
Abstract. Experimental results are presented which demon-
strate that a plasma produced on the melted-gallium surface
by a femtosecond laser pulse of intensity above 1016 W cmÿ2

is an efécient and stable source of incoherent hard X-rays
with a pulse repetition rate of 10 Hz. For gallium heated up
to 270 8C, the X-ray yield decreased by � 25% [from
�2:2� 0:4� � 10ÿ4 % to �1:7� 0:4� � 10ÿ4 %] after 50000
laser shots, while the average energy of hot electrons
decreased from 9:3� 0:9 to 9:0� 1:1 keV.
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1. Introduction

During the last decade, the properties of the plasma
produced by femtosecond laser pulses of intensities
1016 ÿ 1021 W cmÿ2 have been investigated in many papers.
First of all, this plasma is of interest as the efécient source
of picosecond X-rays, beams of fast multiply charged ions
and protons, neutrons, etc. (see, for example, reviews [1, 2]).
Targets studied in experiments are usually plates made of
different materials [3 ë 8]. Clusters [9, 10], microdroplets
[11, 12] or liquid jets [13] were used in some papers, which
considerably modiées the plasma properties and eliminates
the necessity for the displacement of a target after each
laser pulse. The same goals can be achieved by using the
liquid surface as a target under the condition that it has
time to recover between the two successive laser pulses.

In papers [14 ë 16], a free liquid surface was used as a
target for producing a hot plasma by a femtosecond laser
pulse of intensity above 1016 W cmÿ2. The authors of paper
[14] studied the spectrum of X-ray bremsstrahlung from a
plasma produced on the water surface by single laser pulses
or a train of laser pulses separated by the 10-ns time
interval. The laser pulse (or laser-pulse train) repetition
rate in these experiments was 10 Hz. It was found that X-
rays emitted by the plasma produced by a pulse train were
harder than X-rays emitted by the plasma produced by

single laser pulses. This increase in the energy of X-ray
quanta is caused by the appearance of microdroplets upon
irradiation by a pulse train. The authors of paper [15]
studied the interaction of laser pulses, emitted at a pulse
repetition rate of 2 kHz, with the liquid mercury surface.
They measured only the X-ray spectrum of the plasma and
did not report other plasma parameters. The principal
problem of the stability of the X-ray yield as a function
of the number of laser pulses (the interaction time) was also
not studied.

Note that experiments with liquid targets have been
performed in the above-mentioned studies in the air at the
atmospheric pressure, which considerably reduced the X-ray
yield due to inevitable losses caused by the air ionisation in
the laser beam waist, the radiation self-action, etc. Thus,
liquids with a low saturation vapour pressure, which can be
used as targets in vacuum, are of the most interest. In [16],
experiments were performed in which a target representing a
cell with a VM-1 vacuum oil was placed in a chamber
evacuated down to a pressure of 10ÿ2 Torr. It was shown
that the properties of the plasma produced by a
� 1016 W cmÿ2 femtosecond laser pulse did not differ
from those of the plasma produced on a solid target.
However, the oil boiling in the repetitively pulsed regime
(the pulse repetition rate was 1 Hz) prevented the develop-
ment of a stable plasma source. To suppress this effect, a
liquid with the high heat conduction and high boiling point
is required, for example, a liquid (melted) metal. In this
paper, we present the experimental data demonstrating the
possibility of the development of a highly stable laser-
plasma X-ray source by using a liquid metal (gallium) as
a target.

In experiments on the interaction of high-power femto-
second laser pulses with liquid targets the choice of the
target material is very important. To produce a high-
temperature laser plasma on the target surface generating
eféciently hard X-rays in the region above 2 keV and fast
ions, it is necessary to provide the laser radiation intensity
above 1016 W cmÿ2. Therefore, to avoid the self-action of
laser radiation and breakdown of the surface gas layer, the
saturation vapour pressure of the liquid should be low. The
important parameters of the liquid are also its viscosity,
surface tension, and heat conduction - the cooling rate of the
irradiated region.

The choice of gallium as the target material was
determined, érst of all, by its physical properties such as

(i) the low melting point (30 8C) allowing the preparation
of a liquid-metal target without considerable restrictions on
the vacuum-chamber design;
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(ii) the extremely low saturation vapour pressure
(9:31� 10ÿ36 Pa at the melting point) and a rather high
boiling point (2300 8C);

(iii) the high heat conduction (1:4� 10ÿ5 m2 sÿ1 at the
temperature 30 8C) providing the efécient heat outêow from
the interaction region during the time between two laser
pulses.

2. Experimental results

Figure 1 shows the scheme of the experimental setup.
Plasma was produced by a 110-fs, 350-mJ, 1.24-mm pulse
from a Cr : forsterite laser (the pulse repetition rate was
10 Hz) [17].

A liquid-gallium target was placed in a heated cell of
diameter 5 mm and depth 2 mm. The gallium temperature

could be varied from room temperature (� 20 8C) up to
270 8C. The temperature was controlled with a thermo-
couple. The system (the gallium target, heater, and

thermocouple) was placed into a vacuum chamber evac-
uated down to 10ÿ2 Torr with the help of a backing pump.
Radiation was focused to a spot of diameter 4 mm on the
target with the help of an aberration-free objective with a
focal distance of 6 cm. This provided the power density on
the target surface up to � 1016 W cmÿ2. The angle of
incidence of radiation on the target was 458. The integrated
yield of hard X-ray bremsstrahlung was measured with two
X-ray detectors based on an NaI(Tl) scintillator and a FEU-
119 photomultiplier. Band-pass X-ray élters mounted in
front of the detectors transmitted X-rays with energies
above 2.5 keV (Be 200 mm) and above 7.5 keV (Be
200 mm+Al 300 mm). Both detectors were absolutely
calibrated [18]. Measurements of the X-ray yield in two
different spectral ranges allowed us to estimate the average
energy of hot electrons in each laser shot [18, 19], thereby
controlling the stability of plasma parameters.

Because the physical properties of the liquid strongly
change in the region of laser irradiation, we performed a
series of measurements of the X-ray yield of the plasma
irradiated by single pulses or by laser pulses with a pulse
repetition rate of 10 Hz. The gallium temperature in both
cases was 270 8C. Figure 2 presents the results of these
experiments obtained upon irradiation by 100 successive
pulses. One can see that the X-ray yield in different spectral
regions and the average energy of hot electrons in both cases
are the same. The conversion of the laser pulse energy to X-
ray bremsstrahlung (the X-ray yield Z) for E > 2:5 keV was
(2:2� 0:4)� 10ÿ4 % and for E > 7:5 keV ë (4:2� 0:5)�
10ÿ5 %. The average energy of hot electrons was
9:3� 0:9 keV. Thus, we have shown experimentally that
the gallium target has time to recover within 100 ms after
laser irradiation, and parameters of the plasma produced in
the repetitively pulsed regime at 10 Hz do not differ from
parameters of the plasma produced upon irradiation by a
single pulse.

Note also that the X-ray yield in test experiments
performed in air at the atmospheric pressure was lower
approximately by a factor of 15 [(1:5� 0:4� � 10ÿ5 % for
E > 2:5 keV]. This suggests that the presence of vacuum is
the important condition for the development of the efécient
X-ray source.
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Figure 1. Scheme of the experimental setup: ( 1 ) femtosecond laser pulse;
( 2 ) vacuum chamber; ( 3 ) liquid-gallium target; ( 4 ) X-ray detectors;
( 5 ) X-ray élter (Be or Al); ( 6 ) resistive heater; ( 7 ) thermocouple.
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Figure 2. X-ray yield Z in the spectral regions above 2.5 and 7.5 keV and the average energy hEhi of hot electrons as functions of the laser shot number
N upon irradiation by a single pulse (a) and pulses emitted at a repetition rate of 10 Hz (b).
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We studied the long-term stability of the plasma source
by irradiating the target by laser pulses for a long time. First
of all, we investigated the time dependence of the X-ray
yield. We performed � 50000 laser shots, which corresponds
to one and a half hours of continuous irradiation by pulses
with a pulse repetition rate of 10 Hz. The target was not
displaced during the experiment and no additional focusing
was performed. Figure 3 presents the X-ray yield in the
spectral region above 2.5 keV and the average energy of hot
electrons as functions of the laser shot number.

For gallium heated up to 270 8C during 50000 laser
shots, the X-ray yield decreased approximately by 25 % ë
from (2:2� 0:4)� 10ÿ4 % down to (1:7� 0:4)� 10ÿ4 %,
while the average energy of hot electrons changed from
9:3� 0:9 keV to 9:0� 1:1 keV. In this case, the X-ray yield
and the average energy of hot electrons were virtually the
same in approximately 45% of cases. The decrease rate of
the average X-ray yield in the spectral range above 2.5 keV
was (1:2� 0:2)� 10ÿ9 % per pulse, and the root-mean-
square deviation for any subsequent 100 laser shots did
not exceed 24% of the average value. Because the average
total energy of X-ray bremsstrahlung for E > 2:5 keV was
� 0.5 nJ, we estimated the average power of the plasma X-
ray source as 5 nW in the repetitively pulsed regime with a
pulse repetition rate of 10 Hz.

Our experiments also revealed a strong dependence of
the long-term stability of the plasma source on the melted

gallium temperature. Thus, for TGa � 50 8C, the long-term
stability of the hard X-ray yield and the average energy of
hot electrons proved to be considerably lower than at
270 8C. In this regime, the X-ray yield decreased by 25%
already after the érst 4000 laser shots.

The decrease in the hard X-ray yield and the average
energy of hot electrons in the plasma observed in experi-
ments is obviously explained by the decrease in the laser
radiation intensity. This is caused by the lowering of the
liquid level during experiments due to the mass removal and
deviation of the average surface of the liquid from the
position corresponding to the exact focusing of radiation on
the target.

Let us estimate how the laser radiation intensity should
decrease and how the liquid level should lower after 50000
laser pulses. The contrast of laser pulses in our experiments
was high enough for a prepulse to produce no plasma, and
the main pulse was absorbed at the sharp plasma ë vacuum
interface. Then, the average energy hEhi of hot electrons, the
intensity I, and the laser wavelength l are related by the
expression [18]

hEhi � 7:5�Il 2�2=3 keV.

By using the experimental data for TGa � 270 8C (Fig. 3b),
we can obtain the relation for the initial laser pulse intensity
and its intensity at the end of the experiment (after 50000
laser shots):

Iend � Iinitial

� hEhiend
hEhiinitial

�3=2

� 0:95Iinitial.

Such a change in the Gaussian beam intensity [20]
corresponds under our experimental conditions (l �
1:24 mm, the beam diameter at FWHM r0 � 0:7 cm, the
focal distance of a lens f � 6 cm) to the lowering of the
liquid level by 3 mm.

The liquid-level lowering can be also estimated by
measuring the gallium volume evaporated by a laser pulse.
Because the typical absorption coefécient of the plasma does
not exceed 50% and up to 90% of the absorbed energy is
spent to accelerate ions in a thin layer, no more than 5% of
the incident pulse energy is spent for target heating due to
the heat outêow [21]. For the pulse energy of 350 mJ, this
amount of heat is sufécient to evaporate approximately
6� 10ÿ16 m3 of gallium (a cube with edge 8.5 mm). Then,
the liquid volume should decrease by 3� 10ÿ11 m3 after
50000 laser shots. The liquid surface area in our cell is
� 2:5� 10ÿ5 m2, and therefore, the liquid metal level should
lower approximately by 1 mm, which is smaller than the
value obtained above (3 mm). This can be explained by the
fact that in the repetitively pulsed regime (10 Hz), a crater is
formed on the surface whose depth increases with the
number of pulses. This assumption is conérmed by our
observations at lower temperatures of the gallium target.
Thus, at TGa � 50 8C, the same change in the average energy
of hot electrons occurs an order of magnitude faster, after
less than 5000 laser pulses. Because the gallium temperature
does not affect the rate of mass removal from the target, we
can assume that the gallium viscosity increases with decreas-
ing temperature and, therefore, the relaxation time of the
liquid metal surface increases after the next laser pulse. This
accelerates the growth of the crater depth.

A small lowering of the liquid metal level due to
formation of a shallow crater can be easily compensated
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Figure 3. X-ray yield Z in the spectral range above 2.5 keV (a) and the
average energy hEhi of hot electrons (b) as functions of the laser shot
number N upon irradiation by laser pulses at a repetition rate of 10 Hz at
the gallium temperature TGa � 270 8C. The white curve corresponds to
the adjacent average value.
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by displacing a focusing lens. This allows us to stabilise the
parameters of the plasma source for considerably longer
times, which is demonstrated by our experimental results
presented in Fig. 4. After irradiation of one point on the
target by approximately 12000 laser pulses, the X-ray yield
decreased approximately by half (the experiment was
performed at TGa � 234 8C, which explains a rapid decrease
in the X-ray yield). To recover the X-ray yield, the objective
was drew closer to the target by 20 mm.

The liquid metal level can be also controlled without the
objective displacement. A heater in our setup was a copper
rod, which experiences a considerable temperature expan-
sion. Therefore, by heating or cooling the copper rod near
some average temperature, we can rise or lower the liquid
metal level. The corresponding experimental results are
presented in Fig. 5. At the initial instant the liquid metal
surface is in the objective focus, which corresponds to the
maximum X-ray yield. Then, the heater and target temper-
ature was increased until the disappearance of X-rays. At

this moment the objective focus was inside the target. After
approximately 110 laser shots, the heating was terminated,
and the gallium temperature began to decrease. At
TGa � 130 8C, the X-ray intensity was recovered. The
difference of the initial target temperature (110 8C) from
the end temperature (130 8C) is explained by the liquid-level
lowering due to the removal of the target material. Note that
the target level rises namely due to the expansion of the
copper heater rather than the target material because the
coefécient of thermal expansion of gallium is considerably
lower than that of copper.

3. Conclusions

We have developed a stable X-ray plasma source by
producing a hot plasma on the melted gallium surface
irradiated by 1016 W cmÿ2 laser pulses at a pulse repetition
rate of 10 Hz. To create the X-ray source stable for several
hours, it is necessary to heat gallium up to the temperature
considerably exceeding its melting point (30 8C). The X-ray
yield for the gallium target heated up to 270 8C decreased
after 50000 laser shots by � 25% [from (2:2� 0:4)�
10ÿ4 % to (1:7� 0:4)� 10ÿ4 %], while the average energy
of hot electrons decreased from 9:3� 0:9 keV to
9:0� 1:1 keV. We have also shown that the change in
the parameters of the X-ray plasma source during an hour
is caused by the lowering of the average level of the liquid
metal in the cell and can be eliminated by a small
displacement of the focusing lens or a small change in
the heater temperature.

The analysis of the physical and chemical properties of
various materials shows that hot dense plasmas can be also
produced on the surfaces of liquid low-melting-temperature
metals such as indium, bismuth, tin, lead, etc. In particular,
this allows one to control the spectra of X-ray bremsstrah-
lung and X-ray line emission of plasmas. The average power
of the X-ray source can be further increased by using
femtosecond lasers with a pulse repetition rate of several
kilohertz. However, it is necessary to study the stability of
the X-ray source at such high pulse repetition rates.
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