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Abstract

We report the development of a stable high-average power X-ray source generated by the interaction of ultrashort laser
pulses (35 fs, 1 mJ, 1 kHz) with a solid target in air. The achieved source stability, which is essential for the applications
foreseen for these laser-driven plasma accelerators, is due to the combination of precise positioning of the target on focus
and the development of a fast rotating target system able to ensure the refreshment of the material at every shot while
minimizing positioning errors with respect to the focal spot. This vacuum-free laser-plasma X-ray source provides an
average dose rate of 1.5 Sv/h at 30 cm and a repeatability better than 93% during more than 36 min of continuous

operation per target.
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1. Introduction

X-rays are a very important tool for scientific research in
physics, chemistry or biology. They have also become
essential for a wide variety of societal applications, from
nondestructive inspection for security or industry to medi-
cal imaging and treatment. These applications justify the
present interest in developing compact, stable, micrometric
size, high-average power and cost-effective sources as an
alternative to conventional X-ray tubes and synchrotron-like
facilities.

Advances in laser technology, such as chirped pulse ampli-
fication (CPA)!!), make it possible to build laser systems with
gigawatt to petawatt peak powers and short pulses in a wide
range of pulse energies and repetition rates?!. These lasers
can be used to accelerate particles such as electrons, protons
and ions, which in turn produce X-rays and y-rays. Laser-
driven sources are based on the interaction of ultrashort and
ultraintense laser pulses with matter, producing a hot dense
plasma in which particles are accelerated by the combined
fields of the plasma and the intense laser pulse®!. Laser-
plasma X-ray sources have been demonstrated in gas and
solid targets. In gases, X-rays are produced through vari-
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ous mechanisms!#! such as betatron, synchrotron, Thomson

scattering, Compton scattering or from interactions in a
secondary solid target converterl>!.

In contrast, for solid targets and intensities larger than
1016 W/cm2, electrons can be heated through a series
of mechanisms such as resonant absorption[6], vacuum
heating!”! depending on the plasma gradient length!® or
j x B at higher intensities!®. These electrons can produce
hard X-rays through bremsstrahlung!'”! or specific K-
a emission. These laser-driven X-ray sources can be
considered as an alternative to conventional X-ray tubes,
in particular to microfocus sources, due to their unique
characteristics such as their ultrafast nature, high brightness
and small source size, which are well suited for some
applications like high-resolution imaging!'!l,

Bremsstrahlung laser-plasma sources are made from a
wide variety of metallic solid targets, i.e., Cu, Mo, Ag, Sn,
Al and Ta, or nonmetallic ones like Si or Ge. Moreover, they
can be built in different arrangements that include rotating
disks!12-171 tapes[lg’m, wires!23 241 or more sophisticated
targets like liquid metal jets!®!. These X-ray sources can
also generate efficiently characteristic radiation from the
target, whose energy can be easily adapted by using different
target materials!!# 26271,

The X-ray radiation produced by laser-plasma sources
is pulsed with a duration comparable to the laser pulses.
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Depending on the laser and target parameters, laser-plasma
sources with bunches from tens of femtosecond to few
picoseconds have been measured or estimated!'® 28291, The
ultrafast nature of these X-ray pulses has been used in
time-resolved diffraction experiments!?%-30-321" opening up
their use in ultrafast time-resolved measurements in physics,
chemistry or biology.

Laser-driven X-ray sources with moderate laser pulse en-
ergies (~ mJ) are operated at or close to the A3 regime, which
is the physical limit of compression of a laser pulsel33,
to achieve intensities around 10'°~10'® W/cm?. The laser
pulses are focused on target close to the diffraction limit to
attain the high intensities required for electron heating[?!,
but also producing a micrometric X-ray source. The sizes
reported so far are in the range of few microns to tens of
microns!!7- 182034351 "' making these sources suitable for
conventional imaging!'3! and also for high-resolution imag-
ing applications like phase contrast!!”], where the source size
is an important parameter.

In order to produce laser-driven X-ray sources using laser
systems with high repetition rates (1-10 kHz) and moderate
energies (1-10 mJ) where the focalization is tight, it is
necessary to overcome three main challenges:

— Replenishing the target material after each impact.

— Repositioning the target with respect to the laser focus
with high precision to keep constant the laser pulse
intensity on target, using a set of target position di-
agnostics and movement acting during the continuous
operation of the source.

— Designing a target assembly providing the two previ-
ous functions at a kHz pulse repetition rate.

To the best of our knowledge, one of the few laser-
induced X-ray sources fulfilling these requirements was
built by Zamponi and collaborators>'! using a tape-type
target on vacuum producing X-rays by transmission. In
this paper, we report on the development of a compact
vacuum-free laser-plasma X-ray source based on rotating
thick targets, which ensures stability, long operation periods
and simplicity in terms of design and operation, for its use in
different applications.

2. Table-top X-ray source

The laser-plasma X-ray source presented in this work is
based on the interaction of infrared laser pulses, focused on
a very small spot?® 331 with thick solid targets. The high
intensity of the laser field ionizes the target surface during
the first cycles of the interaction with the laser, creating an
overdense plasma. The density of this overdense plasma is
several times the critical density for A = 800 nm laser pulses.
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Figure 1. Schematic representation of the setup where laser pulses are
focused on a 1-mm-thick target by an f/1 microscope objective. The X-
rays produced are measured by a CdTe detector.

The high intensity of the pulses (I > 10'® W/cm?) produces
hot electrons with relativistic velocities. These electrons
interact with the ions of the target, producing bremsstrahlung
and characteristic radiation!®6-38. These interactions lead
to the heating of the target and at much later times, from
the picosecond to the nanosecond scale, produce a Coulomb
explosion. This phenomenon increases the plasma pressure
and leads to the ablation of the target surfacel].

In our experiment, ultrashort infrared laser pulses are
focused on a 1-mm-thick copper plate target to produce
backward emitted X-ray pulses. Figure 1 shows a schematic
representation of the experimental setup used to guide the
laser pulses, the target assembly and the X-ray detection
system.

We used the low energy line of the laser system (THALES
ALPHA 10/XS, 1 mJ, 35 fs, 1 kHz, 800 nm) installed at the
Laser Laboratory for Acceleration and Applications (L2A2)
at the University of Santiago de Compostela (USC)1*1. The
s-polarized laser pulses were guided and focused onto the
target at 45° from the normal, in a vacuum-free environment,
with an f/1 microscope objective (Mitutoyo, M Plan APO
NIR 20x).

The measurement of the duration of the 950 wJ laser
pulses was performed with SPIDER (APE, Lx-SPIDER),
extracting pulses before the microscope objective. The laser
compressor was adjusted to provide the shortest possible
pulses at this point. The temporal width of the pulses was
37 fs (FWHM). Figure 2 shows the laser contrast measured
with a third-order correlator with 60 fs steps and averaging
60 shots (TUNDRA, Ultrafast Innovations). The contrast
obtained is 1 x 107 at 10 ps and 1 x 1076 at 2 ps.
The s-polarization was used to minimize the effect of res-
onant absorption!® 17-41-421 and to reduce the size of the
sourcel?0],

The X-ray energy spectra were measured with a CdTe
detector (Amptek, XR-100T-CdTe) calibrated using the
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Figure 2. Laser contrast measured with a third-order correlator with
60 fs steps and averaging 60 shots (TUNDRA, Ultrafast Innovations). The
contrast obtained is 1 x 107 at 10 psand 1 x 107%at2 ps. Peaks located
close to —30, —20 and —10 ps are artefacts produced by the measurement
procedure while the real ones are the symmetrical postpulses with higher

intensities[40].

standard procedure[43], with 2! Am and Fe radioactive

sources. This detector was positioned 25 cm away from the
source. To reduce pile-up effects, we used a lead collimator
(2.12 mm thick, 1.15 mm in diameter), and an aluminium
attenuator of 300 wm placed in front of the detector. Under
these conditions, the X-ray counting rate at the CdTe detector
was around 500 s~! with a dead time around 9%. Pile-up
was further reduced from the spectra following the unfolding
procedure described in Ref. [44].

A laser-driven X-ray source running in air provides clear
practical advantages. The technical requirements for vacuum
operation are not present and therefore the operation is
easier. Moreover, it provides flexibility for its use in imaging,
as the locations of the source and the detectors are not
restricted by the dimensions of a vacuum chamber. The
electrons emitted by the source are stopped in air within
some few millimetres and there is no need to introduce a
deflecting magnet. Also, the contamination of the optics due
to the debris is lower than in the case of operation in vacuum.

This laser-driven X-ray source also presents drawbacks
as the nonlinear propagation of the laser pulses in air from
the exit of the microscope objective to the target. This
requires a careful calibration of the displacement of the focal
position and complicates the estimation of the laser intensity
on target.

3. Target positioning system
The main challenges for this type of X-ray source is to renew

the target material at the impact position while keeping the
target on focus at kHz repetition rate. This is achieved by

Figure 3. Picture of the three stages of the target positioning system, the L-
piece and the rotatory platform. The rotatory stage (R1) controls the angular
coordinate, the upper linear stage (L1) controls the radial coordinate and the
lower one (L2) controls the focal position.

a target positioning system that takes into account both, the
size of the affected area at the target surface after each shot
and the magnitude of the Rayleigh length for the focusing
conditions. The target area affected depends on the intensity
and incident angle of the laser pulses. In this focusing
geometry the Rayleigh range is on the order of a few microns
requiring precise positioning of the target to maintain high
intensities.

The target positioning system developed in this work is
composed by two identical linear stages L1 and L2 (PiMicos,
VT-80) and a rotatory stage R1 (PiMicos, DT-50), where L1
and L2 (Figure 3) are mounted perpendicularly and R1 is
attached to them with an L-shaped plate. The whole system
is mounted on a rotatory platform to choose the incidence
angle with respect to the microscope objective, in our case
45°. The targets are polished copper plates of 10 cm x 10 cm
and 1 mm thick placed on the centre of the rotatory stage.

Several solutions for the target positioning system in this
kHz regime are reported in literaturel!7> 21- 43-461 Our design
presents some important advantages. In particular, the use of
a rotatory plate, does not require large accelerations as the
ones for linear stages, favouring the stability of the source.
Moreover, the high speed of the rotatory stage allows us
to minimize the superposition of laser impacts at the target
surface even at the highest repetition rate of the laser system
(1 kHz).

The stability, high-average power, and long periods
of operation of the X-ray source are determined by the
movements of the target positioning system. To optimize the
performances of the source, advanced diagnostic systems to
characterize the focal position and a precise definition of the
target movement are needed.
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Figure 4. Laser focal spot obtained with the f/1 microscope objective
(20x). By removing the target and using other microscope objective (50x)
we can image the focal spot as illustrated in the inset.

4. Focusing diagnostics

The characterization of the laser focus is critical for the
optimum operation of the X-ray source. In particular, we
need to measure the laser spot size at the focal position of
the microscope objective, in order to estimate the intensity
of the laser pulses at focus, knowing also the pulse duration
and energy. In this section, we present a set of well-known
diagnostics to determine the focus size, the focus position
in the linear regime and the shift of the focus due to the
nonlinear effects induced by the propagation in air.

The laser focus is imaged with a calibrated system com-
posed by a microscope objective (Mitutoyo, M Plan APO
NIR 50x) and a CMOS camera (Mightex, 5 Mpx) mounted
on a linear stage (Thorlabs, MTS50). The focal spot di-
ameters measured were d,(FWHM) = (3.8 £ 0.4) pum
and dy(FWHM) = (3.9 & 0.3) um (see Figure 4). The
horizontal spot size on target is slightly larger, d, (FWHM) =
(5.4 £ 0.6) wm, because of the 45° incidence. Finally,
using the energy of the laser pulses, 950 nJ and the temporal
width, 37 fs, measured at the entrance of the microscope
objective, we estimate the nominal intensity on focus 1.5 x
10'7 W/cm?. The precise determination of the intensity on
target is a real challenge because of the focusing conditions
of the laser pulses and their nonlinear propagation in air.

The precise positioning of the target is of utmost impor-
tance for optimizing the stability of the X-ray source. For
this purpose, we used the speckle technique based on the
observation of the laser specular reflection on the target!*’]
to determine the focus position in the linear regime, i.e., the
nominal focus of the microscope objective. To implement
the speckle, we used a He-Ne laser propagating through the
same path as the main infrared one. The reflection on the
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Figure 5. Speckle images obtained at different target positions. (a) 100 wm
after focus, (b) 50 wm after focus, (c¢) 20 wm after focus, (d) 5 pm after
focus, (e) speckle at focus, (f) 5 wm before focus, (g) 20 pwm before focus,
(h) 50 wm before focus and (i) 100 pm before focus. (j) Spectral intensity
for low frequencies of the speckle pattern as a function of the target position
with respect to the laser focus.

target after the objective was imaged on a white screen and
collected with a CMOS camera, while moving the target
position with the focal motor L2.

Figure 5 shows the speckle images obtained with the
alignment He-Ne laser beam for different positions of the
longitudinal linear stage, L2. The image shown in Fig-
ure 5(e), corresponds to the laser focus position with an
homogeneous laser reflection, because the roughness of
the target surface is larger than the laser spot. However,
when the target is located upstream (Figures 5(f)-5(i)) or
downstream (Figures 5(a)-5(d)) the focal position, higher
spatial frequencies are more prominent and target surface
structures over the specular reflection of the laser, with
an heterogeneous pattern. Figure 5(j) shows the spectral
intensity of low spatial frequencies as a function of the
distance to the laser focal position. The distribution becomes
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Figure 6. Integral of the X-ray energy spectra as a function of the distance
to the nominal focus for laser pulses with 950 pJ (red) and 500 wJ (blue).

smoother as the target approaches the focal position of the
laser pulses. This technique allowed us to determine the
optimum position of the target with an accuracy of the order
of the Rayleigh range (~4 pm). The speckle technique was
also benchmarked with a rear-side techniquel*®4°1. The
choice of the speckle technique came from the fact that it
was easier to implement in our setup and it provided a more
accurate positioning in the case of thick targets that could
present thickness variations over the target surface.

The pulse intensities attained before focus are enough
to ionize air and to induce nonlinear effects during the
pulse propagation. The competition between the two main
nonlinear effects at these intensities, self-phase modulation
and auto-focusing (Kerr effect)>0- 311, produce a shift of
the focal position of the infrared laser pulses. As a con-
sequence, the focal position approaches the objective as
intensity increases>?.

Maintaining the pulse duration and the spot size constant,
we were able to characterize this focus displacement in
terms of the pulse energy. For a fixed detection angle (17°)
of the CdTe detector, we measured several spectra varying
the position of the target on the focus axis for pulses with
two different energies. In Figure 6 we show the integrated
X-ray energy spectra as a function of the distance to the
nominal focus for £ = 950 uJ and £ = 500 pJ. Fitting
these curves, we obtain the infrared focus displacement when
working on air for these two energies that corresponds to
41 wm and 33 pm, respectively. This result is in agreement
with the previously observed shift in the focal position as a
function of the intensity®3. This precise determination of
the focus position in air is of crucial importance to optimize
the operation of the X-ray source.
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Figure 7. Map of the target surface deviations including the wobble effect.

5. Target movement optimization

The stability and repeatability of the X-ray source relies on
the optimization of the target assembly movement to refresh
the target material shot by shot and to position the target at
laser focus position. Two important issues concerning this
movement should be considered. The first one is related to
the wobble of the target, due to the tilt of the axis of the
rotating stage holding the target material while it is moving.
The second one is the distance between impact positions
on the target surface for consecutive laser shots at 1 kHz
repetition rate.

We applied two different corrections to address these
issues and to guarantee the stability of the source. The first
one is the modification of the angular velocity according
to the radial position of the impacts. The second is the
longitudinal displacement of the target surface with respect
to the focal position of the laser pulses or target offset.

The wobble caused by the fast movement of the rotating
stage will modify the position of the target surface with
respect to the laser focus. According to the manufacturer
specifications the wobble of the rotatory stage used in the
present target assembly is £100 wm, making it necessary
to take into account this effect. For this purpose, we used
a precision positioning device with a resolution of £1 pm
(Micro-Epsilon, OptoNCDT ILD 1320-10) for radii ranging
from 12 mm to 40 mm. As can be seen in Figure 7
(right vertical scale), the longitudinal position of the target
surface deviates from some 100 wm, for the inner radii,
and up to some 200 wm for the outer ones, as consequence
of the wobble of the rotatory stage. The external part of
the copper plate has larger displacements, despite of the
smaller angular velocity, because the wobble effect depends
not only on the velocity but also on the distance to the
rotation axis. Deformations, imperfections and scratches on
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Figure 8. Example of two copper targets irradiated (a) with a constant
angular velocity and (b) with a variable angular velocity.

the target surface can also be measured with the positioning
Sensor.

The second important issue affecting the repeatability of
the X-ray source is the angular velocity of the target. This
angular velocity defines, together with the radius, the linear
velocity of any point at the target surface. The separation
between impacts at the target surface is thus an important
parameter for the stability and optimization of the X-ray
sourcel>*].

Two strategies concerning the angular velocity are possi-
ble. The first one is to keep the angular velocity constant,
resulting in smaller separations between laser impacts while
decreasing the radius. In Figure 8(a) we can see a target
irradiated with a constant angular velocity of 20°/s, cor-
responding to the maximum speed of the system imposed
by the linear stages when the three stages are moving in
an engaged mode. As observed in this figure, the copper
plate is completely burnt due to the superposition of laser
impacts. The X-ray energy spectra obtained in this case for
different measurements at 17° and irradiating just a small
fraction of the target surface during 120 s, are depicted in
Figure 9(a). These spectra show important variations in the
shape, but also fluctuations in the total X-ray flux larger than
35%. Indeed, it can be clearly seen how for the smaller
irradiation radii, where the superposition between impact
spots of consecutive shots exists, the X-ray flux reduces
significantly.

The second strategy consists on using a variable angular
velocity movement, optimized by choosing a fixed distance
between impacts and, accommodating the movement of the
whole system to the irradiation radius. To optimize this
movement, one should consider the size of the holes at
the target surface produced by a single shot. Measurements
of the holes produced by the laser pulses with a scanning
electron microscope show a deep crater of around 40 um
diameter and material debris—vapour deposition of around
70 wm in the total affected area.

Based on these measurements, we chose 60 pwm for the
separation between the centre of the impact positions on
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Figure 9. Five X-ray energy spectra measured, during 120 s each one,
with the same laser conditions, but moving the target (a) with a constant
angular velocity and (b) with a variable angular velocity according to the
radius of the impact position. The colours represent spectra obtained in
measurements done with different radial positions with respect to the target
centre of rotation. The correction of the target offset with respect to focus
was applied in all the measurements.

target and a separation of 110 pm between consecutive radii.
Considering a 1 kHz repetition rate this corresponds to a
linear velocity of 60 mm/s. To keep constant the linear
speed, we had to adapt the angular velocity as a function of
the impact radius.

The motions of the motors refresh the target material and
correct the target position with respect to focus. At 1 kHz
the correction of the position of the target with respect to
focus cannot be done shot by shot; alternatively, we choose to
implement this correction at four equidistant points for each
circle. First, the target rotates 90° clockwise. After this, the
linear stage (L2) moves to correct the target position with
respect to the focus and another 90° rotation is performed.
This is repeated until a complete circumference is covered.
Then the other linear stage (L1) changes the radius to an
inner one and the 90° rotatory movements are done now in
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Figure 10. 15x microscope image of the variable angular velocity target
indicating the radii of the inner Ry = 14 pm and the outer Ry = 38 pum,
the distance between craters B = 58 wm and the radial distance between
circles A = 110 pm.

anticlockwise direction until all the available target area is
irradiated. Because of this movement, the irradiated areas
produce concentric circles on the target surface.

Figure 8(b) shows a copper plate target after being ir-
radiated with variable angular velocity. As can be seen,
the irradiated area is hardly burnt and with an appreciable
structured pattern in the copper surface. The over-burnt
areas forming a cross correspond to the positions where
the distance to focus is corrected or the radius changed.
Figure 10 shows a magnified image of the surface of an
irradiated copper target. The image was done using a
conventional 15x microscope. As the linear velocity is
60 mm/s, we can observe that craters in the same irradiation
circle are separated by B = 58 pwm while the radial distance
between circles is A = 110 um. Two different zones can be
distinguished in the craters, a small one with R = 14 pm in
diameter and a bigger one with R, = 38 pm. This movement
strategy leads to a stable operation of the X-ray source.
When the target rotates with constant angular velocity we
observe a significant reduction in the X-ray flux for the
lowest impact radii, as shown in Figure 9(a). This reduction
in flux, attributed to the superposition of consecutive shots
on the target surface, decreases when increasing the radius
of the irradiation positions. On the other hand, a stable
operation is achieved when the distance between impacts is
larger than the size of the craters produced by each impact at
the target surface. This stability is shown by the similarity in
the five different energy spectra displayed in Figure 9(b).

The operation of the target with a constant angular velocity
is simpler, because it is not necessary to know the impact
radius. However, in order to reach a stable operation in this
mode, it would be necessary to use larger targets to avoid
overlap between impacts. On the other hand, adjusting the
angular speed as a function of the impact radius allows us

7
5><10

=af .

| .

9

=

x 3t |

3 ] ¢ §_ ¢

€ (87 8 %% gee, & s

o s ° 8 ; ¢

X2F Target 1 Target 2 1
1 2 2 2 "
0 5 10 15 20 25

Measurements

Figure 11. Total counts obtained at 17° in 24 different measurements of
3 min performed with two different targets and laser pulses of 950 wJ. Error
bars are calculated as the systematic uncertainty in the determination of
the solid angle of the collimator and the statistical uncertainty in X-ray
counts.

to define a smaller fixed separation distance between laser
impacts. This optimization of the target positioning allows
us to maximize the number of laser impacts per target and
to maintain continuous operation for as long as 36 min with
very good stability. This operation time could be increased
by using larger targets.

6. Results

The variable angular velocity operation mode presented
in Section 5, together with the positioning of the target
described in Section 4 and the correction of the target offset
with respect to focus in four equidistant positions per impact
radial position, improves the stability of the X-ray source.

The final stability of the source can be quantified in terms
of the repeatability of the characteristics of the produced X-
rays. To investigate this repeatability we have measured 24
X-ray spectra at 17° during 3 min each, resulting in more
than 1 h of source operation, corresponding to the use of two
complete copper targets.

We quantified the stability of the X-ray source by looking
to the variations of the X-ray flux in different measurements,
which amounts to 2.6 x 107y /(sr - s) as determined with
the CdTe detector. In Figure 11 we display the X-ray flux
obtained per measurement. The flux deviation for the 24
different measurements amounts to 6.6%, indicating that
the repeatability of this X-ray source is better than 93%.
Moreover, the shape of the energy spectrum of the produced
X-rays is also stable as shown in Figure 9(b).



Another important parameter defining the potential use
of this kind of X-ray sources in different applications is
the delivered dose rate. We measured the dose delivered
by the source described in this work using ring-type TLDs
(Harshaw, TLD-100). The dose rate we have obtained
amounts to 1.5 Sv/h at 30 cm when the X-ray source is
operating at the maximum laser energy per pulse (950 wJ).

We can then conclude that this is a cost-effective source
delivering 1.5 Sv/h at 30 cm with a peak power of few
watts, while conventional X-ray tubes with a similar power
produce smaller dose rates and softer X-ray spectra (e.g.,
4 W, 1Sv/hP31). The high stability, high-average power
and operation duration as long as 36 min of this source
make it suitable for high-resolution imaging applications,
but also to make systematic measurements for a complete
characterization of this source.

7. Conclusions

In this paper, we have presented a table-top laser-plasma
X-ray source in a vacuum-free environment based on solid
targets. We have also investigated the three main parameters
affecting the stability of this source: focus location, focus
shift by self-focusing and target positioning and movement.

The speckle technique allows us to determine the nominal
focus position and to calibrate the focus shift due to the
nonlinear effects induced by the propagation of the laser
pulse in air. The precise determination of the focus shift in
air is important to maximize the X-ray dose of this source.

The target movement optimization using a variable angular
velocity mode is crucial to obtain the stable operation of
the source in terms of flux and X-ray spectrum. This
strategy allows us to avoid the overlap of laser impacts on the
target surface while maximizing the use of the target surface
and obtaining a repeatability better than 93% for nonstop
operation time as long as 36 min per target. This operation
time could be easily increased by using targets with larger
surfaces.

Moreover, this source belongs to a family of X-ray
sources with unique characteristics such as sub-picosecond
X-ray pulses at kHz repetition rates and micrometric source
size. These characteristics make it suitable for X-ray
time-resolved experiments and high-resolution imaging
techniques like phase contrast as important applications in
chemistry, biology and medicine.
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