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Abstract

A high brightness laser-plasma X-ray source has been set-up and is presently available at IFAM. A wide range of
diagnostics has been set up to monitor the properties of the X-ray radiation and to control the main parameters including
photon energy, flux intensity, and pulse duration. Abeam extractor enables access to the X-ray radiation at atmospheric
pressure. A simple, easy-to-use projection microscope has been built which is capable of single-shot micron resolution
imaging with digital acquisition. Preliminary biomedical experiments show that the X-ray doses available on a single
laser shot exposure of our source fully meet the conditions required for an important class of biological experiments
based on X-ray induced DNA damage providing an ideal alternative to the long time exposures needed with X-ray tubes.

1. INTRODUCTION of the target enables a fresh surface of the target to be ex-

. osed on each laser pulse with a simple mechanism. A set of
Laser produced plasmas are now well established as versa:-

tile, high brightness sources of X-ray radiation for a wide asic optical and X-ray diagnostics monitor the focusing con-

range of applications in many fields of study including phys_ditions in order to ensure a high degree of reproducibility of
ics, chemistry(Raksiet al, 1999, biology (Kado, 1995, the interaction conditions from pulse to pulse. A schematic

medicine(Bartyet al,, 1995; Krolet al., 1997) and material overview ofthe_experimental set up(_)fthe X'“’?‘y source from
science Mishette, 1997, Allotet al,, 1997. One of the great the laser beam inputto the user ef‘d Is shown n Figure 1. The

o - . laser energy is controlled by varying the charging voltage of
advantages of these sources lies in the possibility of readll}/he amplifiers and is constantly monitored by a calibrated
customizing the source properti@zrightness, pulse dura- photodiode. The maximum energy per pulseSiJ for the
tion, spectrum, etg.as well as the experimental set up re- '

quired to meet specific user’s ned@ulliksonet al., 1992. 3 ns pulse ad 8 J for th(_a 8 ns pulse._ The p.ulse shape is

. . i constantly monitored using a photodiode with a response
Inthis paper we describe the laser plasma X-ray facility Presy e of~1 ns. The shape of a tvoical 3 ns pulse is shown in
ently running at IFAM with particular attention to the phys- ' P yp P

. . L Figure 2.
ical properties of the source. The preliminary results of recent : .

: . o . Awide range of detectors have been used to characterize
biomedical applications are also presented and discussed

the X-ray source spectrally, spatially, and temporally. Amin-
iature, fast P-1-N diode with a subnanosecond temporal res-
2. SCHEMATIC SET UP OF THE SOURCE olution is used to monitor the shape of the X-ray pusee
insert in Figure 2while a couple of larger diodes are used

. - i
The X-ray source is based on a fogr-stage amplified, pulsef!;r X-ray flux measurements. The X-ray pulse duration was
Nd:Yag laser as a plasma producing source. The system l?pically of the order of the laser pulse duration.

ca:)able of produ:;ing shinglzle I(())ﬂgitudirr:almo((m_sM) GW The spectral sensitivity of such P-I-N diodes is shown in
pulses at a wavelength of 1.0pn with eithe a 3 or 8 ns Figure 3. The silicon absorptidt-edge at 1840 eV, clearly

phulse d;Jratior;. TT]e l_pulﬁe s fo_(:usedlyvi(;h_ dl? bptics on visible in the plot, is due to the attenuation of the incident
the surface of a helically moving cylindrical target at an photon flux in the input dopedeadiayer.

intensity up to a few times 28 W/cm? The helical motion
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Fig. 1. Schematic view of the experimental set up of the IFAM X-ray source showing the subsystems for the control of the interaction
and the main X-ray beam line.

range of a few focal depths of the focusing optics. Figure 4measured for other target materials including Plexiglas, Al,
shows the dependence of the X-ray signal from the P-I-Nand W. This feature is related to the physics of the inter-
diode as a function of the distance of the target surface fronaction and has been interpreted in terms of self-focusing of
the beam waist for two different target materials. In the cas¢he incident pulse in the expanding plasfBé&ancalanat al.,
of the Mo target, the nominal laser intensity wax 20  1993; Giulietti & Gizzi, 1998. Slight differences have been
W/cm? while the diode was 40 cm away from the target andobserved in the fall-off of the X-ray signal on both sides of
was filtered with a 15«m thick Be foil. In the case of the Cu the position of maximum emission as shown in Figure 4 for
target, the nominal laser intensity wax3.0*> W/cm? and Mo and Cu.
the diode was at 14 cm and was filtered with a2@-thick
Al foil. Despite the different materials and intensities, in .

S . 2.2. Source size
both cases the X-ray emission has a maximum when the
target planeislocated 2.1 mm beyond the best focusing plan&he spatial properties of the X-ray source are monitored by
The same valuéwithin an uncertainty of 10@em) was also  using a CCD pinhole camera with 10n spatial resolution
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Fig. 2. Shape of the laser pulse with the laser system operating in the 3'nﬁig. 4. Focal scan of the X-ray signal for Cu and Mo targets filtered re-

SLM nominal pulselength regime. The FWHM in this case was 3.1 ns. Thegpectively with 2Qum Al and 15xm Be. The focusing distance was varied
shape of the X-ray pulse detected by a sub-nanosecond X-ray P-I-N dlodsy moving the #4 focusing optics along the optical axis. The X-ray emis-

is also shown in the insert. sion is the maximum when the target plane is located 2.1 mm beyond the
best focusing plane.

at the object plane. The X-ray image, filtered by a -
thick Be foil, is detected by a windowless CCD camera and N .
stored using an image grabtfeee Figure 1L A set of three sponds to the imprint of the laser focal spot. The tail-like

. . . L .. Str rei in X-r mission coming from th
images obtained from irradiation ofaCutargetatthreedlf-St ucture is due instead to X-ray emission coming from the

. . . . low-density, hot plasma plume expanding along the local
ferent laser intensities, in the condition of optimum emis- ow-density, hot plasma plume expanding along the loca

S - ) ) arget normal axis at approximately the sound spéget
sion, is shown in Figure 5. The images consist of a centra Zks T./m )2 wherey is the adiabatic index is the charge
bright spot, slightly elongated in the vertical direction, and a Y e ey 9

weaker tail-like structure. Once the viewing geometr isState’Teis the electron temperature, anis the ion mass.

: ’ - g g€ Y SThe longitudinal size of the plasma is therefore roughly given
taken into account, as shown in Figure 6, the width of th .
central bright structure is found to range betweenu4 y the local sound speed times the laser pulse-length.

9 . . 9 : Fromimages like those of Figure 5 we can obtain a plasma

(for the lower laser intensity cagand 50um (for the higher : . . . . .
. . - e . expansion velocity and, with a simple calculation, an esti-
intensity casg This is very similar to the size of the focal

) . . . fth f the pl I .F longitu-
spot(50 um) measured using alternative techniquilarzi, ”?a‘e ofthe temperature of t € plasma piume. ora ongitu
. dinal plasma extent of approximatelyl@® as measured
1998. Therefore, the main structure of the source corre- : .
from Figure 5 and a time-scale to reach the steady-state ex-
pansion regime of 1 ns we obtain a sound speed &f 1
10’ cm/s. For a Cu target and assuming an ionization degree

1 _ ' of ~15, we obtain an electron temperature~a65 eV.

2.3. Target material and spectral properties

0.1k | Emissivity and spectral properties of the source can be
changed by varying some experimental parameters includ-
ing target material and laser intensity on target. A system-
atic study has been carried out to characterize the IFAM
0.01f 1 X-ray source using five readily available target materials
with different atomic numbers, namely Plexigl&Z) =
3.6), Al (Z=13), Cu(Z=29), Mo (Z=42),and W(Z =

74). The plot of Figure 7 shows the P-I-N diode signal,
integrated over the entire spectral window of the detector
(with a 15um Be filter), as a function of the laser inten-
sity for the five target materials considered. As one can
Fig. 3. Typical spectral sensitivity of the X-ray P-I-N diodes used to mon- Cléarly see, Cu targets exhibit a remarkably higher emis-
itor pulse shape and flux intensity of the X-ray emission. sion intensity compared to the other materials. In particu-

o Pin sensitivity (C/J)

I

3.1 1 10 10
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Fig. 5. Images of the X-ray source from a Cu target irradiated at three different laser intensities and obtained by using a CCD pinhole
camera.

lar, at the highest laser intensity explored in our study, thapixels is taken into account. This technique, although less
is, 2 X 10'® W/cm?, the signal from Cu targets is 35 times accurate than Bragg crystal diffraction, is straightforward
higher than that of Plexiglas and 10 times higher than thafrom the experimental point of view and is therefore ideal
of Al. Of great interest for many applications is the spec-to use as a monitor of the overall performance of the X-ray
trum of the emission over a wide range of photon energysource. We have implemented this technique on our X-ray
Recently, a new simple technique has been propfseel source to monitor simultaneously the absolute X-ray flux
Gizzi et al. (1996 and references therdito perform wide-  and the photon energy distribution. Space resolved Bragg
range X-ray spectroscopy using single-photon detection. Aliffraction spectroscopy has also been performed for some
very low noise CCD array is used to measure the chargérget materials to investigate the detailed spasiaéctral
produced by each photon absorbed on a single pixel, prostructure of the source. A systematic description of all these
vided that the average number of photons per pixel is mucklata is beyond the aim of the present work and will be
less than one. The spectral distribution of the X-ray radiapublished elsewher¢Gizzi et al, 1999. Also, a large
tion can be immediately obtained from the charge distribu-amount of published work exists in this fieldee Giulietti

tion function, provided that charge diffusion to neighboringand Gizzi(1998 and references therdinHere, we would

Fig. 6. Geometry of the experimental set up showing the viewing direction of pinhole camera and P-I-N diode with respect to the plane
of incidence. In the case of Figure 5, the angleand#, were 40 and 20 respectively.
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1.4 comparable with recombination and bremsstrahlung emis-
. sion. In this case, the typical emission wavelengths are those
w of the so-called resonance lines originating from radiative
Mo . transitions between levels with principal quantum numbers
il“ * n= 2 andn=1 of the H-like and He-like ions. In the case of
lexigias % Al, these wavelengths are 7.171£729 eV) and 7.75 A1600
. eV) respectively.
RS Many other lines are also emitted, however depending on
R the temperature of the plasma, one or a few of these lines
may dominate the spectrum. Atypical spectrum of the X-ray
. line emission from a laser-produced Al plasma is shown in
Figure 8. In this caséMacchiet al,, 1996 the plasma was
generated by a 20 ns Nd laser pulse focused on target at an
. intensity of 9x 10*2 W/cm? and the spectrum was resolved
in time using an X-ray streak camera. The dominant species
in the plasma was Al with the Hee line (15>—1s2p giv-
ing a dominant contribution to the X-ray emission in the keV
photon energy range.
25 A similar spectrum, though centered at higher photon en-
Laser Intensity (1 012 W/sz) ergigs, canbe obtai_ned using targets with a hi@cmaumber,
provided that the higher temperature required to reach the
Fig. 7. P-I-N diode signal as a function of laser intensity for 5 differ- He-like or H-like configuration can be achieved in the
ent target materials with atomic numbers ranging from(®&xiglag to plasmaK-shell radiative transitions in a Si plasma, for ex-
74(W). ample, would provide photons at 1860 ede-« line) and
2005 eV(H-a line).
However, as the atomic number increases, one soon
reaches the limit in which the plasma temperature required
like to make some general considerations by simply takingo ionize an atom down to th&-shell cannot be easily
into account the atomic number of the material and theachieved in small-scale laboratories. In this case, the dom-
basic physics of radiation emission from plasmas. inant X-ray emission comes fromshell bound-bound tran-
sitions. In contrast withK-shell emissionl-shell emission
is characterized by a large number of lines mainly from
Ne-like and F-like ions(Key, 1988. Due to the high
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2.4. Laser produced plasmas: X-ray
spectral properties

Three main processes contribute to the X-ray emission from
plasmas, namely bound-boufithes), free-boundrecom-
bination), and free-fredbremsstrahlungtransitions. Their
relative weight is a function of several parametersincluding g4
the a_t(_)mic number of the_ target material and the physica L‘%_u w_-l 600 eV
conditions of the plasméEidmann & Schwanda, 1991

In the case of lowZ materials, for example, almost full ¢ | sat pu
ionization of the atoms is achieved and, therefore, Iittle; 7 Ly-a . e
bound-bound emission takes place; most of the X-ray emis t, sat SRS B —
sion originates from bremsstrahlung emission. In this casi 5 | H&P Dl >3 . e 1867 eV
the maximum of the spectral emission for an optically thin @ ];I'ej'f ol <

. > e-o -

plasma is located at a photon energy arotmds 2KgT,, T . .
thatis, for awavelength(A) = 620Q/T,(eV). For relatively =
high photon energies the emission intensity decreases exp
nentially (Kunze, 1987.

In the case of mediurd-materials(e.g., Al), laser plas- T r T r
mas are characterized by highly ionized atoms with a pre 0 10 ) 20
dominance of H-like, He-like configuration®ne or two Time (ns)
?l(_eCtronS Ie_ft II’? the mneK-slhe_ID (DUSton?t a.l" 1983. Col- Fig. 8. Time-resolved X-ray spectrum d€-shell emission from an Al
lisional excitation and radiative de-excitation of these spepiasma produced by laser irradiation with a 20 ns pulse at an intensity of
cies lead to intense line emission which can be energetically x 10*2 w/cm? (Macchiet al,, 1996.
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charge state achieved, such conditions are also particularly 1
favorable for an efficient absorption of laser enengg
inverse bremsstrahlung. Therefore, the overall conversion g gf
efficiency of laser energy into X-rays is particularly high. <,
In the case of our source, this condition is achieved using§ o6l
Cu targets for which most of the X-ray emission is concen- 3
trated in a band of a few hundreds of electronvolts centerecE |
atapproximately 1 keV. Higher energy photons are still gen- & 04t
erated due to the bremsstrahlung and the recombination pr o
cesses, and due to the higher laser energy absorption 0-2f
efficiency, their contribution to the entire X-ray spectrumis
higher than in the case of lo&-targets. These circum- 0
. L 0 2 4 6 8
_stances_ make _Cu the most important target material in the Photon Energy (keV)
interaction regime of our laser-plasma X-ray source.
When using hith materials the spectrum consists of a Fig. 9. Transmittivity of the 25sum Be window used as a vacuum-air in-
quasi continuum of radiative transitions involving fideN, tgrface to gxtract the X-ray beam. Also shpwn is the transmittivity for three
. - different thicknesses of air at atmospheric pressure.
andO shells depending on the temperature reached in the
plasma Eidmann & Kishimoto, 19856 In the case dfl-shell
transitions, the photon energy ranges between 1 (&%
55) and 3 keV(Z ~ 80). In the case oN- andO-shell tran- much as possible of the original spectral properties of the
sitions the typical photon energy is of the order of a fewsource for photon energies arousd keV, the propagation
hundreds of eMMochizuki & Yamanaka, 1987 Typical  lengthin air must be limited to a few cm. Alternatively, fewer
target materials used in this case are W, Au, or Bi. and progressively higher energy photons are selected due to
From the discussion given above and from the ensemblabsorption in air at increasing distances from the source. A
of our experimental results we can conclude that Cu, due tdirect observation of the variation of the X-ray flux as a
its high conversion efficiency, represents the best target mdunction of the distance from the target has been made using
terial for a general purpose X-ray source in the photon ena standard windowless CCD array working in a single pho-
ergy range up te=5 keV. In specific circumstances, when ton regime. The CCD detector was placed at sufficiently
monochromatic radiation is requirekshell emission lines  large distances from the window so that the number of inci-
from lower Z materials like Al and Si can be used instead.dent photons per pixel was much less than one. In this con-
Efficient generation of sub-keV radiation can instead be obdition, individual photons can be easily identified on the
tained using highz materials like W, Au, Pb, and Bi. All of final image as shown in Figure 10. Images have been taken
the data shown below refer to Cu targets unless otherwisat progressively larger distances to obtain a direct observa-
specified. tion of the X-ray flux, integrated over the entire spectral
sensitivity of the CCD array. From the images of Figure 10
we obtain the plot of Figure 11 which gives the photon flux
3. AVACUUM-AIR INTERFACE FOR X-RAY as a function of the distance from the Be window. The data
BEAM EXTRACTION has been fitted taking into account the absorption in air and
As shown in Figure 1, the vacuum chamber which hosts théhe I/r ? factor in the assumption that a dominating spectral
set-up for the generation of the source plasma has beetbmponent exists in the detected spectrum. This analysis
equipped with a vacuum-air interface which gives direct ac-gives a dominant photon energy of 2.8 keV which is the
cess to the X-ray beam at atmospheric pressure conditiorfesult of the combination of the low energy cut off of the Be
viaa 25um-thick, 2-mm-diameter, Be window. Such a wall window (see Figure Pand the exponential fall-off of the
is sufficiently thick to bear the atmospheric pressure whileemitted radiation at high photon energy for a plasma of a
allowing a substantial fraction of the X-ray radiation to be few hundreds of eV. Extrapolating the X-ray flux for smaller
transmittedViitanen et al,, 1997). This equipment is very distancegwhere single photon measurements cannot be
useful for soft X-ray irradiation of hydrated vivobiolog-  made, the photon flux at 10 cm from the source at atmo-
ical samples which cannot be placed directly in a vacuunspheric pressure can be estimated to be approximately 3
and cannot be enclosed in vacuum-proof containers whick0° ph/cm? which corresponds to an X-ray energy flux of
would absorb the X-rays, preventing sample irradiation. 1.5 nJcm?
In our configuration the sample is placed as close as pos-
sible to the Be wmt;lowm orderto minimize the propaggtlon4. X-RAY MICRORADIOGRAPHY
of the X-ray beam in air. In fact, a few centimeters of air are
very efficientin absorbing keV photons as shown inthe plotdn principle, X-ray microscopy is capable of high spatial
of Figure 9. According to these plots, in order to preserve asesolution imaging comparable to that of electron micro-

_____
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--------- Be+30 cm
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Fig. 10. Single photon measurements of the X-ray flux transmitted through
the Be window of the vacuupair interface taken at four different distances
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biological samples. The resolution that can be achieved is
ultimately determined by the source size which, in the case
of laser-plasma X-ray sources is very small, typically of the
order of the laser focal spot diameter. This is a very inter-
esting property which, besides the implementation of X-ray
optics(Meyer-llseet al,, 1995, can be readily exploited to
obtain, with no need of additional devices, radiography of
small, biological samples with a resolution of a few microns
and a temporal resolution as high as a few ns. The same
equipment used to obtain the data of Figure 10, with small
changes, was converted in a projection X-ray microscope as
shown in Figure 12.

This system has been characterized in terms of spatial
resolution by using calibrated wires of highmaterial
(opaque to X-ray radiatior.10 keV). Figure 13 shows the
image detected by the CCD using two tungsten wires of
60 um (left) and 10um in diameter. The profile of the
60 um wire gives a FWHM of 60um with a 90%-10%
edge width of 21um suggesting that the overall resolution
of the images is around 20m. The image of the 1@m
wire consistently gives a FWHM of 22m.

Two factors contribute to the final resolution of the im-

of propagation in air. The images were recorded using a standard, Windowage’ namely the transverse size of the source and the spatial
less CCD camera as shown in details in Figure 12.

scopes, with the great advantage of a much more penetrating
power strongly dependent on the sample atomic number.

These properties make X-ray microscopy the ideal tech-

nique for high contrast imagin@Aristov & Erko, 1999 of
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resolution of the detector. It can be shown that, due to geo-
metrical considerations, the final resolutiéh,is given by:

max(&S 9, 5p>
p

sh= ——— (1)
(-+5)
p

wherepis the object-source distanagis the object-detector
distancehis the object transverse dimensiégis the source
transverse size, art} is the detector spatial resolution due
to the pixel size. With the parameters of our set up we find
that

dp

sh~ ~ 5, )

140
p

In other words, the resolution of our imaging system is
basically limited by the spatial resolution of the detector. In
the case of Figure 13, where a CCD array was used, the
resolution is in principle given by the pixel siZ8 nm).
However, when an X-ray photon is absorbed in the active Si
layer of one element of the CCD detector, a large number of
electron-hole pairs are generatggically 1e/3.65 eV). This
charge may exceed the well capacity of the single element
and may diffuse into neighboring elements resulting in an

Fig. 11. Flux of X-ray photons as a function of the distance from the effective spatial dispersion as shown by the close-up of the

vacuunyair interface of the beam extractor. The fitting curve takes into
account the absorption in air and thg 4 factor in the assumption that a

single photon images of Figure 10. The final resolution there-

dominating spectral component exists in the detected spectrum. This analfOr'€ is @ function of the incident photon energy and is typi-
sis gives a dominant photon energy of 2.8 keV.

cally given by 2-3 elements. In our case, this leads to final
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WINDOW RADIATION

VACUUM

SAMPLE

Fig. 12. Set up for X-ray projection microscopy with the IFAM X-ray source. The image is collected by a CCD camera placed behind
the sample.

spatial resolution of 20—2mBm which is consistent with the is the basis of the contact microradiography technique in

result obtained from the analysis of Figure 13. which the detector consists of a photoresist which usually
Itis important to point out that the intrinsic resolution of requires an electron microscope to be “read.”
our system, as due to the source size, is giveddoyp (pen- The capabilities of the simple projection microscope to

umbral blurring. Therefore, submicron resolution can in detect complex structures on a microscopic scale have been
principle be obtained in the case of contact microscopy0) tested using an ant as an object. The image of Figure 14
provided the detector has sufficient spatial resolution. Thisshows the structure of the legs with the variety of trans-

120 80
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Fig. 13. Projection microscopy of 62m (left) and 10um (right) W wires for spatial resolution purposes. The profile analysis of the
10 um wire shows that the spatial resolution is of the order ofuf.
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oration with the Department of Human and Environmental
Sciences of the University of Pisa. The experiment was
devoted to the investigation of the damage induced on the
DNA of human leukocytes by exposure to soft X-ray radi-
ation of known doses and photon energy. Experiments like
this are traditionally performed using much higher photon
energies(up to one hundred keVgenerated by conven-
tional X-ray tubes. Due to the small energy absorption of
high energy photons in biological samples and to the lim-
ited brightness of X-ray tubes, longens of minutes to
hourg exposure times are usually required. In these con-
ditions the exposure time may interfere with the repair
mechanisms that take place soon after the damage has
occurred, making the interpretation of the results more com-
plex. High-brightness laser-plasmas constitute ideal sources
of ionizing radiation for these kind of experiments since
exposure can be made on a single laser shot. The damage
phase can therefore be completely de-coupled from the re-
pair phase. Studies of radiation-induced DNA damage have
Fig. 14. X-ray projection microradiography of an ant obtained on a single already been performed in the UWelvin et al, 1999
shot exposure usi'ng the IFAM source. The imgge shows the detailgd strucs g VUV (Folkardet al, 1998 regions using laser-plasma
ture of the legs with transparent regions, partially transparent regions and ip
opaque regions. sources. On the other hand, some specific damage mecha-
nisms (Hutchinson, 198b become active only at suffi-
ciently high photon energy, thus the need to extend the
study to the X-ray region. We have developed an experi-
parent, partially transparent, and opaque structures. It imental set up which enables the exposure of samples at
very important to underline that the image of Figure 14photon energies of 3 keV at atmospheric pressure. Two sam-
was obtained with a single laser shot. This gives a direcples consisting of a 50@m-thick layer of agarosio gel con-
measure of the source brilliance and of its potential in biotaining the sample cells, placed on glass slides, were
logical applications. exposed to 0.5 and 1 mG rays respectively. After expo-
sure, the samples were analyzed using a technique based
on single cell gel electrophores{SCGE), also known as
the cometassay(Rydberg & Johanson, 19Y.8This tech-
nique allows a direct evaluation of radiation damage in-
Finally, we show the results of a biological experimentduced on the cell's DNAvia a measurement of the two
(Marzi, 1998 performed with the IFAM source, in collab- most sensitive “comet parameters” for DNA damage, that

5. X-RAY INDUCED DNA DAMAGE
EXPERIMENTS

DAMAGECLASS 1 (NODAMAGE) DAMAGECLASS3

Fig. 15. Left: undamagedunexposeficellular nucleus. Right: damaged cellular nucleus after exposure to X-ray radiation. Note the
typical cometlike structure with the DNA fragments forming the tail of the comet. The damage is classified according to the length of
the tail and to the amount of DNA fragments in it.
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