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The characteristic X-ray was obtained by focusing the 0.06-1.46 mJ/pulse,
100 fs, 1 kHz repetition femtosecond laser onto a solid copper target to a
spot 4.8 um in diameter. The relationship between Ka X-ray conversion
efficiency and atmospheric conditions was explained with a simple electron
collision model. This model suggested that the electron mean free path is
the important parameter in the generation of ultrafast pulsed X-rays in any
ambient condition. We also demonstrated a high-intensity X-ray source in
helium at atmospheric pressure.

PACS 52.38.Ph, 52.50.Jm

1 Introduction

When a high-intensity laser pulse is focused onto a metal target, the surface
of the target turns into a near-solid-density plasma by ionization of the
target materials. The absorption process of the laser pulse into the surface
materials varies with the intensity of the laser-produced plasma. The plasma
intensity, generated on the laser focusing spot, is the key parameter for the
absorption process of laser pulse into the materials and generation process
of laser-plasma induced X-ray. The plasma intensity is calculated with the
laser power of a single pulse, its pulse duration, wavelength and the diameter
of focusing spot. In the lower plasma intensity (IN?) range, I\? < 1 X
10*® Wum?/em?, almost all of the absorbed laser energy transfers through
collisional processes, such as inverse-bremsstrahlung [1-3]. In the plasma

intensity range of 1 x 10'%-4 x 1016 Wum?/cm?, laser-produced plasmas
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are reportedly absorbed into the target via a more complicated collisionless
process like resonant absorption [3—-7]. In the higher plasma intensity range,
N2 > 4 x 10 Wpm?/em?, the dominant absorption processes of laser-
produced plasma are turned into vacuum heating [8]. Some other processes
are important above plasma intensities of IN> > 1 x 107 Wum? /cm?, such
as Raman heating or the two-dimensional effect [9,10]. Hot electrons are
created in the near surface region of the target with energy of 1-5 keV
[11]. The hot electrons in the laser plasma interact with the incident laser
pulse and are accelerated into the solid target. As the high-energy electrons
penetrate into the target material, X-rays are generated via ionization of
the target material by the high-energy electrons, or bremsstrahlung. These
X-rays are generated when the hot electron is on the target surface, and
thus the pulse duration of these laser-produced X-rays is similar to the
incident laser pulse, i.e., several hundred fs [12]. The laser-produced X-rays
have gained much interest, as unique time-resolved X-ray diffraction (XRD)
experiments demonstrate the atomic dynamics of chemical reactions, phase
transition and coherent phonon vibrations [12-17]. For these time-resolved
XRD experiments, a short-pulsed and high-intensity X-ray source of more

than several 10® photons/sr/s is required.

Recently, a variety of femtosecond X-ray sources have been developed
apart from the laser-produced plasma X-ray source. These include ultrafast
hard X-rays produced by synchrotron and X-ray free electron laser (XFEL)

[15,18,19]. However, the intensity or coherency of X-rays in synchrotrons or
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XFEL is quite high, and they are very expensive and require huge and com-
plex facilities; moreover, it is difficult to measure many samples because
of usage limitations. Laser-produced plasma X-ray sources have a com-
paratively small size and require only a lab-scale experimental facility. A
laser-produced plasma X-ray source consists of high-power, low-repetition-
rate lasers of above 100 mJ and 10 Hz [20-23]. Such a laser-plasma X-ray
source requires a huge vacuum chamber for focusing such a high-power laser
pulse. For time-resolved X-ray experiments, the Ka X-ray intensity using
this large-scale laser is high enough (10°-10*! cps/sr with Cu Ka-X-ray
conversion efficiency of 107°-10~*). However, the utilization of such ultra-
fast pulsed X-ray source has been limited because of the complexity of the
huge vacuum system and the difficulty in managing large, high-power lasers.
Problems also exist in the use of complex vacuum systems, the limitation
in target forms and debris from the target caused by laser ablation. In a
vacuum chamber, thin taped targets or wire targets have been used be-
cause of the space limitation in a vacuum chamber. However, the lifetime
of the target is quite short (about several hours to at most a few days).
It is also difficult to control the position of the taped or wire typed target
within a Rayleigh length of a few micrometers. Another problem is that
of debris from the target. When the target surface in a vacuum is exposed
to the high-intensity laser plasma, the target materials are blown off by
laser ablation and deposited onto the focusing lens, the windows of the

vacuum chamber and other optics. A thin polymer cover was used to re-
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move the deposited debris. More compactly designed, more easy-to-access,
short-pulsed X-ray sources are required. Recently, compact designed table-
top submillijoule to several millijoule femtosecond lasers have been applied
as a short-pulsed X-ray source under a vacuum condition. The intensity
from these compactly designed Ko X-ray sources in vacuum are 108-10'0
cps/sr with Ka X-ray conversion efficiency of 1076-107° [24-26]. This X-
ray source with this compact laser achieves the X-ray intensity required for
time-resolved X-ray diffraction. It also accomplished a reduction in the size
of a femtosecond laser. Nevertheless, difficulties still remain in using a huge,
complex vacuum chamber system, including problems of target form, target
lifetime and debris from the target. Therefore, a high-intensity X-ray source

with a tabletop laser capable of operating in air would be required.

The ultrafast X-ray source for atmospheric pressure (1.01 x 10° Pa) is
a desirable tool for ultrafast time-resolved measurements. It is possible to
reduce the size of the total X-ray source system, eliminating a huge and
complex vacuum system. It is also feasible to set a long-life and large-size
target in an air atmosphere regardless of the vacuum chamber. The samples
measured with time-resolved X-ray diffraction can be placed close to the
X-ray generating spot without a vacuum system, which enables us to utilize
more efficiently the generated X-ray. Moreover, this vacuum-free X-ray sys-
tem eliminates the debris problem. In atmospheric pressure, debris cannot
reach the focusing lens, which is placed more than ten millimeters away from

the focusing spot. With the use of helium or other gas jet, debris can be col-
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lected easily with a filter. There have been a few reports of laser-produced
plasma X-ray generation at atmospheric pressure in air [27]. However, the
X-ray intensity or conversion efficiency in air was quite low and explaining
the relationship between the X-ray intensity and the atmosphere near the
target surface was difficult. In this paper, we demonstrate a laser-plasma-
induced hard X-ray radiation with tabletop femtosecond laser in various
atmospheres, namely air, helium or vacuum (2.7 Pa - 1.3x10* Pa). The
relationship between Ka X-ray conversion efficiency and the ambient atmo-
sphere near the target surface is explained with a simple electron collision
model. This model suggests that the electron mean free path in the atmo-
sphere is the important parameter in laser-induced X-ray radiation. This
result suggested the possiblity of vacuum-free high-intensity X-ray source

in a helium atmospheric condition.

2 Experimental

Fig. 1 shows the schematic drawing of the experimental setup for ultrafast
pulsed X-ray generation in various atmosphere conditions; in air, in helium
atmosphere or in vacuum conditions (2.7 Pa - 1.3x10* Pa). A mode-locked
Ti: sapphire laser-generated optical pulses of about 100 fs duration with
wavelength 800 nm, and the optical pulses were amplified at about 3.5
mJ/pulse through a regenerative amplifier (Spectra Physics Model Spitfire
Pro XP) with repetition rate of 1 kHz. The laser pulse profile was TEMqq.

The optical pulse had a prepulse, which was generated in the regenerative
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amplifier laser system itself as leakage though the Pockels cell before the
final pulse of pulse train was switched off. The prepulse contrast to the main
pulse was measured to be 8 x 1074, and the time separation between the
prepulse and main pulse was 20 ns. The influence of the prepulse plasma
on X-ray generation can be negligible in a time regime of 10 ns prepulse
even if the prepulse generates preplasma on the target surface [24]. The
p-polarized optical pulses were focused into a moving copper target with
infrared achromatic lens (f = 40 mm) with a spot size of 4.8 ym. The pulse
duration of the laser pulse on the surface of the copper target was 100 fs
and the energy of optical pulse was 0.18-1.46 mJ. The moving copper target
was placed in a vacuum chamber with two leak valves used for varying
its vacuum level. The surface position of the copper target was controlled
within £1 gm, which could be measured with a micrometer during motion.
The ambient near the focus point in the Cu target system could be varied
between air, helium, or vacuum (2.7 Pa - 1.3x10* Pa). For the helium
ambient, the helium gas was introduced through a 1/4-inch gas nozzle and
blown onto the Cu target surface at a flow rate of 500 ml/min. For vacuum
conditions, the chamber was evacuated with a dry pump with the leak valves

closed (2.7 Pa) and with the leak valves opened (1.3x10% Pa / 1.3x10% Pa).

The X-ray generated from focusing the laser pulse onto a copper tar-
get was measured with a P-intrinsic-N(PIN) Si photo detector (Amptek,
XR-100CR), with a 300 um thick and 7 mm? square silicon detector with

detection efficiency of approximately 100% for an 8 keV X-ray. The detec-
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tor was sealed with a 25 pum thick Be window in which an 8 keV X-ray
penetrates without any loss. The signal from the detector was amplified
with a spectroscopy amplifier (CANBERRA, 2022 Spectroscopy Amplifier)
and was tallied up with a multichannel analyzer (SEIKO EG&G, TRUMP-
MCA-2k). The detector was placed 1500 mm away from the focusing spot at
an angle of 60 degrees. Under vacuum conditions, the X-ray traveled 3 mm
in a vacuum and 1497 mm in air. The attenation value of 1497-1500 mm
atmospheric air is 85% for Cu Ka X-ray. In He ambient or under vacuum
conditions, a 320 pm thin aluminum filter was placed before the detector.
This filter reduces the X-ray by 1.72% for a Cu Ka X-ray. The long distance
between the X-ray focusing spot, the detector and the Al filter allows us
to measure the X-ray photons as a Poisson distribution for single photon
counting. With a Si photo detector and a multichannel analyzer, two pho-
tons cannot be detected at once in a period on the order of 1 ms. If more
than one photon exists at the same time, the total energy of the photons is
doubled with the Si photo detector. For all conditions, it took 40 s to obtain

each X-ray spectrum.

3 Results and Discussion

Fig. 2 shows the typical X-ray spectra generated at the focusing spot in
vacuum and in air. The X-rays generated at the focusing spot went through
1500 mm in air and 320 pm Al filter (in helium or in a vacuum) for a

single photon as measured with the Si PIN photo detector and multichannel
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Fig. 1 Schematic drawing of the experimental setup for ultrafast pulsed X-ray

generation in various ambient conditions.

analyzer. Thus, X-ray intensity was reduced depending on its energy. The
energy spectra shown in Fig. 2 were calculated taking into account reduction
by the air layer and the Al filter. The X-ray radiation from a p-polarized
laser is regarded as an isotropic radiation hemisphere [28]; therefore the
X-ray spectra were computed into 27. In Fig. 2, the spectra were obtained
at the plasma intensity of 3.0 x 106 Wum?/cm? at laser intensity of 1.10
mJ/pulse. As shown in Fig. 2, the strong Cu Ka X-ray line (8.05 keV), K
X-ray line (8.91 keV) and a small part of the bremsstrahlung X-ray were
found in the energy range of several keV. Fig. 2 also shows the Ka X-ray
intensity at various vacuum pressures, from 2.7 Pa to 1.01 x 10° Pa (in air);
the solid line with circle symbols is the Ko X-ray intensity at plasma power
of 3.0 x 106 Wum?/cm? plotted as a function of vacuum pressure. There

was a rapid decline in Ko X-ray intensity as the vacuum pressure increased
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Fig. 2 The solid line with circle symbols is the Cu Ka X-ray intensity at plasma
power of 3.0 x 10'® Wum?/cm? plotted as a function of vacuum level. Two X-ray

spectra are shown, in a vacuum and in air.

above 1.3x10% Pa. Fig. 3 shows the spectra of high energy bremsstrahlung
emission in the range of 10-14 keV in helium atmosheric condition at plasma
intensity of 4.0 x 10 Wpum?/ecm?. The hot electron temparature can be
derived from Fig. 3 and the Ka X-ray emission is found to be produced
by a distribution function of hot electrons characterized by a temperature
of approximatedly 3.4 keV. This value of hot electron temperature is well
corresponding to the previously reported hot electron temperture of 1-5

keV.[11]

In Fig. 4, the Ka X-ray conversion efficiency was plotted as a function
of the plasma intensity at various ambient conditions: in a vacuum (2.7 Pa -
1.3x10* Pa) and at atmospheric pressure in helium and air. The Ka X-ray

conversion efficiency (1) is defined as ni , = nhvg  /E with n the

pulse
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Fig. 3 X-ray intensity above X-ray photon energy of 10 keV fitted by a
Maxwellian electron distribution and the hot electron temparature was found to

be Thot = 3.4 keV.

number of Ka X-ray photons generated per pulse, hvg, Ka X-ray energy,
and Epulse the single pulse energy of incident laser. The plasma intensity
was varied in the range 1.5 x 10'%-4.0 x 10'® Wum?/cm? by varying the
incident laser pulse energy of 0.06-1.46 mJ/pulse. At this plasma energy,
laser-produced plasma is absorbed into the target via a collisionless process
such as resonant absorption. In any ambient condition, the conversion ef-
ficiency of the Ka X-ray increased as a power function up to the plasma
intensity range of 1.0-2.0 x 10'® Wum?/cm?, because more hot electrons
were generated and the energy of hot electrons is higher with higher plasma
intensity. Above the plasma intensity of 2.0 x 10*¢ Wyum?/cm?, the Cu Ka

X-ray conversion efficiency remained on a plateau. These tendencies are sim-

ilar to the experimental data obtained by other groups with high-repetition
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laser in a vacuum [25,26]. The X-ray conversion efficiency in helium at at-
mospheric pressure was 5.0 x 1076, which was 30% of that in a vacuum of
2.7 Pa; in a vacuum of 1.3x10* Pa, the conversion efficiency was 50-60% of
that of a vacuum of 2.7 Pa. Overall, in vacuum conditions (2.7 Pa - 1.3x10%
Pa) and in a helium atmosphere, the conversion efficiency of the Ka X-ray

was two orders of magnitude higher than in air.

The laser power lost in air or helium plasmas was quite low, at less
than 10% and less than 1%, respectively. Moreover, the pulse duration of
incident laser was not extended in air or helium plasmas. In a helium at-
mosphere, the changes in pulse profile, i.e., wavelength and pulse duration,
were reported to be quite small for plasma intensity on the order of 1.0 x
106 W/cm? [29-31]. This suggests that the effect of the reduction of the
plasma intensity or breakdown in the ambient gases is negligibly-small in
changes of X-ray conversion efficiency in air or helium at atmosphere. Some
papers have indicated that the decrease in the X-ray conversion efficiency in
ambient atmospherere was caused by the defocusing effect of laser pulse in
helium or in air.[32-34] However it has also reported that the laser-plasma
induced X-ray source sizes in helium flow and in vacuum were almost the
same on the order of 10um.[35] The defocusing of laser pulse on the focusing
spot would be occured; however it is difficult to explain the X-ray intensity
reduction in ambient atmosphere only with defocusing effect quantitatively.

The interactions between the generated electrons and the ambient atmo-
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Fig. 4 The Ka X-ray conversion efficiency, plotted as a function of the plasma
intensity under various conditions. Symbols are indicated in the inset legend. The
vertical dashed line shows the boundary of the intensity increasing area and the

area of the plateau.

spheric atoms/molecules should be also considered to describe the proper

model for the laser-plasma induced X-ray generation.

At the plasma intensities of 2.0 x 10'6, 3.0 x 10'® and 4.0 x 10'6
Wpm? /em?, the Ka X-ray conversion efficiency in air or a vacuum of
1.3x10% Pa or 1.3x10* Pa was normalized with that in a vacuum of 2.7
Pa. In Fig. 4, the Ka X-ray conversion efficiency normalized with that in
a vacuum of 2.7 Pa was plotted as a function of pressure and electron
mean free path in that atmosphere for plasma intensities of 2.0-4.0 x 106
Wyum?/em?. Regarding the electron generation and acceleration process,
the target surface on the focusing spot changes into a near-solid-density

plasma by the incident laser pulse. The expansion region of the electrons in
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plasma is on the order of the incident pulse wavelength from the surface,
within the time scale of several fs. After traveling through the expansion
region, the electrons are accelerated by the incident laser pulse into the
target. When there are atoms/molecules of ambient gas near the focusing
spot, the electron can interact with these atoms/molecules before and while
being accelerated. The electron traveling distance without interaction with
the ambient gases is the electron mean free path in this atmosphere. The
interaction cross-section between the electron and atoms/molecules is given
by the simple electron collision model. The electron mean free path is ex-

pressed as the equation
X = KT/(mr?p), (1)

where A is the electron mean free path in the ambient, k£ is the Bolzmann
constant, r is the radius of the molecule and T and p are temperature (20
degrees C) and pressure of the ambient gas. In air the pressure is 1.01x10°
Pa and A is 0.34 pm. In vacuums of 1.3x10* Pa, 1.3x10% Pa and 2.7 Pa, the
values of A are 2.6 pum, 26 um and 13 mm, respectively (Fig. 4, lower hori-
zontal axis). In the simple electron collision model, electrons collide with the
atoms,/molecules in the atmosphere gas before or during their acceleration
by the incident pulse. The electrons that collided with the ambient gas can-
not reach the surface of the target material and therefore do not participate
in the generation of Ka X-rays of the target materials. The energy of hot
electrons in the plasma is in the range of 1-5 keV, and ions of the target

materials in the plasma also have almost the same energy. In the first several



Effects of ambient pressure on X-ray radiation with femtosecond laser 15

fs, the ions in the plasma do not have enough velocity and remain near the
target surface. The number of electrons accelerated by the incident pulse
decreases exponentially as the electrons move into the ambient atmosphere
due to the interaction between electrons and atoms/molecules in ambient
atmosphere. The number of X-ray photons is proportional to the number
of accelerated electrons that arrived near the target material surface. Thus,

the X-ray intensity can be expressed by the equation

I =1TIgexp(—A/N). (2)

Here, I is the intensity of the generated X-ray on the target, I is the
intensity of the measured X-ray in the atmosphere and A and \ are average
traveling length and electron mean free path in the atmosphere. In Fig. 4,

the solid line represents the modified form of eq. (2), i.e.,

I/1y =exp(—A/N). (3)

with A = 1.47 pm.

The normalized X-ray conversion efficiency was well-fitted with the equa-
tion of the simple electron collision model. At plasma energies of 2.0 x 106,
3.0 x 106 and 4.0 x 10' Wum?/cm?, the values of A were fitted as 1.76 +
0.13, 1.67 = 0.21 and 1.31 =+ 0.13 pm. This means that the electrons in the
plasma traveled 1-2 um in the atmosphere before an incidence occurred with
the target surface or the near-solid-density plasma of the target materials.
Fig. 4 also shows the relationship between the normalized X-ray conversion

efficiency and the electron mean free path reported by Serbanescu et. al.
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Fig. 5 Comparison between the normalized Ka X-ray conversion efficiency in

this work and in Serbanescu et al. [36]. Symbols are indicated in the inset legend.

[36] at a plasma intensity of 6.9 x 106 W /cm?, which also fitted well with
the equations of the simple electrons collision model. The value of A in the
atmosphere was 0.83 &+ 0.11 pm (Fig. 4, dotted line). Regarding the helium
ambient, A was calculated to be 1.01 um at 760 torr in air. The normalized
X-ray conversion efficiency in helium ambient also fitted successfully with
the equations of the simple electron collision model (Fig. 4). This means
that the X-ray conversion efficiency could be described by eq. (2) regardless
of the specific atoms/molecules in the atmosphere. The electron mean free
path at atmospheric pressure is also suggested as a universal parameter in
generating ultrafast pulsed X-ray in any ambient at atmospheric pressure.

The electron traveling the length of the atmosphere should vary with
the focusing conditions and the plasma intensity on the focusing spot. Gen-

erally, the gradient of the electrical field increases with higher plasma in-
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tensity, and the focusing spot size and the Rayleigh length of the incident
pulse on the spot vary with focusing optics. Above a plasma intensity of 2.0
x 106 Wpum? /cm?, the average of electron traveling length in the atmo-
sphere was 1-2 ym and the electron mean free path of helium at atmospheric
pressure was 1.01 pm. Therefore, the X-ray intensity in helium ambient at
atmospheric pressure was calculated to be 20-40% of its value in vacuum
conditions. We also obtained an X-ray conversion efficiency of 5.0 x 1076,
which was 30% of that at 2.7 Pa, suggesting that the high-intensity ultrafast
pulsed Ka X-ray source in helium at 1.01x10° Pa can be realized without

vacuuln.

4 Conclusion

Hard X-ray radiation with millijoule and high-repetition-rate Ti: sapphire
laser was demonstrated in various ambient and pressure conditions in air,
helium or various vacuum conditions (2.7 Pa - 1.3x10* Pa). Cu Ka X-ray
radiation was obtained by focusing the 0.06-1.46 mJ /pulse, 100 fs and 1 kHz
repetition femtosecond laser on a solid Cu target with a plasma intensity
of 1.5 x 101°-4.0 x 10'® Wum?/cm?. The normalized Ko X-ray conversion
efficiency in various conditions indicated that the relationship between the
Ka X-ray conversion efficiency and the atmosphere near the target surface
can be explained with the simple electron collision model. In this model, it
is suggested that the electron mean free path in the atmospheric condition

is an important parameter in the generation of the ultrafast pulsed X-ray
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in any atmospheric condition. The electron traveling length in ambient at-
mosphere were well fitted to 1-2 ym and electron mean free path in helium
atmosheric pressure was 1.01 pm. Therefore, with eq. (2), it is also sug-
gested that the 20-40% intensity ultrafast pulsed Ko X-ray, compared with
the vacuum condition, is generated even in a helium ambient at 1.01x10°
Pa, and a high-intensity ultrafast pulsed X-ray source was realized without
a vacuum system. This X-ray source enables us to avoid difficulties and
complexities such as the target form or debris problem and also gives us

stable and long lifetime ultrafast pulsed X-ray.
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