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Exotic Dense-Matter States Pumped by a Relativistic Laser Plasma
in the Radiation-Dominated Regime
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In high-spectral resolution experiments with the petawatt Vulcan laser, strong x-ray radiation of KK
hollow atoms (atoms without n = 1 electrons) from thin Al foils was observed at pulse intensities of
3 X 102 W/cm?. The observations of spectra from these exotic states of matter are supported by detailed
kinetics calculations, and are consistent with a picture in which an intense polychromatic x-ray field,
formed from Thomson scattering and bremsstrahlung in the electrostatic fields at the target surface, drives
the KK hollow atom production. We estimate that this x-ray field has an intensity of >5 X 10'® W /cm?

and is in the 3 keV range.
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The properties of high energy density plasma have been
under increasing scrutiny in recent years due to their
importance to our understanding of stellar interiors, the
cores of giant planets [1], and hot plasma in inertial con-
finement fusion devices [2]. Such studies are also relevant
to photoionized plasmas found in active galactic nuclei and
x-ray binaries [3]. Currently, powerful x-ray free-electron-
laser sources (XFELs) are being used to create such high
energy density matter [4,5] using x rays at intensities
greater than 10'7 W/cm?. The radiation intensity domi-
nates standard collisional atomic processes creating exotic
states of matter, composed of hollow atoms, which are
diagnosed through the observation of unique spectral lines
[6]. Although the definition of a hollow atom is not unique
[7-9], it is usually taken to mean atoms (or ions) in which
K and/or L shell electrons have been removed in prefer-
ence to the valence electrons.

In this work, we report the observation of hollow atoms
with double K-shell (principal quantum number n = 1)
vacancies (KK atoms) formed with long-wavelength laser
fields. This might be regarded as unexpected since the
small photon energies of the laser pulse cannot directly
ionize the target K-shell electrons. Our detailed atomic
kinetics simulations suggest that an intense short-
wavelength radiation field is the only plausible mechanism
for production of hollow atoms. We provide a detailed
argument for the generation of this intense x-ray radiation
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field through the energy loss of the highly accelerated field-
ionized electrons produced from the intense long-
wavelength laser field. This work complements the recent
observations of such exotic states using XFELs [4,5]. We
note that the radiation field generated in our experiments is
polychromatic with an intensity that is comparable to or
exceeding that of current XFELs. Our work implies that
matter dominated by exotic hollow atom states, as well as
radiation-dominated atomic physics, can be accessed and
probed with high-power optical lasers. Indeed, as laser
intensities continue to increase above 10> W/cm?, radia-
tion processes will start to govern plasma interaction phys-
ics as well as the atomic physics [10-12]. The proposed
concept and experimental layout is schematically shown in
Fig. 1.

The measurements were made at the Vulcan Petawatt
(PW) Laser Facility at Rutherford Appleton Laboratory,
which provides a beam using optical parametric chirped
pulse amplification technology with a central wavelength
of 1054 nm and a pulse FWHM duration of 0.7 ps. The
optical parametric chirped pulse amplification approach
enables an amplified spontaneous emission to peak-
intensity contrast ratio exceeding 1:10° several nanosec-
onds before the peak of the laser pulse. The laser pulse was
focused with an f/3 off-axis parabola providing up to
160 J on the target. The maximum laser intensity of
3 X 10 W/cm? was achieved with a laser focus
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FIG. 1 (color online). A schematic diagram of hollow atom
formation by the ultraintense optical laser pulse. A laser field of
10% W/cm? in the central area of the focal spot accelerates
MeV and multi-MeV electrons from a target and produces bright
x-ray radiation range via Thomson scattering and bremsstrah-
lung processes. In turn, the x-ray photons of ~keV energies,
produced in an almost perpendicular direction with respect to the
laser beam propagation, create hollow atoms in the outer area of
the focal spot.

containing approximately 30% of the energy in an 8 um
(FWHM) diameter spot. The p-polarized laser beam was
incident on target at 40° from the target surface normal.
Aluminum K-shell emission spectra from samples of
various thicknesses were measured using a focusing spec-
trometer with spatial resolution equipped with spherically
bent mica crystals. The focusing spectrometer with spatial
resolution was tuned to observe radiation in the wavelength
range from 7.0 to 8.4 A containing the K-shell spectra from
multicharged ions and neutral (i.e., K,) Al. The spectral
resolving power is 5000. The spectra were acquired from
the front, laser irradiated surface, at 45° to the target
normal. The corresponding spectra are shown in Fig. 2.
The accepted wavelengths for the Ly, He,, and K, lines
are indicated by the vertical dashed lines. The measured
resonance line centers are shifted to longer wavelengths
with respect to National Institute of Standard and
Technology values by 10 and 20-25 mA, respectively.
We attribute this to a strong dense plasma effect and
receding ion motion [13,14]. The black curve in the lower
panel represents the data obtained from a 1.5 wm thin Al
foil irradiated with 160 J on target, the maximum available.
As shown in the lower panel of Fig. 2, the reduction of the
laser pulse energy from 160 to 64 J as the intensity drops
40% to around 102 W /cm? leads to remarkable changes in
the spectra. For the lower laser energy case (green line in
Fig. 2 at 64 J), we observe littole emission, with prominent
peaks just below 7.8 and 7.2 A corresponding to He, and
Ly, transitions. Some satellites to these lines can also be
observed. In the full laser energy case (160 J, black line in
Fig. 2) the He,, and Ly, lines are dominated by significant
and striking emission between 7.3 and 7.7 A (which we
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FIG. 2 (color online). Aluminum K-shell spectra calculated by
the ATOMIC code (upper panel) and measured at the Vulcan PW
laser (lower panel). ATOMIC calculations are made at plasma
conditions as indicated in the text and for different options as
indicated. The inset shows the ion charge distribution for the
combined calculation (pink line in both panels) that includes the
radiation field and hot electrons. Experimental spectra were
measured for Al foil targets of 1.5 or 20 um thickness and
with laser energies of 160 or 64 J. As a reference the lowest
curve represents the data obtained at 5 X 10'7 W /cm? intensity
[15]. The vertical dashed lines indicate the Al Ly,, He,, and K,
transitions. All plots are offset vertically, and the data for the
20 um Al target are multiplied by a factor of 0.2, for better
visibility and convenient comparison.

identify below as arising from KK hollow atoms) and
between 7.9 and 8.3 A (which below we associate with
emission from KL hollow atoms). These spectra differ
notably from observations previously made with optical
lasers. For reference, more ‘“‘usual” spectra [15] obtained
using a much lower laser intensity of 5 X 107 W /cm? are
also presented in Fig. 2 (lowest curve).

Our atomic physics analysis, discussed below, shows
that emission arises primarily from transitions between
the n = 1 and n = 2 energy levels from Al hollow atoms
from ionization stages Al III through Al X. The spectrum
between 7.3 and 7.7 A is due to emission from ions with
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two electrons missing from the n = 1 level (labeled KK
states) and the spectrum between 7.9 and 8.3 A is due to
emission from a state (KL) with a single vacancy in both
the n = 1 and n = 2 levels. The analysis implies that for
such emission to be observed the emitting region must be
immersed in a x-ray radiation field of keV energies and of
extreme intensity, and additionally implies that the electron
density is high, greater than 10> cm™3. At these condi-
tions, the three-body recombination drives the ions back
towards the neutral stage.

The lower panel of Fig. 2 also presents the spectrum
measured from 20 um thick targets irradiated at the high-
est laser intensity (160 J). These spectra show a marked
drop in hollow atom emission. This appears to be a con-
sequence of a less intense x-ray radiation field.

A keV radiation field interacts with the inner atomic
shells of the Al ions and will eject multiple K- and L-shell
electrons. Inner-shell electrons are preferentially ionized
(compared to valence electrons) by high-energy photons so
that the excess recoil momentum can be absorbed by the
nucleus. Photons with energies close to the K-shell ioniza-
tion potential at 1.5 keV (for Al) or higher are much more
efficient at removing K-shell electrons than electrons of
similar energies [8]. Consideration of the photoionization
cross sections and autoionization decay rates leads to an
estimate of the x-ray flux of at least 10'® W /cm? required
to produce KK hollow ions. A previous measurement [16],
which used similar laser intensities to the present measure-
ment but a much thicker target and lower contrast, found
that electron pumping of KL hollow ions was the main
ionizing mechanism and that the generation of KK hollow
ions was not efficient.

X-ray spectra were studied by performing atomic
kinetics calculations using the ATOMIC code [17]. Time-
dependent calculations using a simplified atomic model
were performed to determine the bulk plasma conditions.
These calculations show that, at the high electron densities
under consideration here, the system reaches steady state
very quickly, within 1 ps. We then performed detailed
steady-state calculations at various plasma conditions to
compute the emission spectrum as a function of electron
temperature (including non-Maxwellian effects such as hot
electron tails) and density and radiation temperature. We
assumed that the radiation field seen by the plasma was a
Planckian distribution in the keV range. Our calculations
include all relevant atomic processes, that is, photoioniza-
tion, collisional ionization, autoionization, collisional and
radiative excitation and deexcitation, and all recombina-
tion processes.

The collisional-radiative rate equations are solved to
produce a set of ion populations that depends sensitively
on the electron temperature and density, the radiation field,
and the fraction of energetic electrons included in our
model. Opacity effects are included via escape factors.
The resulting level populations are used to produce

emission spectra, where the effects of detailed lines are
included via a mixed unresolved transition array approach
[18]. To correctly model the exotic plasma created experi-
mentally, it is necessary to include over 16 000 configura-
tions, representing Al ions in which up to five electrons
have been removed from the K and L shells and placed in
excited states. Multiply excited states were found to be
important in accurately reproducing the observed emission
spectrum. In particular, we find that the radiative decay
from the L to K shell in any one specific configuration
results in a relatively weak line, but that the very large
number of configurations with different combinations of
spectator electrons in excited states, in which this radiative
transition occurs, allows the observed transition to become
prominent.

The upper panel of Fig. 2 shows ATOMIC calculations
modeled by a plasma exposed to a radiation field (7,)
peaked at 3 keV, with a bulk electron temperature (7,) of
55 eV and electron density (N,) of 3 X 10% ¢cm™3, with ion
number density of 5.9 X 10?> cm 3. A small fraction (5%)
of the electron distribution was in a hot-electron tail with a
temperature of 5 keV. A T, of 55 eV was chosen as this
value gave the best fit to the hollow ion spectra. Inclusion
of a hot-electron tail includes the effects of electrons that
have not fully thermalized. The collisional-radiative pic-
ture is highly nonequilibrium, in that the ionization is
driven by photoionization from the radiation field, and
recombination is driven mostly through three-body recom-
bination due to the high electron density.

The full calculation is the lower pink line in the upper
panel of Fig. 2, and we find clear evidence of emission
from hollow ions from a range of Al charge states as
labeled. The pink spectrum is a composite of the full
ATOMIC calculation and several calculations at more
moderate conditions (N, = 10?2 cm™3, T, =50¢eV,
T, = 10, 20, and 40 eV) that were made to model the
wavelength region between 7.8 and 8.3 A. The comparison
with the measured spectrum (black and pink lines at the top
of the lower panel of Fig. 2) shows that the composite
atomic kinetics calculation successfully reproduces most
of the significant and striking features of the measurement.
We find that transitions involving double K-shell holes
(between 7.2 and 7.7 z&) are visible for a range of Al ions
from Al IV through Al IX. Emission lines have been
identified that arise from ions with up to five inner elec-
trons removed from the K and L shell. We also observe
significant emission at higher wavelengths (7.7 and 8.3 A)
from single K-shell holes, again from a range of Al ions as
indicated. The calculations support a picture in which this
emission is from plasma at lower densities interacting with
x-ray radiation field of much reduced intensity.

To demonstrate that the intense x-ray radiation field is
responsible for the calculated double K-shell hollow ion
emission, we also show two spectra (gray and red lines) in
the upper panel of Fig. 2, with no radiation field included in
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FIG. 3 (color online). Al K-shell spectra calculated by the
ATOMIC code at plasma conditions discussed in the text and at
the radiation temperatures (7,) indicated. The spectra are offset
for better visibility.

the calculation. Virtually no emission lines due to hollow
ions are observed. The red line shows the influence of the
5 keV hot-electron tail on the emission spectrum. It is clear
that the radiation field has a dramatic effect. In Fig. 2 the
blue line shows the effect of radiation on the calculation
while omitting the hot-electron tail. We find that the hot
electrons do excite KL hollow ions, but provide only a
small part of the measured intensity of the KK hollow ion
spectral lines.

In Fig. 3 we show ATOMIC calculations for the same
conditions as in Fig. 2 and with a systematic variation in
T,. We find thatata 7', of 500 eV there are no lines emitted
in the 7.2-7.7 A region, which is not surprising since
this radiation temperature is below the K-shell ionization
potential. However, for 7, = 2 keV, we see a dramatic
change; a series of intense lines is now prominent. As we
move to 7, = 3 keV the intensity of these features is
modified somewhat (and is in better agreement with the
observed spectrum). As 7, is increased to 5 keV, the
intensity of the spectral features between 7.2 and 7.7 A is
in poorer agreement with the measured spectrum. Although
we have modeled the radiation field as a Planckian distri-
bution, it is possible that the radiation field that produces
the measured spectra is not fully thermalized. Our
collisional-radiative simulations using a 3 keV Planckian
radiation field does, however, reproduce the essential fea-
tures of this time-integrated measurement. We regard the
influence of an intense radiation field as the only plausible
mechanism for generation of KK hollow atoms.

To understand how a x-ray radiation field at keV energies
could be generated in these experiments, we recall that the
Vulcan PW laser rapidly ionizes valence electrons from the
Al target through field ionization [19] and ponderomo-
tively accelerates electrons to energies of a few MeV
[20]. During the interaction of an intense laser pulse with
a thin foil some of these highly energetic electrons oscillate

between the front and rear surfaces of the foil [19,21], due
to reflection by the electrostatic and magnetic fields on
each surface, known as refluxing. The thin Al target is
essentially transparent to these highly relativistic electrons
[19], but the electrons quickly lose energy through brems-
strahlung [22] in the surface plasma fields and (nonlinear)
Thomson scattering [23,24]. The scaling of the radiation
power P, with the laser amplitude ay = eE/mcw (where E
is the electric field strength, @ the field frequency, m the
electron mass, and c the speed of light), can be estimated
[10] with the use of the radiation friction force. According
to Ref. [24] and after an integration, one can show that P ~
T2E?e<O/Ti where T), the temperature of the energetic
electrons and €(#) is a minimal electron energy required to
generate X rays into an angle between 6 and 6 + A#@. Here,
6 is the angle between the direction of the emitter motion
and the direction to the observer—i.e., the angle between
the normal to the target surface (as the predominant direc-
tion of electron flow) and the hollow atom location. The
strength of the field in all radiation processes is propor-
tional to a,, whereas the temperature has a more compli-
cated dependencys; it is proportional to a, in an overdense
plasma and to a3 in an underdense plasma. Hence, we can
say P ~ [a} — alle™<©/Th 1f €() far exceeds T}, then the
power rapidly increases with @ and quickly becomes zero
at lower intensities.

This strong dependence explains why the reduction of
the laser pulse energy from 160 to 64 J changes the
observed emission spectra in Fig. 2 so dramatically. For
laser intensities of 3 X 10 W/cm?, we find that the
resulting x-ray intensity exceeds 5 X 10'8 W/cm? [24].
For 6 values of several degrees, the radiated photon energy
from a few MeV electron beam is ~3 keV. This analysis
also explains why the spectrum measured from the 20 um
thick target showed much weaker hollow atom emission.
Refluxing in a thicker target takes longer than in the thinner
1.5 wm target. The fast electrons interact with the laser and
plasma fields more frequently in the thinner target resulting
in efficient radiation production via Thomson scattering
and bremsstrahlung.

Within the center of the focal spot, the extreme laser
intensity will strip virtually all the electrons from the Al
atoms. For hollow atom formation, our analysis suggests
that the Al ions must be subjected to a lower bulk tem-
perature such as found at the periphery of the focal region.
This is consistent with our radiation field model since
we find that the 3 keV emission occurs at angles of a few
degrees to the oscillating beam.

To conclude, the measurements, simulations, and phys-
ics picture discussed in this work are all consistent with
a scenario in which high-intensity laser technology can
be used to generate extremely intense polychromatic
x-ray fields that enable experiments that complement
those delivered by XFELs. In this case, we observe
radiation-dominated atomic kinetics with matter ionized
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predominantly through the inner-shell processes. The ra-
diation field intensities are sufficiently extreme to generate
copious double K-shell holes, true hollow atoms. This
occurs at angles at which the radiation field photon energy
is resonant with the K and KK ionization potentials. These
exotic states appear to form in regions surrounding the
laser focal spot. Finally, our results demonstrate how
laser-plasma interaction physics will change as laser inten-
sities move towards the radiation-dominant regime
[11,12]. We plan further theoretical and experimental ex-
ploration of the very challenging and complex physics in
such regimes.
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