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Abstract. In this paper the results of an experiment on soft X-ray contact microscopy using a laser-
plasma source are presented. A resolution of 50 nm has been achieved imaging pig sperm cells, while other
specimens, such as algae and yeast cells, showed internal details, proving the technique to be a powerful
tool for biological investigations. Original biological information has been obtained and the conditions for
optimal image formation have been studied.

PACS. 07.85.-m X- and gamma-ray instruments – 52.50.Jm Plasma production and heating by laser
beams (laser-foil, laser-cluster, etc.) – 78.70.En X-ray emission spectra and fluorescence

1 Introduction

Soft X-ray Contact Microscopy (SXCM) is a technique
devised to produce images of biological samples with a
resolution higher than optical microscopy, using a shorter
wavelength radiation. With respect to other imaging tech-
niques, such as Electron Microscopy (EM), it avoids the
drawbacks due to sample preparation: in EM, in fact, the
specimens must be fixed, dehydrated, embedded in resin,
cut in thin sections and stained with heavy metals. Poten-
tially any of these processes may introduce artefacts [1],
and thus the possibility of studying living samples is pre-
cluded. SXCM allows living cells to be imaged, leaving
them in a liquid environment [2,3]. An additional advan-
tage is the easier handling of the samples. These advan-
tages are due to the existence of a particular region of
the electromagnetic spectrum, called the Water Window
(WW), which lies between the absorption edges of carbon
(280 eV) and of oxygen (530 eV). In the WW region, wa-
ter is almost transparent to X-rays, while carbon, which is
the main constituent of cell structures, is highly opaque,
therefore it is possible to produce high contrast images of
organic samples.

Laser plasmas seem to be an ideal X-ray source [4]:
the hot and dense plasma produced in the interaction of a
laser pulse with a solid target [5] can yield high fluxes of
radiation, whose spectrum can be chosen by changing the
target material and beam focusing. The short irradiation
time, of the order of the laser pulse, is far below the time
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needed by radiation to damage the sample (of the order
of ms), therefore producing images of the cell when it is
still alive [6,7], and not influenced by radiation damage
nor affected by movement of either the specimen or the
structures within the cell.

The images are obtained by exposing the samples as
a 1:1 radiograph on a photo resist, which is then chemi-
cally developed and finally analysed using an Atomic Force
Microscope (AFM) [8]. In this way no optics are required.
This is significant because in the soft X-ray region optics
are still expensive and not very efficient.

Although SXCM is not a completely new technique, it
still remains largely qualitative, and the problem of repro-
ducibility remains. In fact the actual conditions of biolog-
ical samples and X-ray emission have been almost never
fully characterised in SXCM experiments.

Currently part of the research in SXCM is focusing
on the development of table top systems which could al-
low images to be directly obtained in biological labora-
tories [9]. Nevertheless we think that only by using high
energy lasers is it possible to understand how the image
quality can be improved, i.e. how to obtain high resolu-
tion and better contrast, and how the problems of charac-
terisation and reproducibility can be solved. Indeed high
energy sources enable the characterisation of every laser
shot through the use of different diagnostics and to ob-
tain many images per shot, whose quality can then be
correlated with the source parameters. Furthermore, with
small laser systems, only high Z targets, having high laser
to X-ray conversion efficiencies, can be used, allowing im-
ages to be recorded in a single shot [10,11]. Instead high
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Fig. 1. Experimental set-up.

energy laser pulses permit the use of different targets with
convenient X-ray spectra even if they have a lower con-
version efficiency [12,13]. This is important because such
sources may have a “cleaner” spectrum, i.e. less X-rays
outside the WW.

For all these reasons we performed an experiment at
Max Planck Institut für Quantenoptik (MPQ), using the
Asterix laser source which can deliver up to 300 J laser
energy per pulse in 0.45 ns. Also, we used different bio-
logical specimens, in order to image cells with different
transmission characteristics as a test for the contrast, and
with fine details, so that the theoretical resolution limit of
this technique could be tested.

In this paper we describe our experiment and the re-
sults, concerning both the characterisation of the plasma
source and the quality of images obtained with various
biological samples. The experimental set-up is presented
in Section 2, while in Section 3 we describe the biological
samples; Section 4 is devoted to the discussion of the lim-
iting factors of SXCM, and Section 5 to the presentation
of the experimental results. Finally, Section 6 contains the
concluding remarks.

2 Experimental set up

The experimental set-up is sketched in Figure 1, where the
interaction chamber, the laser path and the main diagnos-
tics are shown. In this section we describe it in detail.

2.1 The laser source

ASTERIX is an iodine laser operating at a wavelength of
1.314 µm converted in the third harmonic (0.438 nm),
whose pulse is characterised by a Gaussian temporal
shape, with a FWHM of 0.45 ns. The laser beam, which
has a diameter of 30 cm, has been focused by means of
a f/2 lens (f = 564 mm) onto the targets; the residual
fundamental and second harmonic radiation, which would
have been defocused due to the absence of a chromatic
correction in the lens, has been eliminated by means of a
blue filter, therefore avoiding the increase of debris. The
typical value of the pulse energy was about 250 J; the in-
tensity on target was between 2×1014 and 2×1015 W/cm2,
the focal spot varying between 650 and 200 µm.

2.2 The X-ray source

The X-ray emitter is a foil heated by the laser; the hot
coronal plasma which is formed on the surface is the source
of the radiation, with a spectrum which is characteristic
of the target element; in general low Z materials produce
simple K-shell spectra, while high Z targets are charac-
terised my more complex ones [13,14]. We used targets
made of carbon (plastic), boron nitride, yttrium, zirco-
nium, molybdenum, or gold.

High Z materials produce an X-ray spectrum less clean
than that of low Z ones, and in principle less favourable
for SXCM; however, low Z elements have also a low con-
version efficiency from laser to X-ray energy, resulting in
lower fluxes in the WW. The emitted spectrum also de-
pends on the laser intensity, X-rays being harder for higher
intensities (i.e. higher plasma temperatures).

2.3 Diagnostics

Source characteristics (dimension and time duration, ab-
solute flux) were diagnosed by means of several devices.
Once more, we want to stress that the high flux provided
by ASTERIX allowed the use of single shot diagnostics,
and enabled us to keep the samples far away from the
source, therefore leaving enough room to simultaneously
place several diagnostics and/or multiple specimen hold-
ers in the chamber.

A pin-hole camera coupled to a transmission grating
spectrometer [15] (1 000 lines/mm) allowed us to measure
the focal spot diameter in different spectral regions. The
images were registered on Ilford Q-Plates, and the part
of the spectrum corresponding to the WW was 880 µm
long on the film; this was analysed by means of a micro-
densitometer with a resolution up to 1 micron, therefore
enabling us to obtain information about the dimension of
the emitting source at different wavelengths. We used an
X-ray streak camera with a gold cathode [16], coupled to
another transmission grating (5 000 lines/mm), in order to
time resolve the spectrum of the X-ray source. Due to the
higher spectral resolution of this device (of the order of
0.1 nm), it was possible to compare the total emissions in
the WW region and at energies ranging from the oxygen
absorption edge to 4 keV by taking into account the sen-
sitivity of the streak camera at the different wavelengths.

Vacuum photo diodes and PIN diodes were used to
measure the absolute X-ray flux, allowing us to evaluate
the conversion efficiency for the different materials. In par-
ticular, two PIN diodes (Quantrad Sensor 100-PIN-125)
were mounted at the end of a 1.5 m long tube installed
on the interaction chamber; the need for such a distance
from a source was to avoid saturated signals. These diodes
were coupled respectively with aluminium filters, whose
thickness were chosen in the interval 20–70 µm in order to
take into account the expected X-ray emission, and with a
copper mirror and a vanadium filter 0.5 µm thick. In this
way, one diode was able to detect photons with energies
in excess to 1 keV, while the other could select photons at
energies below 860 eV. To obtain the data on the X-ray
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Table 1. Ratio between the energy fluxes due to WW photons
(EWW) and harder photons (Eh) for a zirconium target and
different spot sizes.

Spot size (µm) EWW/Eh

200 1.8

400 4.1

600 10.2

flux in these energy ranges, we have processed the exper-
imental signal by assuming a flat X-ray spectrum in the
respective spectral windows. Since in reality the X-ray flux
depends on the detailed spectral shape, these results are
mainly qualitative. However they are useful to compare
the X-ray emission in the WW and at shorter wavelengths
from various target materials. Their main utility was that
PIN diodes allowed a faster characterisation of the shot
than the X-ray streak camera, hence usable in “real time”
during the experiment. Some results are shown in Table 1.

Finally, calorimetric diagnostics provided the informa-
tion on the laser pulse energy for each shot.

2.4 Interaction chamber

The ASTERIX interaction chamber was octagonal in
shape, with a flat removable vertical plate on each side.
Its easy access allowed us to change the targets and the
sample holders very quickly, and its large dimension were
sufficient to host up to twelve holders per shot on the
ground plate. In this way, we could check the reproducibil-
ity of SXCM taking images of different samples at the
same time, under the same experimental conditions; we
could also obtain images of the same samples placing the
holders at different distances, hence varying the X-ray
flux, while leaving all the other parameters unchanged.
Having multiple exposures of the same specimens pro-
duced under identical imaging conditions also provided
replicates upon which different photoresist development
conditions could be investigated. Also the statistics could
be improved thanks to the larger number of obtained im-
ages.

The chamber was evacuated by a turbomolecular
pump down to 10−4 mbar in less than 30 min of pump
time. The necessity for such a low pressure comes from
the requirements of the X-ray streak camera (XRSC-
II system, developed at the Max Planck Institute für
Quantenoptik [16]), while 10−2 mbar would be sufficient
for SXCM. A fast evacuation time is necessary to avoid
stress or death of the biological cells in the holders.

2.5 Sample holders

The sample holders (Fig. 2) have been designed to avoid
the evaporation of the water solution containing the bi-
ological specimen during the pumping of the interaction
chamber, and to hold the photo resist used to produce the
images (we used polymethylmetacrylate, PMMA).

Fig. 2. Sample holder.

The holders were cylindrical in shape (35 mm high and
25 mm in diameter) and had on the top a window made
of silicon nitride [17] 100 nm thick, which has a relatively
high transmission (about 60%) in the WW region. A drop
of the solution containing the cells was placed between the
window and the PMMA. Since silicon nitride is transpar-
ent to visible light it allowed us to view the cells under
a light microscope whilst tightening micrometric screws
to reduce the space between the window and the photo
resist to a minimum (the cell diameter), reducing the wa-
ter thickness; in this way it was possible to maximise the
amount of X-rays used to form the image. This allowed
also to avoid, in most of the cases, the cells to overlie one
another; moreover it allows reproducible conditions to be
obtained (however this is really a still partially unsolved
problem, because the pressure of water on the window
forces it to bend, so that the water thickness is not uni-
form across the whole imaged area and it is difficult to
adjust it in the same way for different sample holders).

The careful and quick preparation of samples was very
important, because some specimens may suffer or hardly
survive within the holders due to factors such as oxygen
deprivation. In particular sperms cannot survive longer
than 30 minutes inside a holder, while yeast cells are more
resistant. We exposed up to 12 sample holders per shot
and we took care in preparing yeast cells first and the
weaker specimens later, thereby reducing the risk of imag-
ing dead or stressed cells.

2.6 Atomic force microscope

For each sample the development time was experimentally
varied in order to get the best image. After the develop-
ment, the photoresists were analysed using Atomic Force
Microscope (AFM): we used a Park Scientific SA or a
Burleigh Personal AFM. The images obtained from the
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biological samples show a density pattern of the cells in
which the lighter zones correspond to those denser in car-
bon, due to the higher absorption of the X-rays.

The Park SA uses a piezoelectric system to detect the
deflection of the cantilever, therefore avoiding all the prob-
lems due to the time consuming procedures of alignment
of other systems. Moreover, it can operate in non-contact
mode, keeping the tip in vibration very close to the sam-
ple, without touching it. In this case, the feedback circuit
is locked on vibration amplitude, rather than on cantilever
deflection. The non-contact mode analysis allows to see
the dust which is sometimes present on the photo resist,
avoiding problems such as the loss of some scan lines or
the loss of contact; in particular, the loss of contact forces
the analysis to restart, increasing the time required for
each sample.

3 Biological samples

Biological samples were chosen with different charac-
teristics of cell wall thickness and presence of fine de-
tails. They were Saccharomyces cerevisiae (yeast cells),
Chlamydomonas (a unicellular green algae), Phytomonas,
Crithidia, Human Red Blood Cells, Pig Sperm, and Trout
Sperm. All specimens mounted in water.

Yeast cells are characterised by a thick, carbon rich,
cell wall (∼200 nm), which strongly absorbs X-rays in the
water window region, making it difficult to observe in-
ternal details and potentially producing low contrast im-
ages, for this reason they are a good test for the capability
of this technique to image “thick” samples. Previous at-
tempts to image yeast cells with a low energy source were
indeed rather unsatisfactory, showing few details of their
inner structures [18].

In comparison, Chlamydomonas have thinner cell walls
(∼10 nm), allowing easier imaging of the inner organelles.
In this way, the combined use of yeast and Chlamy-
domonas represents a good test for contrast in SXCM [19].

Flagella in Chlamydomonas and pig sperm cells pro-
vide a way to check the spatial resolution of the technique.
In particular, EM has shown that sperm flagella contain
nine couplets of micro tubules (doublets) in the neck (i.e.
the part attached to the head of the cell), each of them
about 25 nm in diameter [20,21]; therefore a doublet is at
the theoretical limit (50 nm) of SXCM.

4 Limiting factors of spatial resolution

Two main factors reduce the spatial resolution of the
SXCM, i.e. penumbral blurring and Fresnel diffrac-
tion [5,9].

4.1 Penumbral blurring

Penumbral blurring (p) is due to the finite size of the X-ray
source, and depends also on the dimension of the imaged

Fig. 3. Dimensions of the penumbra (in nm) vs. distance
sample-source in the case of three different cell radii; source
dimension: 650 µm.

object and its distance from the source and the photo
resist. It can be calculated as (with d � D):

ρ = d

(
S

D

)
(1)

where d is the distance between the sample and the photo
resist, D is the distance between the source and the sam-
ple, S is the source diameter. In our case, the lowest dis-
tance between the source and the holders was more than
5 cm, while we can estimate d to be of the order of the cell
diameter, that is ∼6 µm for the largest ones. As said in the
section about the laser source, the largest focal spot was
650 µm (as measured with the pin-hole camera), which im-
plies that the penumbral blurring sets a resolution limit
less than 80 nm. It must be noted, however, that indeed
this is the worst case, since finer details could be obtained
if smaller size parts, such as flagella, were in close contact
with the photo resist or for smaller focal spots and larger
distances.

Again, the use of a high intensity systems allows to
place the holders far away from the source, minimising
this problem.

Plots of p vs. D for a 650 µm wide source and three
different cell radii (assumed to be equal to d) are shown
in Figure 3.

4.2 Fresnel diffraction

The resolution limit due to Fresnel diffraction is given
by [22]:

f = (λ (d1 + d2))
1
2 (2)

where λ is the radiation wavelength, d1 is the distance be-
tween the sample and the photo resist (of the order of the
cell diameter) and d2 is the development depth of PMMA.
Typical values of d2 are less than 100 nm, so d2 can be
neglected in this formula (d2 � d1). The blurring due to
Fresnel diffraction is of the order of 130 nm with yeast
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Fig. 4. Contrast reduction as a function of the thickness of a
water layer above yeast cells with diameters of 6 µm and 1 µm.

cells, which have a diameter of about 6 µm and a radia-
tion wavelength of about 3 nm. However, as for penum-
bral blurring, we expect a lower value for other samples,
because of the smaller dimensions and closer distances to
the PMMA. Moreover, for all biological samples the use of
formulas based on Fresnel diffraction will yield an overes-
timation of blurring, since, in our case, the specimens are
not completely opaque to the incident X-ray radiation.

Hence in our experimental conditions the minimum
resolvable details are expected to be of the order of 50 nm,
an evaluation which has been confirmed by experimental
results (see, for instance, Fig. 17a).

4.3 Contrast

An important limiting factor is the loss of contrast due to
the absorption of X-rays produced by a water layer placed
above the cell or between the cell and the resist.

We can evaluate the contrast between a region irradi-
ated by X-rays which have crossed a water layer of thick-
ness x1 plus a cell of thickness x2, and those which have
crossed a water layer of thickness x1+x2. If we neglect the
absorption due to the silicon nitride window (about 30%
to 40%), the difference in the two numbers of photons is
given by:

∆NPMMA = Nx exp[−µw(x1 + x2)]
× {1 − exp(−µwx1 − µcx2)/ exp[−µw(x1 + x2)]} (3)

where Nx is the total number of incident photons, µw and
µc are the linear absorption coefficients of the water and
of the cell. Defining C = ∆NPMMA/Nx, we get:

C = exp[−µw(x1 + x2)][1 − exp(−µc + µw)x2]. (4)

In order to have a high contrast it must be µc � µw and
µwx1 � 1, that is if the water layer above the cell is small.
A graph showing the contrast C as a function of the water
layer is shown in Figure 4; in this case we have consid-
ered a radiation with λ = 3.27 nm, µw = 0.25 µm−1 and
µc = 6.3 µm−1 [23], and two yeast cells, respectively 6 and

Fig. 5. Time resolved emission spectrum of a molybdenum
target taken with the X-ray streak camera coupled with the
5 000 lines/mm grating. Time flows upwards. The elongated
feature on the left is the zero order image of the source.

Fig. 6. Emission spectra of gold, molybdenum and zirconium
targets taken by the streak camera. The profiles correspond to
the time of the maximum X-ray emission for each shot.

1 µm in diameter, which for sake of simplicity have been
supposed to be made just of carbon. It is worth noticing
how the presence of a few microns of water can strongly
reduce the contrast, and how this is higher for smaller ob-
jects, as in this case, the absorption due to water layer x2

is also lower.

5 Results

5.1 X-ray spectra

The X-ray streak camera provided the time resolved X-ray
spectrum for each shot, so that we could compare the emis-
sion of each different target.

We could see, at the same time, the water window, the
softer and the harder X-ray regions.

Figure 5 shows an image obtained with the streak cam-
era using a molybdenum target. Time flows from the bot-
tom to the top of the image, while the horizontal axis con-
tains the spectral information; the spectrum is symmetric
around the zero order image given by the grating.

In Figure 6 we compare emission spectra from gold,
molybdenum and zirconium. The plots correspond to the
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Fig. 7. Energy absorbed by 100 nm of PMMA after 5 µm of
water in the case of molybdenum (continuous line) and gold
(dashed line). The low sensitivity of the PMMA to high en-
ergy radiation greatly reduces the differences in the absorbed
spectrum.

spectral emission obtained at the time in which the laser
intensity reaches its maximum value on target, and have
been computed taking into account the spectral sensitivity
of the streak camera.

Zirconium shows a lower flux within the water window
than other emitters, but, in our experimental conditions,
it was sufficient to get high quality images of biological
specimens.

Gold and molybdenum have nearly the same flux
within the water window. However gold has a stronger
emission in the 0.5 to 1 keV region and, for this reason, it
does not seem to be optimal for SXCM.

The choice of the spectrum affects image contrast. In
principle this is reduced by hard X-rays, for which both
water and carbon are almost equally transparent. Since
we had high laser intensities and high Z targets, we ob-
tained high X-rays flux, but also spectra which extend far
beyond the WW. The choice of larger focal spots used
in some shots was made to get a lower intensity and a
lower plasma temperature; this could be of some advan-
tage, implying a lower X-ray emission at high photon en-
ergy without appreciable loss in resolution thanks to the
large sample-source distance obtainable with Asterix.

Contrast loss due to hard X-rays is often considered
a major problem in the literature. However, if we con-
sider the radiation produced from different targets and
absorbed by 100 nm of PMMA (i.e. the amount of photo
resist which is usually removed by the chemical develop-
ment) after a 5 µm water layer, we can show (see Fig. 7)
that there is little absorption by PMMA in the 1 keV
region and that the difference between gold and molybde-
num is negligible; the sharp fall after 500 eV is due to the
absorption edge of oxygen, which is present both in wa-
ter and PMMA. This means that in reality image quality
and contrast will not be drastically affected by hard X-ray
photons. In other words, since these are not strongly ab-
sorbed by PMMA, they spread through a large PMMA

thickness giving a low effective irradiation. This is due to
the strong absorption of water at energies just above the
WW, and to the low sensitivity of the PMMA at higher
energies.

The results shown in Figure 7 have been obtained
by calculation: absorption at specific wavelengths has
been calculated using Henke’s tabulated absorption co-
efficients [23], and the chemical composition of water and
PMMA. Indeed, our biological images do not show appre-
ciable differences when using targets like gold or molyb-
denum, in agreement with the above discussion.

Finally, we want to stress the fact that the use of a
high intensity laser produced a high incident X-ray flux
on the photo resist, therefore increasing the total signal,
which turned out to be a benefit in analysing the images.
In fact, although theoretically the difference in absorption
between “transparent” and “opaque” regions in the sam-
ple is independent of X-ray flux (absorption is linear), in
practice only a sufficient X-ray irradiation can give a good
signal-to-noise ratio. The absence of high contrast, rather
than a reduced resolution, may indeed be the cause for the
failure of imaging very thin structures in other SXCM ex-
periments (see next paragraph). The use of a high energy
laser source proves to be useful with this respect too.

5.2 Image quality

In the following analysis of the influence of the different
parameters on image quality we will consider images ob-
tained by changing only one parameter at a time, so that
its influence on image quality can be fully evaluated.

5.2.1 Sample-source distance

The sample-source distance has, a priori, two effects:
larger distances will indeed correspond to a lower penum-
bral blurring (improved resolution) but also to a lower
X-ray flux on the sample.

A first comparison is made in Figure 8, where we
present two blood red cells placed respectively at a dis-
tance of 8 cm and 12 cm from the X-ray source (polypropy-
lene target). No appreciable differences can be observed in
the two pictures. Although the difference between 8 and
12 cm may appear small, it corresponds to a variation
(12/8)2 ∼ 2.25 in X-ray flux.

Figures 9a and 9b show two yeast cells (zirconium tar-
get, 400 µm wide focal spot) placed respectively at a dis-
tance of 5 and 7.5 cm. In this case, the best image is
the one corresponding to the lower distance, where the
cell wall can be recognised. Here the higher X-ray flux
may have been the crucial factor in producing the better
result.

In Figure 10 we compare two Chlamydomonas cells,
both imaged with a zirconium target (400 µm wide focal
spot). Figure 10a has been obtained from a sample placed
at 10 cm, while the cell in Figure 10b was 20 cm far from
the source. No internal details can be observed in either
pictures, while flagella can be viewed only in Figure 10a.
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(a)

(b)

Fig. 8. Blood red cells
placed at 8 cm (a) and
12 cm (b) from the source
(polypropylene).

(a)

(b)

Fig. 9. Yeast cells imaged
using a zirconium target
and a focal spot of 400 µm.
The cell in (a) was placed
5 cm from the source, while
that in (b) was at a dis-
tance of 7.5 cm.

(a)

(b)

Fig. 10. Chlamydomonas
algae. The source is the
same of Figure 8, distances
of 10 and 20 cm in (a) and
(b) respectively. The bright
spots in (a) are two bacte-
ria.

The difference in X-ray flux is here ∼4, however it must
also be noted that in the case of Figure 10b the cell was
placed near the centre of the photo resist, where the water
layer is larger due to the bending of the silicon nitride
window, and therefore the quality may be reduced also by
the higher absorption. The two bright spot on the upper
right corner of Figure 10a are bacteria.

Two yeast cells are shown in Figures 11a and 11b,
placed respectively 10 and 15 cm far from the source. We
used a gold target and a focal spot of 600 µm. In this case
we see that Figure 11a is of a higher quality than Fig-
ure 11b, since a larger amount of details are visible: the
cell wall and areas differing in X-rays absorption in the
cytoplasm are clearly imaged in this picture. Also, some
budding is evidenced in both cells. It must be noted that
some small holes are present on the photo resist, and are
viewed as small dark spots in (a), while granulation in (b)
is due to the dirty surface of the photo resist.

In Figure 12 we compare two images of yeast cells
obtained with a molybdenum target and a focal spot of
650 µm; the distance of the samples from the source was
respectively 15 and 20 cm in the cases (a) and (b). The
first image is better than the second, since it clearly shows
the cell wall and the cytoplasm.

The four pictures in Figure 13 show some yeast cells;
the images were produced with an yttrium target and a
source diameter of 600 µm at distances of 7, 8, 10 and
15 cm from the target. The best quality is obtained in
Figures 13c and 13d, where the cell wall and some internal
structures may be observed.
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(a)

(b)

Fig. 11. Yeast cells im-
aged using a gold target, a
focal spot 600 µm wide and
distances equal to 10 cm
(a) and 15 cm (b). The
budding process is present
in both samples, as evi-
denced by the two protru-
sions on the edge of the
cells.

(a)

(b)

Fig. 12. Two yeast cells
images taken with a
molybdenum source (focal
spot diameter of 650 µm;
the distance of the samples
is 15 cm in (a) and 20 cm
in (b)). Shrinking of the
cytoplasm in (a) indicates
that the cells may be
stressed.

(a) (b)

(c) (d)

Fig. 13. Four images of yeast cells obtained with a 600 µm
wide source of yttrium. Distance from the source is 7 cm in (a),
8 cm in (b), 10 cm in (c) and 15 cm in (d). The best quality
has been achieved in (c) and (d), where internal details can be
observed. Notice also the budding taking place in (c) and (d).

The comparison between images taken at different dis-
tances from the source allows us to conclude that the best
images appear to be produced when the specimen was
placed between 10 and 15 cm from the source. Probably
photo resists placed too close to the target may be dam-
aged in some way and produce images with lower quality.
On the opposite side, samples which are too far from the
source may receive too few X-rays, which can be a disad-
vantage especially in the case of yeast. Finally, we observe
that in our experimental conditions penumbral blurring
does not produce significant effects even at the shortest
distances, since resolution appears to be comparable in
corresponding images obtained at different distances.

5.2.2 Target material

The next issue of this work is to analyse the dependency of
the image quality on the target material, i.e. on total flux
and the spectral characteristics of the X-ray source. A pri-
ori we expect better images to be obtained with targets
which give a higher flux in the WW.

In Figure 14 we can see several yeast cells, which
were placed 20 cm far from the source (650 µm diame-
ter): Figure 14a was obtained with a gold target, while in
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(a)

(b)

Fig. 14. Clusters of yeast
cells. In both images the
distance from a source
650 µm wide was 20 cm;
in (a) the target was gold,
while in (b) it was molyb-
denum.

Figure 14b we used molybdenum. The average quality of
both images is quite low, due to the large distance, how-
ever, Figure 14b shows a larger number of internal details.

In other images of yeast cells, in Figure 15a (yttrium
target, 600 µm focal spot, 7 cm distance) and (b) (zir-
conium target, 600 µm focal spot, 8 cm distance) show
no internal details, nor significant differences from each
other. The superposition of cells in Figure 15b indicates
that they were clustered in a region where the water layer
was rather thick, therefore potentially reducing the quality
of the picture.

Figures 16a and 16b again show some yeast cells; they
were placed at a distance of 10 cm from the source using
respectively an yttrium and a gold target, with a focal spot
of 600 µm in both cases. Also Figure 17 shows yeast cells
(Y target in (a), Au target in (b), focal spot of 600 µm),
but in this case the distance from the source was 15 cm.

Both in Figure 16 and in Figure 17, yttrium shows
better results than gold. In general, we have noticed that
yttrium and molybdenum provide a better X-ray source
than gold for imaging biological material.

5.2.3 Biological samples

We now examine the images of different biological samples
taken under the same experimental conditions. Of course,
in this case the analysis is more complicated, as the spec-
imens differ in fine details and in absorbing properties.

(a)

(b)

Fig. 15. Images of yeast
cells obtained with sources
of 600 µm diameter; yt-
trium target, 7 cm distance
in (a), zirconium target,
8 cm distance in (b). The
clustering in (b) is due to
the position of the cells,
close to the centre of the
photo resist, where the wa-
ter layer is thicker.

(a)

(b)

Fig. 16. Yeast cells im-
aged using an yttrium (a)
and a gold (b) target, a fo-
cal spot of 600 µm, and
placing the samples 10 cm
from the source.
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(a)

(b)

Fig. 17. Yeast cells. Tar-
get and focal spot as in
Figure 15; in these im-
ages the distance from the
source was 15 cm.

A priori we expect thinner samples to show internal de-
tails more easily even at bigger sample-source distances,
while thicker samples (like yeast) will need higher fluxes
and shorter distances. In general, we can also gain infor-
mation on the best conditions for each different kind of
sample.

A molybdenum target was used for the pig sperm cells
and the yeast cells in Figures 18a and 18b respectively
(650 µm focal spot, 15 cm distance). The images of sperm
are really interesting, as doublets can be seen in the region
where the flagellum is connected to the head in the sperm
cells; these structures measure 50 nm in diameter, being
therefore at the theoretical limit of this technique. Also
the yeast cells show a large number of internal details.

Figure 19 compares a Chlamydomonas (a) and two
Crithidia (b) cells. We took these images using a zirconium
target placing the samples at a distance of 10 cm from it,
the focal spot being 400 µm in diameter. The quality of
both images is high, the two flagella being clearly observ-
able as are the typical cytoplasmic spheres in the Chlamy-
domonas cells, and several structures in the Crithidia.

From this comparison, we can conclude that, under
the same imaging conditions, different samples can give
images of comparable quality, even if the biological char-
acteristics are quite different, as in the case of yeast and
sperm cells. Again, a crucial factor is the thickness of the
water layer between the sample and the window, which
may alter the quality independently from other parame-
ters (target material, sample-source distance).

(a)

(b)

Fig. 18. Pig sperm (a),
and yeast cells (b) images
obtained with molybde-
num. Focal spot of 650 µm,
distance 15 cm. In (a) fine
structures at the resolu-
tion limit of this technique
(50 nm) can be viewed:
these are the doublets in
the neck of the cells.

(a)

(b)

Fig. 19. A Chlamy-
domonas cell with two
flagella (a), and two
Crithidia cells (b) at dif-
ferent stages: the top one
with flagellum and thicker
cell wall is younger than
the bottom one, which,
due to the thinner wall,
shows some internal de-
tails. The target material
was zirconium, with a
focal spot of 400 µm and
a distance of 10 cm. The
Chlamydomonas in (a)
shows internal cytoplasmic
spheres.
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(a)

(b)

Fig. 20. Trout sperm cells
(Zr target, 250 µm focal
spot); the distance between
the target and the sample
was 15 cm in (a) and 16 cm
in (b).

5.2.4 Reproducibility

Finally, we consider the case in which the images were
obtained under the same conditions, in order to test the
reproducibility of the results.

In Figure 20 we show two images of trout sperm cells
produced by a zirconium target; the focal spot was 250 µm
wide, and the holders were placed at a distance of 15 and
16 cm respectively, which can practically be considered the
same. The cell in Figure 20a shows a better definition of
the head and also a brighter area at the base of the flagel-
lum; this is a mytocondrium, an organelle which provides
the energy necessary for the movement of the flagellum.
On the other side, the cells in Figure 20b lack in details,
even if the flagella are visible. The difference in quality
may be due, in this case, to a thicker layer of water in the
second case.

A similar comparison is made in Figure 21, where two
groups of yeast cells are imaged; in all cases, a gold target
was used, with a focal spot of 650 µm, and a distance of
20 cm between the source and the samples for Figures 21a
and 21b, and 18 cm for Figure 21c. No significant differ-
ences can be appreciated in the images, although some
finer details can be viewed in Figure 21a (the wall of the
cell in the centre of the picture), and the low quality of
Figure 21c is due to dirt on the resist. A possible cause
for this can be the large distance between the samples
and the source, and therefore an insufficient X-ray flux,
unable to penetrate effectively inside the thick cell wall of

(a)

(b)

Fig. 21. Yeast cells placed
20 cm ((a) and (b)) and
18 cm (c) from a gold
target (focal spot 650 µm
wide).

the yeast cells. However, the most important point is the
comparable quality of the two images.

Finally, in Figure 22 we show some blood red cells
placed 8 cm far from a polypropylene (carbon) target (fo-
cal spot of 400 µm). Even in this case the image quality
is comparable in the two cases. The cells show a strange
shape due to the fact that they were not placed in an
isotonic solution, and therefore they will have taken up
excessive water by osmosis and may even have burst un-
der the effect of the increased internal pressure.

As a conclusion we can say that SXCM images ob-
tained in the same conditions (and with the same biolog-
ical sample) give images which are usually of comparable
quality. However this is not always the case (as seen in
Fig. 20, for instance). Here the crucial point, as already
said, seems to be the control of the water layer thickness
in the sample holder. In all cases, images of cells close to
the centre of the photo resist (where the water layer is
thicker) are of worse quality.

5.3 Biological results

In this section we discuss the biological results, giving a
special emphasis to the main achievements obtained in our
experiment. As observed in the previous section, we could
get interesting images for several specimens.

Despite the thick, dense wall of the cells, the images
of yeast cells have provided reliable measurements of the



178 The European Physical Journal D

(a)

(b)

Fig. 22. Blood red cells
(polypropylene target,
400 µm focal spot, 8 cm
distance). The cell shapes
indicate that the cells have
burst due to improper
osmolarity of the solution.

Fig. 23. A yeast cell in the
final stage of budding. The
cell wall and vacuoles are
clearly imaged.

cell wall, and also some details in the cytoplasm, such as
the vacuoles, which have been successfully imaged (as in
Figs. 12–14). The quality of these images is comparable
with that obtained with TEM [24] although the informa-
tion obtained is different. However, we could notice some
damage to cells as evidenced by a shrinking of the cyto-
plasm away from the cell wall (Fig. 12a).

In two cases (Fig. 11) we recorded images of budding
cells showing two protrusions on opposite sides, when this
process is still in the initial stages (this also indicates syn-
chronous multiple budding from the same cell).

The yeast cell in Figure 23 shows plenty of detail: the
cell wall is well defined, and several low density (dark)
patterns appear in the cytoplasm which probably repre-
sent vacuoles or other organelles with contents of lower
carbon density that the surrounding cytoplasm. Also, on

Fig. 24. Two blood red
cells bursting under the ef-
fect of internal pressure.

(a)

(b)

Fig. 25. Chlamydomonas
cells: the three in (a) show
flagella and spheres, while
in (b) the flagellum is not
visible due to the orienta-
tion of the cell.

the lower right corner, budding in its final stage is seen.
The image was obtained with a molybdenum target, and
the sample was placed at a distance of 15 cm from the
source.

The blood red cells in Figure 24 show a distorted shape
due to the fact that they were not placed in an isotonic
solution, and therefore are bursting due to the increased
internal pressure.

Pig and trout sperm (respectively Figs. 18a and 20)
and Chlamydomonas (Figs. 10a, 19a and 25a) cells have
shown that the flagella, and also some of the internal struc-
tures are clearly recognisable. In pig sperm the thin dou-
blets between the flagellum and the head of the cell, which
are at the limit of resolution of the technique, can be seen
(Fig. 18), while a mytocondrium is observable in the image
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Fig. 26. A cell of Phytomonas showing the flagellum and dif-
ferent absorbing areas in the cytoplasm.

of a trout spermatozoon (Fig. 20a). The images of Chlamy-
domonas (Figs. 19a and 25) show some special structures
which have been observed before in SXCM, but which are
not imaged by electron microscopy (insert ref).

Figure 19b contains two Crithidia cells: they show a
different morphology due to the different developmental
stages of the cells. The upper one is in fact a young cell
with a flagellum and a thick membrane which does not
allow inner structures to be clearly imaged; the one on
the lower side of the picture, instead, is an old one, whose
thinner wall reveals several internal details.

The Phytomonas in Figure 26 show the flagellum and
the rather carbon-dilute cytoplasm of the cell is clearly
visible.

6 Conclusions

We have presented the results obtained in an experiment
performed at Max Planck Institut für Quantenoptik in
which we used the ASTERIX laser to investigate the pos-
sibilities of SXCM as a useful tool in biology. The high
energy of the laser system and the high irradiances on
the target allowed us to use several diagnostics to have
a shot-to-shot characterisation of the X-ray source; more-
over, it allowed us to irradiate up to 12 samples per shot,
increasing the number of obtained images and improving
the statistics.

We used different biological samples, in order to eval-
uate the capability of this technique to show details inside
cells with different wall thicknesses, and to stress the limit
of spatial resolution.

The number of photoresists which gave images was
about 30% of the total; this percentage could be increased
by having more reliable techniques of sample preparation.
In fact, several of the photoresists could not be analysed
because of damages to the surface of the PMMA made
during the preparation or because the silicon nitride win-
dow broke in the vacuum chamber before exposure.

Our results indicate a good reproducibility of the im-
age quality, and therefore suggest that the technique is

reliable. This could be further improved with a better
control on the amount of water layer present between the
sample, the window and the photoresist.

The pictures of yeast cells, which are characterised by
thick cell walls, show that even in this case it is possible
to get information of the internal cell structure, while in
the images of green algae one can observe a larger amount
of internal details.

Details as thin as 50 nm can be neatly observed in pig
sperm cells, demonstrating the capability of this technique
to reach its theoretical limit.

The authors acknowledge the fruitful help of all the technical
staff of the Max Planck Institut für Quantenoptik. A special
thank must go to P. Anastasi, who provided the photo resists.
This work has been supported by the European Union, under
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