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The X-ray spectrometer used in high-energy-density plasma experiments generally requires both broad X-ray energy
coverage and high temporal, spatial, and spectral resolutions for overcoming the difficulties imposed by the X-ray back-
ground, debris, and mechanical shocks. By using an elliptical crystal together with a streak camera, we resolve this issue at
the SG-II laser facility. The carefully designed elliptical crystal has a broad spectral coverage with high resolution, strong
rejection of the diffuse and/or fluorescent background radiation, and negligible source broadening for extended sources.
The spectra that are Bragg reflected (23

◦
< θ < 38

◦
) from the crystal are focused onto a streak camera slit 18 mm long

and about 80 µm wide, to obtain a time-resolved spectrum. With experimental measurements, we demonstrate that the
quartz(1011) elliptical analyzer at the SG-II laser facility has a single-shot spectral range of (4.64–6.45) keV, a typical
spectral resolution of E/∆E = 560, and an enhanced focusing power in the spectral dimension. For titanium (Ti) data, the
lines of interest show a distribution as a function of time and the temporal variations of the He-α and Li-like Ti satellite
lines and their spatial profiles show intensity peak red shifts. The spectrometer sensitivity is illustrated with a temporal
resolution of better than 25 ps, which satisfies the near-term requirements of high-energy-density physics experiments.
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1. Introduction
X-ray spectroscopy is a well established diagnostic tech-

nique for high-energy-density physics experiments, includ-
ing the direct-drive scheme of inertial confinement fusion
(ICF).[1,2] X-ray emissions from highly charged H-, He-, Li-,
Be-, and Ne-like ions are traditionally chosen to obtain infor-
mation on multi-charged ion spectra.[3,4] New X-ray spectro-
scopic techniques allow us to obtain more accurately the wave-
lengths of the X-ray spectral lines and the ionization potentials
of the multi-charged ions by using a traditional plasma source.
It is now also possible to observe (and to identify) new lines of
emission (such as dielectron satellites to resonance transitions
in H-, He-, and Ne-like ions and radiative transitions from
the Rydberg states of the multi-charged ions). An analysis of
the spectrally and temporally resolved X-ray emission from a
laser-produced plasma has demonstrated that it is a powerful
method for diagnosing plasma parameters and determining the
spatial structure.[5–8] The spectroscopic investigation of high-
temperature laser-produced plasmas and high-energy-density
physics experiments require both broad X-ray energy cover-
age and high spectral, spatial, and temporal resolutions.[9,10]

A streak camera is typically used in these applications.[11] The
traditional spectroscopic diagnostic instruments typically em-
ploy flat crystal spectrometers[12] equipped with streak cam-
eras. The flat crystals are usually positioned at ∼(10–50) mm
from the target, and the streak camera is used to record the

temporal variation of the plasma emissions. The main draw-
back of the traditional spectroscopic diagnostic system is that
the crystal located close to the target inevitably receives some
damage. One possible solution is to use bent crystals. In this
paper, we design an X-ray spectroscopic diagnostic system by
carefully choosing a crystal with an elliptical geometry. The
X-ray source is located at one focus of the ellipse, then the
X-ray emissions reflected by the crystal are converged to the
other focus, where a slit 18 mm long and approximately 80 µm
wide is located. The slit is used to shield the detector from un-
wanted radiation. A streak camera is positioned behind the slit
to record the spectrum. The X-rays reflected by the crystal are
focused onto the streak camera to obtain a time-resolved spec-
trum. The concave curvature of the elliptical surface reduces
source broadening, which is the apparent energy spread at the
detector plane caused by the finite size of the monochromatic
source. Therefore the focusing power in the spectral dimen-
sion is enhanced. Then the elliptical bent design offers a spec-
tral resolution comparable to flat crystals, while achieving a
greater spectral range.

In this paper, we present the broadband time-resolved el-
liptical crystal spectrometer installed at the Shenguang-II (SG-
II) laser facility. The spectrometer, which was constructed for
high-resolution studies of the emissions from laser-produced
plasmas, can be used for obtaining broadband, temporal, and
spectral resolved spectra. This paper is organized as follows.
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In Section 2, we briefly introduce the experimental setup, and
then the experimental results are presented and analyzed. Fi-
nally, discussion and conclusions are presented.

2. Diagnostic configuration
In this paper, the SG-II laser facility is used to produce

high-energy-density thermal plasmas. The broadband time-
resolved elliptical crystal spectrometer is installed on the SG-
II laser facility. The X-ray spectroscopy diagnostic system
consists of an elliptically blend crystal, an alignment tele-
scope, and an X-ray streak camera. Figure 1 shows the details
of the experimental setup. X-rays that satisfy the Bragg con-
dition are reflected into the X-ray streak camera. Better time
resolution and high spectral resolution have been considered
when designing this diagnostic system. The streak camera el-
liptical analyzer X-ray spectrograph will be referred to as the
SEAXS system in the following.
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Fig. 1. Diagram of the spectrometers as they are fielded in the experi-
ment at the SG-II laser facility.

It is immediately evident that the SEAXS system allows
a large spectral range to be measured and a large working dis-
tance to the source. The elliptical analyzer has an 860 mm
focal length. X-rays Bragg reflected (23◦ < θ < 38◦) from the
crystal are focused through the other focal point. The impor-
tant advantages of the elliptical analyzer include not only that
its crossover point is fixed for all Bragg reflections, but also
that its crossover is real as established at the focal point for the
given elliptical geometry. With the elliptical analyzer, an ef-
fective scatter aperture can be located at the crossover position.
This feature is also important because only a small diffracting
region of the analyzer can be seen at the associated point on
the detection, thus the effect of the diffuse and/or fluorescent
background radiation from the total illuminated surface of the
analyzer can be reduced.

The SEAXS system has been used on plane targets irra-
diated by a frequency-doubled laser (λ = 527 nm) extracted
from the SG-II Nd:glass laser system. The laser pulse band-
width was about 1 ns. The laser focus condition was set to
150 µm in diameter. For all experiments, the total laser en-
ergy on the plane target was about 1.2 kJ. The target materi-
als were chosen to produce K-shell and L-shell emission lines

in the spectral ranges of the crystals. An example of the ini-
tial tests of the X-ray streak camera (a photograph recorded
spectra using a 100 µm Be foil across the scatter aperture,
quartz(1011) analyzing crystal, and CsI transmission photo-
cathode) is shown in Fig. 2.

3. Experimental results
Figure 2 shows a digitized spectral image captured by the

SEAXS system. The spectral lines are measured using the
quartz analyzer for highly ionized species of titanium (Ti). The
horizontal axis is the spectral dimension, and the vertical axis
shows the time. It can be seen from Fig. 2 that the spectra ex-
hibit isolated peaks. The small spectral widths of the observed
lines make it possible to measure the wavelengths with a very
good accuracy. This provides detailed spectra comparable to
the flat-crystal survey spectrometer,[12] but also with tempo-
ral resolution. As time goes on, the intensity peak moves to
lower energy and then decreases gradually; such an energy
spectral line bend and the shape of the given feature are obvi-
ous. The time evolution of these emission lines is measured
in a temporal window of about 800 ps. In Fig. 2, a data file
of optical intensity versus position is given. The detector posi-
tion is converted to the photon energy using the reference lines
as the standards for wavelength calibration to avoid the uncer-
tainties. The wavelengths of the reference lines are taken from
Ref. [13]. The absolute accuracy of our wavelength measure-
ments is defined mainly by the accuracy of the reference lines
and is better than 0.2 mÅ for the reference lines. A data pro-
cessing package is used to analyze the precision of the spectral
wavelength calibration. The experimental error of the average
wavelength is within ±0.002 Å.
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Fig. 2. Photograph of the X-ray streak camera output for a spectrum
presented to a CsI transmission photocathode by a quartz elliptical an-
alyzer. Measured Ti K-shell X-ray time-resolved spectrum from the Ti
foil.

Figure 3 shows the spectra obtained with the SEAXS sys-
tem. The 2P→1S lines, inner-shell transition lines we ob-
served, are primarily from helium and lithium-like ions. The
Ti Kβ , Ly-α , and Ly-β lines appear weak. The full widths at
half maximum (FWHMs) of several energy spectral lines are
independently measured to determine the spectral resolving
power E/∆EFWHM. A typically measured resolution of E/∆E
(energy spectral line band ∆E) is approximately 560 in the en-
ergy spectral range 4.64 keV< E < 6.45 keV, which is in good
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agreement with our design goal. Calculations of the temporal

resolution of the camera based on the streak velocity, the spa-

tial resolution of the streak tube and intensifier, the entrance

slit widths, and the photoelectron energy spread from the pho-

tocathode show that the resolution should be better than 25 ps.

Note the good line-to-background contrast ratio; this enabled

us to study in detail the line profiles and the line-to-continuum

ratios. The electron temperature of the laser-induced coronal

plasma can be deduced from the intensity ratios of various

lines and also from the intensity ratios of such lines and the

continuum.
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Fig. 3. Time-integrated titanium X-ray spectral image.
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Fig. 4. Temporal variations of the spectra shown in Fig. 2 for 16 different times.

A time-integrated X-ray image of the Ti He-α and Li-like
satellite lines is shown in Fig. 3, and the spectral shapes at 16
different times are shown in Fig. 4. Because the emission from
the Ly-β line is too weak to be used in analysis, we focus on
the He-α and Li-like satellite lines. The starting time (t = 0)
in the E–t diagram is arbitrarily chosen. The intensity of the
Ti He-α line increases continuously until trelative = 459 ps and
then decreases. The intensity peak of the Ti He-α line moves
to lower energy. The typical shift velocity is 3.5 eV/54 ps as
seen in Fig. 5. The red shift of the Ti He-α line begins to de-
crease until it disappears after the red shift peak phase. The
mechanisms include the following. The first is the Doppler
shift due to the movement of the hot high-density region away

from the XSC. The second is the displacement of the emis-
sion source in a plane of dispersion of the spectrometer. The
displacement can be determined by the geometrical configu-
ration of the XSC. The third is that the emission of the Li-
like satellite lines, particularly 1s23l–1s3p3l, becomes strong.
These satellites are due to the excitation of the states having a
spectator electron at the level of n = 3 (n is the principal quan-
tum number). This means that the populations of the doubly
excited states (1s3l3p) are larger than those of the singly ex-
cited states (1s3p). The doubly excited states are mainly popu-
lated due to the recombination processes, such as the electron
impact (three-body) recombination[14] and/or the radiative re-
combination. The rate coefficients for both recombination pro-
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cesses become larger when the electron temperature decreases
or the electron density increases. In Fig. 3, the Li-like satel-
lite line in the energy spectral range of interest is also visible.
This is important as it excludes the contributions of the Li-like
satellite lines on the low-energy wing of the He-α line. The
fourth and the only plausible interpretation for the energy shift
is the plasma density effect.[15,16] Laser-created plasmas can
be a way to reach a state of strongly coupled matter, i.e. where
the Coulomb energy between ions is much higher than their
kinetic energy. Under these conditions, the atomic properties
of the ions change: atomic orbitals overlap and are deformed,
producing in particular a modification of the external energy
levels and of the characteristic highly ionized spectrum. Un-
der these circumstances, the He-α and Li-like satellite lines
can show shift and broadening in energy. A more detailed and
quantitative analysis for these atomic processes in the plasma
is necessary in a future work.
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Fig. 5. Temporal variation of the He-α (1P1–1S0) emission intensity
peak displacement.

4. Discussion and conclusion
A broadband high-resolution SEAXS system has been

designed to measure laser-induced X-ray spectra. Temporal
variations of Ti K-shell emissions of Ti He-α , He-β , He-γ ,
Li-α , and Li-β were measured with the SEAXS system, and
their spectral line profiles were also shown as a function of
time. The evolution of these emission lines was measured
in a temporal window of about 800 ps. The experimental
results showed that the SEAXS system has a typically mea-
sured resolution of E/∆E = 560 and a temporal resolution
better than 25 ps over the Bragg reflected angle range of 23

◦
–

38
◦
. In addition, the spectral lines exhibited a slight curvature

that is probably due to the red shift of the intensity peak. A
more detailed and quantitative analysis is needed to improve
the atomic physics model, including, for example, ladder-like

transitions. The broadband high-resolution SEAXS system
has been fielded at the SG-II laser facility. The spectral range
and resolution and the temporal resolution are suitable for
planned high-energy-density physics experiments on various
lasers.

The instrument may be improved in the future by evolv-
ing in response to the need for higher data quality, greater flex-
ibility, and better time and spectral resolutions. In particular,
the SEAXS system built should ensure continuous coverage
of spectral ranges important to specific experiments. This will
enable the estimation of the temperature and the density of the
laser-produced plasma in a more convincing manner.
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