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Theoretical studies and analytical scalings were carried out to find the optimized laser parameters and target

conditions so that ultrashort hard x-ray pulses and high x-ray power could be achieved. The dependence of laser

intensity and wavelength on the yield of K-shell x-ray emission was studied. We propose an optimal design for a foil

target for producing high-yield hard x-ray pulses of customizing duration.
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1. Introduction

A recent breakthrough in laser amplification tech-
nique has permitted the generation of small-scale
laser systems with peak powers well into the terawatt
regime.[!! The advance of the development and tech-
nology of femtosecond laser now provides the oppor-
tunity of generation of sub-picosecond length at mod-
erate and high repetition rates. These pulses can
be focused to intensities >10'°® W cm ™2 on to a solid
target and thus lead to the generation of a high-
When these

hot electrons enter a solid material, bremsstrahlung

temperature and high-density plasma.

and characteristic x-ray radiation are produced.?!
With the femtosecond driving lasers, hard x-ray pulses
with durations of ~ps have been demonstrated.!3:4]
Because of its intrinsic short pulse duration and sig-
nificantly higher-energy x-ray production, this type
of x-ray emission can be applied to different dis-
ciplines, such as chemistry, biology and imaging
science,5= 1] including, for example, the investigation
of time-resolved x-ray diffraction,% extended x-ray

[7—9]

absorption fine structure and probing of molec-

ular dynamics.['0—12]

The spectra of x-ray emission
produced by ultrafast laser pulses have been measured
in many laboratories. In particular, the generation of

K, photons is of interest for mid-Z materials. Prior to

designing an experiment of ultrafast x-ray diffraction
based on this source, it is necessary to understand the
emission of K, as a function of the laser condition.
For numerical simulations of the laser pulse absorp-
tion, the plasma parameters and the plasma emission,
a hydrodynamical computer code has been coupled
to a x-ray line, and a continuum emission calculation
including radiation transport!®! has been applied to
study the interaction and emission of the x-rays. Also,
Eder et all* have recently reported on the observa-
tion of a maximum in K, emission, when the target is
placed away from the best focus. Eder et al explained
qualitatively the existence of an optimal laser inten-
sity with the re-absorption of photons produced inside
the target: higher laser intensities would lead to elec-
trons with higher energies and smaller cross sections,
producing K, photons deeper inside the target. More
photons would be re-absorbed on their way to the tar-
get surface, so the observed radiation drops. In this
paper, we show theoretically the dependence of K,
emission on the target, with the high contrast Ter-
awatt femtosecond Ti:sapphire laser in our laboratory
as a driving source. It can provide a high intensity
(10'* — 10'® W cm~2), and we propose an optimal de-
sign of foil target to produce high-yield hard x-ray

pulses of a specific duration.

*Project supported by the Special Foundation for State Major Basic Research Program of China (Grant No G1999075200).

TE-mail: minchen@ssrc.ac.cn

http://www.iop.org/journals/cp



56 Chen Min et al

Vol. 12

2.Modelling K line production
by hot electrons

Ultrashort intense laser pulses focused on solid
targets are able to transform a thin surface layer to
a hot and dense plasma. Due to the enormously high
magnetic and electric fields, particles are accelerated
to high energies. For instance, fast electrons are pro-
duced during a certain interaction time with an aver-
age energy on the order of a few tens of keV at in-
tensities ranging from 10'¢ to 10 W cem™2. Since the
interaction time is limited to the laser pulse width, it
is expected that the temporal duration of the electron
burst is on the order of the pulse duration.

It is well known that for s-polarized laser light the
only important absorption process is collisional ab-
sorption. For p-polarized light the situation is partly
different. In the present case, all calculations are per-
formed for a p-polarized high-contrast femtosecond
laser with an incidence angle of 45°, delivering a con-
stant energy of 100mJ on the target. An exponential
plasma-density profile with a scale length of L=0.3,
Nemax=10n. is used, n. being the critical density.[14]

Analytically, the K, yield from a hot electron dis-
tribution can be expressed as an energy integral over

the properties of monoenergetic electrons

N:/nhotfhot(E)Ngen(E)fem(E)dE7 (1)

where N is the number of emitted photons, ny.; is
the total number of hot electrons, and fyo(E) is their
energy distribution, Nge, (E) is the number of K, pho-
tons generated by an electron of incidence energy F
in unit of keV, and fen(E) is the fraction of these
photons that escapes from the solid.

To simplify the following analysis we employ a

modified formula
Nyen(E) =4 x 107327167 g3/2, (2)

where Z is the atomic number. Let U = E/E), be the
ratio of the normalized energy to the K-shell ioniza-
tion energy of the target. Reich et al’s simulation!'
demonstrated that the emission factor shows a univer-
sal behaviour of the normalized energy U. To facili-
tate the integration of Eq.(1), the emission factor is

approximated by a step function
; 1 : U <20, 3)
em = 3
0 : U>20.

Applying a fit of the ionization energies, we obtain

U ~ E/0.0054222.

The energy spectrum of hot electrons generated
by an ultrafast laser is usually fitted by an one-
dimensional Maxwellian energy distribution with an
effective temperature denoted as Thot: frot(E)dE =
1/VETwotexp(—E/Thot)dE.

temperature, most current experiments and simula-

For the fast electron

tions have a scaling closer to The, o< (IA2)'/3, In this

paper we use the result given by Beg et al['! obtained
from K, and bremsstrahlung emission measurement

from the solid experiments.

I)?
1017 W cm 2

1/3
Thot & 100< ) (keV), (4)
where we have included the usual wavelength scal-
ing, I is the incident laser intensity and A is the laser
wavelength. While the number of generated electrons

scales is

Nhot &~ 1.9 x 10207 71/2, (5)

From these parameters we can make estimates for the
yield of the emitted photons. The total K, yield of
Eq.(1) in the interval 1 < U < 20 is

N;iz=15 1015L'73 20U T\aw (6)
1,7 — +- X 12/3A1/3 L exp Uk ’

with the shape of the integrand being determined by

the normalized electron temperature

_ Thot
k

(IA2)1/3

Uy =4x 10—2722.2 (7)

Here Uy, is also the electron energy at which most K,

photons are produced.

3. Results

3.1. Intensity dependence of the K, yield

First, we study the x-ray yield as a function of the
laser intensity. Figure 1 shows the dependence of the
laser intensity on the photon yield for several typical
targets. It is shown that all the elements have a dis-
tinct maximum yield on increasing the laser intensity.
For light elements, for example, Cu, the yield reaches
its maximum at an intensity of I ~ 3.4 x 10'®> W cm 2,
the maximum yield is ~ 6.6 x 10° photons/sr (for laser
wavelength A=0.8 ym, also see Fig.2), while the elec-
tron temperature is close to 28 keV which is approx-
imately in agreement with the experimental result in
Ref.[4].

ber, to achieve the maximum yield, a higher intensity

For the elements with a larger atomic num-
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is required if the different experimental condition is

only the laser intensity.
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Fig.1. Calculated K-shell x-ray yield as a function of
incident laser intensity. Curves 1-7 denote Ti, Fe, Cu,

Mo, Ag, Ta and Au, respectively.

3.2. The wavelength dependence of the K,
yield

Because the energy spectrum of hot electrons is
mainly determined by I)\?, the fast electrons remain
to dominate even at a lower intensity for a large wave-
length. For example, for Cu target, the optimal inten-
sities are 2.3x10'%, 3.4x10'% and 3.7x10' Wcm~2 at
wavelengths 1, 0.8 and 0.24 um, and the related max-
imum yields are 8.2x10%, 6.6x10° and 2x10° pho-
tons/sr per pulse, respectively. The calculated x-ray

yield is in good agreement with the results in Ref.[16].

Figure 2 depicts the K-shell x-ray yield as a function
of laser intensity at different wavelengths for a copper
target. The yield at A=1 um is about four times of
that at A=0.24 pym. In addition, the optimal intensity
for different targets is shown in Fig.3. In Fig.3 we
can see that to achieve the maximum yield, a lower
intensity is desired for a large wavelength, and wvice

versa.
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Fig.2. K-shell x-ray yield as a function of laser inten-
sity at different wavelengths for a copper target. Solid:
A=1 pm, dashed: A=0.8 um and dotted: A=0.24 pm.
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3.3. X-ray emission from a foil target

The extension of the hot plasma is of great impor-
tance, and thus the optimum target thickness is given
by the thickness of the target. When the target is very
thin, for example 100 nm, the whole-target would be
strongly heated. This leads to a strong ionization and
fast two-sided expansion of the target material. For
too thick or massive targets, they will be heated up
to regions far behind the original target surface, this
leads to ionization deep in the target bulk as well, but
the temperature is not high enough to reach the high-
est ionization stages. In this case a large fraction of
the absorbed laser energy is spent on inefficient heat-
ing of the bulk material. Besides, the spectral shape
of the x-ray line emission is also influenced by the tar-
get thickness. By using foil targets, afterglow emission
can be restricted which are quickly traversed by super-
hot electrons, thus limiting the time they can produce
x-rays. To determine the optimal thickness of the tar-
gets and related intensity, the scaling expressions can
be used™ at A=0.8 pm:

1 =0.00322°° (1, — 7)'2°,

Iopt = 2.3 X 1010Z2'4(Tz — 7‘1)1'25’ (8)

where the units are pm, fs and Wem™2 for I, 7 and
I, respectively. 7 is the duration of the laser pulse
and 7, = T, + 71 is the time of the first 90% of x-ray
emission which is large than its full width at half max-
imum, 7, is the duration of afterglow emission. Table
1 gives the parameters of the seven elements in Fig.1
Table 1. Calculated parameters of foil targets for the gen-

eration of 100 fs K line pulses and K line yield for calculated
l and Iopt at wavelength 0.8 um.

predicted by Eq.(8) for a desired x-ray pulse duration
of 100 fs, taking into account the 60 fs laser pulse.

4. Conclusion

It has been shown that the sub-picosecond x-ray
emission on several targets can be produced from a
femtosecond laser-produced plasma. Theoretical stud-
ies and analytical scalings are carried out to find the
optimized laser parameters and target conditions, so
that the short x-ray pulses and high x-ray power can

be achieved.

Firstly, it has been shown that for the laser in-
tensity of I < 10'® Wem ™2, the light element target
is most suitable to produce higher yield of x-ray emis-
sion. In our present experimental condition, the cop-
per target is of interest, and the K, wavelength of
0.154 nm is suitable for many applications, for exam-
ple, the time-resolved x-ray diffraction in solid dynam-

1Cs.

Secondly, to obtain the maximum yield, the
optimal intensity can be decreased when a long-
wavelength of the laser is chosen. In the present con-
dition, the intensity 4x10'® W cm™2 can be available
to obtain a maximum yield of 7x10? photons/sr per
pulse for copper target at a wavelength of 800nm.
This yield of x-ray photons is sufficient for the ap-
plication of solid state physics. But for the biological
application, such as the time-resolved diffraction of
protein, which needs a flux of about 10'!-10'2 pho-
tons per pulse, further optimization should be made.
In addition, a high repetition-rate laser system is also

desired to yield high intensity in a single shot.
Thirdly, the laser pulse duration should be several

tens or hundreds femtoseconds to achieve a short pulse
duration for the x-ray emission. The thickness of the
target and the laser intensity should be well-chosen to
achieve a desired duration of x-rays. Although more
detailed calculations are needed to accurately deter-
mine the duration of x-rays, our estimate shows that
the sub-picosecond x-ray pulse should be available for
foil target. Further studies will include the effects of
other conditions, such as the incident angle of laser,

re-absorption of produced photons, etc.

Element | Z I/pm Iopt Yield/(photons/sr)
Ti 22 1.5 3.9x1015 9.2x10°
Fe 26 1.6 5.8x101° 7.6x10°
Cu 29 1.7 7.5x101° 6.5x10°
Mo 42 2.1 1.8x1016 3.5x10°
Ag 47 2.2 2.4x1016 2.8x10°
Ta 73 2.8 6.9x1016 1.2x10°
Au 79 2.9 8.3x1016 9.6x108
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