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The results of time-resolved spectroscopic measurements of light emission from plasma formed in
the vicinity of a converging spherical strong shock wave (SSW) are reported. This approach,
together with hydrodynamic (HD) and radiative-transfer simulations, can be used for the characterization of the SSW convergence symmetry and the parameters of water at that location. It was
shown that the obtained time-of-flight of the SSW and emission spectra agree well with the results
of the simulation, showing that the water density, temperature, and pressure should be larger than
3 g/cm3, 1.4 eV, and 2  1011 Pa, respectively, at radii <25 lm with respect to the origin of
the SSW implosion. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972042]
The subject of warm dense matter (WDM)1–4 has been
of continuous interest in recent years because of its importance for basic scientific research (astrophysics, equations of
state (EOS), conductivity models) and for different applications (x-ray lasers, relativistic electron beams).5–7 Some of
the methods of obtaining WDM include z-pinch, high power
lasers, heavy ion beams, and chemical explosions.8–11 These
methods require large amounts of stored energy (105 J),
large facilities, expensive systems, and special safety measures. Another approach considers the spherical strong shock
waves (SSW) which symmetrical convergence results in the
formation of WDM in the vicinity of implosion. In earlier
studies, these types of SSWs were generated in gas by a
reflection of a blast wave from a spherical surface.12,13 In
recent studies,14 a specially designed gas shock tube allowing a smooth transformation of the initially planar shock
wave into a spherical converging SSW was used. This
research showed that a non-ideal gas effect governs the
parameters of the compressed and ionized gas in the vicinity
of implosion.
The results of our recent studies15,16 indicate that WDM,
with a pressure of 2 TPa and temperature of 10 eV, can
be obtained using converging SSWs, generated by underwater electrical explosions of quasi-spherical wire arrays
(radius 15 mm), at a distance 6 lm from the origin of
implosion. These studies were conducted using pulsed power
generators with stored energy 6 kJ and amplitude of the
discharge current of 250 kA (rise time of 1.1 ls) and
500 kA (rise time of 450 ns). Different indirect methods
were applied to determine these water parameters. The timeof-flight (TOF) of the SSW to the origin of the implosion
leading to intense light emission from this location was used
for comparison with the results of 1D hydrodynamic (HD)
simulations,16 coupled with the equations of state (EOS) of
water and copper (the wire’s material). In these simulations,
which considered a symmetrical SSW convergence, only the
energy deposition rate into the wires, calculated using experimentally obtained resistive voltage and discharge current
waveforms, was an input parameter. The SSW convergence
symmetry was studied using the damage of different targets17,18 and the change in the parameters of the plasma
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preliminarily formed inside a capillary placed in the equatorial plane of the sphere.19 The data obtained showed that the
SSW retains its symmetry along the major part of its convergence (r < 1 mm). However, no direct measurement of the
water parameters in the vicinity of the implosion (r < 1 mm),
where the main water compression and heating occurs, was
performed.
In this paper, we present the results of direct measurements of the compressed water parameters, i.e., time-resolved
spectroscopy of the light emission from the water in the vicinity of the SSW’s implosion. These results were then compared
with HD and radiative-transfer simulations.
The experiment was carried out using a pulsed power
generator with stored energy of 3.6 kJ, rise time of 1.1 ls,
and peak current of 300 kA for a short circuit load having
an inductance similar to the inductance of the spherical wire
array (15 nH).20 The current pulse was applied to a spherical copper wire array, placed inside a stainless steel chamber
filled with deionized water. Forty Cu wires 100 lm in diameter were used for the array, the diameter of which was 30 mm
(see Fig. 1). A white plastic ball, shown in Fig. 1, was used to
support the wires in the array construction process, and was
dissolved using acetone prior to placing the array in the chamber. The number and diameter of the wires were chosen to
obtain an overdamped discharge, where most of the stored
energy in the generator is delivered to the exploding wires

FIG. 1. Experimental setup (left) and spherical wire array before the inner
plastic ball (right) was dissolved in acetone.
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within a time smaller than half of the period of a periodic discharge. The discharge current and voltage were measured by
a self-integrated Rogowski coil and a Tektronix voltage
divider, which was connected between the high-voltage and
grounded electrodes of the wire array. These electrodes (see
Fig. 1) have a hole allowing one to observe the light emitted
from the plasma formed by the SSW in the origin’s vicinity.
This emitted light is passed through an additional collimator
placed at the output of the chamber, thus allowing one to
obtain the emission from a water volume having a diameter
2.5 mm, the origin of which is in the center of the sphere.
Using mirrors and lenses, the light was focused at the input of
an imaging spectrometer (Chromex-250, 0.25 m focal length,
1800 grooves/mm grating). A time-resolved spectrum of this
light emission was obtained at the spectrometer’s output (see
Fig. 1) using a lens and a linear bundle array of optical fibers
coupled with an array of 9 Hamamatsu H10721 photomultiplier tubes (PMTs). The relative sensitivity of each PMT was
calibrated prior to each shot of the generator to account for its
spectral sensitivity.
The spectral resolution (11 nm/fiber) of this optical system allows a spectral range of 100 nm for each shot to be
observed. Therefore, three ranges of the spectra were studied
in different generator shots: 400–500 nm, 500–600 nm, and
580–680 nm. For each range of the spectrum, at least three
shots were performed. Typical waveforms of the discharge
current IðtÞ and resistive voltage uR ¼ u  LðdI=dtÞ (see
Fig. 2(a)) showed an aperiodic type of the discharge characterized by the formation of a low resistive plasma channel
(2 X each channel) as a result of the wires’ electrical explosion. The light intensities obtained by different PMTs together
with the deposited power PðtÞ ¼ IðtÞuR ðtÞ are shown in Fig.
2(b). One can observe a strong 1 ls duration light emission
starting with a fast increase in the deposited power (main
phase of the wire explosion related to the formation of
plasma). This emission from the exploding wires was
obtained in spite of the collimators, because of the light scattering inside the sphere. At time s  3.7 ls, one obtains a second light emission. At present, we can consider only that this
emission appears as a result of the overlapping of individual
SSWs generated by each wire electrical explosion at the line
of sight of the pole, to form a single SSW. Finally, one
obtains a third strong light emission at s  7.3 ls with a duration of 300 ns resulting in the SSW’s convergence to the origin. The average time of this third light emission across 9
generator shots was s ¼ 7.2 6 0.15 ls.

Appl. Phys. Lett. 109, 244101 (2016)

Using averaging along 40 ns, time resolved spectra of
this emission pulse were obtained. The purpose of this averaging was to decrease the statistical error caused by an insufficient photon flux. A typical spectrum obtained at the peak
(620 ns) of this third light emission is shown in Fig. 3(a).
One can see that this spectrum does not contain spectral lines.
The latter confirms the results of our earlier measurements
performed with a better spectral resolution of 3 Å/PMT and
showing the absence of Ha , Hb and most strong O I and O II
spectral lines that indicate the formation of a dense
(>1018 cm3) plasma. Therefore, the obtained continuous
spectrum can be fitted by the Planckian distribution of a black
body (BB) radiation with a temperature of 0.9 6 0.12 eV, as
a rough estimate. The same BB fit was applied for the spectra
obtained around the third emission’s peak (6100 ns) in time
steps of 20 ns (see Fig. 3(b)). One can see that the BB temperature follows the light intensity and changes in the range
0.6–0.9 eV. Qualitatively similar dependencies of light intensity versus wavelength were obtained in the other generator
shots for different ranges of the spectrum. However, because
of the shot-to-shot non-reproducibility in the light intensity, it
was intolerable to plot a reliable spectrum in the 400–680
wavelength range. Therefore, only the spectra acquired in one
shot of the generator was analyzed.
The obtained time-resolved spectra of the intense and
short duration light emission acquired at s  7.2 6 0.15 ls
from the volume limited by a 2.5 mm diameter can also be
used to reconstruct the radial distribution of the density and
temperature in the vicinity of the SSW’s convergence. The
absence of spectral lines and the existence of a continuous
spectrum resulting from free-free and free-bound transitions
indicate an opaque plasma formed by the SSW’s convergence. Thus, one can propose a certain distribution of density
and temperature to solve the radiation transfer equation and
fit the calculated to the experimentally obtained spectrum. In
general, this approach is valid in the case of local thermodynamic equilibrium (LTE), which will be addressed below.
The radiative transfer equation considers a beam of light
with some frequency  propagating through a cylinder within
~ (Ref. 21)
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FIG. 2. (a) Waveforms of the discharge current and resistive voltage.
(b) Calculated deposited power
(dashed line) and recorded intensities
from PMTs in arbitrary units. The
numbers represent the 3 emissions discussed above.
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FIG. 3. (a) Typical recorded spectrum
at the peak of the third emission with a
BB fit showing T  0.9 eV. (b) Results
of BB fit of the radiation spectra
obtained 6100 ns around the peak
intensity of the third emission in time
steps of 20 ns and averaged along
620 ns.

and the temperature, respectively, and j is the frequencydependent absorption coefficient. The steady-state solution
of this equation without external sources of radiation is
given by
 ðs

ðs 

h
j 1  ekT Ip exp  j0 ds00 ds0 ;
(2)
I  ðsÞ ¼
s0

s0

where s is the coordinate along the direction of the beam’s
propagation. For the considered experimental conditions,
s0 is the center of the sphere, and s is the location of the
sphere’s grounded electrode through which the light is
emitted. In the simulations, the space step along s was
0.5 lm.
The proposed radial distributions of the density and
temperature are necessary for the calculation of the absorption coefficient j ðN; TÞ and the intensity according to
Planck’s distribution Ip ðTÞ, where N is the number density
of the total number of atoms. These distributions were
obtained using the results of a 1D HD simulation coupled
with the EOS of water and copper.16 Typical radial distributions of the temperature and density when the SSW
approaches r ¼ 20 lm are shown in Fig. 4. The only input
to this simulation is the energy deposition rate into the
wires, which was calculated using the measured discharge
current and resistive voltage waveforms. In addition, this
simulation considers a uniform SSW implosion. The TOF
of the SSW obtained from this simulation agrees well with
the average time of the third light emission pulse’s appearance. Applying these distributions, the absorption coefficient for free-free and free-bound transitions was
calculated21

FIG. 4. Calculated distributions of temperature and density when SSW
arrives to 20 lm radius.
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where e and m are the electron charge and mass, respectively, I is the ionization energy of the hydrogen atom
from the ground level, and n is the energy level for which
h  En ; where En is the ionization energy from level n*.
This summation can be cut off by the effective quantum
number above which the energy levels can be considered to
be continuous. This effective quantum number was calcu2=15
lated using Inglis-Teller’s formula22 nmax  103  np
considering the energy level overlapping due to Stark broadening, where np is the density of plasma electrons calculated
using the Saha equation.21
To verify that the radiation is in LTE, the mean-freepath of a photon l ¼ 1=j should be smaller than the distance for which the change in the temperature becomes significant, i.e., by an order of magnitude or more (in our case
the change in temperature is 40%). Calculations showed
l  10 lm for k ¼ 400 nm, for which the value of l is the
longest in the spectrum obtained. The value of l is smaller
than the thickness of the spherical layer of 30 lm, which,
as shown below, makes the main contribution to the intensity
of the light. In addition, a steady state condition is valid if
the time scale of the light emission pulse is much larger than
the time it takes a photon to travel this distance. The latter is
s ¼ l =c  1014 s, which is much smaller than the duration
of the considered light emission.
The results of these radiative transfer simulations
showed that, as the SSW propagates toward the origin, the
spectrum of the light emission is changing very fast, as
shown in Fig. 5. Namely, if at r  120 lm the slope of the
spectrum is positive, at r  20 lm, this slope becomes negative. This is explained by the drastic change in the radial distribution of temperature shown in Fig. 5(b). Let us note here
that for the distributions shown in Fig. 5, the SSW TOF
between radii 120 lm and 20 lm is 8.5 ns, resulting in an
average Mach velocity of 8. Further, the results of simulations showed that at r < 25 lm, the negative slope of the
spectrum does not change significantly despite the fact that
the SSW continues to propagate toward the origin. This negative slope of the emission spectrum is similar to the
recorded spectrum (see Fig. 3). Thus, one can consider the
SSW uniform convergence until r ¼ 25 lm (compression
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FIG. 5. Calculated distribution of (a)
emitted light intensity and (b) temperature for three different times. The numbers near the curves in (a) correspond
to those in (b). The duration of the process is 8.5 ns. The two dashed lines
in (b) show the part which contributes
to the emitted spectrum for curve 3.

FIG. 6. Lower and upper limit in radial
distributions of (a) temperature and (b)
pressure in the vicinity of implosion.

factor of 600) and use this as a lower limit for the water
parameters’ distributions shown in Fig. 6. Let us note that
the time jitter of 150 ls in the TOF of the SSW results in a
change in these calculated water parameters of <10%.
For the case of the upper limit of the water parameters,
i.e., uniform SSW convergence at r < 25 lm, one can consider
the results of the HD simulations corresponding to the distribution shown in Fig. 6, where the SSW approaches r ¼ 5 lm.
To conclude, time-resolved spectroscopic measurements of
the light emission from the plasma formed in the vicinity of the
converging SSW implosion showed that this approach together
with HD and radiative-transfer simulations can be used for estimation of the SSW convergence symmetry and the parameters
of water at that location. It was shown that the SSW TOF
obtained and the emission spectra agree well with the results of
the simulation showing that the water density, temperature, and
pressure should be greater than 3 g/cm3, 1.4 eV, and
2  1011 Pa. Using a smaller diameter quasi-spherical wire
array made of Al wires and a larger energy stored in the pulse
generator, one can expect to obtain much larger parameters of
water in larger volumes in the vicinity of the SSW’s implosion.
We are planning to perform these experiments.
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