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and reaches intensities in the range 1015–1019 W cm−2, 
a plasma is produced and energetic electrons are acceler-
ated into it. These hot electrons travel inside the cold target 
volume and generate X-ray radiation: Kα characteristic line 
emission and broad bremsstrahlung spectrum.

Laser-based Kα X-ray sources are of interest for imaging 
as the X-ray source size can be reduced down to 5–25 µm 
range, thus allowing imaging with high spatial resolution 
and phase contrast imaging. The X-ray radiation energy 
can also be selected by changing the target material to 
adjust to the object thickness and density. Among potential 
applications, we can cite biomedical imaging [5], for exam-
ple in vivo tomography of small animal cancer models [6], 
plant imaging (interaction of plant with soils) [7], climate 
study using dendrochronology, or sediments deposit imag-
ing [8]. We mention briefly that similar applications could 
be achieved with other techniques, like X-ray tubes, but a 
small X-ray source size is obtained at the expense of the 
X-ray flux, or using a synchrotron facility, but accessibil-
ity of such big equipment is an issue. For practical applica-
tions, it is critical to get a high X-ray flux associated with 
a small X-ray source size. The high flux allows to realize 
micro-computed tomography (µ-CT) or to study a large 
number of samples in a reasonable amount of time. The 
small X-ray source size allows to keep a high resolution 
and a high imaging contrast. Thus, it is of importance, to 
reach this objective, to optimize the laser parameters avail-
able with the current laser technology.

Laser-based Kα X-ray sources have been studied by 
many laboratories since the 1970s using first nanoseconds 
lasers, and more recently with picosecond and femtosecond 
lasers [1]. The value of the maximum achievable ηKα

, the 
laser energy to Kα X-rays photon conversion efficiency, has 
been reported to decrease with the target atomic number 

Abstract  We characterized a laser-based Kα X-ray source 
produced onto a Mo solid target. We used a laser system 
with a high laser pulse contrast ratio (LPCR) and an instan-
taneous power ∼30  TW. We investigated simultaneously 
the Kα X-ray conversion efficiency, the X-ray source size, 
and the proton front surface emission. We found a high Kα 
X-ray conversion efficiency up to 2× 10

−4 associated with 
an X-ray source size only ∼1.8 times larger than the laser 
focal spot for the highest intensities. We found that using 
a high LPCR laser pulse with 245 mJ per pulse is of inter-
est to develop a laser-based X-ray imaging system as it can 
combine a high conversion efficiency with a small increase 
in the X-ray source size compared to the laser focal spot.

1  Introduction

High-power Ti:sapphire laser technology improvements 
since the 1980s give the opportunity to access commer-
cial-type ultrafast laser system with high intensity, up to 
1020 W cm−2 range when focused, and high repetition rate, 
up to kHz. These high-power lasers permit the production 
of a variety of laser-based X-ray sources: Kα X-ray radia-
tion using Kα characteristic lines [1], broadband backligther 
using bremsstrahlung and free to bound recombination 
from a high-Z solid target  [2], Betatron radiation [3], and 
Compton scattering [4]. Here, we will discuss Kα X-ray 
sources. When a laser pulse is focused onto a solid target 
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Z [9]. Assuming a plasma density gradient L/� = 0.3, the 
optimum intensity Iopt to get the highest ηKα

 has been pre-
dicted to depend of the target material atomic number Z as 
follows Iopt(W cm−2) = 7× 109 × Z4  [9]. For the plasma 
density gradient L/�, L is the electronic gradient length and 

� is the laser wavelength. L =
1

1
Ne

dNe
dz

, where Ne is the elec-

tronic density and z is the direction normal to the target sur-
face. High conversion efficiencies have been demonstrated, 
up to ηKα ∼ 10−4, using laser systems with low laser pulse 
contrast ratio ∼106 (LPCR, defined as the ratio between the 
laser pulse peak intensity and any pre-pulses or the pedes-
tal intensity), but the size of these X-ray sources were from 
four to eight times the laser focal spot size [10–13]. It has 
been reported that to keep the X-ray source size close to the 
laser focal spot size, a high contrast laser pulse ratio must 
be used [10, 14–16]. This is related to a steep plasma den-
sity gradient L/� [17].

An approach to achieve high X-ray brightness is to 
increase the repetition rate or use higher wavelength. In 
recent years, Kα X-ray sources have been extensively stud-
ied with femtosecond laser system operating up to the kHz 
repetition rate. Several works were reported using laser sys-
tems with repetition rates in the kHz range with Cu or Ga 
targets. However, the relatively low energy of the Kα lines 
from these materials make it ill-suited for imaging applica-
tions which require higher energy to penetrate cm of matter 
[12, 18–21]. Higher-energy Kα X-ray photons from heavy 
metals such as Ag or Mo have been used in a few experi-
mental works [11, 15, 22]. For example, 600 mJ per laser 
pulse corresponding to an intensity 4× 1018 W cm−2 has 
been used to produce Kα X-ray radiation with Ag targets at 
10-Hz repetition rate. This resulted in 2× 10−5 conversion 
efficiency and X-ray source sizes five times larger as com-
pared to the 10-µm optical focal spot size. This is explained 
by the low LPCR utilized in the experiments which is, 
respectively, 104 for the picosecond pedestal, and 105 for 
nanosecond pre-pulses [11].

In this context, at INRS-EMT, we investigated the gen-
eration of Kα X-ray radiation using high-Z targets with sec-
ond harmonics generation (400 nm) which permits to pro-
duce a high LPCR with an initially low contrast ratio laser 
system and to keep an X-ray source size close to the laser 
focal spot size (between one and three times larger) [17, 
23]. To validate the approach consisting to increase the rep-
etition rate, we used a 100-Hz repetition rate laser system 
exhibiting a thermal load before compression of 11 W [24, 
25]. One drawback of using second harmonics generation 
is that it reduces the hot electrons’ temperature Th. This last 
one scales as Th ∝ (I�2)α, where I is the laser intensity and 
α is between 1

3
 and 1 depending of the numerical calcula-

tion assumptions for the laser absorption processes and the 
experimental results [26]. Thus, using second harmonics 

generation reduces the conversion efficiency ηKα
 which is 

optimum for Th ∼ 2−6× EKα
 [27, 28].

In this article, we report Kα X-ray production with a 
100-TW-scale laser system with high energy (up to ∼0.8 J 
per pulse), 10-Hz repetition rate, and high LPCR at the 
800-nm fundamental wavelength (better than 1010 for times 
higher than 100  ps before the peak intensity). We deter-
mined the Kα X-ray conversion efficiency and correlated 
it with the X-ray source size and proton energy measured 
simultaneously for each laser shot. This work objective is 
to validate the interest to use such high LPCR laser tech-
nology and to determine what are the optimal parameters 
in terms of laser energy versus conversion efficiency and 
X-ray source size for X-ray imaging applications.

2 � Experimental setup

2.1 � Laser system

Experiments were performed using the 100-TW-class laser 
system at the Advanced Laser Light Source (ALLS) facil-
ity located at INRS-EMT. This Ti:sapphire-based laser 
system is a commercial prototype based upon the chirped 
pulse amplification technique (CPA). It has a central wave-
length of 800  nm and a 55-nm bandwidth. During these 
experimental series, the maximum laser energy on target is 
Elaser ∼ 850 mJ and the pulse duration is 30-fs full width 
at half maximum (FWHM). This results in ∼30  TW of 
instantaneous power on target. Using a 27-cm focal length 
off-axis parabola, the beam is focused to 15 µm diameter 
(FWHM), with 30 % of laser energy delivered within this 
diameter. The maximum peak intensity on target is about 
Ipeak = 6× 1018 W cm−2. For a convenience of the setup, 
and in order to maximize laser-plasma absorption, the laser 
angle of incidence on target is fixed at 45◦ and P-polariza-
tion is used (see Fig. 1).

This work follows some preliminary results obtained 
using a similar experimental setup, where to validate an 
LPCR enhancement technique, we measured separately 
the X-ray source size and the maximum proton energy in 
two LPCR conditions: nominal (low LPCR) and improved 
(high LPCR). We observed that the X-ray source size is 
reduced and the proton energy is increased when the LPCR 
is improved [29].

In nominal LPCR conditions, a saturable absorber (#1) 
is used before injection of the laser pulse into the regen-
erative amplifier. It is located in the booster, just before the 
stretcher as can be seen in Fig. 2. It supports a laser pulse 
contrast ratio close to 109 for a time 50 ps before the peak 
intensity. More precisely, we found a LPCR degradation 
for larger pulse delays before Ipeak, especially between the 
interval 250 ps and 2.1 ns with a value close to 2.5× 108 . 
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The highest pre-pulse originating from the regenerative 
amplifier exhibits a LPCR of 5.3× 107 for a delay of 11 ns 
before the peak intensity.

In improved LPCR conditions, to improve the LPCR, 
an extra saturable absorber (#2) is inserted after the regen-
erative amplification stage. The LPCR is similar with and 
without the saturable absorber #2 up to 54 ps before Ipeak . 
For longer delays, the LPCR is improved with the saturable 
absorber #2 and is found to be better than 1010 for times 
higher than 100 ps before the peak intensity. When the 
saturable absorber #2 is used, the pre-pulses intensity level 
originating from the regenerative amplifier decreases by 
two orders of magnitude.

A complete characterization of this laser system LPCR 
corresponding to these experimental series in the two 
LPCR conditions can be found in a previous publication 
[29]. This characterization is still valid for the present work 
where we focus our interest on the improved LPCR condi-
tion. Molybdenum damage threshold is ∼2 J/cm−2 for laser 
pulse duration below 380 ps and in normal incidence [30]. 

Obviously, with this high LPCR and in our energy regime, 
pre-pulses and the pedestal level are not a concern.

2.2 � Diagnostics

Figure 1 shows the experimental configuration in the inter-
action vacuum vessel. The laser pulse is focused onto 
a thick molybdenum solid target by the use of an off-
axis parabola, resulting in a peak intensity ranging from 
Ipeak = 5.7× 1016 up to 6.1× 1018 W cm−2 on the target. 
A permanent imaging system allows to monitor the laser 
pulse spatial distribution at the target location with a 40× 
magnification. It consists of a wedge, a zero degree high-
reflectivity mirror followed by a f = 10  cm lens, and a 
charge-coupled device (CCD) camera. Using this imaging 
system, we set the best focus with the smallest focal spot 
size at the target position. The target is moved continuously 
in order to get the beam interacting with a clean surface at 
each laser shot. The target holder permits to insure that at 
each laser shot, the target position along the laser propaga-
tion axis is stable within 10-µm precision which is much 
lower than the Rayleigh length. The target holder can be 
translated under vacuum to allow the beam to propagate at 
maximum energy into the imaging system or to set the tar-
get in position for laser interaction.

All diagnostics are positioned around the equato-
rial plane and are used simultaneously for every laser 
shot. The target is positioned at the vacuum vessel center 
toward which all the diagnostics are aligned. X-rays were 
monitored with a photomultiplier tube (PMT), filtered by 
a beryllium (Be) window (250 µm thick) and an Al plate 
(1 mm thick), at a distance of 90 cm to monitor the X-ray 
amplitude signal. The PMT measurement can be related to 
the Kα X-ray radiation and the bremsstrahlung radiation 
emitted for energies above ∼12 keV. This signal is used to 
confirm that the laser pulse is focused onto the target sur-
face as the relative distance between the off-axis parabola 
and the target can be adjusted under vacuum by moving 
the off-axis parabola. Figure 3 shows the measured signal 
when the focus position is moved along the laser propa-
gation axis (target position is at the abscissa axis origin). 
We observe that the highest signal corresponds to the laser 
pulse being focused close to the target (this is confirmed by 
the figure continuous line polynomial fit).

The X-ray spectra were measured by photon counting 
with a direct detection deep-depletion X-ray CCD (model 
PI-LCX thermoelectrically cooled), with 1024× 256 imag-
ing pixels of size 20µm× 20µm. The CCD quantum effi-
ciency extends above 20  keV and is well fitted to meas-
ure the Mo characteristic line emission: Kα1 at 17.48 keV, 
Kα2 at 17.37  keV, and Kβ1 at 19.61  keV. This detector is 
connected to the vacuum vessel by a vacuum-tight tube, 
and a light-tight 6-µm Al filter is used in front of it. The 

Fig. 1   Experimental setup (not at scale): The laser pulse is focused 
by an off-axis parabola and can be imaged by the focal spot imag-
ing system. All the diagnostics are shown on the drawing: PMT, 
knife-edge imaging by an X-ray CCD (SCX), X-ray photon counting 
(LCX), and protons beams measurement (TOF)

Fig. 2   Sketch of the laser system. The saturable absorbers positions 
in the laser system are indicated. The saturable absorber #1 is used 
with short laser pulses. The saturable absorber #2 is used with long 
chirped laser pulses
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CCD camera is composed of a high number of independ-
ent detectors. Every single photon detected by one of these 
detectors gives a number of counts which is proportional to 
its energy. With our settings, the calibration factor is 0.091 
count per eV by calibrating the X-ray CCD using Kα lines 
emitted in laser–solid interaction and known K-edge ener-
gies from metallic filters. If the number of photons per pixel 
is small compared to one, the measurement of the X-ray 
spectrum becomes possible by realizing a histogram. This 
histogram gives the number of occurrences of the same 
number of counts on one pixel as a function of the number 
of counts. A single photon produces electrons that might be 
collected by several neighboring pixels. It has to be taken 
into account to correctly reconstruct the spectra. We use an 
algorithm that only takes into account non-spreading events 
in which electrons are detected on only one pixel (single-
pixel event). Thus, it is necessary to know the probability 
that a single photon yields a single-pixel event, k1(�ω), 
which depends on the photon energy �ω. This function has 
been obtained from a simulation modeling the LCX CCD 
response and providing k1(�ω) [31]. More details about the 
spectrum reconstruction method can be found in another 
publication [32]. In order to operate in photon counting 
mode, the X-ray CCD is positioned at a distance of 90 cm 
from the target as shown in Fig. 1, and the signal is attenu-
ated using a Mo filter with a thickness of 100 µm.

The X-ray source size is measured using an indi-
rect detection X-ray CCD (model PI-SCX4300 

thermoelectrically cooled) to image a knife-edge. The CCD 
is located 170 cm away from the target, and the knife-edge 
is positioned under vacuum 24  cm away from the target 
resulting in a 7× magnification. This CCD has 2084× 2084 
imaging pixels of size 24µm× 24µm. A Gd2SO2 scintil-
lator screen optimized for 17 keV energy is coupled to the 
CCD by a fiber-optic faceplate permanently bonded to the 
chip (the CCD chip is under vacuum). The resulting spa-
tial resolution is estimated to be below 6 µm in the object 
plane.

Protons beams are produced on the target surface by 
target normal sheath acceleration (TNSA) process and can 
be used to correlate the hot electron energy. To measure 
the energy of protons beams directed from the front target 
surface after laser irradiation, a time-of-flight (TOF) spec-
trometer is placed along the target normal axis. The TOF 
spectrometer consists of a vacuum tube leading to a plastic 
scintillator exposed to a PMT. The scintillator is protected 
by a light-tight Al filter, and the distance from target to 
scintillator is 1.65 m. More details about this spectrometer 
can be found in a previous publication [33].

3 � Results and discussion

3.1 � Kα X‑ray conversion efficiency ηKα

Figure 4 presents a typical single-pixel event histogram (it 
corresponds to a raw spectrum where no full reconstruc-
tion has been achieved) obtained using the photon counting 
technique and a Mo target. The calculated Fano-limited res-
olution is ∼207 eV for Kα lines energy which does not per-
mit to resolve the Mo Kα1 and Kα2 lines emission [31]. The 
integrated Kα lines and the Kβ1 line are clearly resolved, 
and well above the bremsstrahlung continuous emission. 
The measured spectrum is mostly line emission, but some 

Fig. 3   Normalized PMT signal as a function of the relative distance 
between the off-axis parabola and the target. Target surface position 
is at the abscissa axis origin, and we defocus by moving the off-
axis parabola (moving toward positive values means that the laser is 
focused before the target). This scan is achieved at 850  mJ energy. 
The error bars correspond to a typical 20 % standard deviation. The 
continuous line corresponds to a polynomial data fit

Fig. 4   Single-pixel event histogram obtained with one laser shot. It 
corresponds to an on-target intensity of 6× 10

18
W cm

−2
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continuous bremsstrahlung can be observed before each Kα 
line. Using this spectrum measurement, we can determine 
the X-ray conversion efficiency.

The curve shown in Fig. 5 corresponds to the absolute 
conversion efficiency ηKα

 (in 2π steradians), from the laser 
light into the Kα X-ray line emission, as a function of the 
on-target incident laser energy or intensity. The error bars 
correspond to the standard deviation on a statistics of at 
least five laser shots for every energy value. The dotted line 
corresponds to a lognormal fit of the experimental points 
and is used as a guide for the eye. The lognormal function 
is a1 + a2 × exp−(

ln(E/a3)
a4

)2, where a1, a2, a3, and a4 are 
the fit parameters, and E is the energy incident on target.

The conversion efficiency is high and inside the interval 
9.9× 10−5–1.97× 10−4 for all the considered energies. The 
best efficiency is found for a laser energy around 245 mJ 
which translates into an intensity of 1.75× 1018 W cm−2. 
The correlation between high conversion efficiency and a 
high LPCR has already been reported in a previous pub-
lication when using the laser fundamental frequency [22]. 
For comparison with our previous results at INRS-EMT, 
using a frequency-doubled 200 mJ energy laser pulse cor-
responding to an intensity in the range of 1018 W cm−2, a 
conversion efficiency ηKα = 10−5 was measured at 10-Hz 
repetition rate [17, 23]. Using a frequency-doubled 20 mJ 
energy laser pulse, we found a conversion efficiency 
ηKα = 1.5× 10−5 at 100-Hz repetition rate [25].

When the conversion efficiency reaches its highest value, 
it means that the hot electron energy is well matched for 
the Mo Kα line production. Thus, the hot electron tempera-
ture must be close to the optimum energy (∼35–105 keV). 

This optimum energy interval is rather large and does not 
allow a precise electron temperature determination. Above 
this energy, the hot electron temperature is much higher 
and energetic electrons penetrate deep inside the target. Kα 
photons are absorbed as they propagate in the target toward 
the surface which reduces the conversion efficiency ηKα

.
In this experiment LPCR condition, any pre-plasma pro-

duction occurs in the rising edge of the laser pulse and we 

Fig. 5   Absolute conversion efficiency ηKα from the laser light into 
the Kα line emission, as a function of the laser energy or the intensity 
incident on target. The dotted line is a lognormal function fit of the 
experimental points and is used as a guide for the eye

a

b

c

Fig. 6   X-ray source size characterization as a function of the on-tar-
get incident energy or intensity. a Measured FWHM diameter seen 
by the X-ray detector along the horizontal axis. b Measured FWHM 
diameter seen by the X-ray detector along the vertical axis. c Meas-
ured X-ray source surface
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expect a step-like plasma density profile. In this case, we 
assume that the laser energy is absorbed by the target elec-
trons through a Brunel-like mechanism as is confirmed by 
a previous experiment where a high LPCR is obtained by 
using a double plasma mirror setup [34, 35]. In this case, 
Th = α(I�2)1/3 and we can estimate α coefficient from 
previous works. Using PIC simulations, it was found that 
α = 7 for Brunel-like mechanism [26]. From a previous 
experimental work, using 530-nm second harmonics gener-
ation to enhance the LPCR in the 1017−1018 W cm−2 inten-
sity regime on Ag targets, it can be determined that α ∼ 8.6 
[15]. The coefficient can also be determined to be α ∼ 6.3 
with another experimental study in the 1018 W cm−2 inten-
sity range and using 400-nm second harmonics generation 
[17]. Thus, we assume that α = 7 which gives Th = 34 keV 
at 245  mJ for the maximum conversion efficiency. This 
value is low, but still compatible with the expected energy 
interval.

3.2 � X‑ray source size

To measure the X-ray source spot size, a tungsten knife-
edge (0.6 mm thick) is imaged simultaneously both along 
the horizontal and the vertical axes. The edge-spread func-
tion (ESF) obtained for each edge image is fitted with a 
Fermi function. The differentiation of this function yields 
the line-spread function, which is fitted by a Gaussian dis-
tribution [10].

The measured X-ray sources sizes (both along the verti-
cal and the horizontal axes) as a function of the on-target 
incident energy or intensity are shown in Fig.  6a, b. The 
error bars correspond to the standard deviation on a statis-
tics of at least five laser shots for every energy value. For 
the highest laser energy, the X-ray sources sizes are found 
to be up to ∼1.8 times larger than the laser focal spot along 
both axes. When the laser energy is decreased, the X-ray 
source size is also decreasing down to a size similar to the 
laser focal spot. Note that, this behavior is similar to ref-
erence 29 results in the improved LPCR conditions (X-ray 
source surface were reported) as can be seen in Fig. 6c.

We already mentioned that X-ray sources size have been 
found to be from four to eight times larger than the laser 
focal spot size when low LPCR is used [10–13]. This can 
be explained by the presence of a large pre-plasma where 
electrons can travel on large distances in the lateral direc-
tion. On the contrary, when high LPCR has been used, the 
X-ray sources measured were only 2–3 times larger than 
the laser focal spot size [15, 17]. In this case, several con-
tributions can explain the larger X-ray source size: First, 
when electrons leave the target surface and come back 
to it, due to electrostatic forces, they scatter into a larger 
area. On the other hand, the space charge field developing 
near the critical density produces a large electrostatic field 

which slows down the electrons and gives an effective stop-
ping distance a lot less than the expected one into a cold 
solid target [36]. Second, the X-ray sources size increase 
can be explained by the low-intensity wings of the incident 
laser pulse which is associated with a hot electron tempera-
ture scaling from the pulse maximum to its edge [10]. We 
believe that the moderate hot electron temperature expected 
from the scaling law found in the previous section is in 
agreement with the low increase in the X-ray source size 
compared to the laser focal spot size. We also understand 
that more work beyond the scope of this paper would be 
necessary to fully understand the hot electron transport in 
the plasma.

3.3 � Protons beams measurements

We illustrate in this section, even if this is an indirect 
method, how proton beams can be used to get an idea of 
Th. Protons beams are produced on the target laser irradi-
ated front surface and are related to the hot electron gen-
eration. For the laser--matter interaction conditions used 
in this experiment, ions are primarily accelerated by the 
TNSA process. In this mechanism, relativistic electrons 
are produced by the laser pulse at the front surface. Pen-
etrating freely through the target, these energetic electrons 
establish space charge sheath fields on the target surfaces, 
which then pull ions outward [37]. This mechanism is usu-
ally studied on the thin foil target’s rear side (opposite to 
the laser irradiated front side surface) as in many laser sys-
tems the LPCR is too low to prevent a pre-plasma on the 
front side surface and efficiently produce a proton beam. It 
has already been demonstrated that with high LPCR con-
ditions, the pre-pulses or pedestal is small and induces a 
low enough plasma expansion to be able to consider that 
both target surfaces remain planar at the arrival of the main 
pulse. Protons beams are then observed on both sides of the 
target [33, 34]. In this experiment, we use a thick target, so 
only the target’s front surface can produce a proton beam.

In Fig. 7, we measure the maximum proton cutoff energy 
as a function of the on-target incident energy or intensity. 
The first observation is that the LPCR is high enough to 
observe protons beams over all the intensity range of this 
experiment. The proton cutoff energy increases linearly 
from 160 keV up to more than 800 keV. The proton cutoff 
energy is ∼400  keV for the highest conversion efficiency 
ηKα

. Note that, the measured proton cutoff energy is simi-
lar to what is reported in reference 29 in this high LPCR 
condition.

We can estimate the proton cutoff energy using a sim-
ple isothermal fluid expansion model on the irradiated 
target surface where the acceleration time is fixed to take 
into account the energy transfer from the hot electron 
to the ions. Several publications describe in detail this 
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analytical model [38, 39]. Figure  7 shows (in solid line) 
the resulting calculated maximum proton cutoff energy. We 
assume that Th is given by a Brunel-like mechanism with 
Th = 7× (I�2)1/3. We use an effective acceleration time 
tacc = a× (τ + tmin), where τ is the laser pulse duration, 
the energy exchange time between electrons and protons 
is tmin = 60 fs, and a varies linearly from 3 at the inten-
sity 2× 1018 W cm−2 to 1.3 at 3× 1019 W cm−2 [40]. The 
laser light conversion fraction into hot electrons is given by 
1.2× 10−15 I0.74 where I is the laser intensity [36, 41]. For 
such a simple model, the calculated maximum proton cut-
off energies are in reasonable agreement with the measure-
ments which comfort us with the estimated scaling law for 
the electron temperature.

3.4 � Phase contrast imaging potential

We characterized the Kα X-ray source, and we can now 
assess its potential for in-line phase contrast imaging appli-
cations. To investigate it, we use a simple one-dimension 
numerical model to determine the imaging pattern from 
a reference object as a function of the X-ray source size. 
The reference object is a cylindrical nylon wire, whose 
refractive index is close to biological tissues and for which 
absorption is small in the hard X-ray range. In this model, 
we assume a monochromatic X-ray source with an energy 
of 17.4 keV. The wave amplitude at each point of a plane 
object is given by the Fresnel–Kirchoff integral calculated 
into the Fresnel approximation. The detailed model can be 
found in a previous publication [17].

The object is located 70  cm away from the X-ray 
source. The detector is positioned 1.4  m away from the 

object giving a magnification of 3. This is similar to the 
experimental geometry used in previous experiments [17, 
23]. The calculation is achieved with an X-ray source size 
ranging from 5 up to 40 µm which contains the meas-
ured X-ray source size interval from the current experi-
mental series. We also vary the object diameter from 10 
to 100 µm to know how many X-ray photons are required 
to observe the diffraction depending of the object charac-
teristic dimension (in this case the diameter). To optimize 
the detection efficiency above 10 keV, a phosphor screen 
coupled to a CCD camera via a fiber-optic faceplate is 
usually used. As an example, we can consider the same 
Princeton Instrument CCD that has been used to measure 
the X-ray source size. This model is equipped with a phos-
phor screen optimized for 17 keV and with 68 % absorp-
tion efficiency at 17.4 keV. The typical spatial resolution 
in the detector plane is estimated to be around 40 µm. This 
gives an imaging resolution in the object plane of 13.3 µm 
in our geometry.

To illustrate this calculation, we show in Fig. 8, the cal-
culated diffraction pattern for an X-ray source size of 15 µ
m, respectively, for the ideal detector (red line) and for a 
detector spatial resolution limited to 40 µm (dotted black 
line).

From the calculations, we can deduce the imaging con-
trast C =

H−L
H+L

, where H and L are the signals from the edge 
presenting. respectively, the highest and lowest intensities. 
It allows to calculate the total number of X-ray photons 
required to see the imaging pattern assuming it is limited 
by a Poisson noise. For example, in Fig. 8, the dotted line 
corresponds to C = 0.04. Assuming a Poisson noise, we 
need at least 625 absorbed X-ray photons on each CCD 
pixel to see the diffracted pattern. This corresponds to a 
total number of photon NPois. = 4.4× 1013 photons emitted 
in 2π steradians.

Fig. 7   Proton cutoff energy as a function of the on-target incident 
energy or intensity. Using a simple isothermal fluid expansion model, 
we calculated the expected proton cutoff energy for tmin = 60 fs (con-
tinuous line)

Fig. 8   Calculated X-ray diffraction pastern for a 15-µm X-ray source 
size and a 40-µm-diameter nylon fiber. The imaging magnification is 
3. We show the result assuming ideal (continuous red line) and a 40-µ
m (dotted black line) imaging resolution in the detector plane
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In Fig. 9, we show the calculated imaging contrast C as 
a function of the X-ray source size and for different objects 
diameter. The spatial resolution at the detector plane is 
40 µm. We observe that C the imaging contrast decreases 
when the X-ray source size is increased, and C is higher 
for increasing objects diameter. We note that C is low for 
object diameters lower than 40 µm. Assuming that there 
is no other noise source to mask the signal apart from 
the Poisson noise, it means a high number of photons are 
needed to be able to see the diffraction pattern.

In previous works, the typical number of laser shots to 
realize a phase contrast image is 4500. In this case, the 
source to detector distance is 215  cm, ηKα = 10−5 (with 
Ag Kα), and the energy per laser shot is 200 mJ [17, 23]. 
At 10-Hz repetition rate, the experimental acquisition time 
required for each image is typically texp = 7.5 min, which 
limits applications requiring a large number of images. 
The measured imaging contrast is C = 0.047. This requires 
NPois. = 3.4× 1013 photons emitted in 2π steradians to 
measure the diffraction pattern. In practice, the number 
of photons corresponding to 4500 laser shot is around 15 
times lower as line-out are realized by integrating the pro-
file over several pixels (typically more than 15 pixels) to 
observe the profile of an object edge.

Using a laser source similar to our current work with 
high LPCR, we can assume an optimal conversion effi-
ciency ηKα = 2× 10−4 and 245  mJ per laser shot. This 
means that the X-ray source size is between 20 and 25 µ
m. For a 40 µm object diameter, we find C = 0.028. To 
observe the corresponding diffraction pattern, it requires 
NPois. = 9× 1013 photons emitted in 2π steradians. This 
number of photons corresponds to 5000 laser shots and 
51 s of laser shots at 100-Hz repetition rate. In practice, to 
see the diffraction pattern on a line-out, the total number of 
photons can be lower by a factor of 15 and correspond to 
texp = 3.5 s. Thus, applications such as X-ray tomography 

that require large acquisitions number would be within 
reach using the current commercial Ti:sapphire technology.

We already mentioned that another strategy to increase 
the X-ray flux for imaging applications is using higher rep-
etition rate laser system. To evaluate it, we can assume a 
kHz laser system at 800 nm wavelength with a high LPCR 
delivering 40 mJ of energy per laser pulse. In this case, the 
X-ray source diameter is similar to the laser spot size and 
C = 0.04. Using the same calculation, we determine that 
texp = 2.1 s in order to observe the diffraction pattern of 
a 40 µm object diameter with a line-out. We see that the 
accumulation time is similar to the previous case, but now 
the thermal load is 40 W instead of 24.5 W which might 
have an impact on the X-ray source efficiency and stability 
[24]. We understand that studying the thermal load influ-
ence onto the Kα X-ray source is beyond the scope of this 
article.

4 � Conclusion

We characterized a laser-based Kα X-ray source produced 
by focusing a laser pulse onto a Mo solid target. We used 
a high LPCR and an instantaneous power ∼30  TW. We 
found a high Kα X-ray conversion efficiency close to 
2× 10−4 associated with an X-ray source size close to the 
laser focus diameter: up to ∼1.8 times larger for the highest 
intensity in this study (∼6× 1018 W cm−2). We measured 
the proton production at the front side of the target and 
found ∼400 keV for the best ηKα

. Our results are in agree-
ment with a Brunel-like mechanism for the hot electron 
generation and a scaling law for the electron temperature 
Th = 7× (I�2)1/3. We assessed the quality of in-line phase 
contrast imaging with such a Kα X-ray source and found 
that using a high LPCR laser system providing an energy 
per laser pulse of 245 mJ and a repetition rate of 100 Hz 
could be a good candidate to develop a laser-based X-ray 
imaging system with small acquisition time.
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