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Abstract. The capillary discharge ArlX laser (wavelength 46.9nm) is a new device attractive for various applica-
tions due to its unique for XUV lasers properties: high average power and compactness. Reflectometry and ellip-
sometry are among them. The first is capable to provide fundamental data on optical constants of solids, which are
still rather limited. Reflection coefficient in this spectral range is highly sensitive to the presence of an overlayer at
the surface of a sample. This hinders bulk optical constants determination, but offers the possibility to study chemi-
cal contamination by ambience. The theory of reflection from a surface with a thin overlayer is developed. It enables
to rigorously include overlayer into reflectometry data processing and derive separately the parameters of bulk and
overlayer. Ellipsometry in general is more powerful than reflectometry method to measure optical constants. [n ad-
dition it offers the accurate methods to measure film thickness and properties of magnetic materials. Unfortunately
high quality analyzers and polarizers are not available in this spectral range, which requires specific approach to el-
lipsometric measurements. We discuss and use for this purpose Sc¢/Si multilayer structures.

1. INTRODUCTION

The compact capillary discharge laser at 46.9 nm developed in Colorado State University [1] has
reached peak power 0.6 MW and average power 3.5 mW [2]. The main laser parameters are shown in Ta-

ble 1. They are sufficient for various experiments and measurements, some of which were reported in [3]-
[6].

Table 1. The parameters of tabletop Ne-like Ar capillary discharge soft x-ray laser.

Parameter Value
Wavelength 46.9 nm
Pulse energy 0.1-1.0 mJ
Pulse duration 0.6-1.5ns
Average power 3.5mwW
Peak power 0.1-0.6 MW
Bandwidth AA/A <10
Spatial Coherence 6x-8x [;‘irf‘[f]rr;]c?ito?:?,imited
Size 0.4*0.4*1 m’ o

Multilayer Sc¢/Si coatings developed in Moscow X-ray Optics Group [7,8] allow increasing consid-
erably (up to 45%) reflectivity in this wavelength range (see tig. 1), which is also helpful for applications

0f 46.9 nm laser.
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In this paper we discus the prospects
of applications of CSU laser in reflecto-
metry and ellipsometry.
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Figure 1. Reflectivity of a Sc/Si multilayer mirror as function of 1
incidence angle. I, =" ()
4

where e =1- 8 +if8 = (n+ix) — complex dielectric function of a sample.
On the other hand, if we are interested in the structure of near surface layers, contamination by ambi-
ance gases etc. the oblique incidence as in X-ray reflectometry [9,10] can be used. In this case the impor-
tant value is the penetration depth for incidence at the critical angle 8, = 7 /2 —arcsin NEE
= A
“ annk

(see (1)) and /_, (see (2)) at laser wavelength for various materials in comparison

cd

(2)

Table 2 shows /,
with the same values at 0.154 nm regularly used in X-ray reflectometry.

Table 2. The penetration depths for different materials at the wavelengths 46.9 nm and 0.154 nm.

C SisNg Si0, SiC Si InP GaAs Ir
] 2=46.9 nm 5.1 nm 9.3 nm 11.7 nm 16.0 nm 129 nm 41.5 nm 62.0 nm 7.0 nm
" [3=0154 mm 766 um | 7dpm | 130um | 70um | 80 pum TTpm | 28 um 2 um
a A=46.9 nm 6.0 nm 7.1 nm 8.3 nm 11.0 nm 27.0 nm 13.0 nm 17.0 nm 5.7 nm
A=0.154 nm 97.0 nm 30.2 nm 40 nm 30.0 nm 32.0 nm 11.5 nm 5.9 nm 5.4 nm

As is seen from Table 2 the penetration depths for 49.6 nm are very short especially for light ele-
ments C, O, N and heavy metals — shorter than in any other spectral range including 0.154 nm. There-
fore reflectivity is expected to be very sensitive to the presence of ambient gases and compounds, and ra-
diation of CSU laser can be used to reveal and control the presence and formation of carbides, oxides and

nitrides on a surface. For example 1 nm thick Si0, film gives considerable correction to reflectivity of
clean Si . The reflectivities of clean and oxidized silicon are compared in fig.2 in XUV (46.9 nm) and

hard X-rays (0.154 nm). Due to this highest sensitivity, the surface contamination hinders determination
of optical constants of solids in the XUV.
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Figure2. Reflectivity of Si covered with oxide Si0; film at 0.154 nm and 46.9 nm. Numbers (10,20...)
indicate film thickness in A.
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Figure 3. Reflectivity data for S/ at 46.9 nm and results of fitting procedure Thin solid line — Fresnel formula for a clean sur-
face, thick solid line — Fresnel formula with the account for contamination layer.

Figure 3 gives an example of reflectivity data obtained with CSU laser. To reach the agreement be-
tween the measured reflectivity and Fresnel formulas we had to assume the presence of transition layer on
the silicon surface. The fitting of theoretical and measured reflectivity curves enables to find optical con-
stants & and B of pure Si with the account for contamination layer [3]. Similar measurements have been
made with CSU laser for Gads, GaP, InP, GaAsP and Ir [3]. More accurate approaches to the problem
based on the reflection theory are discussed in [11]-[13].

3. ELLIPSOMETRY
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Figure 4. The scheme showing the main parameters of a
polarized beam.
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Ellipsometry implies the full control of beam pa-
rameters: intensity I; degree of polarization P;
elleptisity angle & (see fig. 4); and the angle o'
characterizing the spatial orientation of polariza-
tion ellipse. Ellipsometry enables: (a) to measure
mentioned parameters before and after reflection
from a sample; (b) to produce linearly or circu-
larly polarized beams; (c) to determine phase dif-
ference between reflection coefficients for s and
p polarized waves. Ellipsometry is an alternative
method (often more accurate than reflectometry)
to measure optical constants of solids. Ellip-

sometry is also a unique method to investigate the structure of magnetic and anisotropic materials and to
measure thin film thicknesses. Evidently ellipsometrical methods can considerably enlarge the field of X-

' Note that € and 6 denote in this section other physical values than in section 2.

ray laser applications.
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ray laser applications.

Multilayer structures at 45 degrees of incidence in reflection or transmittion modes have been shown
to provide half and quarter wave plates for soft X-rays [14]. So far most of ellipsometry measurements in
soft X-ray range have been made at synchrotron radiation facilities and only a few [15]-[17] with labora-
tory laser-produced plasma sources.

To start polarization experiments with CSU laser [18] two Sc¢/Si multilayer mirrors optimized in re-
flectivity at 45° of incidence were fabricated (see fig. 5). The scheme of the polarization experiment is
shown on fig.6. The goal was to produce a linearly polarized beam and then to use it for diffraction grat-
ings calibration. Two multilayer mirrors are shown in fig.6 as polarizer and analyzer. The laser was con-
tinuously fired at a repetition rate 1 Hz while

1.0 T R P .
analyzer mirror was rotated from 0 to 180 de-

grees.
08 - f The resulting signal at the detector is
shown in fig.7. Analysis of this signal together
with reflectivity measurements of
_;;_} 06 - ; 3 2 | 2 L
2 / ‘ 'R‘ :(’Rs +|Rp‘ )/2 allowed predicting
8 !
2 degree of polarization of the outgoing beam,

which is 96% (when the mirrors are parallel)
even if the primary laser beam is completely
unpolarized. In spite of two mirrors involved,
the high average laser power provided enough
intensity to produce grating calibration for line-
arly polarized beam [18].

Incidence Angle {deg.) This was achieved with rather small values

- . . . 2 2 2 .
Figure 5. The reflectivities of two mirror used in the experi-  Of p‘ = ‘RS} /iRpl =7. Calculations show
ments. ‘

that much higher values of | p‘z can be obtained
by proper design of multilayers [19]. In this case for the same type of measurements one can get with
only one multilayer used as a polarizer. However in practice the optical constants of Sc are known with
some errors, which are still difficult to estimate and one have to work with the synthesized mirrors that
are available and usually are far from ideal quarter and half wave plates. The polarization data can be pro-
cess with the use the of full Stokes parameter formalism [20]. A useful alternative is a set of explicit rela-
tions between the parameters of incident and outgoing waves for an arbitrary reflector:

R,*+[R,|
R

1 2

I'= , Y:1+P"Dz——cos2gcos2¢9 3)
2 ol +1
] 2
2|p
= - =25 | (i-P?) “)
VoLrdef + D
o 2P . .
sin2¢ :—fz—(Repsm 2¢& +Im pcos2&sin 260), 5)
Y(p" +1)P'
cos 28’ = ! 2 2 (Pcos2scos26 +1)-1 6
P'cos2¢’ Y(}p[z + 1) ®)

where the angles # and 6 denote orientation of ellipse of incident and reflected beams relative to the po-
sition of the reflector; 1 is the intensity contrast factor (see fig. 7).
These formulas can be used to analyze the evolution of parameters of a beam travelling through the

T .
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optical system. Another reason for X-ray laser based ellipsometry is the possibility to control very thin
films of magnetic materials. This is anticipated due to strong coupling of 46.9 nm radiation with matter as

it was discussed in section 2.
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Figure 6. The scheme of the experimental setup.
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Figure 7. The experimentally measured intensity of the
beam outgoing from the optical system as function of rota-
tion angle.

4 SUMMARY

In conclusion the reflectometry and ellipsometry with
CSU compact discharge pumped soft X-ray laser are
now demonstrated. The expected application fields
are metrology and testing of XUV optics, the meas-
urement of optical constants of solids, and investiga-
tion of the structure and properties of magnetic mate-
rials. Further improvement of the quality of polariz-
ing elements is desirable and looks possible.
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