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Abstract.  Conditions and applicability limits of a new method for 
formation of quasi-monochromatic, with a large solid angle of 
divergence, linear X-ray fluxes from laser-produced plasmas are 
considered. The method is based on a special combination of laser 
target elements and K-absorption filters, when the spectra of [H]- 
and [He]-like ions are excited in laser-produced plasma and 
K-absorption filters select only the resonance lines of these ions 
from the linear spectrum. Experimental and theoretical studies 
have shown that, in the fluxes formed, the degree of monochroma-
tisation l/Dl may reach ~100 at the radiation contrast ratio of 
5 – 10 and angular divergence of ~p sr.

Keywords: multiply charged ions, X-ray spectroscopy, reflectome-
try and radiometry, high-temperature plasma diagnostics.

Scientific research and various practical applications, such as 
X-ray reflectometry, microscopy, projection X-ray lithogra-
phy, etc. (see, for example, [1]) require monochromatisation of 
X-ray radiation from various sources in a large solid angle. 
Below, we will characterise such radiation by the parameter h 
= ( l/D l)W equal to the product of the spectral selectivity 
(monochromatisation)   l/D l by the solid angle W (radiation 
divergence angle) measured in steradians. A high degree of 
monochromatisation, l/D l ~ tanq/dq ~ 103 – 105 (q is the Bragg 
angle), can be achieved with the use of crystal monochromators 
(see, for example, [2, 3]). However, the solid angle of radiation, 
which is determined by the width dq of crystal reflection, is 
small: W ~ dq (dq is the angle in the plane of crystal dispersion, 
and the angle of ~1 rad in the perpendicular plane is defined by 
the angular width of the crystal). In this case, h ~ tanq ~ 1. The 
simplest monochromatisation method is based on the use of 
absorption filters (see, for example, [2]). The filter transmits 
radiation at wavelengths l > l0 beyond the corresponding K, L, 
or M absorption edge ( l0), while the short-wavelength radia-
tion with l < l0 turns out almost completely absorbed. For con-
tinuum (white) radiation, the degree of monochromatisation is 
not large, l/D l ~ 10, but radiation may be formed in a large (W 
~ p) solid angle, and in this case the parameter h ~ 10p ~ 30. 
The aim of this work is to achieve a higher (10 – 100) mono-
chromatisation degree in divergent fluxes (W ~ p) through the 
use of linear X-ray radiation from plasma. The parameter h in 
this case may reach ~300. 

To form a quasi-monochromatic, with a large solid angle 
of divergence, X-ray fluxes from laser-produced plasmas, we 
have used a method based on a special combination of the 
laser target elements and K-absorption filters. The laser tar-
gets with average atomic numbers Za » 10 – 20 are selected to 
ensure the excitation of hydrogen- ([H]) and/or helium-like 
([He]) ions (spectral range l = 0.2 – 1 nm) in laser-produced 
plasmas. The selected K-absorption filters transmit light in a 
narrow spectral range which only contains the resonance lines 
of [H]- and [He]-like ions (Fig. 1a). Other spectral lines of 
these ions are located beyond the K-edge and completely 
absorbed by the filter (Fig. 1b). The resonance lines of ions 
with a lower ionisation degree ([Li] and others) occupy the 
long-wavelength range and are also completely absorbed by 
the filter. This monochromatisation method was first used for 
calibration of a focusing crystal spectrometer [4] in the spec-
tral range l » 0.8 – 0.9 nm for a Mg/Al pair (laser target/K-
filter). 

An important condition for the applicability of this 
method is a small contribution of the intensity of continuum 
radiation, which can lead to a decrease in the monochromati-
sation degree. We characterise this contribution by the radia-
tion contrast g, i.e. the ratio of intensities of the linear and 
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Figure 1.  Scheme of the method for monochromatisation and selection 
of the linear and continuum spectra of the targets – linear (columns) 
and continuum (black triangle) spectra of an ion with Za (a) and the 
same in the case of passage through the K-filter (b); the grey curve 
shows the K-filter transmission; lK is the wavelength of the absorption 
K-edge of the filter.
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continuum radiations passed through the filter: the higher the 
contrast ratio, the smaller the contribution of the continuum 
spectrum. For experimental evaluation of the radiation con-
trast ratio, a new method is developed, which also employs a 
special combination of the K-absorption filters and two laser 
target elements with adjacent atomic numbers: Za and Za + 1 
(see Figs 1, 2). For a target with the atomic number Za, the 
method works in the way described above (see Fig. 1). For a 
target with Za + 1, the K-filter completely absorbs all the lin-
ear radiation and only transmits the continuum radiation 
(Fig. 2). Due to the proximity of the atomic numbers of the 
targets, their intensity of continuum radiation is virtually the 
same. Thus, the measurement of intensity ratios for the tar-
gets with Za and Za + 1 provides information about the value 
of the contrast ratio g (Figs 1b and 2b).

To measure the radiation contrast using the method 
described above, experiments with laser-produced plasmas 
were performed. The plasma was produced by focusing the 
radiation from a ‘Phoenix’ Nd : glass laser (0.53 mm, 5 J, 2 ns) 
onto solid targets. For recording the X-ray spectra of [H]- and 
[He]-like ions and measuring the monochromatisation degree, 
von Hamos focusing crystal spectrometer equipped with a 
CCD linear array (Toshiba TCD 1304 AP) [5] or a photo-
graphic film (Kodak RAR 2492) [6] was used as a radiation 
detector. The electron temperature was measured from the 
ratio of the intensities of resonance lines of [He]-like ions and 
dielectronic satellites j + k or j (notations of satellites and data 

on intensities are given in [7]); the contrast ratio was mea-
sured using a pin-diode (Siemens BPX-66) [4]. Table 1 charac-
terises the targets with adjacent atomic numbers Za and Za + 
1 used in the experiment, excited ions, spectral intervals Dl, 
thicknesses of the K-absorption filters and the wavelengths lK 
at the absorption K-edge, and also the results of experimental 
measurements of the monochromatisation degree l/D l, val-
ues of the contrast ratio g and electron temperature Te.

Theoretical calculations of the linear spectrum intensities 
of the radiation passed through an absorption filter (the reso-
nance lines of [H]- and [He]-like ions), and of the continuum 
(recombination) spectrum intensities, are conducted in our 
work [8]. The process [Не] + е = [Li] + 'w has been consid-
ered for the recombination spectrum. The resonance line 
intensities were calculated using the approximate formulas 
[9,  10], the recombination radiation intensities – using the 
Kramers approximation [9, 10], while the data of the work 
[11] were used to calculate the K-filter transmission. Omitting 
numerous formulas, we only give here the dependence of the 
radiation contrast ratio g on the Z, i.e.spectroscopic symbol 
of [He]-like ions, and on the electron temperature Te:

g  ~ 
( )

exp
Z Z

kT
kT
I

1
e

e
2 4

-
-c m,	 (1)

where I is the ionisation potential of [Li]-like ions.
It follows from this dependence that g increases with 

increasing Te and decreases strongly with increasing Z. These 
dependences are qualitatively confirmed by the experimental 
data shown in Table 1. The contrast increases with increasing 
thickness.

Quantitative calculations are performed for the Ti-target 
and K-absorption filters of different thicknesses (16 and 
32 mm). In this case, the total intensity of the resonance, inter-
combination, and satellite lines of the linear spectrum was 
calculated using the data published in [7]. The results of the 
radiation contrast calculations for the laser Ti plasma versus 
the electron temperature are shown in Fig. 3. A satisfactory 
agreement with experiment is observed at Te = 750 eV. It is 
also seen from Fig. 3 that the radiation contrast is large 
enough for electron temperatures required for excitation of 
[Не]-like ions. The calculations confirm the high efficiency of 
the proposed monochromatisation method. In addition, the 
contrast ratio measurement for two adjacent elements may 
become a simple method for the electron temperature mea-
surements without the use of a high-resolution X-ray spec-
trometer. Because of the strong dependence of g on Z, the 
measurement error of this method is estimated at 20 % – 30 %.

The monochromatisation degree l/D l depends on the 
ionisation composition of laser-produced plasmas. If [H]- and 
[He]-like ions are excited in plasmas, the value of l/D l is 
defined by the spectral interval between the resonance lines 
and amounts to ~10. If only [He]-like ions and associated 
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Figure 2.  Selection scheme of only continuum spectrum of the tar-
get with Za + 1 – linear (columns) and continuum (black triangle) ion 
spectra (a) and the same in the case of passage through the K-filter (b); 
the grey curve shows the K-filter transmittance.

Table  1. 

Za Za + 1 Ions Dl/nm
К-filter 
thickness/mm lK /nm l/Dl g Te /eV

Al [H], [He] 0.72 – 0.78
9.5 (Si) 0.6745

12.5 20 260 ± 25

Si [H], [He] 0.62 – 0.67   – –        –

Ti [He], [Li] 0.261 – 0.264
15.9 (Ti) 0.2497

100 6 730 ± 80

V [He], [Li] 0.238 – 0.242   – –         –
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dielectronic satellites are excited in plasma, the value of l/D l 
is defined by the spectral interval between the resonance line 
and dielectronic satellite j, thus reaching the maximal values 
of ~100. With a further increase in Z near the resonance lines, 
the peaks corresponding to satellite lines with lower ionisa-
tion degrees ([Be], [B], . . .-like ions) appear, and the mono-
chromatisation degree falls again.

As a result, the maximum measured value of the parame-
ter h constituted ~300. This indicates the advantage of the 
proposed monochromatisation method (we should note that 
h ~ 1 in the case of a crystal monochromator). Another 
advantage of this method is its simplicity: the tuning of the 
working wavelength requires only a change of the laser target 
and K-filter. Such a change can be made without vacuum vio-
lation in the chamber. Finally, the use of absolutely calibrated 
detectors, for example, pin-diodes [12, 13] for measuring the 
radiation intensity in fluxes makes this method indispensable 
for absolute calibration at different wavelengths and very 
promising for many practical applications. In particular, the 
focusing crystal spectrometers have a large angular aperture. 
For example, the input aperture of a spectrometer designed 
according to the von Hamos scheme may reach ~p sr [6]. The 
use of this method ensures absolute in situ calibration of these 
spectrometers at different wavelengths. Such a calibration is 
required for large-area X-ray detectors, such as CCD linear 
arrays and CCD matrixes. This method can also be used in 
X-ray tomography and microscopy [1]. A simple change of 
the wavelength allows investigation of various absorption 
effects in different spectral ranges. The source size (in our case 
50 – 100 mm) can be greatly reduced by employing a shorter 
pulse duration. The method application in the contact X-ray 
lithography (see, for example, [1]) allows optimisation of the 
spectral range. The method has two aspects – monochromati-
sation of radiation and a large solid angle. The first aspect, 
monochromatisation, can be used for plasma diagnostics – 
measuring the radiation output in different spectral ranges. In 
this case, the method may be extended to other plasma 
sources, such as plasma of high-power Z-pinches, based on 
multiwire arrays. For aluminium arrays, silicon K-filters can 
be used (see Table 1 below), for tungsten arrays – L-filters 
made of Zr, Nb, Mo. This technique will allow quantitative 
measurements of the X-ray radiation output and study its 
spatial structure in the lines of multiply charged ions.
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Figure 3.  Contrast ratio g vs. electron temperature Te for Ti laser-pro-
duced plasmas at a thicknesses of titanium K-filters of 16 and 32 mm.


