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Observation of KL — LL x-ray satellites of aluminum in femtosecond laser-produced plasmas
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The aluminum KL satellite emission spectrum excited by suprathermal electrons originating from the
nonlinear interaction of a high intensity subpicosecond laser pulse with a solid target is obtained. The
measured integrated intensity of the KL — LL satellites relative to the K« line is found to be 30% higher
than in previous experiments performed with continuous, monoenergetic electron excitation. A double-
vacancy creation by the shake-off process and a two step inner-shell ionization mechanism are investigat-
ed to interpret the data. An upper estimate of the preheating electron temperature is deduced from the
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analysis.

PACS number(s): 52.50.Jm, 52.40.Nk, 32.30.Rj, 32.80.Hd

INTRODUCTION

The development of bright and ultrafast x-ray sources
from picosecond and subpicosecond laser-produced plas-
mas has shown very rapid progress in recent years [1-3].
Thermal x-ray emission from the weakly expanding, high
density (>10?> cm™?) hot plasma (100—1000 eV) pro-
duced by focusing an intense ( > 10'¢ W/cm?), short pulse
(0.1-1 ps) laser has been measured (for a review see Ref.
[3]) and characterized [4—-6] in many laboratories. For
low-Z elements (Z <20), K-shell radiation from Li-like,
He-like, and (for the higher intensities) H-like resonance
and satellite lines is predominantly emitted [7-10]. It
has been recognized recently that a significant fraction of
the laser energy can be absorbed by various nonlinear
mechanisms [11,12] to give rise to a distribution of supra-
thermal electrons. These highly energetic electrons eject
inner-shell electrons from the target atoms, which pro-
duce fluorescence line radiation [7,13,14] as the inner-
shell vacancies are filled from outer shells. High energy
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continuum x-ray emission resulting from bremsstrahlung
[15] has also been reported. X-ray conversion efficiency
in this nonthermal plasma emission component has been
measured to be comparable to and even higher than the
thermal component [16]. Up to now only Ka emission
spectra from neutral and weakly charged ions has been
observed [13] in aluminum. Recently, an application of
short pulse laser-produced kilovolt radiation to x-ray
fluorescence studies has been demonstrated [17].

In this paper, we present an observation of KL —LL
satellite emission corresponding to transitions from initial
states having one hole in the K shell and one hole in the L
shell. We note that our measured KL satellite to K« line
ratio is only 30% higher than the one obtained earlier by
continuous x-ray tube electron excitation [18], despite the
fact that our electron excitation is of a highly transient
nature. A two-step inner-shell ionization process is inves-
tigated to account for the difference.

EXPERIMENTAL RESULTS
A colliding-pulse mode-locked dye laser delivering 80
fs duration, 2 mJ energy, and 10 Hz repetition rate laser
pulses was focused at intensities ranging from 10'°-10""
W/cm? onto thin aluminum layers deposited on a silicate
substrate. Most of our experimental x-ray recording sys-
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tem and plasma characterization procedures have been
described [9,10,13,16] previously. In particular, we have
found that the energy distribution of the suprathermal
electrons was Maxwellian with an effective temperature
of 4-10 keV for laser intensities in the 10°-5X10'6
W/cm? range [13,19]. Being produced by highly non-
linear effects, suprathermal electrons are thought to last
no longer than the pulse duration. We note that our x-
ray spectrograph has been absolutely calibrated against a
conventional electron-beam x-ray source [20]. We have
shown [10] that Be-like to He-like resonance and dielect-
ronic satellite spectra recorded in the 1500-1600 eV re-
gion with a very thin (20 nm) aluminum layer and a thick
(>1000 nm) aluminum target exhibit very different line
profiles. In the first case, the spectrum is characteristic of
the emission of a hot, expanding plasma with narrow
shifted Ka spectral features. In the second case, the K-
shell lines are Stark broadened, indicating that the emis-
sion occurs in quasisolid density plasma regions.

In the present experiments, thin targets were made of a
20 nm aluminum layer deposited on a silicate substrate.
Thick targets used a 20 nm titanium layer on top of a 400
nm aluminum layer. The purpose of the titanium layer
was to exclude from the aluminum spectra the contribu-
tion of the hot, expanding plasma [10]. Looking to the
1475-1525 eV range, near the All Ka line, we have
found a striking difference between the spectra recorded
with thin and thick aluminum layers. Figure 1 shows a
comparison of the spectra recorded with the two kinds of
targets over the whole K-shell emission energy range.
For the thinner target, the shifted Ka transitions of O-
like (~1500 eV) to Li-like (=1580 eV) ions are clearly
visible, together with the intense Al-like Ka line. We
note that the K a feature consists in fact of many transi-
tions from Al-like to F-like ions, the line contribution of
which are blended, as evidenced by the double peak
structure seen in Fig. 1 [21]. For the thicker target, O-
like to B-like emission features are missing, but we can
see the largely Stark broadened Be-like (near 1560 eV)
and Li-like (near 1580 eV) features. The peak slightly
below 1500 eV cannot be attributed to O-like K — L tran-
sitions. Indeed, this can be interpreted as a KL —LL
transition involving (1s2s)”! and (1s2p)~! vacancies
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FIG. 1. Comparison of two spectra obtained with 20 nm
(dashed line) and 400 nm (solid line) of aluminum at 3 10'¢

W/cm?. We note the energy difference of the KL satellite and of
the O-like shifted K a line around 1500 eV.
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[18]. Very weak KLL — LLL transitions around 1510 eV
are also barely visible.

We have studied the variations of the KL — LL transi-
tion intensity for different experimental conditions, in
which we have varied the laser pulse duration and target
layer arrangement. Figure 2 shows the results. For a 40
nm titanium overcoat, curves (a) and (b) show the evolu-
tion of the K a satellite when the laser pulse duration was
changed from 95 to 230 fs. For a ~80 fs laser pulse
duration, curves (a) and (c) show the effect of changing
the titanium overcoat thickness from 40 to 20 nm. No
significant changes in the relative intensity of the
ay(1s712p 713 P(2p 712p T3P and a,(1s7'2p )P
—((2p " 12p 71D peaks (we use the line labeling of
Agarwal [22]) was noticed. This indicates that the satel-
lite excitation efficiency is weakly dependent on changes
of laser irradiation or target conditions, even if the supra-
thermal electron energy distribution is changed from its
titanium-free determination [13]. This can be expected
from earlier measurements of secondary electron emis-
sion following x-ray photoionization of the K shell in
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FIG. 2. Detailed spectra of the KL —LL satellites for
different experimental conditions. Emission intensity is given
in arb. units, (a) 40 nm Ti/400 nm Al, 95 fs laser; (b) 40 nm
Ti/400 nm Al, 230 fs; (c) 20 nm Ti/400 nm Al, 90 fs. Laser in-
tensity: 3X10'* W/cm?.
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TABLE 1. Measured transient (FS) and continuous (DC) KL satellite intensity (in percentage of the

K a line) compared to theory.

FS® Fs* FS° D¢t Dce Theory
12.9+1.8 13.1+2.4 13.95+3.04 10.2+0.05 11.7+0.03 8.9
240 nm Ti, 230 fs.

%40 nm Ti, 95 fs.

°20 nm Ti, 80 fs.
9Krause and Ferreira [24].
*Mikkola et al. [18].

neon [23]. The shake-off probability of ejecting simul-
taneously a K and an L electron was found to be indepen-
dent of the secondary electron energy (and thus of the
ionizing particle energy) for energies larger than twice
the threshold, a condition that is fulfilled in our experi-
ments. We note that we also barely observe the
a'(1s72p " HP—(2p " 2p~1)!S peak with an energy
difference (5.5 eV) to the K « line, in very good agreement
with a previous experimental determination [18].

We have measured the intensity ratio of the KL —LL
satellite to the K — L parent line. Results are given in
Table I together with earlier measurements using con-
tinuous x-ray tube electron excitation. We observe that
the present values obtained with =~ 100 fs duration elec-
tron excitation are higher than those obtained in dc con-
ditions. The relative intensity ratio of the a, to a; peaks
is of the order of 0.75%0.03, a value that is intermediate
between the pure aluminum (0.43) and the aluminum ox-
ide (0.91) values quoted in Ref. [24]. The theoretical esti-
mate of the KL —LL to K — L line intensity ratio calcu-
lated by Aberg [25] is also given in Table I. Theory pre-
dicts about 80% of the observed KL intensity under dc
excitation conditions and 65% of the observed KL inten-
sity in our highly transient conditions.

ANALYSIS OF THE RESULTS

The K x-ray satellite spectra have been analyzed previ-
ously within the framework of the sudden perturbation
approximation [23,25]. The intensities of the groups of
multiplet transitions are calculated relative to the K a line
from simple formulas [26]

I(1s2s) _ @(1s2s)

1(1s) W(ZS)—_(T)( 15 (n

W (2s)I'(2s)
W(2p)T(1s2s) |’

I(1s2p) =W(2p)6(132p)

I(1s) a(1s) @

where the W (nl) are the shake-off probability ratios of
double to single hole states [25], @(nl,. . .) are the aver-
age fluorescence yields, and I'(nl,. . .) are the widths of
levels with holes in the (n/,. . .) subshells [27]. Applica-
tion of Eq. (2) to the case of aluminum gives the result in
the last column of Table I. However, physical conditions
for Ka satellite excitation by a monoenergetic, continu-
ous, photon or electron beam and by a distribution of
suprathermal electrons from a subpicosecond laser-
produced plasma are obviously very different. Indeed,
the large electron flux originating from nonlinear effects
in the expanding plasma deposits its energy deeply

behind the titanium layer and heats the aluminum layer
to temperatures that might be sufficient to excite the
atoms collisionally. Figure 3 shows a schematic Grotrian
diagram of the configurations involved for K —L and
KL —LL transitions. A two-step excitation process of
the (1s2s)~! and (1s2p)~! upper configurations of the
K a satellite becomes feasible if the electron temperature
of the bulk target is sufficiently high. First, we can have
excitation of the (2s)”!' and (2p)”! “hollow”
configurations from the Al1 ground levels by collisional
inner-shell ionization:

1522522p%3s23p +e —152252p®3s23p +e +e ,
1s225%2p®3523p +e — 15225 22p°3523p +e +e ;

and by collisional excitation from the AlII ground levels:
1522s22p%3s?+e— 152252p3s23p +e
1s22522p%3s?+e—1522522p°3523p +e .

Second, we have the removal of one additional K-shell
electron from the (2s)”! and (2p)~! “hollow”
configurations by the suprathermal electrons that popu-
late the upper levels of the KL satellite transitions. The
threshold energy for the first process is about 75 eV. For
this process to be significant, the ionization rates from
the ground AlI to the L-shell vacancy configurations
have to be high enough to ensure collisional equilibrium
among the levels in the short time scale of the laser pulse
duration. An estimate of the aluminum temperature can
be obtained from the absolute measurement of the Ka
line and Monte Carlo calculations of electron energy
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FIG. 3. Simplified Grotrian diagram of the vacancy levels in
AlI to Aliil. Energies relative to the ground AlI configuration
are given.
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deposition [20]. Assuming a ~8 keV effective tempera-
ture for the suprathermal electrons, we get a temperature
for the aluminum layer of 15+8 eV.

A theoretical spectrum was constructed by using tran-
sition energies, oscillator strengths, Auger rates, and
inner-shell collisional ionization and excitation cross sec-
tions calculated with the HULLAC atomic physics package
of computer programs [28-30]. Fluorescence yields
@(1s) and @(1s2/) were found to be in good agreement
with published values [27,31]. Inner-shell ionization
rates describing the processes

1522522p%3s23p +e —152522p®3s23p +e +e ,
152252p%3523p +e —15252p®3s23p +e +e ,
15225 %2p33s23p +e—152522p>3s23p +e +e

were found to be equal within 10% when statistically
averaged over the lower configuration levels. According-
ly, the population limiting factors of the (1s2s)”! and
(1s2p)~! “hollow” configurations are the ionization rates
to remove one n =2 subshell electron. These rates, calcu-
lated by using the distorted wave Coulomb-Born approxi-
mation corrected for electronic correlations [32], are
given in Table II as a function of electron temperature.

The intensity of the KL group of satellites is calculated
relative to the K a line from the formula

J.-C. GAUTHIER et al. 352

I(1s21) _ N(1s®217') R(1s®21 ' 5152171
I(1s) N(1s?) N(1s2—1s)
= -1
» o(1s217Y)
o(1s)

where N(1s22/ ') and N(1s2) are the populations of the
L-shell vacancy configurations and the Alr ground
configuration, respectively. The R (i—k) symbols are
the corresponding K-shell ionization rates. A time-
dependent collisional-radiative model was built to calcu-
late the relative populations N (15221 1) of the (2s) ! and
N(15?) of the (2p) ™! to the Al1 ground levels. It incorp-
orates inner-shell ionization, excitation-deexcitation col-
lisions among (2s) ™! and (2p) ! levels, and radiative de-
cay. The electron temperature was varied between 10
and 30 eV and the electron density kept constant at
1.8X10% cm ™3 (Z ~3). Figure 4 gives a comparison be-
tween the experimental results of Fig. 2 and the synthetic
spectrum obtained at T, =20 eV. The theoretical spec-
trum has been normalized to the height of the experimen-
tal Ka peak. The theory excludes the sudden double-
vacancy (1s21)”! creation process described earlier.
Theoretical energies have been shifted by —0.8 eV so
that the theoretical K« line exactly matched the experi-
ment. As remarked previously [26], the position of the a’
satellite is low by 1 eV, whereas adding the interacting

(3)

TABLE II. Ionization rates (cm?/s) as a function of electron temperature. The notation 2s ~3p ~(1)
means one hole in the 2s shell; (—,j = %), ( +,j=%), and (1) means J =1. Numbers in square brackets

denote power of 10.

T, (eV) 10 20 30 40 50

3p($)-25"3p(0) 0.162[— 14] 0.486[ — 12] 0.621[—11] 0.232[—10] 0.581[—10]
3p~(H)-2s73p (1) 0.332[—14] 0.100[—11] 0.129[—10] 0.485[—10] 0.121[—09]
3pT(H)-2s"3p (1) 0.145[—14] 0.439[—12] 0.564[—11] 0.211[—10] 0.528[—10]
3p~(3)-2p73p(0) 0.330[—13] 0.677[—11] 0.492[—10] 0.149[—09] 0.282[—09]
3p~($)-2p*3p™(0) 0.201[—13] 0.412[—11] 0.300[—10] 0.911[—10] 0.171[—09]
3p~(3)-2p*3p (1) 0.111[—12] 0.228[—10] 0.166[—09] 0.505[—09] 0.952[—09]
3p7(3)-2p73p (1) 0.120[—12] 0.247[—10] 0.179[—09] 0.545[—09] 0.532[—09]
3p~(L)—2p~3pH(1) 0.263[—13] 0.541[—11] 0.393[—10] 0.119[—09] 0.225[—09]
3p7(H)-2p*3p(2) 0.231[—12] 0.475[—10] 0.345[—09] 0.104[—08] 0.197[—08]
3p(1)-2p*3p*(2) 0.302[— 16] 0.620[ — 14] 0.450[—13] 0.136[—12] 0.258[—12]
3p~(1)-2p73p*(2) 0.373[—13] 0.765[—11] 0.556[—10] 0.168[—09] 0.318[—09]
3p*(3)-2s"3p (1) 0.115[—15] 0.152[—12] 0.246[—11] 0.964[—11] 0.249[—10]
3pT(3)-2s"3p (1) 0.264[—15] 0.350[—12] 0.565[—11] 0.221[—10] 0.572[—10]
3pH(3)-2573p"(2) 0.395[—14] 0.120[—11] 0.154[—10] 0.580[—10] 0.145[—09]
3p*(3)-2p~3p(0) 0.925[—14] 0.190[—11] 0.138[—10] 0.421[—10] 0.797[—10]
3p*(3)-2p"3p*(0) 0.151[—13] 0.311[—11] 0.227[—10] 0.691[—10] 0.130[—09]
3pt(3)-2p*3p (1) 0.248[—13] 0.510[—11] 0.370[—10] 0.112[—09] 0.212[—09]
3pt(3)-2p3p (1) 0.201[—13] 0.413[—11] 0.300[— 10] 0.911[—10] 0.171[—09]
3pt(3)-2pT3pH(1) 0.497[—13] 0.102[—10] 0.741[—10] 0.225[—09] 0.424[—09]
3pt(3)-2p~3p*(1) 0.668[—13] 0.378[—11] 0.274[—10] 0.835[—10] 0.157[—09]
3pt(3)-2p*3p*(2) 0.133[—12] 0.274[—10] 0.199[—09] 0.605[—09] 0.114[—08]
3pt(3)-2p 3p*(2) 0.114[—12] 0.234[—10] 0.170[—09] 0.518[—09] 0.978[—09]
3pt(3)-2p~3p*(3) 0.188[—12] 0.387[—10] 0.281[—09] 0.854[—09] 0.161[—08]
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FIG. 4. Comparison of the experimental results of Fig. 2(b)
(solid line) with the synthetic spectrum obtained at 20 eV elec-
tron temperature (dashed line).

(25)~? configuration overshoots the experimental value
by 1.2 eV. Linewidths were approximated by a Voigt
profile, with a Lorentzian width given by the I' values.
Convolution with the 0.5 eV full width at half maximum
Gaussian experimental resolution profile was included.
We verified that equilibrium populations were obtained in
less than 100 fs, the duration of the laser pulse.

Table I shows that the sudden double-vacancy creation
process should amount to about 65% of the KL —LL to
K — L satellite intensity. This means that the double-step
inner-shell ionization process, calculated at 20 eV,
overestimates by the same amount the line ratio. We
have performed the same calculations with a reduced
temperature of 15 eV, and we have added in our model
the sudden double-vacancy creation process as calculated
by Aberg [25]. The agreement between theory and exper-
iment is similar to the one shown in Fig. 4. However, our
time-dependent calculations show that, for an electron
temperature of 15 eV, equilibrium populations of the
(2s)"! and (2p)~! configurations are reached in a time
longer than the laser pulse duration. Accordingly, the
possibility that target heating effects do not account fully
for the removal of the discrepancy between theory and
experiment cannot be ruled out. In addition, we have
checked that Ka radiation from titanium at 4.5 keV [17]
was too small to participate in the KL satellite excitation
by comparing the KL to Ka satellite ration with and
without the titanium layer. Albeit that deconvolution
from the merging O-like feature was difficult without ti-
tanium (see Fig. 1), we did not find any significant
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difference in the two cases. Other possibilities, such as
the neglect of electron correlations, an improved treat-
ment of shake-off electron probabilities, or the possibility
of a direct collision between the 1s electron and one of
the L-shell electrons of the same atom, have been previ-
ously discussed [23].

CONCLUSIONS

The KL satellites of aluminum excited by the supra-
thermal electrons generated during the interaction of an
intense subpicosecond laser pulse with a metallic alumi-
num target have been observed. Their relative intensity
to the Ka line was found to be 30% larger than the one
measured by conventional x-ray tube or electron-beam
excitation. Electron shake-off processes in which the re-
moval of a s electron occurs simultaneously with the re-
moval of a 2s or 2p subshell electron were found earlier to
account for about 80% of the measured KL satellite in-
tensities. In order to evaluate the effect of the heating of
the target by the intense suprathermal electron flux, a
two-step population mechanism of the upper (1s2s)™!
and (1s2p )~ ! configurations of the KL transitions was in-
vestigated. Collisional-radiative calculations and synthet-
ic spectra construction have shown that an upper limit of
20 eV should be set for the electron temperature. This
value was found to be consistent with the temperature in-
ferred from the experimentally determined electron ener-
gy deposition. Experiments are in progress to obtain an
independent determination of the electron temperature
from the amplitude and the phase shift [33,34] of a =~ 100
fs probe pulse reflected from the rear side of the target
[35]. Finally, we would like to stress the point that
changing electron excitation conditions of the K satellites
from dc to 100 fs (more than 13 orders of magnitude)
changes the KL satellite intensity by no more than a few
percent.
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