the back surface of the target at an
angle of �30° to the horizontal and �20° to the vertical
relative to the laser axis �see Fig. 1�. For observation of the
K� spectral lines of Ti, the spherically bent crystal was
placed 225 mm from the plasma source and centered at �
=2.73 Å �Bragg angle �=63.3��. To record the emission, the
CCD camera was placed on the Rowland circle 135.8 mm
from the crystal. The spatial resolution of the spectrometer in
this configuration was 48 �m in the horizontal plane of the
target, and the spectral resolution on the CCD was � /��
�3800. It should be emphasized that because the crystal had
a spherical shape and the detector was placed on the Row-
land circle, the spectral resolution was not sensitive to the
source size of the plasma.

Figure 1 shows the experimental setup along with
FSSR-1D images from four Al-coated Ti foils of various
thicknesses. Table I summarizes the characteristics of the tar-
get, laser, and measured K� emission from the four shots
shown in Fig. 1. The transmission of characteristic �4510 eV�
K� radiation through a cold Ti foil is also given.
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The K�2 emission film counts and the size of the K�2
emission region are correlated in Table I: both increase from
the 2 �m target to the 12.5 �m target and then decrease with
increasing target thickness. This implies that there is an op-
timal target thickness for maximum K� intensity. The mea-
sured emission extents are consistent with recent measure-
ments of Ti K� yield with high spatial resolution from
buried-layer targets, �10� with rear-side reflectivity measure-
ments of fast-electron-heated targets,�14� and also with the
�100 �m mean free path through solid Ti of few-hundred-
keV electrons �a 100–200 keV hot electron distribution was
measured with an electron spectrometer aimed at the back
surface of the target�.

Satellites on the high-energy side of the K�1 line, which
come from ionized Ti in a heated region of the target, are
clearly evident in the images in Fig. 1 for all but the 50 �m
foils. The �100 �m spatial extent of the blue shifted satel-
lites is smaller than the �200 �m extent of the unshifted
characteristic K� emission and is consistent with collisional
heating by lower-energy �50–100 keV� components of the
measured hot-electron distribution.

Hydrodynamic simulations �15� without hot electrons
were carried out to asses the importance of radiative heating
and thermal conduction. The simulations of 2−25 �m Ti foil
targets coated with 0.1 �m of Al irradiated by a 500 fs, 4 J
laser pulse �with no prepulse� show a shock front moving at
�0.3 �m/ps into the target, heating the material behind it to
100–200 eV. The fourfold compression of Ti in the simulated
shock front is insufficient to pressure-ionize the 3p subshell
and cannot account for the observed K� shifts. Radiation
temperatures of 20–50 eV driven by emission from hot Al
blowoff plasma run ahead of the shock front by several �m,
consistent with the fast radiative heating of laser-irradiated
foils described in �16�. However, since the spread of both the
radiative and shock heating fronts along the target surface is
less than 20 �m over 10 ps, these processes alone cannot
account for the observed extent of the heated material.

To analyze the measured K� spectra, a self-consistent-
field model �17–21� of ions in dense plasmas �MUZE� has
been developed. The model describes the distribution of
electrons in an average atom within a Wigner-Seitz cell
whose radius R0 is determined by the solid-Ti ion density
�ni=5.7�1022 cm−3�. Neighboring ions restrict the size of
the ion sphere and provide a uniform background charge
density. Nonrelativistic bound and free wave functions for
the average atom are calculated in an initial potential and are
populated according to Fermi statistics, with cell neutrality
ensured by variation of the chemical potential �. The elec-
tron density so calculated is used to generate a new potential
through Poisson’s equation with local density exchange and
correlation effects following Rozsnyai �17�. The procedure is
repeated until self-consistent solutions for the wave functions
and potential are obtained.

Ion-in-cell models of this type give two choices for the
average ion charge �Z�: the number of electrons on the sur-
face of the ion sphere Zfree and the number of continuum
electrons Zcntm, which includes both free electrons and qua-
sibound electrons in continuum resonances and which can be
discontinuous under pressure ionization of valence orbitals.
In transition metals, Zfree and Zcntm can differ by several elec-
trons. To ensure a smooth variation of the average ion charge
and to account for the effect of quasibound states, we use
�Z�=Zfree.

Next, the average atom is split into individual ions, with
wave functions calculated within the Wigner-Seitz cell using

FIG. 1. �Color online� Scheme of experimental setup and im-
ages from four shots obtained by the FSSR spectrometer from the
back surface of Al-coated Ti targets.

TABLE I. Characteristics of four shots including the thickness d of the target Ti foil, the incident laser
intensity, the relative K�2 emission intensity, the emission extent �x of the K�2 line and high-energy
satellites, and the transmission of 4510 eV K� radiation through a cold Ti foil of thickness d. �Because the
K�1 line was saturated on the film in shots 1804 and 2211, emission extents and relative counts on film are
given only for K�2.�

Shot

Ti foil
d

��m�

Laser int.
��1019

W/cm2�

K�2

counts
on film

K�2

�x
��m�

Sat.
�x

��m�
Cold Ti
transm.

2211 2.0 0.87 0.61 150 100 0.91

1804 12.5 1.22 1.00 250 150 0.54

1801 25 0.61 0.77 200 100 0.29

1806 50 1.25 0.51 100 - 0.09
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potentials optimized to the ground-state configuration of
each ion. The continuum charge density is not included in the
calculation of individual ion potentials since the effects of
quasibound states are included in the definition of the aver-
age ion charge. Approximate relativistic corrections are
added to the bound-state energies to account for the splitting
between K�1 and K�2 and a single global correction is
added to the calculated transition energies �22� so that the
cold K� line matches tabulated values �23�. Electric-dipole
oscillator strengths are computed using the average atom
wave functions and scaled to the transition energies of indi-
vidual ions , and the charge-state distribution is determined
by enforcing Saha-Boltzmann equilibrium. Synthetic spectra
are constructed using Voigt line shapes which convolve the
nominal instrumental resolution with a Voigt parameter of
unity. Line intensities are taken to be proportional to the
parent ion population, the radiative decay rate, and the sta-
tistical weight of the upper level.

Results of the MUZE model for temperatures from 20 to 50
eV are given in Fig. 2. As Te increases and the Ti atoms
ionize, satellite lines emerge on the high-energy side of the
K�1 line, giving the appearance of a blue wing, and satellites
to the K�2 transition fill in the gap between the cold charac-
teristic lines. The charge states of selected K�1 satellites are
indicated on the figure: lines from Ti3+ to Ti5+ all lie between
4510 and 4512 eV, while lines from Ti6+ and higher charge
states each exhibit a 2-3 eV blueshift with each ionized 3p
electron. Transitions with excited spectator electrons are not
explicitly included in the MUZE model, even though they can
broaden and shift the emission feature from a single ion �24�.
Instead, since the majority of excited states with spectator
holes lie above the continuum limit, satellites of the kind
described in Ref. �25� are simply taken to belong to a more
highly charged ion.

To test the accuracy of the wavelengths in the MUZE

model and to verify the assumption of local thermodynamic
equilibrium �LTE�, we have compared our results to those of
a collisional-radiative model �26� for Ti3+ to Ti7+ based on
data from the relativistic multiconfiguration atomic structure
code FAC �27�. �Neutral Ti to Ti2+ are pressure ionized in
MUZE at solid density, so no comparison could be made with
the isolated-ion calculations of FAC.� FAC predicts many hun-

dreds of lines from each ion even in the density-restricted
configuration space, but the dominant emission features gen-
erally retain the dual-peak shape of the characteristic K�
lines and agree to within 1–2 eV with the MUZE calculations.
We note that both FAC and MUZE calculate redshifts in mov-
ing from Ti3+ to Ti4+, which were first predicted by House
�22� and later observed in high-resolution measurements
from vacuum spark plasmas �28,29�. The collisional-
radiative model calculations confirm that solid density con-
ditions are sufficient to enforce LTE and that the ionization
balance determined by the thermal electron temperature is
practically unaffected by hot-electron fractions less than a
few percent �6�.

We emphasize that the MUZE model has two important
advantages over highly detailed isolated-ion structure codes.
On a fundamental level, density effects such as continuum
lowering and the exclusion of quasibound states from the
average ion charge are intrinsically included in the MUZE

model, so there is need to impose external corrections. A
more practical advantage is the simplified atomic structure of
the MUZE model, which translates to an orders-of-magnitude
reduction in computational complexity for the M-shell ions
considered here.

Figure 3 shows experimental lineouts of the central
200 �m portion of the images shown in Fig. 1. The lineouts
have been smoothed to the nominal spectral resolution to
minimize instrumental noise. As the target thickness de-
creases, the experimental spectra exhibit clear departures
from the cold K� emission feature characterized by a broad-
ening of both the K�1 and K�2 lines to the blue, which
results in the emergence of a a high-energy wing on K�1 and

FIG. 2. �Color online� Modeled K� spectra and self-consistent
�Z� at various electron temperatures. Increasing ionization gives rise
to a blue wing on the characteristic K�1 line and fills in the gap
between the cold K�1 and K�2 lines.

FIG. 3. �Color online� Experimental spectra �gray lines� exhibit
increasing departures from the characteristic “cold” K� emission
feature �dashed lines� as the target thickness decreases from 50 �m
to 2 �m. The best-fit modeled spectra �solid lines� imply increasing
temperatures with decreasing target thickness.
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a filling in of the gap between K�1 and K�2. To quantita-
tively diagnose temperatures corresponding to the observed
broadening, we normalized modeled spectra to the unsatur-
ated K�2 line and varied the temperature to obtain the best fit
to the shape of the experimental spectra. For the present data,
this diagnostic has a precision of ±5 eV for Te�25 eV. The
diagnosed thermal temperatures increase from less than 25
eV for the thickest foil to 40 eV for the thinnest. At these
conditions, the plasma is strongly coupled, with an ion-ion
coupling parameter 	ii= �Z�2 /R0kBTe between 4 and 6.

As noted above, the difference in the spatial extent of the
warm-Ti satellites and the characteristic �cold� K� emission
indicates that the temperature decreases in the radial direc-
tion along the surface. Since the lineouts given in Fig. 3
average over that temperature gradient, temperatures higher
than the diagnosed Te may exist. The present measurements
also represent a transmission-modulated average in the direc-
tion perpendicular to the surface of the target, along which
temperature gradients have been observed in similar experi-
ments �4�. If one sets the temperature to be 40 eV in the first
�10 �m of the �2 �m foils and zero in the remainder, the
total emission �including absorption� closely resembles the
best-fit optically thin spectra given in Fig. 3. Thus the present
diagnostics can be taken either to represent an average tem-

perature over the foil thickness or as estimates of the tem-
perature gradient scale length. Buried-layer targets could
eliminate the ambiguity.

In summary, we have presented K� emission measure-
ments taken from the back surface of Al-coated Ti foils of
varying thickness irradiated by a high-intensity laser and
have introduced a self-consistent-field model for use as a
temperature diagnostic of warm, dense matter. Spatial varia-
tions in the K� spectra indicate temperature gradients paral-
lel to the surface of the target material over �100 �m length
scales. The high spectral resolution of the measurements has
enabled the identification of K� emission from 6–8-times-
ionized Ti, indicating temperatures of at least 40 eV in the
first few �m of the tamped Ti target and decreasing average
Te with increasing target thickness.
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