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Atomic Tungsten for Ultrafast Hard X-ray Generation
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High-resolution X-ray absorption measurements (with an accuracy of(0.3 eV) of ZnSO4 (aq) were performed
with ultrafast selected energy X-ray absorption spectroscopy (USEXAS) using a laser-driven tungsten target
X-ray source. The results were used to determine the absolute spectral positions of characteristic emission
lines. By comparing these positions to those predicted for the line emission from tungsten of different oxidation
states using the Dirac-Fock formula, the tungsten species responsible for ultrafast hard X-ray generation
were found to be tungsten atoms. This finding provides the first direct evidence to support the mechanism of
X-ray generation via high-energy electrons interacting with tungsten atoms in the solid target.

I. Introduction

Ultrafast characteristic and continuum hard X-rays (a few keV
to a hundred keV) have been generated with high-intensity
lasers,1-5 and these X-rays have been used in ultrafast X-ray
absorption and diffraction experiments.5-13 Many studies have
been carried out to investigate hard X-ray generation mecha-
nisms.14,15 Although solid density targets are normally used, it
has been generally considered that ultrafast hard X-rays are
emitted via interactions of electrons accelerated outside the solid
region of the targets with the solid material in the targets.3,16 In
contrast, less energetic X-ray radiation (<1 keV) is considered
to be generated from highly charged ions in a hot plasma
target.17

The ultrafast hard X-rays are regarded to be generated through
a two-step process.2,3,18 In the first step, intense ultrafast laser
pulses interact with electrons in a less-than-solid-density plasma
(produced by prepulses and pedestals) to effectively couple the
photon energy to the electrons in the plasma. As a result, these
electrons are greatly accelerated. In the second step of this X-ray
production process, the fast electrons interact with room-
temperature atoms in the target to generate X-rays, just as X-rays
are generated in the conventional X-ray tubes in which both
characteristic and bremsstrahlung hard X-rays are produced by
electron bombardment of the solid/liquid target.19 If this
proposed model is correct, then the characteristic emission
spectra from those laser-driven X-ray sources should be identical
to those from the X-ray tubes, and the chemical shift or oxidation
state of these X-ray emitting tungsten species should be zero.
Although the magnitude of chemical shifts (the change in energy
of an atomic orbital) is generally much larger than the shifts in
the line emission whose energy corresponds to the difference
between two energy levels, the emission spectra are easier to
measure.

To date, only energy-calibrated low-resolution or noncali-
brated high-resolution absorption spectra were obtained, and

energy-calibrated high spectral resolution spectra that can be
used to directly reveal the chemical shift or similar parameters
of the X-ray emitting elements are not yet available.3,20-23 To
directly determine the hard X-ray generation mechanisms, high-
resolution calibrated X-ray emission spectra from ultrafast X-ray
sources are needed.

In this report, we will address this important issue by
measuring the shift in the characteristic line emission with a
new method developed recently in our lab, that is, ultrafast
selected energy X-ray absorption spectroscopy (USEXAS). This
method uses characteristic X-ray radiation of certain elements
to obtain X-ray absorption spectra of others.24,25 Since the
absorption edge of an element in a compound is independent
of the edge-measuring X-ray sources, the characteristic spectra
used for obtaining the absorption edge can be calibrated by the
measured edge. This self-referencing feature of USEXAS allows
us to accurately determine the peak positions of the characteristic
emission spectra. The peak positions, which equal the energy
differences between two levels or edges of the characteristic
emission spectra, can then be used to determine the oxidation
state. As a result, USEXAS can be used to effectively study
the oxidation state and thus the X-ray generation mechanisms.

We recently measured the absorption edges of several Ni
compounds using USEXAS to determine the positions of LR
lines.26 In the following, we will present the results of the
absorption edge measurements of Zn in ZnSO4, which can be
used to more accurately measure the line positions of Lâ lines
that are much more sensitive to the change of oxidation state
of tungsten. By comparing these results to the values obtained
from theoretical studies, we can conclusively determine the
oxidation states of tungsten responsible for ultrafast hard X-ray
generation.

II. Experimental Section

II.1 Experimental Setup. Our laser and X-ray systems were
described elsewhere.27 The overall experimental setup is shown
in Figure 1. In brief, the laser beam (30-mm diameter (1/e2),
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30-fs pulse duration (shortest), 45-55 mJ per pulse at 800-nm
central wavelength, and 50-Hz repetition rate) was split into
two beams, one with 90% of the energy and the other 10%.
The 90% beam was directed into an X-ray target chamber, in
which the beam was focused by a parabolic mirror (Janos
A8037-274) onto a moving tungsten rod (3/8 in. diameter, 10
in. long) target. The tungsten rod moved downward and rotated
simultaneously by a step motor-driven linear stage and a second
step motor. The speeds were controlled by the two step motors
that were driven by an ESP6000 controller (UNIDRIVE 6000,
Newport). A Labview program controlled the ESP6000. All
components were controlled by a computer. A moving Mylar
film (transmission 85% at 800 nm) was used to prevent the
debris from reaching the parabola. The grating separation of
the compressor was optimized to produce the most intense
characteristic radiation of tungsten, which resulted in a length-
ened pulse duration to∼1 picosecond. At this duration, the peak
laser intensity was reduced from the peak intensity of∼2 ×
1018 to 5 × 1016 W cm-2, assuming a 10-µm diameter focal
spot size.

Si(111) and GaAs(111) single crystals were used to diffract
or disperse X-rays onto an LN2 cooled, deep depletion CCD
detector (Roper Scientific, PI-LCX 576). The majority of the
X-ray beam path was in He-purged tubes to reduce absorption
by air. The camera-target distance was 110 cm.

II.2 Samples.ZnSO4 (ZnSO4‚7H2O from Aldrich, 0.25 M)
aqueous solution was prepared, and it was contained in a thin
wall glass capillary (2-mm diameter, 10-µm wall thickness,
Charles-Supper Company). The capillary was positioned right
outside the X-ray chamber, and its position was aligned with
X-rays. Zn in the sample was equivalent to a 4.5-µm bulk Zn.

II.3 Absorption Data Processing and Error Analysis.
Absorption data was processed in situ with a Matlab program
on a separate computer that was interfaced with the computer
controlling the X-ray CCD camera, ESP6000, and step motors.
Such automation was necessary for long data acquisition times,
as the laser system, X-ray target, and data collection system
were routinely operated for 36-48 consecutive hours.

Over a few thousand individual data files of diffraction
patterns were acquired for each absorption measurement. Each
diffraction data file acquired by the X-ray CCD contained a
2-D matrix. The column position corresponded to X-ray energy.
For X-ray diffraction data using the tungsten target without the
sample in the beam path, the theoretical values were assigned
to the columns of the centroid of the diffraction lines.28 On the
basis of these assignments, the rest of the columns were

transformed into their corresponding energies via the diffraction
formula. After background subtraction, multiple-hits correction,
and Si escape peak recalibration, the counts in the rows were
summed. All the processed diffraction files were then summed
to obtain the total X-ray intensity (I0(E), E is the photon energy).
A similar process was used to obtain the X-ray intensity profile
with the X-rays passing through the sample (I(E)) with the
energy calibration obtained from processing the diffraction
profile of I0. The absorbance of the sample was calculated on
the basis ofA(E) ) -ln(I(E)/I0(E)).

The experimental error in determining the X-ray absorption
edge was evaluated by first employing a photon-counting noise
with a Gaussian distribution to the model measured absorption
data. This noise was then propagated to the first derivatives
that were used for edge determination. The final error was
estimated to be(0.3 eV.

II.4 Characteristic Emission Calculations.The ground-state
energy and associated eigenvalues were calculated for atomic
tungsten at several ionization states (or oxidation states) by
solving the Dirac-Fock equation using the program Dirac.29

The unaltered Coulomb-Dirac Hamiltonian was used without
employing fermion symmetry. The Dirac program utilizes an
averaging of states method for open-shell calculations, thus
giving a more complete description of the electronic structure
than a single spin configuration. At lower ionization states, a
single open shell was used to describe the 6s and 5d shells
allowing the maximum number of configurations to be averaged
(6 electrons in 12 spinors vs 4 electrons in 10 spinors), except
for W(+6) which was treated as a closed shell. For oxidation
states 7-9, all configurations of the 5p and 4f shells were
similarly allowed.

III. Results and Discussions

The energy diagram of tungsten is shown in Figure 2. The
energy levels and transitions are labeled. The energy shifts of
the peak positions of characteristic emission spectra of tungsten
at different oxidation states were calculated using the Dirac-

Figure 1. Experimental layout for ultrafast X-ray generation and X-ray
absorption measurements.

Figure 2. Energy level and transition diagram of tungsten.
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Fock formula, and the results are listed in Table 1. Also listed
in Table 1 are results calculated using a similar method by
Zschornack et al.31 A general agreement between our results
and the literature values is evident, except for the results on
Lâ1 at oxidation state+5 and LR1 at oxidation state+8. Our
results showed a positive shift for both lines at oxidation state
+5 and+8, whereas the literature values remained negative.

There is also a general agreement between the calculated
values and the measured shifts. For example, Khyzhun et al.
and Vishnoi et al. measured the LIII edge shifts of tungsten in
WO3.32,33McGuire et al. measured the edge shift for NV.34 Using
these results on the edges, the shifts in the peak positions of
those characteristic spectra can be derived. The agreement
among these three studies given here for the determination of
the line shifts for Lâ2 is good, which are 1.4 eV (using the data
from Vishnoi et al. and McGuire et al.), 0.94 eV (our
calculation), and 1.12 eV (calculated by Zschornack et al.),
respectively.

Although previously measured Ni edge and LR lines had been
used to determine the tungsten species in the X-ray source to
be at+5 or lower oxidation states, it was impossible to conclude
whether the emission of ultrafast hard X-rays was from tungsten
atoms or cations because the shifts in the positions for the low
oxidation states (+1 to +5) are generally small, about 300
meV.35 In this work, characteristic emission spectra involving
N (Lâ2) and O (Lâ5) levels were used to further assess the
chemical environment of the tungsten in the target during X-ray
generation.

The intensities of the diffracted lines of tungsten were
measured with the crystal spectrometers and the CCD, similar
to the detection of Cu X-rays reported earlier.3,27 The highest
flux of W LR1 and LR2 was 6× 1010 photons/(4π Sr sec), and
the total energy conversion efficiency was 5× 10-5 after
correction of losses. The laser peak intensity was∼5 × 1016

W/cm2, and the pulse duration was∼1000 fs. The laser focal
spot size was minimized.

X-ray emission was measured with the X-ray CCD via both
direct imaging mode and diffraction with single crystals. The
results showed that the yields measured in the direct and
diffracted modes for GaAs(111) (Virginia Semiconductor) were
similar, which were close to 100%, and the diffraction efficiency
for Si(111) single crystals (Czochralski, undoped, Virginia
Semiconductor and Frozen zone, B-doped, Valley Design) was

∼50% of that of the GaAs crystal. These results were similar
to the literature values.30 Unfortunately, the GaAs crystal
produced lower energy resolution USEXAS spectra. Therefore,
Si(111) was used to obtain all the data shown here.

The results of characteristic emission spectra measured with
the crystal spectrometer in this work are shown in Figure 3 and
Table 2. The diffracted profiles from Si(111) were normalized.
Lâ15 can be clearly seen as a shoulder to the left of Lâ2. The
absolute position of Lâ1 was calibrated with the Zn edge
measured with USEXAS, shown in Figure 4. The measured edge
position (9664.3 eV) was very close to the literature value of
Zn edge (9664.0 eV).36 Because of the high spectral fidelity of

TABLE 1: Theoretically Predicted Line Emission from
Tungsten as a Function of the Oxidation Statea

ionization stage
Lâ1
(eV)

Lâ2
(eV)

Lâ3
(eV)

LR2
(eV)

LR1
(eV)

Lâ5
(eV)

L9
(eV)

1 our calculation 0.00 0.00 0.00 0.01 0.01 1.82 0.01
literature 0.00 0.00 -0.01 0.00 0.00 1.79

2 our calculation 0.01 0.00 0.00 0.01 0.01 2.56 0.04
literature 0.02 0.03 0.01 0.01 0.01 2.86

3 our calculation 0.07 0.09 0.06 0.08 0.07 5.72 0.11
literature 0.12 0.16 0.11 0.11 0.12 6.28

4 our calculation 0.18 0.27 0.17 0.19 0.18 9.42 0.22
literature 0.27 0.36 0.28 0.25 0.26 10.13

5 our calculation 0.34 0.55 0.34 0.35 0.35 13.61 0.36
literature -0.52 0.68 0.47 0.45 0.47 14.72

6 our calculation 0.55 0.94 0.56 0.56 0.56 0.55
literature 0.76 1.12 0.74 0.71 0.73

7 our calculation -0.10 2.32 -0.08 -0.02 -0.04 -0.01
literature -0.48 3.07 -0.36 -0.40 -0.39

8 our calculation -0.76 4.02 -0.73 -0.59 0.64 -0.56
literature -1.81 5.56 -1.51 -1.58 -1.6

9 our calculation -1.43 6.08 -1.38 -1.18 -1.26 -1.11
literature -3.21 8.63 -2.69 -2.82 -2.85

a The change in the position is with respect to the neutral atom. Also
shown are the literature values by Zschornack et al. Units are in eV.

Figure 3. X-ray emission lines from the tungsten target. It shows the
Lâ lines. Theoretical values (listed in Table 1) are used for the positions
of the centroids of these lines.

TABLE 2: X-ray Emission Lines and Line Widths from
Our Tungsten Target and Literature Valuesa

USEXAS literature ref

LR1 8397.0(100) 8397.6(100) 28,34
LR2 8335.0(11) 8335.2(11) 28,34
Lâ1

b 9672.0(67) 9672.4(67) 28,34
Lâ2 9961.5(21) 9961.5(21) 28,34
Lâ3 9819.0(11) 9818.8(10) 28,34
FWHM LR1 7.99( 0.03 6.61( 0.28 30, 31
FWHM LR2 8.02( 0.23 6.68( 0.39 30, 31
FWHM Lâ1 8.67( 0.07 7.33( 0.3 30, 31
FWHM Lâ2 10.08( 0.31 9.26( 0.93 30, 31
FWHM Lâ3 13.61( 0.86 12.6( 1.26 30, 31

a FWHM (obtained from Lorentzian fits to the experimental data)
and the relative intensities (in parentheses) are shown. The units for
energy and FWHM are in eV and unitless for the relative intensities.
b The intensity of Lâ1 is set to be 67 with reference to the intensity of
LR1 of 100.

Figure 4. USEXAS data (dashed line) of ZnSO4 (aq) and the Lâ1 line.
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the spectrometer, the peak positions of Lâ2 (LIII -NV transition)
and Lâ3 (LI-MIII transition) were also calibrated.

The centroids of these characteristic radiation spectra are listed
in Table 2. Also listed in Table are the information on LR lines
and the theoretical or literature values of the line widths and
positions of the centroids from which the measured emission
spectra were calibrated.37,38 The measured full widths at half-
maximum (fwhm) of these characteristic spectra were obtained
by directly fitting the experimental diffraction profiles with
Lorentzian X-ray emission profiles of unknown line widths.
When the crystal broadening factor was included, which was
estimated to be∼0.4 eV for LR1 that was measured by the Si-
(111) crystal, experimental diffraction profiles could be repro-
duced using the theoretical line widths and an X-ray source size
of 50 µm.39,40Hence, most of the experimental broadening was
caused by the finite source size of the X-ray target. Eeven though
the literature values were used to obtain the positions of Lâ1

and Lâ2, the fact that the position of Lâ3 was correctly obtained
confirmed that the spectrometer was correctly calibrated over
the energy range of 9660-10000 eV. The measured and
literature line intensities are listed in Table 2 (given in
parentheses).41,42There is a generally good agreement between
the two sets of data.

On the basis of the small shift (<0.3 eV) for the measured
Lâ2 line emission and the calculated shifts at different oxidation
states, we conclude that the oxidation states of tungsten during
X-ray generation must be less than+6. Because the line
emission positions were calibrated with the Zn absorption edge
to be within 0.3 eV of tungsten atoms, we further conclude that
the oxidation states have to be less than+4. However, as Table
1 shows, it is difficult to use the peak position of LR and Lâ1-3

lines to differentiate neutral atoms from ions of+1 to +4
oxidation states, because of the small shifts between them (∼150
meV).

Lâ5, on the other hand, is much more sensitive to the changing
oxidation state, as shown in Table 1. We thus measured several
other Lâ lines, although their intensities were much weaker (1/
200 of Lâ1). Figure 5 shows the results. The error in determining
those line positions was less than 1 eV. We used Lâ2 and Lâ9

to calibrate other lines because these two lines are very close
to those emitting from tungsten atoms when the oxidation state
is between 0 and+4 (Table 1). Since we already determined
that the oxidation state was below+4, it is reasonable to assume
that their positions were almost identical to those of tungsten
atoms. As a result, other line positions were not only obtained
with high-energy resolution, but their absolute positions were
calibrated. The satellite of Lâ2 is clearly visible. The fitted
spectral profiles are shown in Figure 5, and their parameters

are listed in Table 3. As shown in Table 3, the fitted Lâ5 is
almost identical to that of atoms. Comparing to the calculated
shift of ∼2 eV for Lâ5 at oxidation+1, we conclude that the
X-ray emitting species must be tungsten atoms.

Measurements on the tungsten L lines from laser-driven X-ray
sources were carried out by other groups, but the spectral
resolution in those measurements was low. For instance,
Hironaka et al. measured the position of LR1 to be 8.51( 0.12
keV.21 Fujimoto et al. measured the position with a 100-eV shift
using CCD.20 Other line emission data from other elements were
obtained, but none of the spectra was energy-calibrated. Prior
to this work, the highest resolution data available was on
vanadium KR lines obtained with a Von Hamos crystal
spectrometer without absolute energy calibration. Those mea-
sured peak positions were 6-8 eV below the theoretical
values.39 It was unclear whether the difference was caused by
the experimental error or the Stark shift or other effects.40,44,45

The confirmed peak position of tungsten Lâ5 from the laser-
driven X-ray source provides the clearest direct evidence that
indicates that the X-rays are generated as the result of electrons
interacting with the neutral atoms in the tungsten target and
are not produced from highly ionized ions, as the Stark shifts
and broadening will alter the emission profiles. As a result, one
can use this mechanism to predict the yield of hard X-ray
generation and to develop better schemes to generate hard
X-rays.

IV. Conclusion

Using the self-referencing feature of USEXAS made possible
by the presence of both the characteristic lines and the known
absorption edges of compounds in the same X-ray absorption
spectra, we have determined the peak positions of characteristic
emission spectra from ultrafast X-ray sources in the hard X-ray
region with high-energy resolution. By comparing these line
positions to theoretically predicted values as a function of
oxidation state, the tungsten species emitting hard X-rays were
determined to be tungsten atoms.
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