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Pyrolytic graphite crystals as components for ultrafast X-ray
spectroscopy using laser-based sources

H Stiel, H Legall, M Schniirer

(Max-Born-Institut fir Nichtlineare Optik und Kurzzeitspektroskopie im
Forschungsverbund Berlin ¢V. Max-Born-Strasse 2A, D-12489 Berlin, Germany)

Abstract: Because the photon flux of laser-based X-ray sources is considerably lower than that of syn-
chrotron radiation sources and radiation is emitted isotropic in all directions, focusing optics with a
large solid collecting angle and high integral reflectivity are required. For these requirements crystals
of Pyrolytic Graphite (PG) are of particular interest for the use as dispersive and focusing elements.
Due to the mosaic crystal structure, PG exhibits a very high integral reflectivity. Furthermore, thin
PG films give the opportunity to realize crystal optics with arbitrary geometry by mounting them on a
mold of any shape. Beyond that, mosaic focusing in specific geometry allows these crystals to be used
as high resolution X-ray optics, even in bent geometry. All these properties allow the design of highly

efficient dispersive collecting optics for ultrafast X-ray spectroscopy with laser plasma sources.

Received date:2007-08-20 ; Revised date;:2007-10-10.



%12 4

H Stiel,et al ; Pyrolytic graphite crystals as components for ultrafast «-«-- 1909

In our contribution we describe the application of bent PG crystals in a spectrometer with a modi-

fied Von HAMOS geometry. Using this spectrometer, the spectral distribution of the X-ray radiation

emitted from a fs laser produced plasma has been measured. The application of this radiation for time-

resolved Extended X-ray Absorption Fine Structure (EXAFS) experiments is discussed. We show

that, by optimizing both the crystal properties and the spectrometer geometry, a good spectral resolu-

tion sufficient for EXAFS measurements at the K-edges of transition metals can be achieved.
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1 Introduction

Extended X-ray absorption fine structure
spectroscopy (EXAFS) in chemical, biological
and material science with the aim of investigating
molecular structures is today mostly performed

[, Laboratory X-ray

with synchrotron radiation
spectrometers can be operated with table-top X-
ray sources as e. g. X-ray tubes or for time-re-
plasma-produced

solved studies with laser

sources (LPP)*%) . Because the photon flux of
these sources is considerably lower than that of
synchrotron radiation sources, focusing optics
with a large solid collecting angle is required-*.
Time-resolved investigation of X-ray emission
from laser-produced plasma as well as applica-
tion of these sources in ultrafast X-ray pump-
probe spectroscopy requires a spectrometer de-
sign that combines highest-possible spectrometer
efficiency (high integral reflectivity) and high
spectral resolution. Crystals of Highly Oriented
Pyrolytic Graphite (HOPG) are of particular in-
terest for the use as dispersive elements because
their unique structure enables them to be highly

HOPG is a mo-

saic crystal formed by a large number of small

efficient in X-ray diffraction'™.

crystallites. The angular distribution of these
crystallites, with plane orientations of the nor-
mal axis to the surface, is called mosaic spread.
Mosaicity makes it possible that even for a fixed
angle of incidence to the crystal surface, an en-
ergetic distribution of photons can be reflected
because each photon of this energetic distribu-

tion can find a crystallite plane at the right Bragg

angle. The width of this energetic distribution
depends on the mosaic spread. The mosaicity is
responsible for the dramatic increase of integral
reflectivity for mosaic crystals in comparison to
perfect crystals. The mosaicity also gives rise to
so-called parafocusing'™ , which enhances the in-
tensity in the image plane. Furthermore thin
HOPG films give the opportunity to realize crys-
tal optics with arbitrary geometry by mounting
on a mold of any shape. This enables the design
of crystal optics with high collecting efficiencies.
In our contribution we describe the spectral
properties of HOPG crystals in a modified Von
HAMOS geometry- with respect to an applica-

tion in ultrafast X-ray spectroscopy.

2 Experiments

The experimental arrangement consisted of
HOPG crystals (with thicknesses ranging from
10 ... 150 pm, provided by Optigraph GmbH,
Berlin) mounted on flat surfaces, an X-ray tube
and a CCD camera. All measurements were per-
formed in a modified Von HAMOS geometry
with the detector plane oriented perpendicular to
the reflected X-ray beam (Fig. 1).

The X-ray source, which was used for the
characterization of the HOPG optics, was a low-
(UG GmbH

Berlin,™) with a source diameter of 50 pm.

power microfocus X-ray tube

The source was operated with different anode
materials (Cu and Ag) at a voltage of 40 kV and
an anode current up to 400 pA for the Cu anode
and up to 700 pA for the Ag anode. For detec-

tion of the hard X-ray emission, a 16 bit deep
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Fig. 1 Experimental setup for the characterization of

HOPG crystals

depletion CCD-camera (PI-LCX 1300 Roper Sci-
entific) with a quantum efficiency of about 0. 5 at
8 keV was used. The camera was sealed with a
thin (250 pm) Be window, so that a deep cool-
ing (down to —50°) of the CCD was possible.
Scattered X-ray radiation was suppressed by
screening the camera with Pb plates. The inves-
tigations were performed for different distances,
whereby the distances between the source and
the crystal and the crystal and the detector were
equal in each measurement. In this configura-
tion, parafocusing ( = mosaic-focusing) takes
place and the highest energy resolution becomes
possible.

To prove the application of the crystals
time-resolved X-ray spectroscopy experiments
with a laser produced plasma source were per-
formed. The radiation from a Ti:sapphire laser
(35 fs pulse duration, 10 Hz repetition rate, sin-
gle-pulse energy on target up to 400 m]J) was fo-
cused in a vacuum chamber by an Off-axis Para-
bolic (OAP) mirror on a tape target system. As
target material, both copper and tungsten tapes
with thickness of 50 ym were used. The hard X-
ray radiation emitted in 2n from the laser-pro-
duced plasma was filtered by a thin Be foil (250
pm) s which sealed the vacuum chamber. In or-
der to protect the window and the focusing op-
tics against the debris produced by the plasma
source, a foil was placed between the source and
these components. The HOPG crystal and the
deep depletion CCD camera were placed outside

the vacuum chamber. The distance between the

source and the crystal, as well as between crys-

tal and CCD camera was 340 mm.

3 Results

3.1 Spectral resolution of HOPG crystals

The spectral resolution of thin films of
HOPG has been investigated in (002)-reflection
and (004)-reflection orders'', In order to opti-
mize the spectral resolution, the distances F
(Fig. 1) between the source, the crystal and the
detector have been varied over a wide range. As
an example, the results of the measurements for
150 pm and 15 pm thick crystals are summarized
in Fig. 2. As can be seen from Fig. 2, the Cu
Ka; and Ka, lines, which are separated by 20
eV, are clearly resolved for all distances. The
energy resolution of HOPG films (Fig. 3) for
different distances and thicknesses was obtained
from the recorded spectra by a convolution pro-
cedure. For the convolution a natural line width
of 2. 3 and 3.5 eV for the Cu Ko, and Kay
lines was assumed (see also [11, 13]). As ex-
pected, the spectral resolution obtained for the
(004)-reflection is clearly better than that of the
(002)-reflection, because of the larger Bragg an-
gle in (004)-reflection. The best value of E/AE
=2 900 was obtained for the largest distance of
F= 260 mm and smallest thickness of d = 15
pm. As can be seen from Fig. 3, the energy res-
olution depends on both the crystal thickness
and the geometry of the spectrometer setup.
This behaviour can be explained by the mosaicity
of the crystal. In contrast to ideal crystals, the
photon in mosaic crystals has to penetrate to
some depth, before it finds a crystallite aligned
well from which it can be reflected. That means
that the effective depth, from which diffraction
in mosaic crystals occurs, is much larger com-
pared to ideal crystals. This diffraction out of
the depth reduces the energy resolution and can
only be overcome by using thinner HOPG films

or by enhancing the distances between the crys-
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tal and detector. Both are possible, because the
thickness of the HOPG crystals can be easily ad-
justed. On the other hand, reducing the crystal
thickness results in a reduction of the integral
reflectivity, because fewer crystallites can par-
ticipate in the diffraction process. On the other
hand enhancing the distance F reduces the col-

lecting angle for a given crystal optic. This issue

can be overcome using bent crystals with a large
collection angle. For the 150 pm crystal, the in-
tegral reflectivity amounts to 0.9 mrad for
(004)-reflection and 4. 6 mrad for (002)-reflec-
tion. In comparison, the 15 pym HOPG crystal
exhibits a integral reflectivity, which was about
a factor of 10 lower than the related value for the

150 pm thick crystal"’*/,

(002)-reflection

150 pm

150 pm

Caom

15 um

||

]

Fig. 2 Measured CCD images of the recorded Cu Kq lines at different distances F between source-crystal and

crystal-detector (1 : 1 geometry) for flat HOPG crystals
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Fig. 3 Energy resolution for different HOPG crystal in dependence on the distance F between source-crystal and crystal-

detector for (002)-reflection (a) and (004)-reflection (b). The energy resolution was estimated from a convolu-

tion procedure using the natural width of Cu Ka lines and a spectrometer function given by Voigt profile



1912 j\lﬁi

K% 142

515 &

Consequently the energy resolution and the
integral reflectivity must be optimized for a cho-
sen spectrometer geometry. It should be pointed
out, that an upper limit for the energy resolution
is given by the intrinsic width of the Bragg re-
flection for HOPG (see also Ice and Sparks™*).
Unfortunately, this energy resolution cannot be
achieved in practice, because of an extended
source, aberrations of the spectrometer geome-
try and other focusing errors causing further
broadening. The effect of such geometrical fac-
tors can be taken into account using ray-tracing

st A comprehensive description of

calculation
the contribution of the different factors, which
limits the spectral resolution, can be found in a
forthcoming paper'*!.
3.2 X-ray spectroscopy with HOPG crystals
With an energy resolution E/AE better than
1 000 at the transition metal K-edges, nearly all
features of the EXAFS spectra can be resolved.
In order to prove the potential of the HOPG
spectrometer for X-ray absorption experiments
the filtered Bremsstrahlung continuum emitted
by the microfocus X-ray tube (operated with an
Ag-anode) behind a 4 pm Ni foil (Goodfellow)
was collected in the (004)-reflection. The Ni foil
was placed between source and the 150 um thick
crystal mounted on a plane glass plate. The dis-
tance F' was 340 mm and corresponds to a meas-
ured spectral resolution of E/AE=1 200 (cp.
Fig. 3). Slits were placed behind the source and
in front of the CCD camera to reduce the scatter-
ing background. The CCD image of the filtered
EXAFS

spectrum of the metallic Ni foil, resulting from a

Bremsstrahlung continuum and the

measurement with and without the foil, are
shown in Fig. 4. The integration time for record-
ing this spectrum was 600 s. As can be seen
from Fig. 4, the Ni K-edge and all EXAFS oscil-
lation are clearly resolved. This result demon-
strates the applicability of HOPG crystals for
EXAFS spectroscopy. Recently it has been
shown that bending of thin PG films does not in-
fluence the energy resolution'’. That means
that optimizing the spectrometer setup, e. g. by

using bent crystals in a focusing geometry, will

further enhance the energy resolution and reduce

the acquisition times.

0.4
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Fig. 4 Image of the Ni K-edge absorption measured
with a 150 pum HOPG crystal in (004)-reflec-
tion order using a mircrofocus tube at F=400
mm (up). Extended absorption fine structure
of a 4 pm Ni foil derived from the image

(down). The data acquisition time was 20 min

3.3 Ultrashort laser plasma source for X-ray
spectroscopy with HOPG crystals

With regard to an application of the HOPG
spectrometer for X-ray pump-probe spectroscopy
with ultrashort pulses emitting laser plasma
sources, emission spectra of a tungsten plasma
were measured with the 150 pum thick HOPG
crystal. An image of the measured spectrum in
the (004)-reflection is shown in Fig. 5 together
with the tungsten emission spectrum around the
Ni K-edge. The acquisition time for this spec-
trum was 30 s.

The energy resolution, which results from
these spectra is comparable to those obtained
with the X-ray microfocus tube. That means
that the laser plasma source size does not affect
the spectral resolution of the spectrometer setup.

As can be seen from Fig. 5 the X-ray plasma
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Fig. 5 Emission from a laser produced tungsten
plasma recorded with a 150 pm HOPG
crystal at F=360 mm. Besides the charac-
teristic L,, and L. bands a continuum back-
ground is clearly visible. Laser parameter:
Ti. Sa laser with 400 m] single pulse ener-
gy, pulse duration: 40 fs, repetition rate

10 Hz, data acquisition time 30 s

emission spectrum consists of continuum radia-
tion (Bremsstrahlung) suitable for X-ray absorp-
tion spectroscopy and the characteristic W Lq ra-
diation. The radiation originates from hot elec-
trons generated by non-linear laser light absorp-
tion in the plasma. This radiation can be expec-
ted to have pulse length in the order of some

[4.18-20]

hundred femtoseconds The X-ray emis-
sion spectrum of the W laser plasma source
shows a Bremsstrahlung continuum, whose in-
tensity magnitude is about two orders lower than
the W Lo line emission. This Bremstrahlung
continuum is sufficient to perform EXFAS meas-
urements at the Ni or Co K-edge., as already
shown™. In comparison to the spectrometer
with Si(111) crystals, which were used so far
for X-ray spectroscopy based on laser produced
plasma sources, the recording times can be re-
duced significantly with the HOPG spectrome-
ter. In this way, instabilities of the experiment
can be overcome, such as the emission instability
of laser plasma sources over a long period and a

degradation of the sample over many hours.

4 Conclusions

Crystals of highly oriented pyrolytic graph-

ite are a promising candidate as dispersive ele-
ment for X-ray " pump-probe" spectroscopy u-
sing ultrashort laser plasma sources. Besides
highest integral reflectivity these crystals can
provide energy resolutions of E/AE>1000. As
demonstrated, such energy resolutions are suffi-
cient to perform EXAFS spectroscopy at transi-
tion metal K-edges. The results of first experi-
ments with a HOPG spectrometer and an ultra-
short tungsten laser plasma source indicate that
the acquisition time, which is necessary to col-
lect an EXAFS spectrum with comparable energy
resolution, can be significantly reduced in com-
parison to spectrometers based on perfect crys-
tals used so far for ultrashort laser plasma spec-
troscopy™. The performance of the measure-
ment can be further enhanced, by optimizing the
HOPG spectrometer setup, which was used in
the present work. Because thin films of HOPG
can be mounted on a mold of any shape, the col-
lecting efficiency and the focusing properties of
the spectrometer optics can be improved. Re-
cently we have shown that with PG crystals high
energy resolutions are feasible even in bent ge-
[17]

ometry Furthermore, the energy resolution

of the PG crystals can be improved by an ad-

vanced production technology''®. Using these

advanced bent crystals and optimizing the size
and the shape of the substrate for the films the
acquisition time can be further decreased keeping

the energy resolution constant.
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