
Abstract. The effect of intensity, length, and wavelength of
an ultrashort laser pulse on the formation of a hot electron
component in a dense laser-produced plasma was first
investigated in a single experiment. For a pulse length of
1 ps (or 200 fs, but with an energy contrast ratio of � 20), it
was shown that the principal mechanism of generation of
hot electrons is the resonance absorption of laser radiation
and that the temperature of hot electrons depends on the
laser pulse intensity I and the wavelength l as Th � (Il 2)1=3.
The homogenisation of the nanostructures of porous silicon
due to a poor contrast ratio or a long duration (1 ps) of the
laser pulse lowers the yield of hard x-ray radiation compared
to the case of high-contrast 200-fs pulses.

1. Introduction
A plasma produced on the target surface by the superstrong
light field of an ultrashort laser pulse is a unique source of
high-power incoherent x-ray radiation in a broad wavelength
range [1]. The soft x-ray radiation in this plasma is formed by
the thermal electron component whose temperature depends
only slightly on intensity and does not exceed 1 keV. The
hard x-ray radiation (with photon energies above 2 keV),
on the contrary, is associated with the formation of the so-
called hot electron component whose `temperature' rises
steeply with the intensity of the heating laser pulse.

From the standpoint of applications, employing the radi-
ation of `moderate' intensity of the order of 1015 ÿ 1017

W cmÿ2, which ensures efficient production of x-ray radia-
tion in the 2 ^ 20 keV range [2], holds the greatest promise.
This interaction mode can be realised using relatively simple
and inexpensive table-top laser systems on sapphire, forste-
rite, neodymium glass, etc. Note that the advancement of

laser technology now allows us to attain intensities of
1020 W cmÿ2 and over [3], which correspond to hot-electron
temperatures above 1 MeV [4].

The efficiency of the generation of hard x-ray radiation
can be increased with the use of nanostructured targets
[1, 2], in particular, targets of high-porosity silicon. The tar-
gets of this type are characterised not only by an augmented
total energy of the hot electron component but also by its
higher temperature.

To date, a number of experiments have been carried out to
measure the efficiency of generation of hard x-ray radiation
and, in particular, the generation efficiency in relation to the
laser pulse intensity and wavelength [1, 2, 5 ^ 9]. The results
of these experiments provide important information on the
prevailing mechanisms of hot-electron production. However,
the measurements have been performed so far with the use of
different laser radiation sources, employing various diagnos-
tic equipment, and under different experimental conditions.

The following two goals were pursued in this work. One
was to investigate, in a single experiment, the dependences
of the hard x-ray yield and the temperature of hot electrons
in the plasma on the wavelength of an ultrashort laser pulse.
The other was to study the effect of laser pulse length and
contrast ratio on the efficiency of generation of hard x-ray
radiation in high-porosity silicon to provide a physical inter-
pretation of the previously obtained results [1, 2, 5, 6].

2. Experimental setup
The source of laser radiation was a TWINKLE system
(Light Conversion Co., Lithuania). This setup provides the
unique possibility of obtaining radiation with an intensity of
� 1016 W cmÿ2 at several wavelengths, the laser pulse
lengths and the contrast ratios being approximately the
same.

The TWINKLE laser system is an actively Q-switched
neodymium glass laser with a negative feedback. In combina-
tion with chirped-pulse amplification, this allows the
formation of picosecond laser pulses at a wavelength of
1055 nm with an output energy of several millijoules and a
high stability of the pulse energy and length. Second- and
third-harmonic generators allow picosecond pulses to be
also obtained at wavelengths l � 527 and 351 nm. Employ-
ing a compressor at the second harmonic wavelength
affords additional capabilities, allowing 200-fs pulses to be
formed at l � 527 nm.

The TWINKLE system is shown in Fig. 1. It comprises a
master oscillator ( 1 ), a regenerative amplifier ( 2 ), a stretcher
( 3 ), a compressor ( 4 ), and a harmonic generator ( 5 ). Both
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the master oscillator and the regenerative amplifier consists
of two active elements of phosphate glass and l=2 plates
with a compensation for the thermal lens, which permits sta-
ble system operation at a pulse repetition rate up to 10 Hz.

Active-passive mode locking was accomplished by emp-
loying a dye cell and a Q-switching with the aid of a Pockels
cell. The same cell is used to couple the radiation out of the
master oscillator and to form the seed for the regenerative
amplifier. The stretcher ( 3 ) and the compressor ( 4 ) employ
gold-coated 1800 line mmÿ1 gratings with reflectivities high-
er than 95%. The entire system is thermally stabilised to en-
sure prompt attainment of the operating mode and a long-
term stability of the output parameters.

The radiation power in the master oscillator is kept low to
guard against self-modulation of the pulse. A single pulse is
extracted from the master oscillator ( 1 ) with the aid of the
Pockels cell and enters the stretcher ( 3 ), which increases
the pulse length up to 300 ps. The pulse builds up to 15 mJ
in the regenerative amplifier ( 2 ) with a slight narrowing of
its spectrum and negligible self-modulation. The amplified
single pulse is extracted using the Pockels cell ( 6 ) and arrives
at the two-pass compressor ( 4 ), where it shortens to 1 ^1.3 ps
with energy losses no greater than 35%.Therefore, the output
energy of a single laser pulse at l � 1055 nm amounts to
10 mJ for a pulse length of 1 ps. The second-order autocor-
relation function of the output fundamental-frequency
pulse is shown in Fig. 2a.

The output radiation can be converted to other spectral
ranges without an increase in pulse length (or with its reduc-
tion) and with a high energy efficiency. One version involves
second-harmonic generation achieved by employing type-I
phase matching in a 12-mm-long KDP crystal with an energy
conversion efficiency of 60%. The second version involves
third-harmonic generation realised by employing type-II
phase matching in a KDP crystal 3 mm long. The energy
of l � 351 nm pulses amounts to 2.5 mJ, and the pulse

lengths are approximately equal to that of the second-har-
monic pulses.

The third version provides the radiation conversion to the
second harmonic with a simultaneous pulse shortening [10,
11]. The arrangement consists of two KDP crystals of length
15 and 20 mm; the conversion takes place by employing type-
II phase matching in both crystals. This compressor provides
a fivefold pulse compression with an energy efficiency of con-
version to the second harmonic up to 25%. The third-order
correlation function for these pulses is shown in Fig. 2b. In
addition to the main 200-fs pulse, a broad pedestal 1 ps
long with an amplitude of about 5% of the main pulse amp-
litude is observed.

A precision imaging system equipped with a CCD camera
was employed tomeasure the focal spot diameterD for differ-
ent wavelengths in the equivalent focal plane. These
measurements revealed that the TWINKLE system permits
attaining intensities of � 1016 W cmÿ2 in different spectral
regions.The parameters of the laser pulses used in our experi-
ments are listed in Table 1.

The experimental setup for measuring the hard x-ray
yield from a laser-produced plasma is shown in Fig. 3. The
interaction of a laser pulse with a target was realised at a
residual pressure of 10ÿ2 Torr in a vacuum chamber ( 3 ).
The p-polarised radiation was focused on a target ( 4 ) with
a lens ( 5 ) ( f=d � 10, f is the focal length, d is the beam diam-
eter at the lens, the angle of radiation incidence on the target
is 558). The vacuum chamber was displaced during experi-
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Figure 1. Schematic of theTWINKLE laser system: ( 1 ) master oscillator;
( 2 ) regenerative amplifier; ( 3 ) stretcher; ( 4 ) compressor; ( 5 ) harmonic
generators; ( 6 ) device for input and output of single pulses; ( 7 ) optical
feedback; ( 8 ) frequency generator; ( 9 ) unit for passive mode locking;
( 10 ) electrooptical modulator; ( 11 ) amplifying rods; ( 12 ) single-pulse
extraction device; ( 13 ) meter; ( 14 ) fast electronic switches; ( 15 ) ampli-
fying rods; ( 16 ) device for augmenting the contrast ratio; ( 17 ) energy
meter.
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Figure 2. Autocorrelation functions A of the second order for a pulse at
the fundamental frequency (l � 1055 nm) (a) and of the third order for a
second-harmonic pulse (l � 527 nm) after the compressor (t is the delay
time; positive delay times correspond to the leading edge of the pulse) (b).
The solid lines represent approximations by the Gaussian function. The
pulse lengths estimated from the approximations are 1:2� 0:1 ps for
l � 1055 nm and 170� 10 fs for l � 527 nm.
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ments to ensure irradiation of previously unexposed por-tions
of the target.

The hard x-ray plasma radiation was recorded with detec-
tors ( 1 ) composed of a NaI(Tl) scintillator and a FEU-119
photomultiplier. To measure the hard x-ray yield from the
plasma, a prior detector calibration was accomplished using
a monochromatic x-ray radiation source (Cu Ka,
E � 8 keV). The detector response was linear in the x-ray
energy range between 3 and 30 keV, which makes the main
contribution to the x-ray plasma radiation upon the laser irra-

diation mode under study. Replaceable combined filters ( 2 )
permitted measurements to be made in different x-ray spec-
tral ranges. Fig. 4 shows the transmission coefficients of the
filters employed, with account taken for the absorption in the
air as functions of the x-ray photon energy.

3. Effect of laser pulse intensity, contrast ratio,
and length on the hard x-ray radiation yield from
the plasma
We measured the hard x-ray radiation yield Y from the
plasma as a function of the laser radiation intensity I for
crystal and high-porosity (porosity of � 70%) silicon sam-
ples. A 200-mm-thick beryllium filter and this filter in
combination with a 100-mm-thick aluminium filter were
used (see Fig. 4). The measurements were made invoking
the entire set of wavelengths and lengths of the heating
laser pulse (see Table 1). The results of measurements are
collected in Table 2 and partly shown in Fig. 5.

Consider the results for l � 0:527 mm more closely,
because in this case, it was possible to vary not only the sam-
ple type and the spectral measurement range, but the laser
pulse length as well. Fig. 5 shows the hard x-ray radiation
yield from the plasma as a function of the laser pulse intensity
for the samples of crystal silicon. In the E > 2:5 keV energy
range, approximating the experimental curve by a power
function gives the Y � I 1:9�0:1 dependence for crystal silicon
and the Y � I 2:0�0:1 dependence for porous silicon. In the
E > 6:2 keV energy range, Y � I 2:3�0:2 and Y � I 2:3�0:1 are
the respective dependences for crystal and porous silicon.

Table 1. Parameters of theTWINKLE laser system.

l
nm

t1
ps

D

mm
Wmax

mJ

Imax

1016 W cmÿ2
K

105

1055 1 11.7 10 1 5

527 1 6.6 6 1.8 >5

351 1 5 2.5 1.3 >5

527 0.2 6.6 2.5 3.7 <0.0002
Note: l is the wavelength; t1 is the pulse length;D is the focal spot diame-
ter at half maximum I=2;Wmax is the maximum energy of the laser pulse;
Imax is the maximum intensity of the laser pulse; andK is the energy cont-
rast ratio of the pulse.
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Figure 3. Layout of the experimental setup for measuring the hard x-ray
yield from a laser-produced plasma:
( 1 ) x-ray detectors; ( 2 ) replaceable filters; ( 3 ) vacuum chamber; ( 4 )
target; ( 5 ) focusing lens.
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Figure 4. Transmittance T as a function of the x-ray photon energyE for a
beryllium filter 200 mm in thickness ( 1 ) and the filter combinations Be
(200 mm) + Al (100 mm) ( 2 ), Be (200 mm) + Al (300 mm) ( 3 ), Be
(200 mm) + Ta (13 mm) (4 ), and Be (200 mm) + Ta (26 mm) (5 ).

Table 2. Maximum absolute yield of hard x-ray radiation Y in different energy intervals for different heating-radiation wavelengths and laser pulse
lengths.

l
�
nm t1

�
ps Filter Imax

�
PW cmÿ2 Y

�
nJ Kx (10

ÿ6 %) Ke (%)

1055 1

Be (200 mm)

8� 0:5 5:5� 0:5 65� 7 1:5� 0:3

527 1 10� 0:5 1:3� 0:2 36� 4 1:5� 0:3

351 1 7� 0:5 0:36� 0:05 25� 3 2:5� 0:5

1055 1

Be (200 mm)+Al (100 mm)

7� 0:5 4:5� 0:5 55� 5 3� 1

527 1 12� 0:5 0:9� 0:1 21� 2 3� 1

351 1 8� 0:5 0:1� 0:02 5:1� 0:5 3� 1

527 0.2 48� 5 0:05� 0:01 1:5� 0:2 0:2� 0:06

Note:Kx is the laser radiation-to-hard x-ray energy conversion coefficient;Ke is the laser radiation-to-electron beam energy conversion coefficient.
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The results for crystal silicon agree well with the data
obtained in our previous experiments involving irradiation
by femtosecond pulses (200 fs in length, l � 600 nm) with
an energy contrast ratio of over 104 [1]. Volkov et al. [1] car-
ried out measurements for comparable intensities by similar
methods and using samples of crystal silicon and high-poros-
ity silicon with the same degree of porosity as in the present
work. The laser radiation-to-hard x-ray energy conversion
coefficient measured in Ref. [6] was � 10ÿ6. The exponent
of an approximating power functionwas in the range between
2.2 to 4.1, depending on the x-ray spectral range and the sam-
ple type.Gavrilov et al. [6] also noted that the hard x-ray yield
was significantly higher when using a porous sample.

The intensity dependences of the hard x-ray yield in the
E > 9:8 keV range for a laser pulse length of 200 fs and a
poor (� 20) energy contrast ratio (see Fig. 2b) exhibit an
insignificant increase in the exponent from 2:2� 0:2 for a
crystal silicon sample to 2:5� 0:2 for a high-porosity sample.
However, this type of increase was not observed for the inte-
gral yield Y , which amounted to � 0:05 nJ for an intensity of
the heating radiation of � 5� 1016 W cmÿ2. The laser radia-
tion-to-hard x-ray conversion coefficient is � 2�10ÿ8, which is
an order of magnitude lower than that for a picosecond pulse.

Therefore, for pulse lengths of 1 and 0.2 ps, the distinc-
tions between the dependences observed with crystal and
porous silicon are insignificant in our experiments and are
within the limits of experimental error. This fact may be
attributed to structure homogenisation of the porous sample
exposed to � 1-ps-long pulses (or to a 200-fs-long pulse with
a low contrast ratio), whereas it is precisely the porosity that
should bring about an increase in the hard x-ray yield.

Indeed, the plasma expansion velocity exceeds 107 cm sÿ1

under the conditions realised in our experiments. Recognis-
ing that the cluster separation is � 10 nm, we conclude
that the particles travel the `intercluster' distance in 100 fs
to smooth out the porous target structure. Conversely, the
high contrast ratio of a femtosecond laser pulse in the experi-
ments of Refs [2, 6] ensured interaction with a nonfuzzy
nanostructured near-surface layer, which fprovided a more
efficient generation of hot electrons and hard x-ray radiation.

The ratio between the signal in two channels with differ-
ent filters can be used to estimate the temperature of hot
electrons under the assumption that the electron velocity dis-
tribution is isotropic and Maxwellian [6, 7]. To this end,
advantage was taken of the Y (I � approximations for two fil-
ters obtained on a basis of experimental data. The result of
processing the data shown above in Fig. 5 is given in
Fig. 6. The approximating of the resultant dependence yields
the relationship Th � I 0:33�0:01 for the temperature of hot
electrons. This lends support to the statement that the hot
electron component is responsible for the production of the
hard x-ray plasma radiation even for the `moderate' inten-
sities employed in our work.

As noted above, the hard x-ray radiation of a laser-pro-
duced plasma is indeed associated with the so-called hot
electron component of the plasma. Collisions of hot electrons
with ions give rise to bremsstrahlung or characteristic radia-
tion of ions and atoms. Several mechanisms responsible for
the generation of hot electrons are known at present. The
prevalence of one or another mechanism is, to a large extent,
determined by the intensity of laser radiation as well as by the
ratio between the characteristic electron-density gradient
scale length L (determined primarily by the plasma expan-
sion in vacuum) and the wavelength of the heating
radiation l.

When advantage is taken of high-contrast (with a contrast
ratio of over 105) � 100-ps-long pulses with an intensity of
� 1017 W cmÿ2, the above ratio is L=l5 1. In this case, of
greatest significance are the electron heating at the vac-
uum-plasma boundary [12, 13] and the heating due to the
anomalous skin effect [14], when the temperature of hot elec-
trons Th � (Il 2)2=3. For picosecond pulses or femtosecond
pulses with a poor contrast ratio, the electron density gradient
is not that sharp and the absorption of laser radiation energy
by the plasma is dominated by resonance absorption [15].The
resonance absorption is characterised by a power dependence

0 2 4 6 8 10 I
�
PWcmÿ2

0.2

0.4

0.6

0.8

Y
�
nJ

b

0.4

0.8

1.2

Y
�
nJ

0 2 4 6 8 I
�
PWcmÿ2

a

Figure 5. Hard x-ray radiation yield from the plasma of a crystal silicon
target Y as a function of the laser radiation intensity I (l � 527 nm,
t1 � 1 ps) for a beryllium filter 200 mm thick (a) and the filter combination
Be (200 mm) + Al (100 mm) (b).
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Figure 6. Temperature of hot electrons of the plasma of a crystal silicon
target T h as a function of the intensity of laser radiation I for l � 527 nm
(circles) and its approximation by a power function Th � I 0:33 (the curve).
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of the temperature of the hot electron component on the
intensity I and the square of laser radiation wavelength l
with an exponent of 1/3 [16]:

Th � 8
�
Il 2
�1=3

. (1)

Here, the laser pulse intensity I is expressed in units of
1016 W cmÿ2, the wavelength in micrometres, and Th in kilo-
electronvolts.

Therefore, the dependence obtained in our work is in
good agreement with the theoretical predictions for the res-
onance mechanism of production of hot electrons.

4. Effect of wavelength of the heating radiation
on the hard x-ray yield from the plasma
The wavelength dependence of the temperature of hot elec-
trons was determined employing the experimental data on
the hard x-ray radiation yield for different wavelengths
(l � 1055, 527, and 351 nm) for a laser pulse length of
1 ps. Five different filters (Fig. 4) were used to record the
hard x-ray spectrum. The temperature Th of hot electrons
was estimated for different filter combinations.

Fig. 7 gives the dependence obtained for the temperature
Th. Th is approximated by the function Th � (5:2� 0:3)
(Il 2)0:34�0:03, which is consistent with theoretical concep-
tions. An insignificant difference in the absolute
temperature values (the factor 5.2 in lieu of 8) may be due
to the inadequacy of introducing the notion `temperature'
for the non-thermal fraction of the electron plasma compo-
nent. Moreover, there is a systematic error of the
`temperature' evaluation technique in use, which implies a
strictly exponential shape of the tail of the x-ray photon spec-
tral distribution. On the other hand, relationship (1) is also
approximate, for it was found in numerical simulations
and not analytically.

Based on the data on the dependence of the hot-electron
temperature and the hard x-ray radiation yield from the
plasma on the wavelength of a laser pulse, it is possible to esti-
mate the energy absorbed by the hot electron component.The
energy of electron beam bremsstrahlung in the filter transmis-
sion band F (E) can be estimated by resorting to the simple
formula [7]

Ex � KeW

�1
0
F �E�eÿE=ThdE

.
10ÿ6ZTh,

where Ke is the sought-for coefficient of conversion of the
laser pulse energy W to the energy of hot electrons; Z is the
atomic number of the radiating atoms. The result of our data
processing is given in the last column of Table 2.

5. Conclusions
Therefore, resonance absorption is the chief mechanism of
generation of the hot electron component in a plasma pro-
duced by picosecond laser pulses.

We have for the first time measured in a single experiment
the dependence of the hard x-ray yield from a plasma pro-
duced by ultrashort laser pulses on the wavelength and the
intensity of laser radiation. The dependences of the `temper-
ature' of the hot electron component on the intensity and the
wavelength of laser radiation, which were derived from our
experimental data, are consistent with the theoretical concep-
tions of the resonance mechanism of absorption of the laser
radiation.

The length of a laser pulse and its contrast ratio have a
strong effect on the nature of interaction and the processes
in the plasma in the case of nanostructured targets. In partic-
ular, the target structuring ceases to affect on the form of the
dependences and the absolute yield of hard x-ray radiation in
the case of 200-fs pulses with a low contrast ratio and 1-ps
pulses.

TheTWINKLE laser system can be validly used to imple-
ment an efficient source of hard x-ray radiation with a pulse
length of � 1 ps. The measured coefficient of conversion to
the E > 2:5 keV hard x-ray photon energy range amounts
to� 6:5� 10ÿ5% for an absolute yield of 5.5 nJ, with approx-
imately 2% of the laser pulse energy going into the hot
electron component. The high pulse repetition rate of the
TWINKLE system, which may be as high as 30 Hz, may
also prove to be beneficial to many applications where pico-
second x-ray diagnostics of materials is involved.
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