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Imaging using hard X-rays from a laser-produced plasma
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Abstract. Imaging of technical and biological objects us-
ing hard X-rays from a laser-produced plasma source is
demonstrated. Magnification radiography and single-shot
imaging of biological samples are feasible with the source,
which utilised focused radiation from a short-pulse
terawatt laser. Differential imaging with element specifi-
city and a new projection geometry for X-ray radiography
are proposed.

PACS: 07.85; 52.00

X-ray trapsillumination imaging is the most common
machine-based diagnostic method in medicine [1]. One
hundred years after the discovery of X-rays by Rontgen
[2], diagnostic radiology has reached a very high level of
sophistication [3]. In the present paper, medical and bio-
logical imaging using hard X-rays from a laser-produced
ultra-intense plasma source is described, extending work
recently reported [4]. Special features of this new type of
imaging are ultra-sharp images and ultra-short exposure
times. Further, spectroscopic imaging for element selectiv-
ity is discussed.

To reduce the risk of mutagenic transformations
caused by the ionising radiation, it is very important to
keep the X-ray dose as low as possible, especially in view
of recent reports of hypersensibility to X-rays in a small
fraction of the population [5]. The use of image plates with
electronic read out allows a reduction of the X-ray dose
compared to conventional X-ray film [6]. The use of
optical non-ionising radiation for transillumination imag-
ing employing different techniques for reducing the image
blurring effects due to scattering has also attracted great
interest [7-9]. However, at the present time it is not
evident how useful such techniques will become, e.g., in
mamimographic applications.

The normal way of producing hard X-ray radiation is
to send an energetic beam of electrons into a high-nuclear-
charge (Z) material, normally tungsten or molybdenum.

This results in the release of characteristic X-ray emission
lines corresponding to the filling of inner-shell electron
vacancies, and a Bremsstrahlung continuum. Medical X-ray
imaging normally employs photon energies of about
20-100 keV to achieve adequate penetration through the
body (=~ 20 cm). Hard X-rays can also be produced by
focusing intense laser radiation on a high-Z material [ 10].
Such generation becomes particularly efficient and inter-
esting when employing an ultra-high intensity fem-
tosecond laser (e.g. a table-top terawatt laser, T3). It has
been shown that a 0.3% efficiency of energy conversion
from near-IR laser photons to X-rays with energies above
20 keV can be obtained [10]. Photon energies as high as
1 MeV can be generated. The pulse duration of the source
is of the order of 1 ps [11].

We have recently shown that such a laser-produced
X-ray source provides some unique features in imaging
applications [4]. We could demonstrate radiography with
a magnification factor of up to 80. This was possible by
critically making use of the ultra-small size of the source,
which was shown to be smaller than 60 um using star
imaging patterns. Further, we demonstrated a sufficient
X-ray yield to allow single-pulse imaging using standard
medical image plates.

In the present paper, we give further details on our
set-up for X-ray imaging (Sect. 1) and give several image
examples, including experimental-animal imaging
(Sect. 2). Further, we discuss the applicability and utility of
the new techniques (Sect. 3).

1 Experimental set-up

The laser used for the generation of X-rays is a 10 Hz
table-top terawatt system based on chirped-pulse amplifi-
cation in titanium-doped sapphire [12]. An Ar*-laser-
pumped mode-locked Ti:Sapphire oscillator provides
100 fs pulses which are stretched in time by a factor of
about 2500 by the use of two gratings. Stretching the pulse
in time before amplification keeps the pulse power low
enough to allow small-sized amplifiers to be used without
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optical damage. In the stretching process, different fre-
quency components will be delayed correspondingly to
their respective wavelength. These pulses are injected into
a regenerative Ti:Sapphire amplifier via an intracavity
Pockels cell. After amplification by a factor of 10° during
15 double passes, the pulses are switched out by the
Pockels cell. Final amplification is achieved in a four-pass
Ti:Sapphire amplifier pumped by about 1.3J of green
light from two Nd:YAG lasers. After final amplification,
the diameter of the laser beam is increased to 50 mm in
order not to damage optical components after temporal
recompression. The pulses are recompressed to 150 fs in
a grating arrangement, reversed compared to the
stretcher. The short pulse duration together with the pulse
energy of up to 220 mJ gives peak powers of more than
1 TW. An overview of the laser system is shown in Fig. 1a.

Via two gold-coated 1/10 beam-steering mirrors the
laser beam is directed into a vacuum chamber. Inside the
vacuum chamber the 50 mm diameter laser beam is fo-
cused by an f/1 off-axis parabolic mirror to a diameter of
the order of a few um. Refractive optics (lenses) with
low f numbers are not suitable for focusing due to the
nonlinear refractive index of the material at the very high
peak intensities present, resulting in self-phase-modula-

Ti:Sapphire
Oscillator

Stretcher

a
Argon Ion Laser }—»

. , Regenerative
ING:YAG Laser|| Nd:YAG Laser |~ yst

i

Multipass
Amplifier

¥

Target
4——{ Compressor
chamber

Fig. 1. a Laser system overview: An Ar™* laser pumping a Ti:Sap-
phire oscillator provides 100 fs pulses which, after stretching by
a factor of 2500 in time, are fed into a regenerative amplifier. After
final amplification in a multipass unit, the pulses are compressed in
time to a pulse length of 150 fs and a peak power of 1.5 TW. b Target
chamber overview: The 50 mm diameter laser beam is focused inside
a vacuum chamber by an off-axis parabolic mirror onto a high
Z target surface. The radiation from the laser-produced plasma is
utilised for image recording on image plates

tion rapidly destroying the pulse temporally and spatially.

The focusing mirrors used are A/4 gold-coated alumi-
nium substrates (Janos Technology, USA). Focused inten-
sities beyond 10**W/cm? can be achieved. A disc of
0.25 mm thick tantalum foil is placed in the focus. Every
laser pulse creates a dense plasma, burning a small crater
in the target foil. The foil is glued to a steel disc which is
slowly rotated and translated in such a way that every new
laser pulse hits a fresh spot on the surface (Fig. 1b). De-
pending on the separation between the craters, one such
disc will last for one or two hours of operation at 10 Hz.
The ablated target material is deposited on the interior of
the chamber as well as on the focusing optics. Light
particles are decelerated by operating with a background
pressure of about 30 mbar of air in the vacuum chamber.
These particles therefore do not stick onto the surface of
the focusing mirror but can easily be removed by an air
blow after opening the chamber. However, heavy particles
of more than 10 pm diameter are permanently attached to
the unprotected mirror surface. After a few hours of opera-
tion the mirror needs to be repolished and recoated. Thin
plastic or glass pellicles have also been successfully used
about 2cm in front of the target surface, in order to
prevent direct sputtering on the mirror surface.

Preliminary measurements of the energy distribution
from a tantalum plasma have been performed. These
measurements were done using energy dispersive Nal and
Ge detectors in a single-photon counting mode and long
acquisition times. Characteristic emission lines, in particu-
lar the K, and K; lines at 57 and 65 keV, respectively,
as well as a broad Bremsstrahlung distribution were
observed.

2 X-ray imaging

For the applications presented here, image plates have
been used as the recording device [6,13]. These plates,
now commonly used in medical radiology, are composed
of a photo-stimulable crystal layer on a plastic substrate.
The crystal layer consists of europium-doped barium-
fluorohalide compounds. During X-ray exposure, the en-
ergy absorbed is stored in colour centres, where electrons
are trapped in empty lattices of the fluorine and halide
ions. The plates can be scanned, up to several hours after
exposure, with a HeNe laser (633 nm) exciting the photo-
stimulable layer and thus releasing the energy from the
stored image by emitting luminescence light with
a wavelength of about 400 nm. The emitted light is detec-
ted with a photomultiplier tube. After amplification, the
signal is digitised, and the digital images thus created can
easily be further processed numerically. The image plates
exhibit a number of advantages:

e Ultrahigh sensitivity compared to films;

e A dynamic range of 10*-10°, compared to films with
a dynamic range of about 10%;

e A linearity far exceeding that of a film;

Before exposure any accumulated background can be

erased;

e Image plates can be reused after erasure of the pre-
viously recorded image.



The plasma generation has to be done at strongly reduced
pressure, and a 0.2 mm polyethylene film was used as
a vacuum-proof exit window for the generated X-rays.
Soft X-rays are absorbed in this window but at 10 keV or
above, the absorption was less than 10%. During expo-
sure, wet samples have to be left at atmospheric pressure,
while dry samples can be inserted in the vacuum chamber.
The image plates can be placed either inside the chamber
or outside. Since visible light erases the recorded image,
the plate itself has to be covered with an opaque black
plastic film.

The exposure time can be varied from a single laser
shot up to several minutes. For each laser shot the expo-
sure time is estimated to be of the order of picoseconds.
One minute of operation is therefore corresponding to an
effective exposure time of less than a nanosecond. Long
exposure times will result in slightly blurred exposures
because of mechanical imperfections resulting in slight
wobbling of the rotating target. Single-shot exposures will,
of course, totally eliminate this type of blurring as well as
blurring caused by motion of the object being imaged.
However, due to the limited number of photons per pulse,
single-shot recordings can only be used for thin samples
and short target/image-plate distances. Figure 2 shows
a human Incus as well as a copper mesh recorded with one
single laser pulse without any filter in front of the object.
In this recording, the distance between the plasma and the
object was & 1 cm, and the distance between the plasma
and the image plate was & 10 ¢cm. The estimated expo-
sure in this case corresponds to an absorbed X-ray dose in
water, at the position of the object, of about 1 Gy.

The high penetration depth of the X-rays can be seen
in Fig. 3. These images, exposed during several minutes,
show fine details through a steel watchcase (Fig. 3a) and
through an IC-socket casing (Fig. 3b). In order to obtain
good contrast in biological samples, with a reasonable
X-ray dose, the X-ray photon energy should be optimised
with respect to the thickness. In medical imaging, photon
energies in the range 10-100 keV are normally used, with
the higher energies for thicker samples. The effect of pre-
filtering can be seen in Figs. 4a and b, showing a Wistar-
Furth rat. The image in Fig. 4a was recorded without any
additional filter and the image of Fig. 4b was filtered with
a 0.15mm copper foil with a 90% X-ray absorption at
25keV. The exposure times were 5 and 10 min, and the
absorbed doses were estimated to be of the order of 1 Gy,
but with a reduction of a factor two for the exposure with
the copper filter. Since the low-energy part of the radi-
ation is attenuated, the filtered image of this relatively thin
object ( & 3 cm) shows less contrast. Another example of
biological imaging is shown in Fig. 5. A 4 day old Syrian
hamster is shown with much structure on this image,
although the skeleton parts have still not mineralised.

The present focusing optics offer a theoretical spot size
of the focused laser radiation of about one micron in
diameter. With a HeNe laser it has been measured to less
than 2 pm in reality. Measurements with a star test pat-
tern have shown that the X-ray emitting spot is less than
60 um. A very small emitting spot size enables ultra sharp
imaging and magnification during exposure. With a small
enough spot, projection microscopy can be done. In Fig. 2,
also the magnification aspect is shown. Since the distance
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Fig. 2. Image of an Incus and a copper mesh (100 lines per inch)
exposed by a single laser shot with a magnification of 10~15 times

from the plasma is not constant for all parts of the object,
the magnification factor varies in this case between 10 and
15.

3 Discussion

As discussed in Sect. 1, the ablated material from the
target is a problem. Electron microscopy images of thin
glass plates exposed to the sputtering target show particles
of the size 1-10 pm. Thin pellicles of nitro cellulose, mylar,
or glass have been used for protection of the focusing
mirror. Even though thin pellicles might work as an alter-
native for the protection of the optics, the problem still
remains of changing pellicles during a long time exposure.
Another option would be to use a rotating chopper, let-
ting through the laser pulse but stopping most of the
ablated particles [14].

The very high temporal resolution might be difficult to
fully exploit in biological imaging, since most processes on
the cell scale occur in a much longer time frame. However,
in medical imaging it is always of great concern to keep
the X-ray dose as low as possible for the patients. One way
of utilising the high time resolution would be to gate
a very fast X-ray-sensitive camera in order to suppress
multiple-scattered X-ray photons. It has been estimated
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Fig. 3. a Image of a mechanical stop watch in a steel casing, magnified by a factor of 4.1 and exposed at 10 Hz during 10 min. b Image of
integrated circuits, an EPROM memory capsule (left) and a standard DIL socket (right). Exposed at 10 Hz during 5 min

that the dose reduction could be as high as a factor of 8
using this technique [15].

X-ray photons are considered hazardous partly be-
cause of their ability to break DNA bonds. It is not clear
how the time duration of the pulses is correlated to this
kind of radiation damages. Living tissue has the possibili-
ty to repair most of these broken DNA bonds. For con-
ventional X-ray sources with a pulse length of the order of
milliseconds or microseconds, this healing process is usu-
ally fast enough so that only single-bond breakings occur.
In our case, the X-ray pulse is extremely short, of the order
of a few ps, and the number of photons per unit time will
be about 10°-10° times higher for the same dose. This
may cause more than one bond to break on the same
DNA molecule. Thus, the biological response to a given
dose of this new type of ultra-intense X-ray pulses may be
different compared to that for standard sources. It is also
possible that standard methods of measuring X-ray expo-
sure vield different values and thus are not applicable on
this new type of X-ray source. These questions need to be
addressed.

Conventional X-ray tubes do not enable the X-ray
source to be placed inside the object of examination. Since
high voltage has to be applied to the target, it is difficult to

make it small. With the laser-generated X-ray source it
would be feasible to design the target as a small pellet or
a moving wire at the tip of an evacuated cone. This
geometry would allow new image projections. As an illus-
tration, the X-ray source could be placed inside the body
of a rat with a cylindrical projection of the rat recorded on
an image plate wrapped around the body (Fig. 6). This
technique might apply to certain human cavities.
Subtraction imaging is a well-known technology with-
in medical angiography [16,17]. Usually, this is per-
formed by injecting an iodine-based contrast medium in
the blood vessels, simultaneously watching live X-ray im-
ages on an X-ray image intensifier. Images can be stored
digitally, using a frame grabber. By subtracting the inten-
sities in two such images pixel by pixel, where one image is
taken immediately before the injection and the other one
after the injection, one can achieve a high-contrast image
of the blood vessels. Another kind of subtraction imaging
employs two images exposed at different voltages applied
to the X-ray tube. In a conventional X-ray tube, the
maximum energy in the Bremsstrahlung spectrum is dir-
ectly depending on the voltage across the tube. With this
technique, bones can be filtered out of an image to
improve the contrast of soft tissue, or vice versa. Both
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Fig. 4. a Wistar-Furth rat exposed at 10 Hz during 5 min without any additional filter. b Wistar-Furth rat exposed at 10 Hz during 10 min
through a 0.15 mm copper filter, absorbing > 90% of the X-ray photons below 25 keV. Note that part of the fine details have been lost due to

a higher average photon energy compared to the unfiltered image

Fig. 5. Magnified (x3.7) image of a 4 day old Syrian hamster.

Exposed at 10 Hz during 5 min

Focusing Pellet

optics

Cylindrical projection

Fig. 6. Example of a proposed new image projection made possible
by laser-assisted X-ray generation: A cylindrical projection of an
object is made possible by placing the X-ray source inside the object
under investigation and the recording medium wrapped around it

conventional X-ray tubes and laser-produced plasmas
emit X-rays as continuous Bremsstrahlung and as discrete
characteristic line emission, the latter depending on the
atomic number of the target element. Preliminary
measurements of the energy distribution of X-rays, in the
energy range 40-80 keV, from the laser-produced plasma,
and from a conventional X-ray tube were performed using
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a calibrated Compton scattering spectrometer. These
measurements indicate a larger relative amount of charac-
teristic line emission from our laser-generated X-ray
source than from the conventional source. Changing the
target element affects the characteristic line emission ener-
gies. Since these lines are extremely sharp, subtraction
imaging using different target elements offers a higher
contrast compared to conventional exposures where the
upper limit of the Bremsstrahlung spectra is altered.

Gadolinium has been approved for clinical use as
a paramagnetic contrast medium in magnetic resonance
imaging. The X-ray absorption is higher than the absorp-
tion in iodine, because of its higher atomic number. With
gadolinium as a contrast medium, the elements suitable as
target-elements, with their emission lines on either side of
the gadolinium K absorption edge at 50.2 keV, would be
gadolinium itself on the lower side, and tantalum
(K, = 57 keV) as the most practical choice on the upper
side."Energies around 50 keV are suitable concerning the
penetrating characteristics of these energies in bone and
soft tissue. This technique can allow for a reduction of
contrast-medium dose and toxicity.

Microscopic imaging utilises soft X-rays, in the
wavelength range 2.2nm (0.56 keV)<4.4nm (0.28 keV),
between the K absorption edges of oxygen and carbon,
respectively, where a natural contrast between proteins
and water is obtained [18]. For this kind of applications,
possible attractive alternatives to normal electron bom-
bardment production are emerging, .g., X-ray lasers [ 19]
or high-order harmonics of intense laser radiation [20,
217. However, such processes are not likely to be able to
produce sufficiently energetic X-rays to be useful in nor-
mal diagnostic radiology in medicine.

Measurements of the spectral distribution of the emit-
ted radiation from a laser-produced plasma, with energy-
dispersive detectors such as sodium-iodine and germa-
nium detectors, are associated with pile-up effects. The
dead time for these detectors limits the measurement to
one X-ray photon for each laser shot, and, consequently,
very long data-acquisition time. As a remedy, multiele-
ment detectors such as CCD arrays can be used [22].
Wavelength dispersive detectors can normally only be
used for measuring X-rays with energies below =~ 20 keV.

Measurements of absorption in foils of different cle-
ments is another approach for spectral measurements.
The position of the K absorption edge for different cle-
ments range from 13.6eV up to about 115 keV for the
heaviest elements. Varying the thickness of two foils of
different elements, the absorption curve of the two foils
can be matched so that they almost coincide except in the
range between the corresponding K absorption edges.
Arranging a number of foils in a small matrix would
make it possible to measure the absorption in all of the
foils simultaneously in one exposure on an image plate.

Subtracting the exposure values, two by two, gives the
relative intensity in the different energy intervals [23].
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