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Abstract

Kα X-ray sources generated from the interaction of ultra-short laser pulses with solids are compact and low-cost source of
ultra-short quasi-monochromatic X-rays compared with synchrotron radiation source. Development of collimated ultra-
short Kα X-ray source by the interaction of 45 fs Ti:sapphire laser pulse with Cu wire target is presented in this paper.
A study of the Kα source with laser parameters such as energy and pulse duration was carried out. The observed Kα

X-ray photon flux was ∼2.7 × 108 photons/shot at the laser intensity of ∼2.8 × 1017 W cm−2. A model was developed
to analyze the observed results. The Kα radiation was coupled to a polycapillary collimator to generate a collimated
low divergence (0.8 mrad) X-ray beam. Such sources are useful for time-resolved X-ray diffraction and imaging studies.
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1. INTRODUCTION

The characteristic Kα radiation generated by the interaction of
intense, ultra-short laser pulses with solids has unique prop-
erties such as, narrow spectral band width and ultra-short
pulse duration (<ps) (Zamponi et al., 2010), which makes
it suitable for time-resolved X-ray diffraction (TXRD) stud-
ies (Sokolowski-Tinten & von der Linde, 2004; Zamponi
et al., 2010; Freyer et al., 2013) with high temporal and spa-
tial resolution. Laser–plasma X-ray source also offers high
peak brightness and quasi-spectral tuning through the use
of various target materials (Z ). Other sources such as syn-
chrotron radiation sources can provide X-ray radiation with
high average flux (Pfeifer et al., 2006). However, such sourc-
es require very large facility and high operating cost. On the
other hand, ultra-short pulse duration laser–plasma X-ray
sources are compact in size and require low operating cost,
which makes them economical and compact alternative. In
earlier reported studies, Kα X-ray sources with different
target materials and designs such as wire target, metal tape,
rotating disk, and liquid jet have been reported (Zhavoronkov
et al., 2004; Serbanescu et al., 2007; Chakera et al., 2008;
Iqbal et al., 2013; Miaja-Avila et al., 2015). Wire target of

different materials are easily available and low-cost in
comparison with other target design.
For the practical applications, it is desirable that

laser–plasma based Kα X-ray source should have narrow
spectral band width, large photon flux, and low bremsstrah-
lung X-ray noise. In order to maximize the Kα X-ray yield,
one should optimize the laser–target interaction parameters
such as laser intensity and fluence (Reich et al., 2000,
2001; Curcio et al., 2016). Optimization of laser intensity
can be done by changing the laser focal position on the
target, by varying the laser energy or laser pulse duration
(Arora et al., 2014b). Optimization of laser intensity by off-
setting the target leads to larger X-ray source size that limits
the angular resolution in X-ray diffraction (XRD) studies.
Laser–plasma X-ray source emits in 2π solid angle; there-

fore it is desirable to collect the emission in order to increase
the X-ray flux on the sample under study. Different types of
X-ray optics viz. crystal optics, multilayer optics, and polyca-
pillary optics are used for this purpose (Missalla et al., 1999;
Bargheer et al., 2005; Shymanovich et al., 2008). Depending
on experimental requirement various properties of different
optics are useful. Crystal optics provides high spectral
purity with small focal spot size, whereas multilayer provides
large number of photons per second per mm2 with small
focal spot size (Bargheer et al., 2005). The polycapillary
lens provides high X-ray output flux on the sample with mod-
erate focal spot size, whereas polycapillary collimator
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provides low divergence and high flux at the sample. The
collimated X-ray beam can be transported to large distances,
such that the test sample can be placed with higher flexibility
(Dorchies et al., 2015). Collimated X-ray beam is useful in
various applications such as large area wafer analysis and
large area powder diffraction analysis as they give large foot-
print resulting in much improved particle size distribution
statistics and insensitivity of the target placement (Macdon-
ald & Gibson, 2003). The collimated beam also results in
higher resolution and contrast in medical imaging (Sugiro
et al., 2004). Polycapillary optics contains bundles of thou-
sands of capillary channels. These channels are fused togeth-
er and bent into tapered shape such that all capillaries are
oriented toward the focus, or become parallel to each other
(Rath et al., 1998). The X-ray propagates through the chan-
nels by total external reflection principle and transmits
through it if they enter below the critical angle (∼0.2° at
8 keV) (Kumakhov & Komarov, 1990; Rath et al., 1998;
Gao & Ponomarev, 2003). In earlier studies, it was observed
that the propagation of the X-rays through capillary channels
of varying length results in sub-picosecond temporal broad-
ening of X-ray pulse (Tomov et al., 2004). Apart from col-
lecting the X-rays, the energy selectivity of polycapillary
optics can filter the undesirable bremsstrahlung X-rays,
which exists with the Kα radiation. The hot electrons gener-
ated during the laser–plasma interaction can also generate
bremsstrahlung radiation from nearby places such as target
holder and mounts, etc. This radiation can also couple with
the signal and appears as noise. The position sensitivity of
polycapillary optics can remove this bremsstrahlung noise ef-
fectively. This is highly desirable for various applications
viz. phase contrast imaging and X-ray diffraction studies.
In this paper, we report development and parametric char-

acterization of low noise collimated ultra-short Kα X-ray
source. The Kα X-ray source is generated by the interaction
of 45 fs ultra-short Ti:sapphire laser pulse with Cu wire
target. A parametric study of the Kα source such as variation
of photon flux and source size with laser parameters, that is,
energy and pulse duration was performed and the results are
then analyzed using a numerical model. It was observed that
the Kα flux increases with the increase in laser energy (flu-
ence) and the maximum observed flux was ∼2.7 × 108 pho-
tons per shot at maximum laser intensity of ∼2.8 ×
1017 W cm−2. On the other hand, the Kα flux shows an opti-
mum pulse duration of∼150 fs at a constant energy of 23 mJ
(fluence ∼6.8 × 103 J cm−2). Next, the X-ray source size de-
pendence on laser energy (fluence) and pulse duration was
also studied. The X-ray source size increases with laser flu-
ence where as it shows a minimum at an optimum pulse du-
ration of ∼500 fs. The Kα radiation was coupled to a
polycapillary collimator. The collimated output has a low di-
vergence (0.8 mrad) and low bremsstrahlung background.
The parallel X-ray beam can be used in various applications
as discussed above (Macdonald & Gibson, 2003; Sugiro
et al., 2004). X-ray diffraction patterns from the highly ori-
ented pyrolytic graphite (HOPG) crystal were also recorded

using collimated and diverging X-ray beams. The compari-
son of these two diffraction patterns clearly indicates the
reduction in background due to rejection of high-energy
bremsstrahlung by the polycapillary X-ray optics.

2. EXPERIMENTAL SET UP

The experiment was carried out on 10 TW, Ti:sapphire laser
system delivering up to 70 mJ energy in 45 fs [full width at
half maximum (FWHM)] laser pulses at 10 Hz repetition
rate. The experimental setup is shown in Figure 1. The
laser beam was focused using f/4 off-axis parabolic (OAP)
mirror on a moving Cu wire target of 300 μm diameter to
generate Cu Kα radiation. The measured focal spot sizes
(FWHM) in horizontal and vertical directions were ∼19
and ∼11 μm respectively. The p-polarized laser light was in-
cident on the wire target at an angle of ∼45° from target
normal. The wire target was moved with a speed of
∼1 mm s−1, which was sufficient to provide fresh surface
at each laser shot operating at 10 Hz. In the direction of the
laser beam propagation, the observed shift of the wire
around its mean position was <5 μm, which was smaller
than the depth of focus (∼120 μm) of the OAP. In order to
protect OAP from the plasma debris of the wire target, a
fused silica window was placed between OAP and wire
target assembly. Laser transmission in the fused silica
window was ∼90%. It may be noted here that ∼65% of
the laser energy reaches on the target due to losses from fold-
ing mirrors, OAP and fused silica window. The energy
shown in the figures is actual energy on target.

The X-ray spectrum was recorded on an X-ray charged-
coupled device (CCD) camera in a dispersionless geometry,
operating in a single photon counting mode (Arora et al.,
2013). To avoid the secondary X-ray emission generated
by fast electrons, a magnetic field of ∼300 Gauss was ap-
plied between the X-ray source and X-ray CCD camera.
X-ray filters (5-μm thick Al and 7-μm thick Cu) were mount-
ed in front of X-ray CCD to select X-ray energy range of
6–9 keV. From the recorded spectrum, Kα conversion was
derived by taking into account the quantum efficiency

Fig. 1. Schematic representation of experimental setup. The X-ray CCD was
used as dispersionless spectrograph when polycapillary collimator was not
installed.
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(17%) of the X-ray CCD detector and the X-ray filter trans-
mission at 8 keV. The Kα X-ray flux variation with laser in-
tensity on the target was studied by (a) changing the laser
energy (by changing the energy of laser pumps) on the
target and (b) by varying the laser pulse duration (by chang-
ing the grating separation of pulse compressor).
Polycapillary X-ray collimator (Make: Unisantis, Model

no.=UNS1G-5F-130409) of input focal distance 50 mm,
input aperture 5.3 mm, and length 58 mm was used to colli-
mate X-rays coming out from the plasma X-ray source. The
polycapillary was mounted on a motorized six-axis goniom-
eter stage. The collimated X-rays were detected by the X-ray
CCD camera placed at a distance of ∼480 mm from the
output end of the collimator. These X-rays were used to
record diffraction pattern from HOPG crystal placed outside
the vacuum chamber. The X-rays were taken out of the
vacuum chamber through a kapton window of 25 μm
thickness.

3. RESULT AND DISCUSSION

Single shot X-ray spectrum recorded with dispersionless
spectrograph is shown in Figure 2. The spectrum shows Cu
Kα (8.05 keV) and Kβ (8.9 keV) lines over-riding on a brems-
strahlung background. The Kα X-ray yield is obtained by in-
tegrating it over the Kα line width. It was insured that the
spectra was recorded in single photon counting mode in
order to evaluate the Kα flux correctly. The estimated Kα

X-ray photon flux (in 2π Sr) from the recorded spectrum
was ∼2.7 × 108 photons per shot at the laser intensity of
∼2.8 × 1017 W cm−2 and X-ray conversion efficiency is es-
timated to be ∼7.6 × 10−6 at the above laser intensity. The
laser intensity is calculated by assuming Gaussian shape
pulse in space and time. The conversion efficiency observed
in the present case is comparable with the results reported
earlier (Bonvalet et al., 2006; Arora et al., 2014a). The

variation of Kα photon flux with laser energy (at fixed
pulse duration of 45 fs) was also recorded and same is plotted
in Figure 3a. The points in the Figure 3a shows the experi-
mental data and the line shows the result on estimation of
Kα X-ray flux using theoretical model, which is discussed
later. Next, Kα emission is optimized with the laser pulse du-
ration for a constant laser energy of 23 mJ (fluence ∼6.8 ×
103 J cm−2) on the target. The laser pulse duration was
varied from shortest nominal value of 45 fs to higher duration
by changing grating separation of the laser pulse compressor.
It was observed that the Kα flux increases first, shows
maxima at ∼150 fs and then decreases for longer pulse dura-
tion as shown in Figure 3b. Similar trend has been reported
earlier (Arora et al., 2014a). They have observed optimum
pulse duration at 250 fs for their experimental condition,
which was at higher laser fluence compared with the present
case.
A model was developed to understand and estimate the Kα

flux. There are several studies available that simulate the pro-
cess of Kα emission though numerical codes (Eder et al.,
2000; Ziener et al., 2002; Limpouch et al., 2004; Gibbon

Fig. 2. X-ray spectrum recorded with dispersionless spectrograph. The spec-
trum shows Cu Kα (8.05 keV) and Kβ (8.9 keV) lines overriding on a brems-
strahlung background. The Kα X-ray flux was estimated from the area under
the curve. The dashed line indicates the bremsstrahlung background level.

Fig. 3. Variation of Kα X-ray yield (a) with laser energy and (b) with laser
pulse duration. Line in the figures show fitted flux distributions from
modeling.

R. Rathore et al.444

https://doi.org/10.1017/S026303461700043X Published online by Cambridge University Press

https://doi.org/10.1017/S026303461700043X


et al., 2009). These studies mainly use the Monte Carlo or
PIC simulations, which is an involved job. Here, we have
used a rather simpler numerical approach. The Kα radiation
is produced by the interaction of cold solid with hot electrons
generated during the interaction of intense ultra-short laser
pulse with solid target. However, usually the ultra-short
laser pulses have amplified spontaneous emission (ASE)
pedestal pre-pulse extending up-to several nanoseconds.
When such laser pulse interacts with the target, the ASE ped-
estal generates pre-plasma extending over several tens of mi-
crons. This pre-plasma affects the Kα generation in two ways:
first the hot electrons lose their energy in the pre-plasma as
they pass though it and a fraction of the generated Kα photons
by the interaction of these hot electrons with cold solid also
get absorbed in this pre-plasma. However, controlled gener-
ation of the pre-plasma can also improve the Kα conversion
efficiency (Ziener et al., 2002; Lu et al., 2009). In order to
correctly estimate the generated Kα flux, one must take this
pre-plasma into account. We have recorded the ASE pedestal
using a fast photodiode (MRD 500). The ASE contrast can be
controlled by adjusting the switching time of the laser Pock-
els cells. Under best conditions, the ASE pedestal has ∼1%
of the laser energy and extended over ∼3 ns. The intensity
profile of ASE pedestal was used to simulate the density pro-
file of the pre-plasma using a one-dimensional (1D) hydro-
dynamic code (Helios, 2017). The plasma electron density
generated by the laser ASE pedestal as calculated from the
1D hydrodynamic code (Helios, 2017) is shown in Figure 4.
Figure 4 inset shows the laser ASE pedestal profile as record-
ed from photo-diode. Next, we have estimated the tempera-
ture of the hot electrons generated in laser solid interaction
from earlier works (Beg et al., 1997; Reich et al., 2000;
Rao et al., 2012). The experimental and numerical estima-
tions of the hot electron temperature indicate that the hot
electron temperature scales with laser intensity as I(0.3–0.6).
This scaling is estimated for constant pulse duration and var-
iable laser energy. Here, we have taken the scaling given by

Rao et al. (2012) (I2/3), who have used same laser system in
their study. It may be noted here that for the wide range of the
laser intensity, the laser energy coupling to hot electrons re-
mains roughly constant (Reich et al., 2000). However, same
temperature scaling may not be used while we change the
laser pulse duration, as several factors such as laser energy
coupling and interaction phenomena may change with laser
pulse duration. In order to overcome these unknown factors,
we have used the results of Rao et al., where the electron tem-
perature was studied as a function of laser pulse duration. The
scaling of hot electron temperature with laser pulse duration
was calculated using the results of Rao et al., as ∼I1/3. The
final expressions of hot electron temperature scaling with
laser intensity in both cases can be written as

Thot(E)∝ (I)2/3 and Thot(τ)∝ (I)1/3, (1)

where I, Thot(E), and Thot (τ) are laser intensity, hot electron
temperatures as a function of laser energy, and laser pulse du-
ration respectively. It may be noted here that in the case of Kα

yield with laser energy, different hot electron temperature
models give similar results. However, Kα yield with laser
pulse duration would strongly depend on different hot electron
temperature models. Stronger intensity scaling of hot electron
temperature with the laser intensity decreases the Kα flux rap-
idly with the increase in laser pulse duration. It is assumed that
these hot electrons have a Maxwell–Boltzmann distribution at
their corresponding hot electron temperature.

n = n0

������
E

kThot

√
exp − E

kThot

( )
, (2)

where the value of n0 can be estimated from the laser energy
coupled into hot electrons. In the case of ultra-short pulses fo-
cused at normal incidence ∼5–10% of the incident laser
energy is coupled to the plasma (Price et al., 1995), in other
study by Reich et al. (2000)∼40–60% laser energy is coupled
to the hot electrons. However, our present model can repro-
duce the experimental results by assuming ∼2% coupling
of the incident laser energy to the hot electrons. Increasing/
decreasing the energy coupling into hot electrons does not
change the shape/scaling of the modeled graphs, but merely
leads to the change in the flux. The main mechanism involved
in the laser-hot electron energy coupling is resonance absorp-
tion. In our experimental conditions, where pre-plasma scale
length is relatively long (see Figure 4), ∼45° incidence
angle is far from ideal for efficient resonance absorption.
Low incidence angle will be required for efficient resonance
absorption. However, we have placed the wire at ∼45° to
avoid back-reflection and to reduce debris deposition on the
beam optics. This might be one of the reasons of the
weaker coupling of laser energy into hot electrons (Gibbon,
2005). Since the electron temperature scaling with laser
pulse duration takes into account the variation of laser
energy coupling into hot electrons and any change in interac-
tion mechanisms, etc. Hence, we can now take constant

Fig. 4. Simulated electron density profile, generated by the interaction of
pre-pulse with the target, using 1D hydrodynamic code (Helios, 2017) at
different incident laser energies. The inset shows the ASE pedestal profile
recorded by photo-diode (MRD 500) at 45 mJ laser energy.
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coupling (2%) in this case too. The simulated hot electron dis-
tribution as a function of laser energy (at constant pulse dura-
tion of 45 fs) and pulse duration (at constant laser energy of
23 mJ) can be seen in Figure 5a and 5b respectively. Upon in-
creasing the laser energy at constant pulse duration, both the
laser intensity and the coupled energy to hot electrons increas-
es, which in turn increases the number and temperature of the
hot electrons. On the other hand, if we increase the laser pulse
duration while keeping the laser energy (fluence) constant, the
hot electron temperature decreases but the coupled laser
energy into the hot electrons remains the same. As a result
the number of the hot electrons increases since the coupled
energy is now being distributed among lower energy hot
electrons.
Hot electrons generated during laser–matter interaction,

traveled first through the pre-plasma and then in the cold
solid. The interaction of hot electrons with cold solid gener-
ates the Kα radiation. As the hot electrons propagate through
the matter, they lose their energy. The energy loss of the elec-
trons depends on the stopping power (energy dependent),
and density of the medium. The loss of the electron energy
as they propagate through pre-plasma and cold solid was cal-
culated for whole electron distribution at each simulation step
of 0.1 μm using electron stopping powers from NIST

database (NIST, 2017). The number of Kα photons is estimat-
ed from the Kα generation cross-section given by Green &
Cosslett (1961)

σk(cm2) = 7.92 × 10−20 ln(Uk)
E2
k (keV)Uk

, (3)

Where Uk is the ratio of the electron energy (E) to the K-shell
binding energy (Ek). It can be seen from Eq. (3), that the op-
timum hot electron energy for the generation of the Kα pho-
tons is∼25 keV, which is∼3 × the Kα photon energy. When
this energy dependent cross-section is multiplied by the elec-
tron distribution and the number of the copper atoms in the
volume of one simulation step, we will get the Kα photons
generated at that simulation step. These Kα photons travel
through, solid and pre-plasma, and then reach the detector.
We have calculated the number of transmitted photons
using positional densities of pre-plasma and solid, and
mass absorption cross-section (CXRO, 2017). The addition
of these transmitted Kα photons, generated over all simulation
steps gives us total number of detected Kα photons for one set
of laser parameters. Iterating this process for several laser en-
ergies and pulse durations gives us the distribution of gener-
ated Kα photons with these parameters as shown in Figure 3a
and 3b respectively. These results are matching reasonably
well with the observed Kα photon flux. We have compared
the total number of Kα photons with the number of atoms pre-
sent in the interaction volume (i.e. laser focal area × nominal
electron range), it turned out that the number of Kα photons is
<10−4 times the total number of atoms in focal volume.
The other important parameter of the Kα source is its

source size as it governs the resolution in X-ray diffraction
study and phase contrast imaging. The dependence of Kα

source size on the laser parameters was studied using knife
edge technique (Fourmaux & Kieffer, 2016). The magnifica-
tion of the knife edge setup was∼7.5. A knife edge profile at
laser intensity∼2.2 × 1017 W cm−2 is shown in Figure 6 and
the derivative of the same gives the X-ray source size

Fig. 5. Simulated hot electron distributions (a) with laser energy at fixed
pulse duration of 45 fs and (b) with laser pulse duration at constant laser
energy of 23 mJ (fluence ∼6.8 × 103 J cm−2).

Fig. 6. The knife edge intensity profile of the X-ray source (circles) with
error function fit (solid line) and Gauss fit of its first derivative (dashed
line). It shows a source size of ∼155 μm, recorded at laser intensity of
2.2 × 1017 W cm−2.
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∼155 μm (FWHM) in horizontal direction. The variation of
X-ray source size with laser energy and pulse duration was
studied. It was observed that for a constant pulse duration
(45 fs) with increasing laser energy, source size increases
and the same is shown in Figure 7a. Variation of the
source size with laser pulse duration for a constant energy
of 36 mJ (fluence ∼1.1 × 104 J cm−2) is shown in Figure 7b.
It may be noted that the X-ray source size first decreases
sharply to a minimum at ∼500 fs. With the further increase
in laser pulse duration the X-ray source size again started in-
creasing slowly.
Interaction of ultra-short laser with the solid target gener-

ates hot electrons with a divergence that depends on various
laser–plasma interaction parameters. The Kα photons are
generated by these hot electrons along their propagation in
the cold solid. Thus, the Kα X-ray source size is similar to
the average transverse size of the hot electrons in the cold
medium. The presence of pre-plasma increases the transverse
size of the hot electrons generated at the critical density sur-
face, hence the observed X-ray source size was significantly
larger than the laser focal spot size (Eder et al., 2000). With
the increase in laser pulse duration, the laser intensity de-
creases which in turn decrease the temperature/range of the

hot electrons. As the hot electron range decreases, the diverg-
ing hot electrons penetrate less in the medium, hence the final
transverse size of the hot electrons also decreases, which in
turn decreases the Kα source size. After initial increase in
laser pulse duration, the hot electron range becomes suffi-
ciently less, such that Kα photons come essentially from
the surface of the target. Hence, further increase in laser
pulse duration does not decrease the Kα source size. Howev-
er, the increase in the divergence of hot electrons with laser
pulse duration (Mandal et al., 2015) may increase the Kα

source size with further increase in laser pulse duration.
More experimental and simulation data are required to
firmly establish this fact. In similar line, as the laser energy
is increased, the hot electron temperature/range increases.
The Kα photons are generated deeper inside the material re-
sulting in the increase in Kα source size.

As discussed above, the bremsstrahlung background gen-
erated during the laser–plasma interaction acts as noise in
the Kα X-ray source and not desirable in various applications.
Further, it is also important to collect the Kα radiation from
the laser–plasma point X-ray source, which emits in 2π
solid angle and transport it to the sample for better flux.
These requirements may be achieved by collecting and colli-
mating the X-rays emitting from the point X-ray source using
polycapillary optics.

The X-rays were collected by a polycapillary collimator
placed at a distance of 50 mm from the source. The image
of the collimated X-ray beam recorded on the X-ray CCD
along with its horizontal and vertical profiles is shown in
Figure 8. The X-ray flux through polycapillary is optimized
by precisely aligning its position and angle with respect to
X-ray source using goniometer. The observed horizontal
and vertical FWHM sizes of the collimated beam were
2.83 and 2.76 mm respectively. A 25 μm thick kapton
window was used to transmit the collimated X-ray output
from the vacuum chamber. The divergence of the collimated
beam was measured by recording it on X-ray image plate

Fig. 7. Variation of X-ray source size (a) with laser energy at fixed pulse du-
ration of 45 fs and (b) with laser pulse duration at fixed laser energy of 36 mJ
(fluence ∼1.1 × 104 J cm−2). Source size shows monotonic increase with
laser energy, whereas with increase in pulse duration the source size first de-
creases and then it increases slowly. Fig. 8. Collimated X-ray beam profile.
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detector at two different positions viz. 410 mm and 1850 mm
from the exit of the collimator lens and the divergence was
measured to be ∼0.8 mrad.
The diffraction pattern of collimated X-rays taken from

HOPG crystal spectrograph is shown in Figure 9a and the
inset shows the photograph of the diffraction pattern. The
HOPG crystal was chosen in view of its large mosaicity of
4.7°. The mosaicity of the HOPG crystal makes it easier to
align with parallel X-ray beam, since to get the diffracted
output from the single crystal, one needs to align the crystal
with an accuracy of its rocking curve. The diffracted profile
of the X-rays shows a clean spectrum. On the other hand,
the diffracted X-ray spectrum of diverging beam from the
HOPG crystal (Fig. 9b) as well as the spectrum taken from
dispersionless spectrograph (Fig. 2) shows the significant
presence of bremsstrahlung radiation background. As dis-
cussed earlier, the position and wavelength selectivity of
the polycapillary optics resulted in the reduction of the
bremsstrahlung noise. Unlike the diverging X-ray source,
where the diffracted profile is governed by the rocking
curve of the crystal (Fig. 9b), a parallel beam will diffract
as a parallel beam and should create a circular profile on
the detector. However, in our case we have seen an oblong
profile and both Kα and Kβ lines (Fig. 9a). It may be due to
slight curvature in the HOPG crystal.

4. CONCLUSION

We have performed parametric characterization of ultra-short
Kα X-ray source generated by the interaction of 45 fs Ti:sap-
phire laser pulse with Cu wire target. The Kα flux variation
with laser energy and pulse duration was studied. It was ob-
served that Kα flux increases monotonically with laser
energy, on the other hand, Kα flux maximized for optimum
pulse duration of ∼150 fs. A numerical model was devel-
oped to analyze the observed results. The simulated results
agreed reasonably well with the experimental observations.
The Kα source size variation with laser energy and pulse du-
ration was also studied. The source size increases monoton-
ically with the laser energy; however, it shows a minimum
for laser pulse duration of ∼500 fs. This Kα radiation is cou-
pled to a polycapillary collimator to generate a collimated
low divergence (0.8 mrad) X-ray beam. The collimated
X-ray beam can be transported at larger distances for better
X-ray flux and flexibility in sample placement. This X-ray
beam was diffracted from a HOPG crystal. The diffracted
profile of the collimated beam shows significant reduction
in the bremsstrahlung noise compared with that from without
polycapillary optics.
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