Decay of crystalline order and equilibration during solid-to-plasma transition
induced by 20-fs microfocused 92 eV Free Electron Laser pulses
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We have studied a solid-to-plasma transition by irradgafihfoils with the FLASH XUV Free Electron
Laser pulses at intensities up 16'® W/cn?. Intense XUV self-emission has been observed showing
spectral features that are consistent with emission fragions of very high density, which go beyond
single inner-shell photo-ionization of solids. Charaistir features of intra-shell transitions allowed us to
identify Auger heating of the electrons in the conductiondaccuring immediately after the absorption of
the XUV laser energy as the dominant mechanism. A simple had@emulti-charge state inverse Auger-
effect is proposed to explain the target emission when tmelaction band at solid density becomes
more atomic like as energy is transferred from the electtortbe ions. This allows one to determine,
independent of plasma simulations, the electron temperand density just after the decay of crystalline
order. The self-emission is also proposed to qualitaticalgracterize the early time dependent evolution
~ 10-fs XUV Free-Electron Laser interaction experimentwgiblids.

PACS numbers: 41.60.Cr,32.30.-r,32.80.Hd,32.80.Zb

The rapid heating of solids is of great interest for re-matter [2], fusion sciences![3], planetary and astrophysi-
search in the fields of plasma physics [1], warm denseal sciences. [4,/5]. Theoretically, matter in this state is



difficult to address due to the electrostatic and thermal en-

ergies being of equivalent importance so that perturbative Off axis
approaches of either solid-state or classical-plasma physics £l ¢ pgraboia o /M |
cannot be applied. Furthermore, it is difficult to obtain BIOE: [T
guantitative experimental data in this regime. A promis- s I o
ing way forward is to use the newly developed XUV and Lo ! ol
X-ray Free Electron Lasers (XUV/X-ray FEL) to irradiate T

solid samples [2.,/6, 7]. In the creation of warm dense mat- Grating

ter with short-pulse energy sources, such as short pulse op- SpEetiomgieH

tical lasers, proton beams, XUV- and X-ray FELs, three
critical aspects need to be addressed: the first is the unifor-
mity of the energy deposition; the second is the redistribu- FIG. 1. A schematic of the experimental layout
tion of the deposited energy amongst the various degrees
of freedom, i.e., the rates of equilibration; and the third is
the subsequent response of the warm dense matter. between 11.8 nm and 18.2 nm, respectively [10]. An Al
Using XUV/X-ray FELs the initial energy deposition edge filter was used to determine a spectral resolution
mechanism via photo-ionization of inner-shell electrons i)-1 nm. Additional shielding (represented by the green
well understood, which is in contrast to the use of opticalblock in Fig.[1) avoids direct emissions from the sample.
lasers where absorption at critical density dominates. Fofhe samples were composed of A thick Al foils that
the XUV and X-ray lasers the frequency of incident pho-Were continuously moved transverse to the FEL beam to
tons is much higher than the plasma frequency of the soli@xpose a fresh surface to each FEL pulse. N
and as the photon energy is also greater than the bindin% The high photon fluxes create experimental conditions
energy of internal shells, absorption of the FEL light oc-that are distinctly different from those created at syn-
curs via photo-absorption at solid density. It has also beeﬁhrotrons, where photo-ionization of core electrons and as-
noted that at sufficiently high intensities saturation o§thi sociated X-ray transitions have also been studied.[11, 12].
absorption mechanism may guarantee rather uniform sanfhe difference is due to the multifold increase in spectral
ples of warm dense matter [8]. brightness resulting in an L-shell electron being excited in
However, as the energy deposition occurs on a 10 fsalmost every atom in the focal spot of the beam simultane-
time-scale and is thus much faster than any hydrodynamieusly. The resultant energy density deposition and heating
motion, the equilibration of the system is an urgent subjec®f the sample leads to further core-hole transitions at solid
of research. We report here measurements of XUV emigdensity not observable in the synchrotron case, as well as
sion providing information on the state of the near solidcharacteristic emission from the dense plasma formed as
density plasma. In particular, we observe at the onset dhe solid-density system later expands.
expansion and plasma densities just below that of a solid Figurel2 shows an experimental spectrum with the back-
the formation of discrete atomic states form out of the conground substracted obtained by integrating 2000 shots at
duction band. best focus. We first identify the ionization stages and con-
The experiment was performed at the FLASH XUV-Freefigurations from which these lines originate, before dis-
Electron Laser Facility at DESY in Germany. The experi-cussing their diagnostic of the heating and subsequent ex-
mental setup is shown in Figl 1. Solid Al-foils were irra- pansion of the target. The dominant spectral features are
diated at 5 Hz with intense pulses of 13.5 nm radiation (92dentified by comparison with transition energies obtained
eV). Pulses ofv 20 fs duration in a 3 mm aperture limited from Hartree-Fock calculations [13] as the Al IV lines:
beam size were focussed by means of a multilayer-coatets' 28°2p°-128°2p°(*P?)3s 'P and P at 16.1 nm and
(Mo-Si) off-axis parabola with a focal length of 269 mm. 16.2 nm, respectively. The transitions at shorter wave-
The focal spot size was established by analysing the cratel@ngths are £2s’2p’-12¢’2p>3d 'P, *P and”D at 13.0
resulting from ablation of PMMA-Poly(methyl methacry- nm, 13.1 nm and 13.2 nm, respectively. Curve Cl in Elg. 2
late) for different target positions and pulse energiés [9]shows the spectral simulation of the Al IV lines including
at best focus a FWHM of- 2.3 um was measured. The opacity effects. Direct evidence of optical depth effects is
reflectivity of the parabola was measured after the experi[GﬂGCtEd in the intensity ratio of the resolved Al IV lines at
ment and found to be 48 %. The pulse energies on targd-1 and 16.2 nm, which in optically thin plasmas-sl0
varied between 5 and 1@J thus providing maximum in- times smaller than the transition at 16.1 nm. Here we ob-
tensities ofLl0'® W/cm?. The primary spectrometer, a Hi- Serve a much smaller ratio indicating that the plasma emis-
tachi 1200 lines/mm variable line spacing grating creates &i0n occurs in an optically thick medium. Opacity is also
flat spectral focal plane on a CCD camera covering a spe(EESpOHSible for the calculated intensities of the transitions
tral range from 10 to 30 nm. The harmonic efficiency ofat 13.1 nm and 13.2 nm.
the grating in 29 (39) order is 9.5 (2.7) %, and is equal A comparison between the experimental data and the

to 1.9 (1.8) % of the efficiency of*lorder at wavelengths simulation (CI) shows important differences indicated by
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the 20 fs XUV pulse, an excess energy-ofl9 eV will be
distributed amongst the 4 electrons in the conduction (M)
band. Assuming sub fs-scale thermalization [16] of the ex-

7 1000 cited electrons with the original 3 electrons in the conduc-
= o tion band € =11.6 eV), dI'F'! of ~ 7 eV is expected. We

= note, that the electron temperatureof= 8 eV deduced

g 600 from the Al IV emission (Fig[R) is further confirmation
g that theT'”’/ is inconsistent with simple photo-ionization.
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=
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In order to develop a consistent picture for the XUV
emission, we next consider estimates of the elecron den-
sity. In the high density limit, the population ratio of the
autoionizing levelsa/ and 8’ (being single levels of the
configurationsy andp) is given by
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FIG. 2. Emission spectra (black line) taken at best focug arh T N Ne 77 e\ FBTe (@H)
rows indicate the discrepancy between the data and sironlati o] 9o mekgTe

of the Al IV emission (Cl). The red curve is the best fit ob- . .
tained including also tk(le szission from the L-hole statets (C 2Fas i the energy difference betweeri and ', 95
and Clll). The genetic algorithm identifies Cl-emissiofat 8  ¢.!! are the statistical weights. We note that changes in
eV whereas for the ClI,lll-emissiofi, = 25 eV. Curves CI-Clll  the ionization potential due to the dense strongly coupled
are offset for clarity. plasma environment are expected to be small as leq. (1)
contains only energy differences. Using a genetic algo-
o _ _rithm we were able to extract the population ratiff /n”}’
the arrows in FiglL 2. The spectral features shifted relativgyecause the ratio of different spectral/partition functions
to the red of resonance lines and shown as dashed areasdngimost constant. Assuming the high density limit to

the insert of Figl 2 can be due to screened transitions. Thes yalid, eq. [[L) provides the electron density;, —
observed features on the red wavelength wing of the Al V(22 _ 1023 cm=3 je. a significant fraction af, at solid
resonance lines are consistent with transitions into the '—density, where the, in the conduction band is 1:8102
shell of heated Al while spectator electrons are present i@y -3 "Stark broadening calculations carried out with PPP

the M-shell: code [17] seem to be in agreement with the densities, also
Channel II: (K2LTM? — K2L®M" + hua ) ﬁéi;k transitions do not change much the spectral func-

. 21 Tan3 21 8pnp2
Channel lll: (K°L'M® — K'L"M” + hvan ) These high densities inferred are consistent with an anal-

ysis which employs the characteristic time scales for the
relevant processes. It shows there is a substantial differ-
Channel I: (K*2L"M"' — K2L®*M° + hvaiy) ence in the temporal evolution of autoionizing configura-

. . . tions (o, B) and non-autoionizing ones. Since transition
Figure[2 shows the spectral calculations and also the INSrobabilities of Al IV lines arel0° to 10 s [13], the
dividual contributions (CI, ClI, Clll) originating 2fr07m ;[he self-emission occurs about 0.1 ns after excitation, which
configurations from doubly-ionized Al llky = K*L'M®, i 'y,ch [onger than the 20 fs FEL pulse. Therefore, this

Hrations | nizee A
and singly-ionized Al Il, 5 = K*L'M”. The spec-  gmission corresponds to times well after the pulse. In con-
tral distributions have been calculated with the MARIA- ¢t the situation for the channels Il and Ill is radically

code [14 15]. The cumulated spectra in Fig. 2 indicated ajtterent because configurationsand 3 are autoionizing

"theo” demonstrates that the experimental spectra can By time that scales in inversely with Auger rates, i.e.
well described by the sum of channels I-lll. The MARIA 1/Tas. (v = K2LEM®!) being < 100 fs [13]. As ra-
aB,y = ~ Llo].

calculations identify two strong emission features at 14 nmyi, e decay times are orders of magnitudes longer, the
and 17 nm whose ratio is strongly dependent on the asspseryed radiative emission has a time scale that is essen-

sumed _electror_l temp_eratu@,. Using a genetic algorithm tially determined by autoionization rather than by radiative
that varied the intensity, wavelength shifts of each Conf'gudecay [18]:

ration and the linear background corrections we derive the
electron temperaturé,. The best fit to the experimental T 1 ~ 1 ~ 1 )
spectrum gives &, of 25 4+ 10 eV. The uncertainty of ’ YA+YT 3T Tag,
this estimate is mainly due to the calibration of the spec—yq brinciple of micro-reversibility relates the Auger rate
trometer, the components of which (grating, CCD) haveF toits i t fficiedt™ -
: s, t0 its inverse rate coefficiedt,;
responses that are frequency dependent. This electron tem-
perature ignconsistentwith simple inner-shell photoion- 9b k2 \ 2 (—Pas,
ization: after photoionization of almost every atom during 7 :gaﬁra[ﬁ( T > e( FpTe ) (3)

In this notation the unscreened transitions are given by

e Mme kBTe



The above argument provides a consistent picture for thef ~ 30 eV.

time evolution as the inverse Auger-effect is important for Moreover, as indicated in Figl 2 the genetic algorithm
the emission from channels Il and Ill. As the electron tem-predicts Al IV emission (channel ) &, =8 eV. This corre-
perature of 25 eV (Fid.l2) is of the same order as the capturgponds to the later expansion phase where electron cooling
energyE,.z ., €q. [3) indicates that the inverse processeslue to ionization of the M-electrons has become important.
are effective. In conclusion we have characterized independent of

This has two important implications: First, since direct plasma simulations important steps in the sub-ps evolution
and inverse processes are related by first principles, the imnd equilibration of matter via the subsequent production
verse processes are indicative of the evolution phase of thef multiple hole states: first, 2p-hole states are produced
system right after the disassembly of the target. Secondhy photo-ionization of the cold solid when high intensity
the inverse process can directly induce 2s and 2p vacancishort pulse XUV Free Electron Laser radiation interacts
(1228 2p°M* and 182s22p°M*) as well as correspond- with solid matter. The hole states decay via Auger effect
ing intra-shell transitions: emission near 26 nm, see[Fig. 2on a time scale of about 40 fs, whereas the Auger electrons
Note that in the present experiment the 92 eV laser phdead to a rapid heating of the conduction band electrons.
ton cannot photoionize the 2s electrons and correspondk subsequent decay of crystalline order on a ps time scale
ing hole states cannot be produced. Therefore, the tramccompanied by the inverse Auger effect efficiently creat-
sitions 182s'2p°M* — 1828°2p°M¥ + husys.p, are char-  ing hole states in the 2s and 2p shells and thus leads to
acteristic intra-shell transitions of the inverse Auger effecthe characteristic features in the spectral emission of hole
(also collisional inner-shell excitation might contribute). states when the crystalline order has just decayed.

As Fig.[2 demonstrates, the intra-shell transitions are in-
deed observed. It is important to note that ef] (3) im-
plies that the emission from hole states (channels Il, Il or
intra-shell) are not sensitive to a radiative recombination
regime at low density (and the same holds true for colli-
S:cof?.alrrdner_sthe.” i)éc'tatloln)':here];otre th?y artle |tr_1d|cators [1] R. Davidson,Frontiers in High Energy Dgnsity Physics:
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