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Abstract

We present some experimental results on X-ray spectra obtained from plasmas produced using a compact Nd:YAG laser
system. The beam was focused on different tar¢ets Al, Ge, .. ) and both high resolution and low resolution X-ray
spectra were recorded.
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1. INTRODUCTION nucleus, so that absorbed dose was really related to DNA

damage. In the second case, it was essential to produce low
Laser-plasma sources are very powerful laboratory-scalé . . X
; AV . energy X-ray photons, which would mainly deposit the dose

X-ray devices where wavelength tunability is feasible becausé : .
. . . atthe cell wall, in order to produce damages at the metabolic

of the comparatively free choice of target material, laser : :
level without touching the cell nucleus.

wavelength, and intensity. They have already been success- _. . . .
fully applied for radiobiology(Turcuet al., 1994; Masini Finally in X-ray microscopy, the sp_ectrum 'S Important
; ' because only X-rays in the “water windowbetween 22

et al, 1999; Milaniet al, 1999; Bortolottoet al, 2000, and 44 A will contribute to the formation of a clean image,

X-ray microscopy(Bataniet al,, 2000, 2002; Desagét al. . . . i
2003; Polettet al., 2004, micro-lithography(Bijkerk et al., being absorbed by blolog!cal mgter!al .bF“ not by water. The
presence of other X-ray lines will diminish the image con-

1992; Turcuet al, 1994). For all these applications the .

. . X . trast dramatically.
knowledge of X-rayspectra} IS very |mp'or'tant, either directly Besides all this, the study of X-ray spectra from plasmas
or because energy deposition and radiation dose are Stronqlé(very important in itself and it is a well developed field in

energy dependent. physics. Indeed on one side, X-ray spectra are very impor-

For instance in micro-lithography1-keV X-ray photons : . . :
. . S o tant for atomic physics because by recording X-ray emis-
are required to achieve efficient radiation transfer through. . . . ’
- .~ sion lines, it is possible to access the energy levels in atoms
the X-ray mask membrane and sufficient energy deposition . . ) . )
i . and in multi-charged iongRosmejet al,, 1997; Stepanov
onto the resist coated Si wafer.

et al, 1997; Vergunovat al, 1997; Biemongt al,, 2000.

. In radloplology, Iaser-plasmg X-ray sources were used t(bn the other side, X-ray spectroscopy is a key technique in
irradiate biological specimens: V-79 Chinese hamster cellg lasma diagnosticéKoenig et al, 1997; Magunowet al

P
(Turcuet al, 19943), and study DNA damage, DNA repair 998; Bataniet al, 1999 since from measurements of

and repair inhibition, or Saccharomices Cerevisiae yea )
. R -ray spectra we can calculate the plasma parameters: elec-
cells (Masini et al, 1999; Milaniet al,, 1999 and study ) .
. ) tron density, electron temperature, ion charges, and even
metabolic damages. In the first case, X-raysigdl.2 keV . . . o
deduce important information on plasma opacities and on

were produced using L-shell emission from Cu targetsthe exact shape of the electron distribution functioclud-

which could guaranty penetration of X-rays to the cell.
ing the presence of fast electrgns
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laboratories and universitipand even transportable. In this energy per pulse and a high focusability, which are essential
context, we have used a very compact laser system and wie order to reach high intensitie®f the order of 16*
have used it for X-ray spectroscopic studies. We have record&v/cm?) and allow efficient X-ray generation. Also, the very
X-ray spectra from various materiglSu, Al, Ge, Si, SiO2, small size of the focal spgthat is, of the X-ray sourgés an
Si-ge) using both flat crystal Bragg minispectrometdmv ~ advantage in getting a very high spectral resolution. A pulse
resolution, wide spectral rangand curved crystal spectrom- duration of about 40 ps is achieved by using a saturable
eters, giving a very high resolution in a small spectral rangeabsorber dye Exciton Q-switch 1 MW 763.3B8and an
The characteristics of the laser sourdsslf filtering  Acousto-Optic standing-wave Modulator. The laser pulse is
unstable resonator cavjtymplied a very good beam quality extracted from the oscillator by cavity dumping through an
so that a very small focal spot could be obtained, implying @ntracavity Pockels’ cell.
very good spectral resolution in the collected experimental The amplifier rod has a diameter of 9.5 mm and a length

spectra. of 110 mm. A good filling factor is assured by enlarging the
oscillator beam with a telescope while keeping a moderate
2. EXPERIMENTAL SET-UP beam clipping in order to prevent the generation of diffrac-

tion rings. The second harmonic at 532 nm and the first
harmonic at 1,064 nm are separated by two dichroic mirrors
and are available at two different laser outputs.
The laser used for the experiments is situated at the Depart- Pulse duration was measured with a second-harmonic
ment of Physics of the University of Milano-Bicoc¢see  scanning autocorrelator to be 402 ps, in agreement with
Fig. 1. Itis an active-passive mode-locked Nd:YAG systemconstructor’s data. The autocorrelator, based on an interfer-
(SYL P2, produced by Quanta System Srl, Solbiate, Jtaly ometric schemdwith a movable mirror with a possible
and consists of a laser oscillator, an amplifier, and a nondisplacement of several gnused a KDP crystal. A typical
linear crystal(KD*P) for second harmonic conversion. It autocorrelator trace is shown in Figure 2. From the FWHM
can operate with a repetition frequency from 0.5 to 10Hz orAx of such trace we can calculate the pulse duratibby
in single shot. recalling that every displacement of the movable mirror
The oscillator is based on a Self Filtering Unstable Resimplies a double path for the optical ray, and that a further
onator(SFUR) cavity, which gives the advantages of a large \/2 factor accounts for the different FWHM of the autocor-
mode diameter and a high beam quality. This assures a higtelation trace and of the laser pulse intensity.

2.1. Laser system

Fig. 1. Laser system installed at the Department of Physics of the University of Milano-Bicocca. Itis a very cOlapadiead: 32%
225x 1280 mm, 40 kgactive-passive mode-locked Nd:YAG systé8YL P2, produced by Quanta System Srl, jaly
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The laser pulse energy was measured shot-by-shot by a
calorimeter, which was collecting the reflection from the
prismatic entrance window of the interaction chamitkeis
was absolutely calibrated, during the preparation of the
experiment, with a calorimeter placed after the focusing
lens. The energy of the pulse was typically 20 mJ from
which we could calculate a laser intensity on target of a few
times 10 W/cm?, at the second harmonic.

Energy in first harmonic was larger, however X-ray emis-
sion was much fainter due to a prepulse problem. Indeed at
each round trip in the laser cavity, a small part of the laser
pulse comes out of the cavity, due to the low extinction coef-
ficient of the Pockel’s cells and polarizers, and is afterward
amplified inthe amplifier rod. This creates a train of 5—6 pulses
before the main laser pulghe one extracted by cavity dump-
ing) with a typical contrast ration of a few percent and a total
duration of 50—60 n&he round trip time being 10 nsThis

Fig. 2. Autocorrelation trace, obtained with a scanning second-harmonidrain strongly affected the production of X-ray by creating a
autocorrelator, fitted with a gaussian curve giving a pulse duration af 40 djluted preplasmain fronton the maintarget, so that the inter-

2 ps.

The beam was focused onto the target with a3 cm
lens, obtaining a focal spot radius of abeautlO um. This

action of the main pulse took place with such preplasma. In
the second harmonic, due to the non-linear nature of SHG,
the problem was greatly reduced and efficient X-ray gener-
ation was observed. In this first preliminary paper we will
only deal with results obtained atw2

was directly measured using a CCD, which was moved The target was placed in a vacuum chamber and the beam
along the beam path in order to measure the different beagjas sent to the chamber by two high reflecting miri@s,

radii for different relative position of the CCD and the lens. 2w). The interaction chamber is a small cylindrical chamber
Figure 3 shows our experimental data and the interpolatiofpejght= 35 cm, diameter= 40 cm, see Fig. 4 which in a

with the hyperbole

D 2
a(z) = \/a§+ <§(z—f)> ,

whereD is the initial diameter of the beafmeasured on the
lens or at the output of the amplifieff is the focal length,
anday is the focal spot diameter.
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Fig. 3. Variation of beam radiu&orresponding to FWHMand interpola-
tion with a hyperbole giving a focal spot radius of aboutd@. This was

shorttime can be evacuated by a rotative vacuum pump. The
target was a flat thick foil placed perpendicularly to the
beam, which could be moved along thandy direction by
external motions. The lens could be remotely moved along
thez-axis(optical axig with an external digitally controlled
micrometric motion. The focusing of the laser beam was
checked by measuring the X-ray signal with two silicon PIN
diodes filtered with different foil thickness so to look at
softer and harder X-rays. The FWHM of the curve showing
X-ray PIN diode signal vsz, was comparable to the focal
depth of our lens. The lens was accurately normalized
before the beginning of X-ray exposure.

2.2. X-ray spectrometers

The X-rays emitted by the plasma were recorded by using
both flat crystal Bragg minispectrometgilew resolution,
large spectral rang@nd two spectrographs with spherically
bent quartz crystalhigh spectral resolution

First, we used two flat-crystal Bragg minispectrometer
equipped with Beryl and RbAP crystakspectively, 2D=
15.95 and 26.121 A These were filtered with thin Al foils
to stop visible and XUV radiation. X-ray spectra were
recorded on Kodak DEF X-ray filniRockettet al., 1985
following exposure to about 100 laser shots. These flat
crystal spectrometers offer the advantage of allowing a wide

obtained with an £ 5 cm lens and measured with a 16-bit CCD with Kodak SP€cCtral range to be recorded, which can be useful for

0400 chip, with 9um pixels.

diagnostics purposes. However, the spectral resolution is
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Fig. 4. (a) Vacuum and interaction chambgreight= 35 cm, diameter 40 cm) produced by RIAL Vacuum, Italy, equipped with

Pirani vacuum gauge and 8 BK7 glass windows. up and bottom flanges DN 400 ISO LF. The upper flange is curved in order to withstand
atmospheric pressure with a thinner wdlh) The interior of the chamber showing the focusing lens and the two FSSR-1D
spectrometers.

not high and is typically limited by source sig@e our case etal, 1994; Pikuzt al, 1995: in this scheme, see Figure 5,

however this is not so bad thanks to the small source sizehe X-ray detector stays out of the Rowland circle. The

and luminosity is quite low, implying that a large number of radius of curvature of the crystal isR10 mm and inter-

laser shots is needed even for recording X-ray spectra frormtomic distance is 2B= 0.85 nm. The effective spectral

materials such as Cu, which are very efficient emitters in theesolution obtained in the experiment was better tham >

low X-ray region. 500. Spatial resolution is around 18n and magnification
Second, we used curved crystal spectrometers, whicls one to one.

have the advantage of high spectral resolution and high The two spectrometers were centred at different wave-

luminosity. The configuration used for the spherically bentlengths, so we could obtain information on a wider spectral

quartz crystal spectrometersis of the type FSSRH&®enov  region for the same laser conditions. The X-ray spectra were

Spherically
bent crystal_g k

Spherically
bent crystal

Sagittal plane

(tangential plane)

a) a b)

Fig. 5. The FSSR-1D scheme: formation of the spectral resolution in the dispegrsiemndian plane(a); formation of the spatial
resolution in the sagittal plar).



X-ray source based on Nd:YAG laser system 377

recorded in the first Bragg reflection order on Kodak DEF orTable 1. Experimental and tabulated wavelengths of lines
RAR films. On the spectrometer there was a PAfil&pm  observed in the Cu spectrum
CsHg and 0.4um Al) to cut visible and VUV radiation. For

some spectra there were also a Be filter to attenuate the sgfEXP®)  Atab(A)  AA(A) lon Transition
X-ray radiation in the region from 0.5 to 0.75 nm. 12.820 12.830 001 Ne CuXxX 320 22p53s
12.565 12.573 0.008 Ne CuXX 6—282p°3s
12.140 12.140 0 F Cu XXl  28p°-252p*3s
3. RESULTS 12.025 12.061 0.036 F  CuXxl 28p°-282p'3s
11.921 11.920 001 F  CuXXl 28p°-252p*3s
. 11.829 11.830 0.001 F Cu XXl  28p°-252p*3s
3.1. Low resolution spectra 11.760 11737 —0.023 Ne CuxX 2&p—282p3d
. . . . 11.600 11.597 —0.003 Ne CuXX 282p5-2822p°3d
A_ typical Iovv_ resolution _spectrl_Jm of Cu is shown in 11.390 11,386 0004 Ne Cuxx  2zpf-292p°3d
Figure 6. This was (_)btalneql with a flat crystal Bragg 17 045 11229 -0016 F  CuXxXl 282p°-2€2p*3d
minispectrometer equipped with a RbAP crystal on Kodoaki1.126 11.136 001 F  CuXXl 2gp°-2¢2p*3d
DEF film. It shows emission lines from Ne-lik€u XX),  11.072 11.065 0.007 F  CuXxXI ?292—2522p;‘3d
F-like (Cu XXI), and O-like(Cu XXII ) ions. Average emis- E-g?g 1(1)-85‘15 *0-(?824 FF C(“: Xi&. Zggps‘gzzgpég

o " : . . . : u p°—2s°2p
sion is aF at b .1.2 kgv. Llngs have been F:ompared VYIth 10.892 10893 -0001 F CuXxXl 232p°-292p'3d
information available in the literatur@Bataniet al. 1991; 19 g70 10.863 -0.007 F CuXXl 282p°-282pad
Kelly, 1987; Hutcheoret al,, 1980; Gordoret al,, 1980. 10.822 10.800 0.022 F CuXXl 2gp>-2g2p*3d
The lines reported in Figure 6 are also listed in Table 1.  10.660 10.653 —0.007 O  CuXXIl 282p*-252p°3d
10. 610 10.597 —0.013 O  CuXXll 282p*-252p3d
10.562 10.551 0011 O CuXXIl 28p*-2s2p33d
3.2. High resolution spectra 10.508 10.522 -0.014 O CuXXll 2€2p*-2g2p3d
10.411 10.422 —0.011 O CuXXll 222p*-22p®3d
Spectra of H- and He-like Al and Si and also Ne-like Ge and10.380 10.392 -0.012 O CuXXll 282p*-252p3d
Yitrium have been measured in the spectra range 5-8 A0.323 10.316 007 O Cuxxll Zap'-22p°3d

using two FSSR-1D spectrometers with spherically bent0-285 10.277 0008 O  CuXXil Z22p*-2$2p’3d

quartz 10-10(2D = 8.5 A) crystals. Spectrometers have
been placed at the angles 45 and 70 degrees to the target.

From 1 to 130 shots have been necessary to record good

spectra on RAR 2492 film. Due to the small size of the lasebtained in 20 laser shots. Intensities of 4-2 transitions of
spot and high resolved power of used spectromdtben-  Ne-like Ge was too high, producing overexposed lines on
retical apparatus spectral resolution for such spectral rangde film, because many laser shots were necessary to obtain
is in the order of 5,000-10,000spectral resolution of a sufficient intensity for the Rydberg lines of Ne-like ions
obtained spectra were’/AA =500, and mainly depended on with higher values of.

the Doppler and Stark broadening of the spectral lines. Also Figures 7 and 8 also show spectra of Rydberg lines of
since the FSSR-1D is imaging in the saggital plane, weHe-like Al and Ly of H-like Al. Both spectra have been

could confirm the very small size of the X-ray source. obtained on the same film with a small space shift{Ad
Figures 7 and 8 show typical spectra in the vicinity of target has been shifted of 0.5 mm in comparison with Ge
Rydberg(n = 4,5,6 — n’ = 2) lines of Ne-like Ge XXIIlI, targe}. In this way, the very well-known spectral lines of Al
810°
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Fig. 6. X-ray spectrum from Cu obtained with a RbAP

. . . crystal on kodoak DEF film. It shows emission lines from

10 10,5 11 11,5 12 12,5 13 Ne-like (Cu XX), F-like (Cu XXI), and O-like(Cu XXII)
wavelangth (A) ions.
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reoea Al 4224 p— The shape of the resonanced lne of the H-like ion and

: R 4s—2zp Moo saeiies| TN 1s2ptP,—1¢ 1S, line of the He-like ion, and the values
e T of their inte_nsit_ies with respec_t to the intensity of Qi_elec-
. tronic satellite linegcorresponding to the X-ray transitions

from the autoionizing states of lower charged ipmgere
compared with model calculations to obtain the electron
temperature values.
The intensity ratio for the resonance and intercombina-
| tion lines 1s2pt3P,—18 1S, of the He-like ion was used to
..L" L_‘__ o obtain the electron density by fitting kinetic model results to

20050

- +'\ ) ot i Al the experimentally observed values. The plasma opacity
He, ALKIL “Lidke satelites Ly A1l " Heike satelites was taken into account for correct comparison of the exper-
S o8 iy - o » imentally observed resonance line intensity with the calcu-

, , , lation for optically thin plasmas.
Fig. 7. Typical spectra from one FSSR-1D spectromete_r in the spectral The analysis gives values of the electron temperature in
range 6.5-7.5 A. The two Ge and Al spectra were obtained on the sam% . . .

RAR film by slightly moving the target. the range 450-600 eV for different Si plasmasire Si,
SiO, and Si-gel targejsand about 740 eV for Al plasma, at
an electron densit{1.3-1.6-10** cm™3,
These values of plasma parameters can be independently

could be used as a reference for wavelengths measurements : ;
. proved or corrected by further more detailed calculations of
of Ge spectral lines.

Obtained intensities of spectigmall intensities of He-like the line shape and intensities for experimentally observed

. " 1 1 = )
satellites near the ly of H-like Al as compared with reso- high-n _tran3|t|o_ns 18p “Pr .1.§ So (n_ .3 5)’. using the
: . . ) : Stark line profile and collisional-radiation kinetic model
nance line and Li-like satellites near the@ae of Al) give
L S codes.
the possibility of estimating an electron temperature of the
laser-produced plasma of about 500 eV. A relatively high

temperature and high brightness in X-ray spectral range of- CONCLUSIONS

used laser plasma source also follow from the fact thafye have presented experimental results on X-ray spectra
intense spectra of Resonance line of He-like Al could obtaine@ytained from plasmas produced using a small Nd:YAG
only in 1 laser shot. laser system. The beam was focused on different targets
More quantitatively, high-resolution X-ray spectra of plas- (Cu, Al, Ge, Si, Si02, Si-g¢land both high resolution and
mas produced from aluminium and silicon solid targets|o resolution X-ray spectra were recorded. The source
were analys_ed for_de'Fermining plasma parameters. The rekeems to be very promising thanks to the very good focus-
ative X-ray intensity in the spectral region 0.52-0.71 nmapjjity which offers the possibility of measuring X-ray
was obtained from the measured data taking into accounttl@pectra with a very high spectral resolution. Also the quite
non—liqe_ar dependence onthe fillm_density, the quartz cryste}hrge pulse energgmore than 100 mJ in the first harmonic
reflectivity and the filter transmission. and quite high repetition frequen¢yp to 10H2 offers the
possibility of recording X-ray spectra from various target
materials even with relatively low X-ray emission, by accu-
it Go-tl 424 mulating in a short time several shots on the X-ray film. A
more detailed analysis of collected X-ray spectra is pres-
ently in progress.

35000 fd —2p
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