aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Exotic Dense-Matter States Pumped by a Relativistic Laser
Plasma in the Radiation-Dominated Regime
J. Colgan, J. Abdallah, Jr., A. Ya. Faenov, S. A. Pikuz, E. Wagenaars, N. Booth, O. Culfa, R. J.
Dance, R. G. Evans, R. ). Gray, T. Kaempfer, K. L. Lancaster, P. McKenna, A. L. Rossall, I.
Yu. Skobelev, K. S. Schulze, I. Uschmann, A. G. Zhidkov, and N. C. Woolsey
Phys. Rev. Lett. 110, 125001 — Published 18 March 2013
DOI: 10.1103/PhysRevLett.110.125001


http://dx.doi.org/10.1103/PhysRevLett.110.125001

Exotic dense matter states pumped by relativistic laser plasma in a radiation
dominated regime

J. Colgan', J. Abdallah, Jr.!, A. Ya. Faenov®?, S. A. Pikuz?, E. Wagenaars®, N. Booth*, O. Culfa3,
R. J. Dance?, R. G. Evans®, R. J. Gray®, T. Kaempfer”, K. L. Lancaster*, P. McKenna®, A. L.
Rossall®, I. Yu. Skobelev?, K. S. Schulze”, I. Uschmann”™'°, A. G. Zhidkov®, and N. C. Woolsey>

! Theoretical Division, Los Alamos National Laboratory,
Los Alamos, NM 87545, USA
2 Joint Institute for High Temperatures,
Russian Academy of Sciences, Moscow 125412, Russia
3York Plasma Institute, Department of Physics,
University of York, York YO10 5DD, United Kingdom
4Central Laser Facility,
STFC Rutherford Appleton Laboratory, Didcot,
Ozfordshire OX11 0QX, United Kingdom
5 Department of Physics, Imperial College,
London SW7 2AZ, United Kingdom
SSUPA, Department of Physics,
University of Strathclyde,
Glasgow G4 ONG, United Kingdom
" Helmholizinstitut Jena, Frobelstieg 1,
D-07748 Jena, Germany
8PPC Osaka University and JST, CREST,
2-1, Yamadaoka, Suita, Osaka 565-0871, Japan
9 Quantum Beam Science Directorate,
Japan Atomic Energy Agency,
Kizugawa, Kyoto 619-0215, Japan
10 Institut fiir Optik und Quantenelektronic,
Friedrich-Schiller-Universitit Jena,
Maz-Wien Platz 1, D-07748 Jena, Germany

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 3x10%° 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'® VV/cm2 and is in the 3 keV range.

The properties of high energy density plasma are un-
der increasing scrutiny in recent years due to their impor-
tance to our understanding of stellar interiors, the cores
of giant planets [1] and hot plasma in inertial confine-
ment fusion devices [2]. Such plasmas are also relevant to
studies of photoionized plasmas found in active galactic
nuclei and X-ray binaries [3]. Recently, powerful X-ray
free-electron-laser sources (XFELs) are being used to cre-
ate such high energy density matter [4, 5] using X-rays at
intensities greater than 107 W/cm?. The radiation in-
tensity dominates standard collisional atomic processes
creating exotic states of matter, which are diagnosed by
strong hollow atom formation [6]. Although the defini-
tion 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 preference to the valence
electrons.

In this work, we report the observation of hollow atoms
with double K vacancies (KK atoms) formed with long-

wavelength laser fields. This might be regarded as unex-
pected 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 in-
tense radiation field is the only plausible mechanism for
production of hollow atoms. We provide a detailed ar-
gument for the generation of this intense X-ray radiation
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 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?2 W /cm?,
radiation processes will start to dominate plasma inter-



e = 3620 Wicm* Multi-MeV e
hv ~ 3 keV
by > 5218 Wicm®
Measured ‘
X-ray spectra Hollow ions

FIG. 1: A schematic diagram of hollow atom formation by the
ultra intense optical laser pulse. A laser field of 102° 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 Bremsstrahlung
processes. In turn, the X-ray photons of ~keV energies, pro-
duced in an almost perpendicular direction with respect to
the laser beam propagation, create hollow atoms in the outer
area of the focal spot.

action physics as well as the atomic physics [10, 11]. The
proposed concept and experimental layout is schemati-
cally shown in Fig. 1.

The measurements were made at the Vulcan Petawatt
Laser Facility at Rutherford Appleton Laboratory, which
provides a beam using optical parametric chirped pulse
amplification (OPCPA) technology with a central wave-
length of 1054 nm and a pulse full-width-half-maximum
(FWHM) duration of 0.7 ps. The OPCPA approach en-
ables an amplified spontaneous emission (ASE) 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 102 W/cm? was achieved with a laser focus con-
taining 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 FSSR, (focus-
ing spectrometer with spatial resolution) equipped with
spherically bent mica crystals. The FSSR was tuned to
observe radiation in the wavelength range from 7.0 to
8.4 A containing the K-shell spectra from multi-charged
and neutral Al ions. 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 verti-

cal dashed lines. The measured resonance line centers are
shifted to longer wavelength with respect to the NIST val-
ues by 10 and 20-25 mA respectively. We attribute this
to a strong dense plasma effect and receding ion motion
[12, 13]. The black curve in the lower panel represents
the data obtained from a 1.5 pm 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 J to 64 J as the intensity
drops 40% to around 10%° 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 little emission,
with prominent peaks just below 7.8 and 7.2 A corre-
sponding 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 unusual emission between
7.3 and 7.7 A (which we identify below as arising from
KK hollow atoms) and between 7.9 and 8.3 A (which be-
low we associate with emission from KL hollow atoms).
These spectra differ notably from observations previously
made with optical lasers. For reference, more ‘usual’
spectra [14] 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 IIT through Al X. The spectrum
between 7.3 and 7.7 A is due to emission from ions with
two electrons missing from the n = 1 level (labelled KK
states) and the spectrum between 7.9 to 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 keV radiation field of extreme inten-
sity, and additionally implies that the electron density is
high, greater than 1023 cm™2. At these conditions, 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 pm 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 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 ab-
sorbed by the nucleus. Photons with energies close to
the K-shell ionization potential at 1.5 keV (for Al) or
higher are much more efficient at removing K shell elec-
trons 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
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FIG. 2: Aluminum K-shell spectra calculated by ATOMIC
code (upper panel) and measured at 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 full calcu-
lation (pink line in both panels) that includes the radiation
field and hot electrons. Experimental spectra were measured
for Al foil targets of 1.5 pm or 20 pm thickness and with laser
energies of 160 or 64 J. As a reference the lowest curve rep-
resents the data obtained at 5 x 10'7 W/cm? intensity [14].
The vertical dashed lines indicate the Al Ly., Heq, and K,
transitions. All plots are offset vertically, and the data for the
20 pm Al target are multiplied by a factor of 0.2, for better
visibility and convenient comparison.

least 10'® W /cm? required to produce KK hollow ions. A
previous measurement [15], which used similar laser in-
tensities to the present measurement 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 ki-
netics calculations using the ATOMIC code [16]. Time-
dependent calculations using a simplified atomic model
were performed to determine the bulk plasma conditions.
These calculations show that, at the high electron densi-
ties under consideration here, the system reaches steady-
state very quickly, within 1 ps. We then performed de-
tailed steady-state calculations at various plasma condi-

tions to compute the emission spectrum as a function
of electron temperature (including non-Maxwellian ef-
fects such as hot electron tails) and density and radiation
temperature, where 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, photoionization, collisional ionization,
autoionization, collisional and radiative excitation and
de-excitation, and all recombination 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 fac-
tors. The resulting level populations are used to produce
emission spectra, where the effects of detailed lines are
included via a mixed-UTA (unresolved-transition-array)
approach [17]. To correctly model the exotic plasma cre-
ated experimentally, it is necessary to include over 16000
configurations, 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 ob-
served emission spectrum. In particular, we find that
the radiative decay from the L to K shell in any one spe-
cific configuration results in a relatively weak line, but
that the very large number of configurations with differ-
ent combinations of spectator electrons in excited states,
in which this radiative transition occurs, allows the ob-
served 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 3x10%% cm™=3, with ion
number density of 5.9 x 1022 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. Inclu-
sion of a hot electron tail includes the effects of electrons
that have not fully thermalized. The collisional-radiative
picture is highly non-equilibrium, in that the ionization
is driven by photoionization from the radiation field, and
recombination is driven mostly through three-body re-
combination due to the high electron density.

The full calculation is the lower pink line and we find
clear evidence of emission from hollow ions from a range
of Al charge states as labelled. The pink spectrum is a
composite of the full ATOMIC calculation and several
calculations at more moderate conditions (N, = 1022
em™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/pink lines at the top of the lower panel of Fig. 2)
shows that the composite atomic kinetics calculation suc-
cessfully 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 A)
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 electrons 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 a much
reduced radiation field.

To demonstrate that the intense radiation field is re-
sponsible for the calculated double K-shell hollow ion
emission, we also show two spectra (grey and red lines) in
the upper panel of Fig. 2, with no radiation field included
in the calculation. Virtually no emission lines due to hol-
low 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 whilst 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 that at a T;. of 500 eV there are no lines
emitted in the 7.2-7.7 A region, which is not surpris-
ing since this radiation temperature is below the K-shell
ionization potential. However, for T;. = 2 keV, we see a
dramatic change; a series of intense lines are now promi-
nent. As we move to T, = 3 keV the intensity of these
features is modified somewhat (and is in better agree-
ment with the observed spectrum). As T, 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 distribution it is possible that the radia-
tion field that produces the measured spectra is not fully
thermalized. Our collisional-radiative simulations using
a 3 keV Planckian radiation field does however repro-
duce the essential features of this time-integrated mea-
surement. We regard the influence of an intense radia-
tion field as the only plausible mechanism for generation
of KK hollow atoms.

To understand how a keV radiation field could be gen-
erated in these experiments, we recall that the intense
Vulcan laser rapidly ionizes valence electrons from the
Al target through field ionization [18] and ponderomo-
tively accelerates electrons to energies of a few MeV [19].
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 [18, 20],
due to reflection by the fields on each surface, known as
refluxing. The thin Al target is essentially transparent to
these highly-relativistic electrons [18], but the electrons
quickly lose energy through Bremsstrahlung [21] in the
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FIG. 3: 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.

surface plasma fields and (non-linear) Thomson scatter-
ing [22, 23]. The scaling of the radiation power P, with
the laser amplitude ag = eE/mcw (where E is the elec-
tric field strength, w the field frequency, m the electron
mass, and ¢ the speed of light), can be estimated [24]
with the use of the radiation friction force. According
to [23] and after a simple integration one can show that
P ~ T?E%=<9/Th  where T, the temperature of the en-
ergetic electrons and €(f) is a minimal electron energy
required to generate X-rays into an angle between 6 and
0 + AO. Here, 0 is the angle between the direction of the
emitter motion and the direction to the observer—ie the
angle between the normal to the target surface (as the
predominant direction of electron flow) and the hollow
atom location. The strength of the field in all radiation
processes is proportional to ag, whereas the temperature
has a more complicated dependency; it is proportional
to ag in an overdense plasma and to a2 in an underdense
plasma. Hence we can say P ~ [af —aS]e=<©)/Th If ¢(9)
far exceeds T}, then the power rapidly increases with ag
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 ob-
served emission spectra in Fig. 2 so dramatically. For
laser intensities of 3 x 102 W/cm?, we find that the re-
sulting X-ray intensity exceeds 5 x 1018 W /cm? [23]. For
0 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
pm thick target showed much weaker hollow atom emis-
sion. Refluxing in a thicker target takes longer than in
the thinner 1.5 pum 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 sug-
gests that the Al ions must be subjected to a lower bulk
temperature 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
physics 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 ra-
diation dominated atomic kinetics with matter ionized
predominantly through the inner shell processes. The
radiation field intensities are sufficiently extreme to gen-
erate 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 poten-
tials. These exotic states appear to form in regions close
to the laser interaction site. Finally, our results demon-
strate how laser-plasma interaction physics will change
as laser intensities move towards the radiation dominant
regime [10, 11]. We plan further theoretical and experi-
mental exploration of the very challenging and complex
physics in such regimes.
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