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Time-Resolved Continuum-Edge-Shift Measurements in Laser-Shocked Solids
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The first measurements of the shift in position of the photoabsorption edge in a laser-heated and
shocked solid material are reported. A buried tracer layer is first radiatively heated to a few electron-
volts leading to the appearance of bound-bound transitions near to the K photoabsorption edge. Then as
the shock runs through, the K edge shifts to lower energy ionizing the bound-bound transitions, in agree-
ment with theory.

PACS numbers: 78.70.Dm, 79.20.DS

High-power lasers can be used to produce high materi-
al densities and pressures, such as occur in the center of
stars and in proposed inertial-containment fusion com-
pressions. Although measurements of the velocity of
shocks driven by high-power lasers have been made, de-
tailed measurements of the electronic structure of the
dense shocked plasmas have not to our knowledge been
attempted. This is because the dense plasma is generally
not hot enough for self-emission to be a viable technique.
Under such conditions, absorption spectroscopy is a
promising alternative. Previous work has used an im-
plosion to provide flash x-ray backlighting of its own hot
imploding shell. Here we use a 0.9-nsec laser-produced
x-ray backlighter and an x-ray streak spectrometer to
yield true time resolution of the evolution of structure at
the photoabsorption edge of a relatively homogeneous
tracer layer.

The structure and position of the photoabsorption
edges in a plasma depends on several effects, namely a
change in the electronic shielding of inner shells due to
ionization, continuum-lowering depression, and electron
degeneracy. Measurements of the edge shift have, in

general, been limited to emission from high-temperature
plasmas at densities low compared to solid densities. In
this paper we observe the properties of the E photoab-
sorption edge of chlorine as it is radiatively preheated to
a temperature of several electronvolts and is then com-
pressed by a strong shock to several times solid density.

Novel features are observed. First, structure appears
at the edge as the chlorine is heated. This is attributed
to 1s-3p absorption made possible by vacancies in the 3p
level of the heated KC1. We suggest that this feature
could be used to diagnose the temperature of a plasma.
Then at the time that the shock passes through the tracer
layer, there is a red shift of the K photoabsorption edge
of 8 ~ 4 eV which results in the 3p level no longer being
bound; that is to say it has been pressure ionized. These
are the first measurements known to us where depression
of the ionization potential is demonstrated as the density
of a plasma is increased above solid densities. We

present results of a novel model that predicts the shift of
the edge, in agreement with experiment.

These experiments were conducted at the United
Kingdom Science and Engineering Research Council's
Central Laser Facility. A laser beam of pulse duration
0.9 nsec, 0.53-pm wavelength, was focused to 60-100-
pm-diam spots, giving irradiances of 5 x 10' -2 & 10'
W/cm . The targets were layered consisting of 1-pm Bi,
a variable thickness of polyester, 5-pm KC1, and 10-pm
parylene-N. The laser was incident on the Bi-coated side
producing a bright quasicontinuum of x-rays that had a
time history that approximately followed the 0.9-nsec
laser pulse. This emission was used to backlight the K
edge of the Cl in the KC1 layer during its heating and
compression.

The absorption spectrum of the Cl was measured by a
focusing x-ray time-resolving crystal spectrometer that
viewed the Bi emission through the layered target. The
flux-gathering properties of this crystal allowed a high
dispersion to be used (7 eV/mm), with a measured spec-
tral resolution of 3 eV. The time resolution was limited
to 30 psec by the time-resolving slit of the x-ray streak
camera. Time-integrating crystal spectrometers at 45
and 135 to the target normal also recorded the x-ray
emission. An optical streak camera focused onto the
rear of the target simultaneously observed the time of
the shock breakout from the rear of the target on some
shots.

By our varying the thickness of the polyester in the
target, both the heating of the KC1 tracer layer and the
time of arrival of the laser-driven strong shock (that has
a rise time of less than 0.1 nsec) at the tracer layer
could be varied. We can categorize our data by three
types of shot (a, b, and c) in increasing order of the heat-
ing of the KC1 tracer layer as shown in Table I. Case a
represents the smallest amount of heating where there
was 25 pm of polyester to screen the tracer layer from
the x-ray and shock heating. This results in an x-ray ab-
sorption profile of the Cl K edge that does not change
during the 0.9-nsec observation time. Case b has a
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TABLE I. Categories of experiment in increasing order of heating of the KC1. The tempera-
tures and change in the degree of ionization AZ are given at the end of the 0.9-nsec pulse for
cases a and b, but in the middle of the pulse for case c just before the shock breaks through.

Type

Laser
energy

0)
15
19
15

Focal
spot
(pm)

120
125
85

Thickness of
polyester
shielding-

layer
(pm)

25
10
10

Calculated
KC1 heating

(1O' J/g)

0.6-1.6
0.9-3.0
0.9-3.0

Calculated
T hZ

(ev)

4.5-8.0 0.3-0.7
6- 13 0.4- 1.2
6-13 0.4-1.2

Observed
K-edge energy

(ev)

2820-2824
2616-2824
2813-2822

slightly defocused laser spot, but only 10 pm of polyester
to screen the tracer layer. The effect of x-ray heating is
seen in this case, but the laser-driven shock does not
reach the tracer layer within 0.9 nsec. Case c represents
the smallest focus of the laser spot, where not only is the
tracer layer heated by x rays, but the laser-driven shock
also passes through the layer while the x rays are still be-
ing emitted from the Bi plasma. Simultaneous observa-
tion of the rear of the target showed that the shock
breaks out at 1.1 nsec with a measured rise time of 0.07
nsec, in case c implying transit through the KC1 tracer
layer at 0.7 nsec. In cases a and b the shock breakout
time implies transit throught the KC1 at a time later
than 1 nsec.

The time-integrated data from shots in categories a, b,
and c are shown in Fig. 1. The absolute wavelength

hv 2961 ev 2621 eV

FIG. 1. Time-integrated spectra from the rear of the target
showing the Cl K photoabsorption edge for categories of in-
creasing heating of KC1, a, b, and c (see text). The ordinate is
x-ray transmission. The Bi fiducial lines 3dy24fsp (2961 eV)
and the Cl Ka line (2621 eV) are marked. The shoulders of
the edge are marked SI and S2 and are at 2824, 2820 eV; 2824,
2816 eV; 2822, 2813 eV for cases a, b, and c, respectively. The
spectrum recorded by the front spectrometer is sketched (bro-
ken line) on a only.

scale of the spectra was established by our measuring
the wavelengths of some of the Bi lines on separate
shots. This allowed us to identify and fix the Ni-like
(core)3d3/23ds/24fs/2-(core) 3d3/23d5/2 (herein abbrevi-
ated to 3d 3/24f q/2) and (core) 3d 3g 3d 5/24f q/2 (core)-
3d3/23d7/2(3dq/24f7/2) transitions of Bi at 2961+'2 eV
and 2853 ~ 2 eV, respectively. The Ni-like Bi 3dq/24f7/2
transition is close to the Cl EC photoabsorption edge and
acts as a convenient secondary wavelength in both the
time-integrated and time-resolved data. Both lines are
evident in Fig. 1.

Figure 1(a) shows time-integrated data from the
lowest-temperature case (category a) with a 25-pm layer
of polyester. The K edge lies between 2820 and 2824 eV
(10% and 90% points), its width being due to spatial
broadening by the 80-pm focal spot. Previous high-
resolution measurements of the edge in KC1 have shown
a fine structure associated with the bound levels and an
edge at 2826+ 3 eV.

In Fig. 1(b), a time-integrated spectrum from an ex-
periment in category b is shown. A broadened and red-
shifted edge between 2816 and 2824 eV is seen (marked
S2 and S~), with a superimposed absorption line at 2819
eV. A spectrum from case c with the highest-tem-
perature KC1 absorber is shown in Fig. 1(c). The ab-
sorption line appears smeared out in these time-inte-
grated data, and the edge is red shifted and broadened
lying between 2815 and 2823 eV, an average shift of —3
eV.

The time-integrated spectra allow us to estimate the
radiative heating of the KC1. X-ray spectra were record-
ed from the Bi between 1.9 and 3.5 keV. This is the re-
gion most effective in heating the buried KCl as softer
parts of the spectrum are absorbed in the polyester. The
film calibration and the Bragg reflection integral' give
the absolute x-ray spectrum. Using the cold mass ab-
sorption coefficients we calculate the temperature rise in
different parts of the layered target due to radiative
heating. For the cases a, b, and c, we calculate from the
measured spectrum the spatially averaged and time-
integrated x-ray heating in the KC1 of approximately
1.1 x 10, 1.8 x 10, and 3.6X 10 J/g, respectively.
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The streaked data show the evolution of the K edge
more clearly because of the higher spectral resolution
and the time resolution. A single lineout from the "cold"
case a is shown in Fig. 2(a). The edge between 2822 and
2825 eV shows no shift during the 1 nsec of the streak.
The jump ratio calculated from the film calibration and
the initial areal density of the layer, is consistent with
the cold opacity values.

For the higher-temperature cases, cases b and c, the
edge position does change with time. Streaked spectra
for case b are shown in Fig. 2(b). An absorption line,
arguably a doublet, appears below the edge at 2819 eV
and grows during the laser pulse. The case with the
highest-temperature KCl absorber, case c, is illustrated
in the sequence of Fig. 2(c). At early times a sharp edge
is seen at the cold position. Up to 500 psec an absorp-
tion line grows below the edge as seen in the second

284

(b) ll

(c)

lineout, and then at 700 psec the absorption line disap-
pears and the edge shifts to between 2811 and 2821 eV,
an average red shift of —7 eV. This time coincides with
the inferred arrival of the laser-driven shock.

Thomas-Fermi" calculations for KCl have been per-
formed in which the ion sphere radii for K and Cl
Thomas-Fermi calculations are adjusted until the elec-
tronic pressures at the boundaries of the K and Cl
spheres are equal. From these calculations the change in
the average ionization of the chlorine and the tempera-
ture of KCl as a function of the energy deposition have
been calculated and are shown in Fig. 3. At the end of
the pulse in case b and in the middle of the pulse in case
c, the above estimates of the radiative energy deposition
give a KCl temperature ranging from 13 eV in the front
to 6 eV at the back of the KCl, and a change in the aver-
age chlorine ionization of between 0.4 and 1.2. At the
end of the pulse in case a, the temperature and the
change in the chlorine ionization range between 4.5 and
8 eV and between 0.3 and 0.7, respectively.

Dirac-Fock calculations ' of the average-of-config-
uration 1s-3p transition energies for Cl, Cl+, and Cl++
give 2816, 2819, and 2822 eV, respectively, to an accura-
cy of a few electronvolts. The observation of an absorp-
tion line appearing at 2819 eV (Figs. 1 and 2) suggests
that Cl+ is the dominant state of ionization at the end of
the laser pulse in case b and at the middle of the laser
pulse in case c, consistent with the Thomas-Fermi esti-
mate of the change in the degree of ionization. In case a,
the 1s-3p line is not seen consistent with the low degree
of chlorine ionization predicted (a Is-3p transition can-
not occur in the Cl ion).

We have also calculated the position of the EC edge in
the Cl. We calculate the shift of the K edge as the sum
of three terms. The first term, Ik, is the average Cl E-
shell ionization energy of an isolated atom (calculated
with Dirac-Fock theory' ) at the state of ionization ap-
propriate to the plasma density and temperature taken
from Thomas-Fermi theory. The second term, E,&, rep-
resents the continuum lowering from the eAect of plasma
neighbors on the E-edge position and is approximated by

I

2840 eV
l

2820 eV

FIG. 2. Time-resolved spectra for categories of increasing
heating a, b, and c (see text). (a) The "cold" case, with no
temporal variation with the time-integrated spectrum of Fig. 1,
case a, superimposed. (b) The medium heating case with the
Is-3p absorption feature (Cl+ is calculated to be at 2819 eV)
evolving. (c) The Is-3p feature evolving (350 psec) and then
ionized at 700 psec with a red shift of the edge. The wave-
length scale is established by the Bi 3d5y24f7y2 line, not shown.
In (b) and (c) there is a vertical displacement of the traces at
diff'erent times for ease of display.
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FIG. 3. Calculated change in degree of ionization of Cl in
KC1 and temperature of KC1 as a function of energy deposition
at solid density.
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an ion sphere model. The third term, Ed,g, represents
the partial degeneracy of the free-electron states close to
the ionization energy. '

The method gives a shift of the E-edge position prior
to the shock running into the KC1 in case c (1.98 g/cm,
9 eV) of only 0.5 eV, comprising AIIc =+15.6 eV,
~&,~

= —9.0 eV, &Fd,g= —6.1 eV. To find values for
density and temperature after the shock, we have used a
one-dimensional code, ' and varied the ablation pressure
to fit the observed shock breakout time. This code
verifies that electron conduction is negligible as a heating
mechanism for our tracer layers. With these values of
density and temperature (6.2 g/cm, 19 eV) the shift is
—3.7 eU comprising AI~=47. 6 eU, ~F.,~

= —45.2 eU,
AEd, g

= —6.1 eV. This is in fairly good agreement with
the experimental observation and would imply that in

cases b and c, the 3p level will exist before the shock but
is pressure ionized after the shock passes through.

Lacking any appropriate theory for broadening of pho-
toabsorption edges in such a dense plasma, we presume
that our edge width is due to Stark broadening as well as
gradients in the temperature and density through the
layer. A nearest-neighbor approximation to the distribu-
tion gives an edge width of 0.76E,~.

' As the continuum
lowering is 45 eV, this simple treatment gives too large a
value for the width of the edge. We suggest that this is
because of the assumption of an uncorrelated distribu-
tion. Correlation would presumably narrow the width of
the distribution of nearest neighbors to more closely ap-
proximate the experimental data.

In conclusion, we have measured the chlorine E-shell
absorption spectrum in a laser-shocked KCl tracer layer.
The appearance of a 1s-3p absorption line suggests that
it may be used as a diagnostic of the state of ionization
and hence temperature of a warm plasma. When the
plasma is shocked to a density above that of the solid we
observe the pressure ionization of the 3p level as the E
edge shifts to a lower energy. This edge shift is ex-
plained by a simple model as the diff'erence between two
larger eff'ects, the energy increase from ionization and

the decrease from continuum depression.
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