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In this paper, an experimental set-up for the X-ray production (*70eV-25keV energy range) by a plasma,
obtained focalizing a high-power Nd: YAG laser beam on a specific target, is presented. The measures of the
characteristics of a custom Nd: YAG high-power laser beam (maximum of 8 J at 1064 nm, 5 ns pulse dura-
tion) and a new disposition of the target-lens system in the interaction chamber are discussed. The aim of this
research is the use of the plasma resulting by the focalization of the laser beam, which will be used as a soft
X-ray source or an electron source instead of the hot filament of the standard mammographic X-ray tubes.
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1. Introduction

Different applications of soft X-rays (*70eV-2keV) and of hard X-rays (*3-25keV) in
biological (/), in radiobiological (2) and in medical imaging field (3), have encouraged the
development of the X-ray sources based on the production of plasma.

In this work, the project and realization of a non-traditional X-ray source with energy ranging
from about 70 eV to about 20-25 keV (LASEX an INFN experiment) are proposed.

The emission of X-rays is due to a plasma obtained focalizing a high power Nd:YAG laser
beam on different targets (Al, Cu, Y or mylar).

Soft X-rays, 70 eV-2 keV, are produced by the dynamic expansion of the plasma, while X-rays
in an higher energy region (about 25 keV) are produced by the accelerated electrons of the plasma
in a high-voltage potential incident on a target (Mo, Ti, W) for bremmsthralung effects. So, with
this experimental set-up, a plasma produced by the focalization of a laser beam can be used
independently as a source of electrons or of X-ray photons.
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This source is characterized by an instantaneous spectral high brightness, by a punctiform
dimension (some tens microns, focal laser spot) and by a pulse temporal structure with the same
duration of the laser in the whole spectral region.

A new concept of a plasma source interaction chamber is described; the target is not centered in
the vacuum chamber, thus allowing a more flexible use of the X-ray beam in different applications.

This apparatus is under construction in the X-ray Biophysics Laboratory, Physics Department
of Aquila University.

2. Experimental layout

2.1. Nd:YAG laser system

In Figure 1, the layout of the Nd:YAG high-power laser system (by Quanta System) used for
plasma production is shown. It is composed of an oscillator [Nd: YAG rod (rod no. 1 in Figure 1)],
a pre-amplifier [Nd—glass rod (rod no. 2 in Figure 1)] and two amplifiers [two Nd—glass rods
(rod no. 3 and rod no. 4 in Figure 1)]. The output energies measured at the end of each rod
and the other characteristics of the laser, as the repetition rate, are resumed in Table 1. With this
configuration, the energy laser beam and then the power density (W/cm?) on the target can be
modulated. The power density is fundamental to determine the plasma temperature, the X-ray

Nd:YAG / Nd:Glass optical layout
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Rod 1: Nd: YAG 7x 115 mm QWP: Quarter wave plate at 1064nm
Rod 2: Nd: Glass 3/80 x 80 HWP: Half-wave plate @1064nm
Rod 3: Nd: Glass 15mm x 80 L1:  Cylindric Negative lens f=0.125 dpt, AR@ 1064nm
Rod 4: Nd: Glass 25mm x 80 L2, L4: Negative lens f=-190mm, diam 25mm, AR@ 1064nm
M1 Mirror HR@ 1064nm , 0} L3: Positive lens = +250mm, diam 25mm, AR@ 1064nm
M2: GRM (Graded Reflectivity Mirror) L5: Positive lens f=+300mm, diam 25mm, AR@ 1064nm
M3,4,5,6,7,12,13: Mirrors HR@ 1064nm, 45; L6:  Negative lens f=-225mm, diam 25mm, AR@ 1064nm
M8, M9: AISiO2 Mirror for He-Ne LT: Positive lens f=+250mm, diam 25mm, AR@ 1064nm
M10,11; Dichroic mirrors (@ 532nm, 45; FI: Faraday Isolator
PC: KD*P PockelOs cell SHG: Second Harmonic Generator Crystal, KDP type I1

P1: Thin film polarizer

Figure 1. Nd:YAG/glass system with the fundamental components described in the legend and reported in the text.

Table 1. Nd:YAG/Nd glass characteristics.

Energy Energy Beam diameter
Laser part (at 1064 nm) (at 532 nm) (mm) Repetition rate
Oscillator 240 mJ 18 mJ 7.0 1 pulse/s
+ pre-Ampl 1.5] 380mJ 9.5 1 pulse/min
+ Ampl No. 1 5] 2] 15 1 pulse/min

+ Ampl No. 2 8J 4] 25 1 pulse/min
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emission and plasma ionization. The photon frequency of the output beam (IR at 1064 nm) can
be doubled (green at 532 nm) by a second Harmonic Generator (SHG in Figure 1). The laser
is protected from back-reflections of the laser beam on the target by a Faraday isolator (FI in
Figure 1). The laser pulse duration is 5ns and the measured divergence is 0.8—0.9 mrad about
four times the limited diffraction. In Figures 2a and b, the pattern and densitometry profile of the
laser beam in the output of Ampl 1 (@15 mm, 5J at 1064 nm) is shown, and in Figures 2c¢ and d,
the pattern and densitometry profile of the laser beam in the output of Ampl 2 (325 mm, 87T at
1064 nm) is reported.

The measures of the dimensions of the focalization spots have been executed using an aspherical
triplet lens, 12 cm focal length and 4 cm diameter, to reduce the geometrical aberrations.

The laser beam, at low energy pulses (about 250 mJ at 1064 nm), was focalized on a copper
target, the dimension of the spot is about 80 um, as we can see in the transmission electron
microscope (TEM) image of the crater shown in Figure 3, corresponding at a power density
of ~10'>W/cm?. More accurate measurements of the spot dimension will be executed using a
pinhole camera.

Output AMPL # 1 b Nd YAG beam section 15 mm diameter
140 Auf #Mﬂ_m \‘A‘R
120 [ %U V‘\'\ i
Pl : /\/ \ ]
3 g ]
9 100 ,M
0] I ]
80
a | =
) W\,ﬂ/\/ LA
A0 s 0 s
I (mm)
Output AMP #2 d Nd YAG beam section 25 mm diameter
140 e
120 i A Mﬂﬁm NAA
i " L uV \
100 | /V
2 ||
& 80 [ 2
M \
(o (O] 60 [
ot by
20 L

10| ooy

Figure 2. (a) The pattern and (b) densitometry profile of the laser beam in the output of Ampl No. 1 (@15 mm, 57 at
1064 nm); (c) the pattern and (d) densitometry profile of the laser beam in the output of Ampl No. 2 (@25 mm, 87 at
1064 nm).
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Figure 3. The transmission electron microscopic image of the crater produced by focalization of the laser beam, at low
energy pulses (about 250 mJ at 1064 nm) on a copper target. The dimension of the spot is about 80 pm.

Figure 4. (a) Configuration of the interaction chamber as soft X-ray source (configuration 1). The diameter is 40 cm
and can work at p = 1073 Torr. (b) The mechanical slide movement of the lens—target system is shown.
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2.2. The interaction chamber

In the soft X-ray energy region, the beams are produced by dynamic expansion of the plasma
and the relative configuration of the interaction chamber (configuration 1) is shown in Figure 4a.
The laser beam is focalized by an aspherical triplet lens on a target and the plasma and X-ray
photons are emitted in 27 Sr solid angle in the opposite direction of the laser beam. The lens is
protected from the debris, produced during the ablation of the target material, by a thin circular
glass window. The position of the lens with respect to the target and the renewal of the target, after
every ablation, are controlled by computer. It is introduced by a new disposition of the target—
lens system in the interaction chamber. In particular, it is possible to place the target in different
positions with respect to the centre of the vacuum chamber. In Figure 4b, the mechanical slide
of the movement of the lens—target system is shown; a mirror or a crystal is used for selecting
the X-ray beams’ energy intervals. As shown in Figure 5, the geometrical relation from ¢ angle
(formed by laser beam direction and X-ray beam direction), 6 angle (grazing angle to surface of
the mirror or the crystal), / (CS distance in Figure 5) and 4 (CT distance in Figure 5) is

_ hsin(<p —20)
7 sin(20)

The X-rays ranging from ~200eV up to ~800eV are used in several biomedical and
X-ray microscopy applications (7). To select the photons in this energy region, a copper mirror at
fixed grazing incidence and helium gas at 1 atm are used. In fact, in Figures 6a and b are shown,
respectively, the copper reflectivity at different grazing angle 6 and He transmission (for distance =
0.5cm and p = 1 atm) (4). We note that optimal grazing angle for stopping the X-ray greater
than ~900eV is & = 5° and the He absorbs at energy lower than ~200eV realizing a partial

Laser beam!
Input

X-Ray beam
Output

Geometrical relation:

I = h sin(¢ - 26)/sin(28).

1 = CS (distance of the chamber centre — Cu mirror centre)
h = CT (distance of the chamber centre — Target position)

S = Cu mirror centre ¢ angle = FCS
C = Chamber centre 0 angle = grazing angle to surface of the Cu mirror
T = Target position 20 angle = CST

Figure 5. The geometrical relation from ¢ angle (formed by laser beam direction and X-ray beam direction), 6 angle
(grazing angle to the surface of the mirror or the crystal), [ (CS distance in figure) and & (CT distance in figure) are shown.
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Figure 6. (a)The curves of the copper reflectivity at different grazing angles 6. We note that for 6 = 5 degree the X-rays

with energy greater ~900 eV are absorbed and the reflectivity is about 50%. (b) The curve of He transmission (for distance =
0.5cm and p = 1 atm) is shown. We note that the He absorbs at energy lower than ~200eV.

monochromatic beam at large band. The X-ray in energy and intensity will be measured by PIN
(Positive-Intrinsic-Negative) diode solid state detector filtered with microfoils of different thick-
ness (about 1 wm or submicrons) and materials and by spectrometers based on KAP (potassium
hydrogen phthalate) crystals or mica crystals, respectively.

The X-ray of the higher energy region (about 25 keV) are produced for bremmsthralung effect;
the external electrical field is very efficient only for a Debye radius rp because, as in this case,
for long laser pulse duration the plasma reaches the local thermodynamic equilibrium (LTE)
condition (5). While the non-LTE conditions are present only in the first hundreds of picoseconds
of the laser pulse duration with plasma density close to solid density (6).

rp, the characteristic distance at which the plasma screens the external field, is defined as

kT 172
= [—} =743 x 10°T"?>n~"2 cm
(4mne?)
where T is the plasma temperature in electron volts and 7 the electron density in cm™3. Usually,
only the electrons localized in the Debye radius are not in equilibrium with the plasma and sensitive
to accelerating external fields (7). Then, the plasma can be considered as an electron source and the
current of the electron beam extract from plasma cathode is, in first approximation, independent
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Figure 7. Configuration of the interaction chamber as hard X-ray source (configuration 2). The work pressure is
p =107 Torr.

of the intensity of the electrical field. So, the X-ray energy can be modulated independently from
the X-ray intensity. The X-ray energy depends on the High Tension (HT) voltage and the X-ray
intensity is related to the plasma conditions such as the plasma temperature and the ionization
degree. Referring to the over-described experimental set-up, the power density focalized on the
target (*80 um diameter) ranges from 10'2 to 10'* W /cm? corresponding to laser energy interval
of 250 mJ-8J (at 1064 nm) and a plasma temperature of about 100 eV.

The relative configuration of the interaction chamber (configuration 2) is shown in Figure 7.
With respect to the configuration 1 (Figure 4a), the main difference is the application of the HT
voltage (30-50kV) from the target on which the laser is focalized (cathode) and the anode (such
as metallic materials Mo or W) where X-rays are produced for bremmsthralung effect. A Faraday
cup and a Rogowsky loop are used to measure the ionization state of the plasma and the intensity
of the electronic current.

3. Conclusions

The characteristics of a Nd: YAG/glass high-power laser and the preliminary power density on a
copper target are measured. The power density is about 10'> W/cm?. More accurate measurements
of the focal spot dimensions will be executed using a pinhole camera. A new mobile disposition
of the target—laser system and the mirror/crystal holder put inside the interaction chamber have
been illustrated.

In this research, the physical relations from the plasma parameters and the X-ray emission
are studied. An important goal of this apparatus is the realization of a system for applications in
biomedical field; the possibility of the use of plasma as electron source instead of the hot filament
in medical X-ray tubes is investigated, in particular, for mammographic imaging.
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