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We report here contact microscopic imaging in keV
spectral region using pulsed X-ray emission from
laser-produced plasmas. The X-ray source was
produced by focusing single laser pulses of second
harmonic of Nd: glass laser with a peak power of
3GW in 3nS (FWHM) on planar targets of copper.
Single shot X-ray images of 1:1 magnification and
an estimated spatial resolution ~ 120 nm were obtained
on a ERP-40 photoresist-coated silicon wafer. These
images were subsequently viewed under scanning elec-
tron microscope and atomic force microscope for
high magnification, and with a differential interference
contrast optical microscope for colour contrast. Details
of the imaging technique are presented, and images
recorded for yeast cells are given as an example.

X-rAY contact microscopy has recently drawn consider-
able attention for imaging biological cells with high
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spatial resolution'™. This is because in conventional
optical microscopy, the spatial resolution is limited by
the wavelength of illuminating radiation to ~ 0.5 pm. In
electron microscopy, it is not possible to image biological
cells in their natural living conditions due to the necessity
of slicing, dehydration, and staining of the sample to
obtain a good contrast. In comparison, X-ray contact
imaging in the so-called water window spectral region
(from 2.3 nm to 4.4 nm corresponding to K-absorption
edges of oxygen and carbon respectively) can provide
high contrast images in presence of water. Many
authors'™ have reported on X-ray contact microscopic
imaging of biological samples using X-rays in this
spectral region,

An important potential application of X-ray micro-
scopic imaging can be in elemental mapping of a
sample'?. The idea is based on difference imaging of
the sample using X-rays in two different spectral regions
on either side of an absorption edge of an element In
the sample under investigation. However, since K and
L. absorption edges of many elements of interest occur at
A <1 nm, one has to use an X-ray source in keV spectral
region. Moreover, a large variety of biological cells have
a size of several microns, in which case X-rays in the
water-window spectral region would be strongly attenuated”.
Thus, X-ray microscopic imaging using radiation of
A <1 nm can be of considerable practical interest. However,
much less attention has been paid to X-ray contact
microscopic imaging in this spectral range.
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In this paper, we describe the use of a laser-produced
plasma X-ray source for X-ray contact microscopic
imaging in keV spectral region. Single shot, high reso-
lution images of yeast cells are obtained with unit
magnification on a ERP-40 photoresist-coated silicon
wafer using X-ray emission from a copper plasma,
Analysis of these images performed using a scanning
electron microscope (SEM) and an atomic force micro-
scope (AFM) shows sufficient contrast and features
which are not observed when the sample 1s viewed
directly under an optical microscope. Spatial resolution
is estimated to be ~ 110 to 130nm for 5um thick
samples. Further, height profile of the developed photo-
resist obtained from AFM analysis provides a two-
dimensional map of integrated X-ray absorption of the
sample. This can be of interest for stereoscopic imaging
application as a potential technique for elemental mapping
of biological objects.

The basic idea underlying the contact imaging tech-
nigue is to record a contact shadowgram of a sample
placed on a photoresist-coated silicon wafer by exposing
it to a short duration burst of radiation from a point
X-ray source (Figure 1). After exposure, the latent image
of unit magnification in the photoresist is chemically
developed to yield a relief pattern which corresponds
to a two-dimensional topographical map of integrated
X-ray attenuation of the original sample. A spatial
resolution of the image of the order of 100 nm can be
achieved which is mainly governed by diffraction’® of
the X-ray radiation from the sample and penumbral
blurring’ of the image due to finite X-ray source size
and sample thickness. High magnification of the image
is accomplished in the viewing stage of the developed
photoresist. The image can be seen with high. magnifi-
cation under either an SEM or an AFM, while essentially
maintaining the spatial resolution achieved in the
recording stage.

An important feature of this imaging technique lies
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Figure 1, X-ray contact inaging technigue.
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in the height profile of the developed photoresist. This
is because when the exposed photoresist is developed,
the etching depth at a given point depends on the X-ray
dose received by that point. One thus gets a height
profile in the developed photoresist (Figure 2) which
represents a two-dimensional map of the thickness
integrated X-ray attenuation of the sample. A quantitative
map of the height profile of the photoresist can be
obtained from the AFM analysis. Alternatively, one can
view the X-ray image under a differential interference
contrast (DIC) optical microscope. Interference of light
reflected from the top and bottom interfaces of the
developed photoresist would result in a colour pattern
governed by the height profile, However, in this case,
the spatial resolution of the magnified image will be
limited by the wavelength of the visible light.
Experiments were performed using D2ML Nd : glass
laser system at P. N. Lebedev Institute. Soft X-ray
source was produced by irradiating planar foils of copper
with single laser pulses of energy ~9J in 3 nS (FWHM)
at the second harmonic (4 =0.53 um) of Nd : glass laser.
A schematic diagram of the experimental set up is
shown in Figure 3. A plano-convex lens of 120 mm
focal length focused the laser beam on the target to a
focal spot diameter of ~80um, Laser intensity for
these irradiation conditions was estimated to be
~ 6x 10" W/cm?® The target chamber was evacuated
to 107 torr and the target was moved after each laser
shot to provide fresh surface for plasma production.
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Figure 2. A typical height profile of the developed photoresist.
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Figure 3. Experimentil setup of laser produced phisina X-ray source.
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Biclogical samples, viz. yeast cells were placed on a
thin nitrocellulose film of 100 nm thickness stretched
on a fine copper gnd of 70 pm mesh size and the same
was kept in contact with a photoresist-coated silicon
wafer. A schematic of the sample holder assembly is
shown in Figure 4. The silicon wafer had a 0.8 um
thick coating of ERP-40 photoresist” baked to 100°C
for a period of one hour. The minimum X-ray dose
required for this photoresist is ~2 mJ/cm”. A polythene
foil of 1.2 um thickness was placed between the X-ray
source and the sample to serve as an X-ray filter and
to prevent plasma debris of the target from hitting the
sample. This foil had a cut-off energy (defined as the
photon energy for which transmission through the foil
reduces to l/e of the input intensity) of hv ~ 0.8 keV.
The sample holder assembly was placed at a distance
of 15 mm from the target and oriented at an angle of
70° with the target normal. This distance was kept
sufficiently large so that the polythene foil is not damaged
by the plasma blow-off from the target.

X-ray emission spectrum of the copper plasma was
measured using a KAP crystal in Bragg reflection
geometry. The spectrum showed intense emission features
in the wavelength region of ~ 0.8 nm to 1.1 nm (photon
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Figure 5. X-ray contact image of ycast cells as scen under SEM.
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energy range hv ~1.1keV to 1.5 keV) due to the line
and free-bound recombination transitions in L shell of
Cu ions. A single shot X-ray dose of ~ 10mJ/cm?
incident on the sample was quite appropriate for exposure
of the ERP-40 photoresist. Attenuation of X-ray dose
in the sample is governed by its thickness and compo-
sition. For a 5 um thick protein layer’, the attenuation
for X-rays of A ~ 1 nm is estimated to be ~ 3. The X-ray
dose distribution on the surface of the resist is therefore
ensured to be within the dynamic range of the resist.
Moreover, since a 0.8 um thick ERP-40 resist absorbs
only ~ 10% of the X-ray radiation in the above spectral
range, a homogeneous energy deposition would occur
along the thickness of the resist layer.

Exposed photoresist samples were developed in a
1 3 mixture of ethyl methyl ketone and propanol for
8 min. The developer concentration and development
time were chosen so that a negligible dissolution of
unexposed resist areas occur during the development
process. Resist contrast coefficient y (slope of the curve
showing normalized remaining thickness of the resist
versus log exposure) was ~ 0.9. The developed photoresist
samples were analysed under SEM, AFM and DIC
optical microscope. Resist samples were gold sputter-
coated for SEM analysis.

Figure 5 shows an SEM picture of the image of the
yeast cells 1n the developed photoresist at a magnification
of 3000 x. These pictures were taken at low accelerating
voltages as the photoresist is very electron-sensitive even
when sputter-coated. The sample consisted of yeast cells
of ~35 pm diameter and ~ 30 um length dimensions. The
tubular structure of these cells is clearly seen in the
picture. Also seen are the internal structures of
~ 2-3pum size representing regions of higher optical
density for the exposed X-ray spectrum. This can be
compared with the yeast cells as viewed under a con-
ventional optical microscope (Figure 6). It may be noted
that direct viewing of the sample by optical microscope
does not reveal internal structure details due to very

Figure 6. Yeast cells seen under optical microscope.
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low contrast of the sample in the visible optical
region.

Figure 7 shows X-ray image of the yeast cells observed
under a DIC optical microscope. This image shows quite
distinctly both boundaries and internal structure of the
cells. Different colours represent regions of different
X-ray attenuation in the sample as discussed earlier.
The outer rectangular boundary in this figure is of the
70 um mesh used. The colour difference of the cell
boundary and internal regions is caused by difference
in their X-ray absorption properties.

Next, an AFM picture of the photoresist image of
the yeast cells is shown in Figure 8. Height profile
distribution in the developed photoresist is also depicted
on a scale. This picture thus represents a two-dimensional
map of the height profile of the developed photoresist.
This can be used to find out the X-ray dose distribution
on the exposed surface of the resist and thereby the
distribution of optical density of the sample in the X-ray
spectral region. Taking into consideration the symmetrical
form of yeast cells, it can be inferred that the internal
structures seen In the picture are regions of higher X-ray
attenuation than those of the surrounding regions. A
detailed quantitative information would necessitate dif-
ferent X-ray spectral ranges for taking such shadowgrams.
Nevertheless, the important role of keV X-ray shadow-
graphy is clearly evident from the observed contrast and
features in the images which are not revealed when the
sample 1s viewed directly under an optical microscope.

Spatial resolution in the contact imaging technique is
governed by X-ray diffraction from the sample and
penumbral blurring of the image due to finite source
size (Figure 1). If a sample of thickness d is illuminated
by X-rays of wavelength A, Fresnel diffraction would
limit the resolution™ Ax, to ~(Ad)" . For an X-ray
wavelength of ~1nm and a sample thickness of 5 um,
this limit would come to ~ 70 nm. Next, the penumbral
blurring of the image Ax, for a source of size AS
kept at a distance D from the sample, is given by

Figure 7. Colour contrast observed from X-ray image of yeast cells
as viewed under ap oplical DIC microscope.
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AS-d/D. For the X-ray source size of laser-produced
plasma of ~80 pm and the source to sample separation
of ~15 mm, the penumbral blurring of the image for a
sample of 5 pm thickness is ~ 30 nm. Thus the overall
spatial resolution limit due to the combined effect of
diffraction and geometry, (Ax}+Ax)"?, would be
~ 80 nm. However, practical spatial resolution would
be worse than this limiting value because of the resolution
limit due to statistical noise of photons absorbed in the
photoresist™’ and the resolution of the photoresist itself.
Resolution of the ERP-40 resist’ at A =1 nm, is ~ 10 nm,
and 1s thus not a serious contributor in the present case.
However, for any X-ray microscopic imaging, statistical
noise of photons would limit the resolution. For a single
shot exposure of 10 mJ/cm?, this value is estimated® to
be in the range of 30 to 50 nm. Thus a spatial resolution
of ~110-130 nm is expected for the imaging parameters
involved.

An experimental measurement of spatial resolution
can be made from the images of well-defined physical
microstructures recorded in the same manner. A spatial
resolution of 195 nm was observed from the edge profile
of a copper grid bar of 10 um thickness kept in direct
contact with the photoresist and exposed to X-ray emis-
sion from a laser-produced copper plasma'®. This higher
value is quite understandable because the available copper
grid was of a higher thickness of 10 um (compared to
the yeast cells) for which both the diffraction and
penumbral blurring would be larger. In view of this,
the estimated spatial resolution for the yeast sample is
consistent with the experimentally observed value for
the copper grid structure.

Pulsed X-ray emission from laser-produced plasma is
well suited for achieving high spatial resolution in
contact imaging. Although synchrotron radiation source

4800.0 nn
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Figure 8. X-~ruy contact image of  yeast cells showing height profite
of the developed photoresist s observed under an AFM.
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provides an excellent coverage it X-ray spectral region,
an exposure of an order of millisecond is usually required
to achieve the necessary dose. This may result in deg-
radation of spatial resolution on account of thermal
vibrations in the sample or blurring caused by expansion
of the sample due to heating during the long exposure
period'?. Laser-produced plasmas, on account of their
hich peak brightness, can provide sufficient exposure in
a single pulse of short duration (few nanoseconds or
smaller), thereby avoiding the above problems. Further,
smaller size and much lower capital cost of a lager-
produced plasma source are obvious advantages for a
moderate size laboratory.

In conclusion, X-ray contact microscopic imaging 1s
performed in keV X-ray spectral region using a laser-
produced plasma X-ray source. Images of unit magni-
fication are obtained for ~35um thick yeast cells In
single shot exposures of ~ 10 mJ/cm” with an estimated
spatial resolution of ~ 120 nm. These images are observed
with high magnification under a scanning electron
microscope and an atomic force microscope. X-ray
images show internal structures which are not seen under
a conventional optical microscope due to low contrast
in the visible region. Height profile of the developed
photoresist observed under AFM correspond to a two-
dimensional map of thickness integrated X-ray attenuation
of the sample. This can be useful for potential application
of elemental mapping of biological objects.
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Effect of 45 MeV 'Li and 68 MeV
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Microsomes prepared from liver of male Sprague
Dawley rats were irradiated with various fluences of
45 MeV "Li and 68 MeV 'O charged particles. The
change in fluidity and lipid peroxidation was measured
in terms of fluorescence polarization and MDA
formation respectively. The fluidity of membrane was
found to decrease with increase in fluence of both
the particle radiations and could be ascribed to
peroxidative damage. This effect persisted in post-
irradiation period. 68 MeV 'O ions were found to
be more detrimental compared to 45 MeV ’Li. Since
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membranes are also considered to be the critical
targets of radiation action, these findings may have
significance in understanding the radiobiological effect
of high lincar energy transfer radiation.

IMpORTANCE Of high linear energy transfer (LLET) radia-
tions in the cancer therapy and estimating risks, especially
in the space flights, has generated lot of interest in
their radiobiological studies. Extensive work has been
carried out using various biological endpoints. However,
very little information is available on the effect of high
LET radiations on biological membranes, which apart
from DNA, are considered to be the critical targets of
the detrimental actions of ionizing radiations. Theretore,
an attempt was made to study the effect of 45 MeV
Li and 68 MeV 'O jons in microsomal membranes in
terms of fluorescence polarization using 1,6-diphenyl-
1,3,5-hexatriene (DPH) probe which localizes in the
fatty acyl side chain region of lipid bilayer'.
Microsomes were prepared from the liver of Sprague
Dawley rats (200-250 g body weight) as described by
Varshney and Kale’. The animals were maintained in
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