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ABSTRACT In this article, we describe the setup and application
of a system for the spatial characterization of laser-produced
plasma x-ray sources. While pinhole cameras are normally
used for this purpose, we employed a zone plate to act as the
x-ray lens. Together with an x-ray CCD camera as the de-
tector, a spatial resolution of up to 2 pum was achieved. Due
to the wavelength-dependent focal length of a zone plate, the
monochromaticity of the image was better than ﬁ =150, and
the large aperture of the zone plate allowed single-laser-shot
images to be collected. Methanol and ethanol were used as
liquid-jet target systems. Two different Nd : YAG lasers with
pulse durations of 3 ns and 10 ns produced the plasmas. Our
measurements concentrated on the line emission of carbon in
the soft x-ray spectral range, namely, the hydrogen-like a-line at
3.37 nm and the helium-like «-line at 4.03 nm. We investigated
the influence of different nozzle sizes, laser energies, and pulse
durations on the source size of the plasma. Depending on the
experimental conditions, plasma diameters of 17—60 pm were
measured.

PACS 41.50.+h; 52.38.-1; 52.70.La

1 Introduction

The interaction of intensive laser radiation with
solid, liquid, or gaseous/cluster targets has been subjected to
extensive attention in the recent past because of the soft and
hard x-ray radiation emitted from the created plasmas. These
plasmas can be used as compact x-ray sources, and open up
alaboratory operation of a variety of application experiments.
Among them are x-ray microscopy [1,2], near-edge x-ray
absorption spectroscopy [3], time-resolved x-ray diffraction
experiments [4], and extreme ultraviolet lithography [5], to
name only a few. Many such applications require an accurate
characterization of the spatial distribution of the emitted ra-
diation. Previous techniques are hampered by low resolution,
lack of spectral selectivity, and a low collection efficiency.
In the present paper we demonstrate high-resolution spectral
imaging using a zone plate and apply the technique to a laser
plasma x-ray source.
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Among the possible target systems for a laser-produced
plasma, liquid jets or droplets are of special interest, since they
are low-debris targets compared with solid targets [6]. This
is the same for gaseous/cluster targets [7], but the advantage
of a thin liquid jet with a diameter typically in the 10-30 pm
range is the small and spatially defined target volume that can
lead to small source sizes on the same order of magnitude.
Such small plasmas are a prerequisite for some of the above-
mentioned applications.

Laboratory x-ray microscopy is such an application. At
the Biomedical and X-Ray Physics division in Stockholm,
a laboratory soft x-ray microscope has been set up for the
water-window spectral range [2]. This wavelength region be-
tween the K-absorption edges of oxygen and carbon provides
a natural contrast between material containing carbon on the
one side and water on the other side [8]. It is therefore possible
to examine biological samples like proteins in their natural
aqueous environment. The optics in the microscope consist
of a spherical multilayer mirror in normal incidence as the
condenser and a micro zone plate as the objective. The light
source is a liquid-jet target laser plasma source operating with
methanol as the target liquid. The multilayer mirror images
the plasma with a magnification of 1.8 x in the object plane,
which typically has a 20-pm-diameter field of view. It is clear
that the source size should be in the range 10—20 pum to lose
as little radiation as possible for the illumination of the ob-
ject. Therefore, a detailed analysis of the actual source size
with a spatial resolution below 10 pm should be performed.
Besides the value for the source diameter the spatial inten-
sity distribution of the emitted radiation is also of interest for
a theoretical performance study of the microscope.

For the spatial emission characterization of laser-produced
plasmas, the use of pinhole cameras consisting of a small aper-
ture and a CCD detector is a standard technique [9], although
this method has a series of disadvantages. It is especially un-
suited to the measurement of small sources, since the pinhole
size limits the resolution. Very small pinholes in the range of
few microns must be used for high resolution in the 10-pum
range, so the intensity of the image is very low due to the small
collected solid angle. Another drawback is the fact that the
method is not wavelength selective and an image integrated
over the whole spectrum is detected. In some cases, this effect
can be reduced by the use of suitable bandpass filters, but in
the water window, no filters exist that can separate one emis-
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sion line or a defined small wavelength region from the rest of
the spectrum.

In this article we present a different method for the spatial
characterization of laser-produced plasmas. We used a zone
plate (ZP) as an x-ray lens to form a magnified image of the
source [10, 11]. Depending on the setup, which includes the
ZP designed especially for the water-window spectral range
and the detector, a high spatial resolution of 2—5 um can
be achieved. This resolution cannot be achieved with pin-
hole cameras nor with other optical elements suited to the
water window [12, 13]. Due to the large aperture of the ZP
used, it is possible to detect an image with a single laser
pulse and to investigate the source stability. Furthermore,
since the focal length of the ZP is wavelength dependent, only
a small wavelength region contributes to the formation of the
image. All experiments were performed in the framework of
source-size and intensity-distribution characterization of the
laser-produced plasma used as the light source for the soft x-
ray microscope and show the potential of this experimental
technique. The results are also interesting for a better un-
derstanding of laser—matter interaction characteristics in the
spatial domain.

2 High-resolution imaging with zone plates

Zone plates are circular gratings with decreasing
grating constant towards the outermost zones and can be used
as high-resolution x-ray optics [14]. Their focusing proper-
ties are due to diffraction; thus, the focal length f,, of a ZP is
wavelength dependent:
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with r, the ZP radius, m = %1, 2... the different diffraction
orders, and dr, the outermost zone width. Normally, a ZP is
used in the +1 diffraction order. The diffraction-limited size
of the focus 8, is determined by the outermost zone width dry:
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The ZP forms a magnified image on the CCD detector (Fig. 1).
The image equation is the same as for normal lenses [15]:
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The magnification M follows from the object distance g and
the image distance b:
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With the help of the last two equations, the geometry of a setup
for a given wavelength and desired magnification can be
calculated. The magnification also influences the monochro-
maticity ﬁ of a certain setup, which can be calculated by
simple geometric considerations:
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The diameter of the source is specified by d in this equation.
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FIGURE 1 Schematic drawing of high-resolution imaging using a zone
plate

The ZP used for the experiments is of the type KZP7 that
originally acted as the condenser optic in the transmission
soft x-ray microscope at the electron storage ring BESSY in
Berlin. The KZP7 is made of germanium on a silicon sub-
strate (a detailed description of the manufacturing process can
be found in [16]) and features an outermost zone width of
dr, = 54 nm. The diameter of the KZP7 is 2r,, = 9 mm, while
in the middle area a central stop of 5 mm is applied to block
the zeroth diffraction order. The relatively large ZP aperture
results in a large collected solid angle and makes the system
highly efficient for performing single-shot images. Another
important parameter is the focal length fxzp7 of the KZP7 in
the +1 diffraction order:

2.4
szp7 =201 mm x )an .

(6)

From (6) it follows that fxzp7 in the water-window spec-
tral region is in the range 200—110 mm. This is an almost ideal
value, since the ZP must not be placed too close to the plasma
to prevent its destruction due to debris but it is placed close
enough to collect a large amount of the emitted radiation. The
diffraction-limited resolution of the KZP7 is dxzp7 &~ 60 nm;
however, the achievable resolution is usually limited by the
pixel size of the CCD chip. At magnifications between 10 and
24, it is in the range 2—5 wm (24 x 24-pum? pixel size), which
is sufficient for the sources under investigation. For sources
with diameters of 20—30 pm, the resulting monochromaticity
ﬁ = 150 — 230 allows one to separate different images for
different wavelengths in the detector plane if the plasma emits
well-separated line radiation.

3 Experimental setup

The basic experimental setup of the soft x-ray
source is shown in Fig. 2. Self-made glass capillary nozzles
with diameters of 10—-20 wm were used to form a liquid jet
in a vacuum chamber. We chose methanol as the target li-
quid since it contains carbon with emission lines in the wa-
ter window. The chamber was evacuated with a turbo-drag
pump (8801/sec) in combination with a rotary vane pump
(16 m?/h). A differential pumping stage removed the jet out
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FIGURE 2 Experimental arrangement of the liquid-jet laser-plasma source

of the vacuum. During operation, a pressure of 5 x 10~ mbar
could be achieved in the target chamber.

A frequency-doubled Nd-YAG laser (Coherent Infinity
40-100, A = 532 nm) was focused on the laminar part of the jet
to produce the plasma. The laser operated at a maximum rep-
etition rate of 100 Hz and a pulse duration of 3 ns. The highest
possible pulse energy is around 200 mJ; however, only ener-
gies up to 166 mJ were applied in the experiments. The laser
beam was focused by a lens to a calculated spot of 12 um in
diameter (FWHM), which resulted in a maximum intensity on
the target of about 5 x 103 W /cm?.

The observation direction with the ZP was in the same
plane as the laser beam at an angle of 90 degrees (see Fig. 2).
Due to space limitations in the laboratory, the maximum dis-
tance between the plasma and the detector could not be larger
than about 2.5 m. The ZP was mounted on a 3-axis transla-
tion stage so as to be able to focus the image in the center of
the CCD detector. The experiments concentrated firstly on the
hydrogen-like carbon emission line Ly-« at 3.37 nm because
the microscope worked at this specific wavelength. The focal
length of the KZP7 for 3.37 nm was f3 37 ym = 143.1 mm. The
distances were chosen to be g = 153 cm between the plasma
and the ZP and b = 2211 mm between the ZP and the detector,
which resulted in a magnification of M = 13.8 x. A CCD cam-
era (Photometrics AT200L) with a thinned back-illuminated
chip (Tectronix 1024AB, 1024 x 1024 pixels) served as a soft
x-ray detector. The pixel size of 24 x 24 um? yielded a spa-
tial resolution of 3.5 wm in the acquired images (resolution
element = two pixels).

For the experiments described in Sect. 4.4, a slightly
modified setup was used. Instead of methanol, an ethanol
jet was produced by a different nozzle system that deliv-
ered jets of 40-um diameter. The laser beam, the jet, and
the observation direction were oriented in the same plane
with an angle of 30 degrees between the laser and the obser-
vation axis. The laser focus had a size of 17 um (FWHM).
Besides the Coherent Infinity laser, a Spectra DCR-3D laser
(frequency-doubled Nd: YAG) created the plasma. This
laser, providing a pulse energy of 150 mJ at a wavelength
of 532 nm, delivered longer laser pulses of 10 ns. By using
these two laser systems, we were able to examine the in-
fluence of the pulse duration on the source size for two
different carbon emission lines, Ly-o at 3.37nm, as de-
scribed above, and, additionally, the He-« line of helium-like
carbon at 4.03 nm. To change the image to the latter wave-
length, the plasma—detector distance was fixed and only the

ZP was moved to create a sharp image at a slightly different
magnification.

4 Results and discussion

Figure 3 shows an image taken at a wavelength
of 3.37 nm with the 19.4-pum nozzle and a laser energy of
163 mJ. In the center the sharp image can be clearly seen. The
laser beam direction is to the right. Around this area the defo-
cused wavelengths produce a shadow projection of the central
stop that has three support stripes. Different wavelengths can
be distinguished due to the different sizes of the shadows.
This indicates the sufficient monochromaticity to clearly sep-

FIGURE 3 Example of an image that can be detected with the CCD cam-
era. In the center, the focused wavelength of 3.37 nm can be seen. Around
the center, the defocused wavelengths produce shadow projections of the cen-
tral stop of different sizes. The inset shows the focused image with a different
intensity scaling. The laser impinges from the left side
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FIGURE 4 Overview spectrum in the water-window spectral range that is
emitted by the plasma at a laser pulse energy of 32 mJ
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arate the images of different wavelengths. Additionally, Fig. 4
shows an overview spectrum in the water-window spectral
range taken with a transmission slit grating spectrograph [17].
The spectrum indicates that the level of background radiation
between the single emission lines is low and should not influ-
ence the results of the plasma size measurements.

After a dark image subtraction, each plasma image was
analyzed by two line plots in the horizontal and vertical direc-
tions through the pixel with the maximum intensity. As a value
for the source size, the full width at half maximum (FWHM)
criterion was applied. The results for different series of meas-
urements follow in the next subsections.

4.1 Influence of the jet diameter on the source size

To investigate the possible influence of the jet
diameter on the source size, measurements were made at
a fixed laser pulse energy of 145 mJ with three different jet
diameters: 12.2 um, 14.2 um, and 19.4 um. Ten laser shots
were accumulated in each image. Examples of resulting plots
for both the horizontal and vertical directions can be seen in
Fig. 5. The source size seems to be independent of the jet
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FIGURE 5 Line plots through different images of the Ly-« line at a wave-
length of 3.37 nm in the horizontal (fop, laser impinging direction) and the

vertical (bottom) direction for three nozzles diameters: 12.2 wm (dotted line),
14.2 wm (dashed line), and 19.4 wm (solid line)

diameter. An analysis of several plots for each jet gives the fol-
lowing detailed results: The mean value of the horizontal size
is 27 wm for the 19.4-pum nozzle, 26 wm for the 14.2-pum noz-
zle, and 25 pm for the 12.2-pwm nozzle, while the mean value
of the vertical size is 27 pm for the 19.4-pum and 14.2-pum noz-
zles, and 26 wm for the 12.2-pum nozzle. All these values are
within the resolution of the setup for 3.5 um, so there is no
significant dependence of the plasma size on the jet size.

Within the FWHM criterion the source size seems sym-
metric. However, a closer look at the plots in Fig. 5 indicates
that the wings of the plots in the horizontal direction are
broader than in the vertical direction. This is an interesting fact
because the horizontal direction is the direction of the laser
beam. Since the focal depth is in the range of 450 um, the area
in which the laser intensity is high enough to create hydrogen-
like carbon ions is larger than in the vertical direction and can
lead to the observed broadening of the spot in the wings.

4.2 Single-shot measurements

Due to the large solid angle collected by the KZP7,
it is possible to obtain single-laser-shot images of the plasma.
One possibility for this is to fire only one laser shot and to
expose the camera for a few seconds so that the laser shot is
well within this time. The method that we applied in our ex-
periments is different. With an open camera shutter the chip
was exposed for 1 ms. After the exposure the readout of the
chip was begun and during this time the laser hit the target
at a frequency of 5 Hz. So during readout the chip was fur-
ther exposed with the plasma images of different laser pulses.
The result is that, in the completed image, each single plasma
image is geometrically separated from the others. The advan-
tage of this method is that for one image file one obtains up to
20 successive single plasma images. Figure 6 shows a part of
one image with five single-shot plasmas and a line plot.

This method is ideally suited to examining both the spatial
and intensity stability of the plasma emission. For the deter-
mination of the spatial stability, the size of each single-shot
plasma was measured. The mean value was the same as for
an image that had been integrated over several laser shots,
so within the spatial resolution of 3.5 um, the source is spa-
tially stable. A more unstable source would lead to a bigger
integrated image size. The intensity stability follows directly
from the maxima of the line plots, as shown in one example in
Fig. 6. The result gives an intensity stability better than 15%.

4.3 Influence of the laser energy on the source size

To investigate whether the laser energy has an in-
fluence on the source size, measurements were made with five
different laser pulse energies: 166 mJ, 96 mJ, 36 mJ, 13 mJ,
and 6 mJ. The nozzle diameter was 11 pm for these experi-
ments. The results are shown in Fig. 7. The source size de-
creases with decreasing laser energy. This can be qualita-
tively explained by the fact that an intensity variation is con-
nected with an energy variation. However, the laser intensity
has a large influence on the plasma temperature that can be
reached. In the model of local thermodynamic equilibrium
(LTE), the temperature determines the amount of a specific
ion species that exists in the plasma. With decreasing en-
ergy and intensity the region where this temperature is high
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FIGURE 6 Single-shot images at a wavelength of 3.37 nm (the white
columns are CCD readout artefacts) and line plot through the center. The high
spatial and intensity stability of the plasma emission is evident
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FIGURE 7 Influence of the laser energy on the source size at a wavelength
of 3.37 nm. The jet diameter was 11 pm

enough to produce hydrogen-like carbon ions also decreases
and leads to a reduced source size. However, the smallest pos-
sible source size should be limited by the laser focus size, and
indeed the smallest measured plasma diameter of 13 wm =+
4 wm is only slightly bigger than the laser focus.

4.4 Influence of the pulse duration on the source size

As discussed in the previous section, the laser in-
tensity has a large influence on the source size. To change the
intensity, the laser energy was varied. Another possibility is
the variation of the pulse duration, although in our case this
means using a different laser system to produce the plasma.
By using a 10-ns laser pulse, not only is the intensity changed

but the expansion dynamics of the plasma should also be
affected.

We performed measurements not only at the Ly-« line of
3.37 nm but also at the He-« line of 4.03 nm to see whether
the source size is different for different ion species. The im-
ages for different wavelengths and laser pulse durations can
be found in Fig. 8. Additionally, the line plots in the verti-
cal direction through the images are shown. The sizes for the
Ly-« lines for both pulse durations and for the He-« line for
3 ns are nearly the same at 22 pm £ 2 wm. Only the He-« line
for the 10-ns laser pulse is significantly larger with a value of
60 um £ 2 pm.

A possible explanation can be found if one looks at the
expansion dynamics of the plasma. The plasma expansion vel-
ocity can be calculated in terms of an isothermal expansion
of a hot fluid consisting of the two species ions and elec-
trons to be vexp = (ZykgTe/M)"/? [14], where Z is the average
charge state of the plasma ions, y is the adiabatic exponent,
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FIGURE 8 Images of the plasma in the Ly-« line of 3.37 nm and the He-
« line of 4.03 nm at two different laser pulse durations: 3 ns and 10 ns (laser
impinging from the right side). The graph shows line plots through the differ-
ent images in the vertical direction: 3.37 nm, 3 ns (solid line); 4.03 nm, 3 ns
(dashed line); 3.37 nm, 10 ns (dotted line); 4.03 nm, 10 ns (dash-dotted line)



58 Applied Physics B — Lasers and Optics

kg is the Boltzmann constant, 7; is the plasma temperature,
and M is the ion mass. Since the intensity in the Ly-« line
of 3.37nm is maximum (see Fig. 4), from the LTE condi-
tion and an atomic density of n; = 1.14 x 10} cm? (solid state
density), the plasma temperature can be estimated via the
Saha—Boltzmann equation to be 7. & 100 eV (maximum con-
centration of C-VI ions). It follows that after the immediate
creation of the plasma, it begins to expand with a velocity of
Vexp & 7.2 x 10* m/s, introducing an electron density gradi-
ent. During the expansion the 10-ns laser still delivers energy
to the plasma that can be used to keep the plasma tempera-
ture at a certain level as a function of the local electron density.
While the electron density is not high enough in a specific re-
gion to produce hydrogen-like ions, it is sufficient for helium-
like ions. This could result in a larger source diameter for
the He-« line. For a detailed investigation of the results ob-
tained, theoretical studies are necessary that should include
the time-dependent x-ray emission in combination with spa-
tial information.

5 Conclusion

In conclusion, we have used a zone plate as an x-ray
lens to form magnified images of laser-produced plasmas with
a liquid-jet target in certain emission lines on an x-ray CCD
camera. The spatial resolution of the setup was up to 2 pum,
and the large aperture of the zone plate allowed recording
of single-laser-shot plasma images. As methanol or ethanol
acted as the target liquid, the line emission of carbon in the
water-window spectral region was investigated, especially the
Ly-a line at 3.37 nm. With a 3-ns 163-mJ laser pulse deliv-
ered by a frequency-doubled Nd : YAG laser, the diameter of
the plasma was around 26 wm and was nearly independent of
jet diameters in the range 10—20 wm. Within a resolution of
3.5 wm, the plasma was spatially stable, which could be ver-
ified by analyzing single-shot images. If the laser energy is
reduced to below 38 mJ, the source size will also decrease be-
cause the region where the intensity is high enough to produce
hydrogen-like carbon ions will become smaller. An interest-
ing result was obtained by using a second laser with a 10-ns

pulse duration for plasma formation. While this longer pulse
had no influence on the source size of the Ly-« line, a strong
change could be observed in the He-« line at 4.03 nm. The
plasma increased by about a factor of three to 60 um with
a 10-ns pulse duration. This indicates that the expansion dy-
namics of the plasma plays an important role in the interaction
of the laser pulse and the target matter.
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