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a b s t r a c t

The high transparency of carbon-containing materials in the spectral region of “carbon window”
(� ∼ 4.5–5 nm) introduces new opportunities for various soft X-ray microscopy applications. The devel-
ccepted 21 June 2010
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opment of efficient multilayer coated X-ray optics operating at the wavelengths of about 4.5 nm has
stimulated a series of our imaging experiments to study thick biological and synthetic objects. Our
experimental set-up consisted of a laser plasma X-ray source generated with the 2nd harmonics of
Nd–glass laser, scandium-based thin-film filters, Co/C multilayer mirror and X-ray film UF-4. All soft
X-ray images were produced with a single nanosecond exposure and demonstrated appropriate absorp-
tion contrast and detector-limited spatial resolution. A special attention was paid to the 3D imaging of

ateri
aser plasma thick low-density foam m

. Introduction

The soft X-ray microscopy (SXM) is well-known to benefit from
ts short working wavelength (� < 10 nm) and the inner electron
hell resonance interaction with the materials. Since the first exper-
ments in the early 80s at the BESSY synchrotron facility (Niemann
t al., 1983; Schmahl et al., 1980, 1985), the “water window”
icroscopy in the spectral region (2.4 < � < 4.3 nm) (Adam et al.,

005; Attwood, 2007; Johansson et al., 2004; Maser et al., 2000) has
een supplemented with the soft X-ray photoelectron and NEXAFS
pectromicroscopy (Hitchcock et al., 2008; Jacobsen et al., 2002),
nner-cell soft X-ray tomography (Parkinson et al., 2008), coher-
nt and incoherent imaging with laboratory X-ray sources (Adam
t al., 2005; Brewer et al., 2007, 2008; Kim et al., 2006; Takman et
l., 2007), etc. Despite of a number of impressive results obtained,

here is rather a modest attitude to the current SXM technique,
hich seems to result from a remarkable progress in a number

f alternative methods of high resolution imaging, such as confo-
al microscopy (Brakenhoff et al., 1985; Cox, 1984; Minsky, 1988;
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ax: +7 499 135 7880.
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als to be used in design of laser fusion targets.
© 2010 Elsevier Ltd. All rights reserved.

Pawley, 2006), low vacuum/environmental electron microscopy
(Bogner et al., 2007; Danilatos, 1994), fluorescent UV microscopy
(Arndt-Jovin et al., 1985; Bastiaens and Hell, 2004). In general, the
real “stock value” of the SXM as an emerging research technique
has still to be validated by the availability of the efficient and rel-
atively inexpensive instrumentation and its yield of the exclusive
information.

One of the known challenges in the modern biological
microscopy is the investigation of thick organic samples (the thick-
ness of many tens of microns) with a high spatial resolution and
large depth of focus. Thus, we are witnessing impetuous progress
in hard X-ray optical instrumentation for the high penetrating
power wavelengths � � 1 nm (Thieme et al., 2003; Wang et al.,
2001), with phase enhanced imaging techniques being applied to
improve the imaging contrast while studying unstained biological
samples.

On the other hand, there are a lot of mostly carbon-containing
materials that are transparent enough to be studied by the methods
of transmission SXM at the wavelengths of low absorption of the
carbon – so called, “carbon window” (Artyukov et al., 2004). Fig. 1
shows this “carbon window” of transparency as the spectral region

located just above the carbon K-edge, i.e. in the wavelength range
4.4 < � < 5 nm (Henke et al., 1993). One can see also that a typical
attenuation length of the soft X-rays exceeds 5 and 7 �m inside
carbon and paraffin, correspondingly. These values are the highest

dx.doi.org/10.1016/j.micron.2010.06.011
http://www.sciencedirect.com/science/journal/09684328
http://www.elsevier.com/locate/micron
mailto:iart@sci.lebedev.ru
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Fig. 1. The absorption of biological materials near the carbon K-edge.

ver the entire soft X-ray/extreme ultraviolet (EUV) region at the
avelengths starting from � > 1 nm (photon energy E < 1.2 keV).

While there is no visible contrast between water and proteins
t the wavelength � ∼ 4.5 nm, one can see that an appropriate
ifferential contrast occurs between other presented biological
aterials. The contrast pattern in the SXM images is known to result

rom the chemical composition of the organic materials containing
ifferent amount of highly absorptive elements (S, P, etc.), and in
he case of “carbon window” this effect can be used for the recog-
ition of most biological structures and reveal light traces of the
eavy chemical elements inside “transparent” organic substances.

n fact, it is the “carbon window” spectral region where a high
ontrast in the images of wet biological samples has been initially
btained at the BESSY before starting the first “water window” SXM
xperiments (Rudolph et al., 1984).

On the other hand, it has been proven that the importance of
ater environment in biological applications of the SXM is, to some
egree, diluted by extremely destructive radiation doses absorbed
y the cells and tissues during typical high resolution SXM stud-

es. The cryogenic equipment for fixing the biological samples has
ecome a “must have it” instrumentation in the “water window”
XM experiments. The only “water window” transparent solid sub-
tance – frozen water is rather a sophisticated fixing medium which
equires the special efforts applied to avoid the inner-cellar mem-

ranes damage and other freezing-related artefacts.

The high transparency of hydrocarbons in the “carbon window”
llows one to use a number of paraffin based standard fixing meth-
ds developed primarily for the visible light/UV microscopy and
istological studies. To illustrate the efficiency of paraffin as a SXM

ig. 2. The soft X-ray absorption contrast patterns calculated at different wavelengths fo
hromatin; 4 – nucleosome; 5 – DNA; 6 – water. The embedding material is paraffin. The
41 (2010) 722–728 723

fixing material, Fig. 2 shows simulations of the unstained transmis-
sion contrast patterns of 3-�m-thick slices calculated for typical
biological materials embedded in paraffin. In the next sections we
will present the correspondent experimental results to substanti-
ate our concept of the high contrast biological SXM in the spectral
region of the “carbon window”.

The full “pro” list of the “carbon window” microscopy is:

• The lowest absorption of the most carbon-containing materials
in the soft X-ray region enables:
◦ The absorption imaging of relatively thick samples with a high

spatial resolution and large depth of focus; the 3D soft X-ray
imaging and mapping are possible as well;

◦ The reduced radiation dose absorbed in relatively transparent
organic structural elements. Note that the transmission of wet
samples is still sufficient for their absorption studies in the
“carbon window” SXM (the transmission of a 3 �m-thick water
medium is ∼20%).

• One can apply well-developed histological fixing and preserving
techniques, e.g. those based on paraffin and formaldehyde com-
pounds. In this case no cryogenic equipment would be needed for
the SXM imaging, object handling and storing.

• Due to the low nitrogen absorption, the air is known to be much
more transparent at the wavelengths of the “carbon window”
� ∼ 4.5 nm than at � ∼ 2.4 nm resulting in less severe vacuum
requirements in the SXM experiments (Rudolph et al., 1984). The
free path length of the “carbon window” X-ray radiation in the
ambient air is calculated to be about 1.46 mm in comparison with
0.59 mm at the wavelength � = 2.4 nm (Henke et al., 1993).

• The carbon contamination of the optics (Chen et al., 2009; Shin
et al., 2009) plays a minor role in the “carbon window” imaging
experiments.

• The “carbon window” is a fully accessible operational region for
the reflective X-ray optics working at the normal incidence. The
correspondent Co/C multilayer mirrors provide the reflectivity
of about 15% (Artyukov et al., 2009). Reflective multilayer based
two-mirror optical systems have been fabricated for both the
“carbon window” and EUV spectral regions, and at the wave-
length � ∼ 13.5 nm they have achieved a spatial resolution of
22 nm (Naulleau et al., 2009). Evidently, the implementation of
the similar high throughput and high resolution multilayer optics
simplifies construction of a table-top soft X-ray microscope.
The following sections present our experiments that we carried
out to test our approach to the “carbon window” SXM imaging on
the basis of a relatively inexpensive and unsophisticated soft X-ray
optical instrumentation and laboratory X-ray source.

r a 3-�m-thick slice containing the biological materials: 1 – lipid; 2 – protein; 3 –
brightness of the pattern at � = 13.5 nm is increased in 100 times.
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Fig. 3. The experimental set-up for the soft X-ray imaging at the wavelength of
the “carbon window” (� ∼ 4.5 nm): 1 – the 2nd harmonics radiation of the Nd –
glass laser (� = 0.53 �m), 2 – laser-produced plasma, 3 – bulk rhenium target, 4 –
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untreated (Fig. 5)

The fleshfly wing did not go under any special preparation
process and was studied “as it is”.1 The image demonstrates the
pherical Co/C multilayer mirror, 5 – scandium thin filter, sample, 6 – sample under
nvestigation on a mesh (or silicon nitride membrane) support, 7 – X-ray film UF-4.
ll components are isolated inside low vacuum chamber (P ∼ 10−2 Torr).

. Experimental set-up

Our first experiments were aimed at demonstration of satis-
actory absorption contrast of the “carbon window” images and
he efficiency of the developed X-ray optical elements. The exper-
mental set-up consists of the following components that were
ositioned inside the vacuum chamber with the low vacuum of
= 10−3 to 10−2 Torr (see Fig. 3).

The laser-produced plasma (LPP) was used as a compact soft X-
ay source. The plasma was generated using the FENIKS laser facility
Artioukov et al., 1995; Artsimovich et al., 1987) that could deliver
p to 4 J of the pulse energy in the second harmonics (� = 0.54 �m)
f the Nd:glass laser onto a bulk rhenium target with the pulse
uration of 1.2–2 ns and the focal spot size of 30–80 �m. In practice,
he typical laser pulse energy in the soft X-ray imaging experiments
as 0.3–1.2 J.

The Co/C multilayer coated spherical mirror (curvature radius
= 100 mm, diameter D = 10 mm), which served as a collima-

or and medium spectral resolution soft X-ray monochromator
��/� ∼ 1/200), was placed at the distance about 50 mm from the
-ray source to produce a quasi-parallel soft X-ray beam at the
avelengths near � = 4.5 nm (Artyukov et al., 2007, 2009). The vis-

ble and UV light of the laser plasma source was blocked with a
et of two thin scandium polyimide-backed filters (Artioukov et
l., 2003). The high normal incidence reflectivity of the Co/C mirror
nd high transmission of the filters enabled soft X-ray imaging with
ne-nanosecond exposure, single laser shot and one joule pulse
nergy (so called “triple one mode”).

The objects were fixed on a 500 �m cell size copper mesh at the
istance of about 40 cm from the mirror and in a close proximity
o the surface of the film UF-4 (Datsko et al., 1987) used as a soft
-ray detector (the object-film gap was 100–200 �m). The short
orking wavelength and low X-ray beam divergency brought the

patial resolution of our imaging experiments to that of the film.
hus, the spatial resolution of both the film UF-4 and soft X-ray
mages was estimated to be 1–3 �m. The view field of 4 mm was
etermined by the open aperture of the filter used. The depth of
ocus was practically unlimited, which is typical for this type of X-
ay projection microradiography. To produce a series of four soft
-ray images without breaking the vacuum condition we used a
pecial film cassette.
The main difference of our experiments from the earlier works
n X-ray contact (proximity) microscopy with a laser plasma source
see, foe example, Cefalas et al., 1998; Ford et al., 1991; Limongi
t al., 2004; Michette et al., 1986; Milani et al., 2005) consists in
Fig. 4. The scheme for the soft X-ray stereo-microradiography: 1 – laser beam
(� = 0.53 �m), 2 – two spherical Co/C multilayer mirrors, 3 – laser-produced plasma,
4 – rhenium target, 5 – left/right view shutter, 6 – scandium thin filter, 7 – sample,
6 – X-ray film UF-4. The parallax view angle is 7.8◦ .

introducing the normal incidence X-ray multilayer optics to reduce
the working spectral bandwidth near the wavelength � ∼ 4.5 nm to
�� ∼ 0.02 nm. As was mentioned above, multilayer mirrors can be
used also in the high spatial resolution X-ray optical systems to put
forward the “carbon window” microscopy from the schemes of the
1:1 projection microradiography to the multi-fold magnification
microscopy (Artyukov et al., 2009; Dicicco et al., 1992; Murakami
et al., 1993).

The micron-scale spatial resolution in combination with large
thickness of many soft X-ray transparent samples made possible
the effective 3D imaging, such as tomography scans or stereo views.
Fig. 4 shows the modification of our experimental setup used for
the production of soft X-ray stereo pairs – two identical spherical
X-ray multilayer mirrors were applied to provide the parallax view
angle of 7.8◦. The moving shutter enabled the sequential recording
of two X-ray views of the same object at different angles.

3. Examples of soft X-ray images

The experimental study of contrast and transparency in the
spectral region of the “carbon window” was carried out using
the laser plasma based setups shown in Figs. 3 and 4. To pro-
duce absorption images of thick samples the composition of all
objects under investigation was dominated by the carbon. Below
are several examples of many images obtained in the experiments,
which were chosen to represent the typical objects. As has been
mentioned, all X-ray images were produced with nanosecond expo-
sures.

3.1. The wing edge of a grey fleshfly (Sarcophaga carnaria L.),
1 Of course, during the investigations in the vacuum conditions any object will be
dehydrated.
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ig. 5. The soft X-ray image of fleshfly wing (� ∼ 4.5 nm). Note the internal inhomo-
eneous structure of the wing hairs.

fficiency of the “carbon window” microscopy in application to
he soft X-ray transmission studies of non-thinned and unstained
iological objects. One can see a number of cavities and inhomo-
eneities inside the hair stems. These structures are hidden by the
air chitin absorption from a direct observation with the visible/UV,
lectron microscopy or “water window” SXM. On the other hand,
t would be rather difficult to get such a clear view of the inter-
al details using the methods of hard X-ray microscopy owing to a

ower image contrast, which is inherent to the high energy radia-
ion imaging. To reveal low contrast absorption structures one have
o resort to more complicated experimental techniques based on
he phase contrast, such as coherent diffraction (Clark et al., 2008;

iao et al., 1999) and diffraction enhanced (Chapman et al., 1997;
agot et al., 2005) imaging.

The picture also displays the effect of film grain size limiting the
patial resolution.

.2. The edge of green bush-cricket (Terrigonia viridissima) wing,
ntreated (Fig. 6)

Similar to the fleshfly wing this sample was studied without
ny special preparation or staining. Fig. 6B shows the visible light
mage of the same fragment, which, in contrast to the SXM picture

Fig. 6A), brings out noticeable distortion and diffraction effects
ear the sharp edges and focus depth limitation. The soft X-ray
bsorption pattern of the unstained sample proves to be different
rom that observed in the visible light.

Fig. 6. Images of bush-cricket wing: (A) soft X-ray image at the waveleng
Fig. 7. The soft X-ray image of placental blood vessels (� ∼ 4.5 nm). The equal
absorption in wide and narrow vessels indicates a tubular thin-wall form.

The estimated thickness of the sample under observation was
1–5 �m.

3.3. Placental blood vessels, preliminary desiccated (Fig. 7)

Fig. 7 shows the internal structure of dried cotyledon blood ves-
sels of human placenta. The object was dehydrated through the
standard lyophilization process at a low temperature (5–7 ◦C). The
observation of nearly equal X-ray transmission of large (50–70 �m)
and small (∼10 �m) diameter vessel branches indicates their tubu-
lar structure.

3.4. Blood vessel of embryo, sectioned and fixed in a paraffin bed
(Fig. 8)

This 10 �m-thick slice of human embryo (18 weeks) was pre-
pared using the standard histological methods and substances:
after lyophilization the dehydrated sample was fixed with paraffin
compound and sectioned. The “carbon window” image of a 3 �m-
thick unstained slice depicts clearly the wall structure of the blood
vessel. In comparison with the visible light microscopy (Fig. 8B)
the soft X-ray image reveals numerous new details. Moreover, the
paraffin filling the core center of the vessel looks to be even more
transparent for the soft X-rays than for the visible light. The combi-

nation of the high contrast, high soft X-ray transmission and large
depth of focus demonstrates the potential and penetrating power
of the “carbon window” SXM.

th � ∼ 4.5 nm; (B) the same fragment observed in the visible light.
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Fig. 8. Images of an embryonic blood vessel: (A) soft X-ray image at the wavelength � ∼ 4.5 nm; (B) the same fragment observed in the visible light. The paraffin-filled central
part of the vessel looks to be extremely transparent for the soft X-rays.
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ig. 9. The soft X-ray image of an unstained and unfixed multicell sample – pancre-
tic tissue (� ∼ 4.5 nm).

.5. Pancreatic tissue, sectioned and free of fixing compounds and
ater (Fig. 9)

We prepared this sample to test the “carbon window” absorp-
ion contrast in the imaging of thick dehydrated soft tissues
ithout application of coloring or contrasting techniques. Multi-

ell tissue, which has been initially preserved in paraformaldehyde,
as embedded in paraffin for the section cutting. After that the
araffin and other plasticizer substances were removed from the
0 �m-thick slices, and the wet slices were put atop thin sili-
on nitride membranes (thickness 100 nm, working window size
mm × 2 mm) for the low temperature dehydration. Note that this

ype of the samples was the only one we investigated with the
pplication of a thin silicon nitride membrane as a sample support
nstead of a supporting mesh.

Fig. 9 shows that the unstained SXM imaging can reveal a
umber of principal structural elements of the pancreas, such as
ancreatic isles (insula Langerhansi); ducts (ductus pancreaticus)
nd blood capillaries.

.6. Polyacrylonitrile fibers (Fig. 10)

Fig. 10 is the soft X-ray image of polyacrylonitrile (PAN) fibers
Sedghi et al., 2008). This type of the carbon materials has been
sed widely as a basic component of various composite materi-

ls with the improved mechanical properties. The picture clearly
eveals internal inhomogeneities, substructures and cracks inside
he 10 �m-diameter fibers. The film grain size was proven to limit
he spatial resolution and information about the disk-like skele-
on structure of the PAN-fibers. The recently developed X-ray
Fig. 10. The soft X-ray image of polyacrylonitrile (PAN) fibers (� ∼ 4.5 nm). The lim-
ited spatial resolution (film grains) hinders from viewing the details of the internal
structure.

Schwarzschild objective (Artyukov et al., 2009) can significantly
improve the resolution to turn this SXM technique to an effective
tool for introscopic investigations of graphite fibers.

3.7. Low-density foams and TAC materials (Fig. 11)

The low-density triacetate of cellulose (TAC) is considered as
an important material for the construction of a new generation
of laser fusion targets (Limpouch et al., 2004; Nagai et al., 2005).
The extremely low density (� = 1.7–10 mg/cm3) and low radiation
damage threshold make these materials difficult to observe using
the transmission electron microscopy (TEM) or scanning electron
microscopy (SEM). The high transparency of organic materials in
the “carbon window” reduces the radiation absorption dose and
increases the practical depth of observation up to several millime-
ters.

In comparison with the visible light microscopy the SXM tech-
nique is capable of producing the images with a significantly larger
depth of focus (which is practically unlimited in the one-to-one
projection imaging). The strong soft X-ray absorption of the metals
enables to detect them in light trace concentrations, to map their
3D distribution inside a bulk TAC material and to check the physi-
cal uniformity, which is critical for its applications as a laser fusion
target (see Fig. 11A).

Additional prospects in the SXM based studies of TAC materials

arise with the introduction of 3D view. In general, the high ratio of
the object thickness to spatial resolution (up to 103), that is specific
for the “carbon window” imaging, establishes a solid ground for the
production of soft X-ray 3D images. Besides that, the large thickness
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ig. 11. The “carbon window” soft X-ray image of thick low-density materials: (A) t
s 0.3 mm; (B) stereoimage of blank organic foam with the thickness of 0.8 mm.

f transparent objects enables soft X-ray survey of large volume
rganic samples.

Our first 3D view demonstration experiments consisted in pro-
uction of the soft X-ray stereo pairs and anaglyphs of low-density
oam materials with the thickness up to 2 mm. The obtained “car-
on window” images demonstrate a clear and contrast view of the
patial distribution of volumetric structure elements (see Fig. 11B).

. Conclusions

The normal incidence X-ray multilayer optics has been proven
o create new opportunities for the SXM technique in the spectral
egion of the “carbon window”. We demonstrated a satisfactory X-
ay contrast in plenty of 2D and 3D images without any contrasting
r staining additives. The spatial resolution was limited by the X-
ay film grain size and can be improved by a factor of 20–50 with the
elp of the recently developed X-ray Schwarzschild objective down
o the level of ∼100 nm. Another direction of our future work is
elated to the implementation of thin membrane cells for studying
et samples under the vacuum conditions.

The “carbon window” microscopy based on the multilayer optics
nd laboratory X-ray source appears to be an attractive and effec-
ive technique for the absorption study of thick organic materials,
hich is supplementary to the “water window” X-ray imaging. Of

ourse, its lot in life should be supported by an active interest of
nterscience users and practical SXM applications.
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