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We demonstrate the generation of a highly polarized soft-x-ray beam with a compact high-repetition-rate table-

top soft-x-ray laser. The radiation emitted by a high-average-power discharge-pumped tabletop Ne-like Ar

soft-x-ray laser operating at 46.9 nm was polarized with a pair of Si/Sc multilayer mirrors designed for 45°

operation. A degree of polarization greater than 0.96 was obtained. The polarized beam was used to char-

acterize the efficiency of a diffraction grating. Intense polarized soft-x-ray radiation generated by compact

tabletop sources has the potential to affect numerous other applications. © 2001 Optical Society of America
OCIS codes: 140.7240, 340.7470, 050.2770, 260.5430.
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1. INTRODUCTION

The generation of intense polarized soft-x-ray radiation is
of significant interest for numerous applications. These
include the diagnostics of materials surfaces and inter-
faces, the characterization of soft-x-ray optical compo-
nents, and the interaction of short-wavelength radiation
with atomic and molecular systems that involve anisot-
ropy. Researchers have made extensive use of high-
average-power beams of polarized coherent short-
wavelength radiation produced by undulators at modern
synchrotron facilities.! Experiments have also been con-
ducted with polarized soft-x-ray radiation from laser-
produced plasmas.? The development of compact table-
top sources of high-power polarized soft-x-ray radiation
can be expected to have a widespread effect on applica-
tions in several fields.

Tabletop soft-x-ray lasers, which are presently capable
of generating coherent radiation with high peak and av-
erage power and high energy per pulse,>* are excellent
candidates for the generation of intense polarized short-
wavelength radiation. However, to date, the generation
of polarized soft-x-ray laser beams has been limited to ex-
periments conducted at large laser facilities.”® Typi-
cally, soft-x-ray lasers that are based on the amplification
of spontaneous emission in a plasma display a very low
degree of polarization. The 19.6-nm laser line in a laser-
pumped Ne-like Ge amplifier was observed to be polarized
parallel to the target surface with a degree of polarization
of 0.53.5 The polarization was accounted for by the an-
isotropy in the radiation trapping of the resonance line in
an expanding plasma, which has a velocity gradient in
the direction normal to the target surface. A larger de-
gree of polarization in this line of Ne-like Ge was achieved
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by double-pass amplification with a half-cavity in which
an oblique incidence multilayer mirror was used as a
polarizer.® A different approach in which the output of
an injector plasma was linearly polarized and coupled
into a Ne-like Ge amplifier produced polarized pulses of
23.2- and 23.6-nm radiation with a degree of polarization
of ~0.98 and a pulse energy of ~20 nJ.” However, the
average power in all these experiments was very low be-
cause the lasers were capable of firing at a maximum rep-
etition rate of only several shots per hour.

The recent demonstration of high-repetition-rate
discharge-pumped soft-x-ray lasers®!%!! opens the oppor-
tunity of generating high-average-power polarized soft-x-
ray radiation with a tabletop device. Our group has re-
cently reported the generation of a laser average power of
3.5 mW at 46.9 nm by operating a discharge-pumped col-
lisionally excited Ne-like Ar tabletop laser at a repetition
rate of 4 Hz.1° The peak power of this high-repetition-
rate soft-x-ray laser is approximately 0.6 MW. In this la-
ser, which has a size similar to some of the most widely
utilized visible and ultraviolet gas lasers, the gain media
is an elongated plasma column generated in a gas-filled
capillary channel by a fast-discharge-current pulse. The
magnetic force of the current pulse rapidly compresses
the plasma to form a dense and hot column with a length-
to-diameter ratio approaching 1000:1. The laser pulse is
generated by single-pulse amplification of spontaneously
emitted radiation in a plasma column in which a popula-
tion inversion is created in the 3s 'P;—3p 'P, transition
of Ne-like Ar ions by collisional electron excitation. Be-
cause of the high radial symmetry of the gain media, the
laser radiation can be expected to be essentially unpolar-
ized. However, the recent development of high-
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reflectivity multilayer mirrors at this wavelength makes
possible the polarization of the beams produced by this
compact tabletop source. In this paper we report the
generation of intense polarized 46.9-nm radiation by the
combination of a tabletop discharge-pumped Ne-like Ar
soft-x-ray laser and a pair of Si/Sc mirrors designed to op-
erate at an incidence angle of 45°. The laser radiation
was utilized to characterize the diffraction efficiency of a
grating etched in single-crystal silicon. This is, to our
knowledge, the first application of polarized soft-x-ray la-
ser radiation.

2. DESIGN AND FABRICATION OF THE
POLARIZING MIRRORS

Our polarizing mirrors for A=46.9 nm were constructed
based on high-reflectivity Se/Si coatings,'? which has been
successfully applied recently to soft-x-ray laser-beam ma-
nipulation and focusing.!3'® To provide high polariza-
tion under reflection, the mirror reflectivity should be
maximal for s waves and minimal for p waves. The
structure of our multilayer mirrors was chosen to maxi-
mize the reflection of s waves at an incidence angle of 45°
and consisted of 10 periods of 44.5 nm with a thickness
ratio of H(Sc)/H(Si) = 0.43. The first layer deposited
was a Si layer. A protective Si layer was deposited at the
top of the stack. DC magnetron sputtering was used to
achieve material deposition with a sufficiently low inter-
face roughness of the order of 1.3 nm.’?>!” The sputtering
targets used consisted of 99.5% pure Sc and a 4-in (10-cm)
diameter n-type Si wafer. The deposition rates for Sc
and Si were held constant at 0.32 nm/s and 0.52 nm/s, re-
spectively. During all the deposition runs the gas used
for sputtering was Ar, and the pressure in the reactor was
kept at 0.43 Pa. The multilayer period and structure
were analyzed by CuKa and CuKp (A=0.154 nm and
0.179 nm) x-ray reflectometry.

The reflectivity for two polarizing multilayer mirrors
was measured as a function of the angle of incidence.
The experimental setup used to conduct the reflectometry
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Fig. 1. Measured reflectivity of the Si/Sc multilayer mirrors at
46.9 nm as a function of angle of incidence.
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measurements as a function of angle was described
previously.’® In this setup the mirror is mounted on a
computer-controlled rotation stage and illuminated with
~0.1-mdJ unpolarized laser pulses from a 46.9-nm Ne-like
Ar capillary-discharge soft-x-ray laser operating at a rep-
etition rate of 1 to 2 Hz. The reflected laser signal is
measured for every shot, and its intensity is normalized
by a reference signal proportional to the intensity of the
incoming beam. Figure 1 shows the measured reflectiv-
ity obtained as a function of angle for the two polarizers.
The data show that the reflectivity of each of the two po-
larizing mirrors reaches a local maximum of 22% and 25%
at an angle of 45°. At an incidence angle of 45° the
s-wave reflectivity is expected to be significantly higher
than that of the p-wave reflectivity. Therefore the re-
flected beam will be partially linearly polarized.

3. GENERATION OF A POLARIZED SOFT-X-
RAY LASER BEAM

The experimental setup that was used to polarize the la-
ser beam is shown in Fig. 2. The vacuum chamber that
housed the entire apparatus was placed at a distance of
1.5 m from the exit of the capillary-discharge laser. The
laser pulses were generated at a repetition rate of 1 Hz
and were polarized by a Si/Sc multilayer-coated mirror
fixed at an angle of 45° from the incoming beam. To ana-
lyze the polarization of the beam, a second multilayer-
coated mirror, which maintained a 45° angle to the re-
flected beam, was rotated on the axis passing through the
center of both mirrors. The laser was continuously fired
at a repetition rate of 1 Hz while the analyzer mirror was
rotated from O to 180°. The intensity of the beam re-
flected by both mirrors was recorded with a vacuum pho-
todiode that was mounted on a lever arm that followed
the angular motion of the reflected beam. A 1-mm-
diameter pinhole was placed at the entrance of the
vacuum chamber to reduce the size of the beam to ensure
that it could be completely captured by all of the optical
components in the system. A 50% transmissive gold-
plated mesh was placed before the first mirror to split a
portion of the incoming beam to a second fixed vacuum
photodiode that monitored the intensity of the laser
beam. This reference signal was used to normalize each
data point to reduce the effect of the shot-to-shot fluctua-
tions of the laser intensity. The photodiode signals cor-
responding to the reflected and the reference beam inten-
sities were recorded and stored for every laser shot with a
500-MHz analog bandwidth, 2-gigasample/s digitizing os-
cilloscope (Hewlett-Packard model 54825A). Figure 3
shows the measured variation of the intensity of the laser
beam after reflection on both mirrors as a function of the
angle between the major axis of the polarization ellipse of
the polarizer and the analyzer (#in Fig. 2, with =0 when
the mirrors are parallel). Each data point was normal-
ized by its corresponding reference intensity.

Because the mirrors are not perfect polarizers, the de-
termination of the degree of polarization requires theoret-
ical analysis. The transformation of the beam by the
pair of polarizers can be described with Stokes vectors or
a Mueller matrix formalism!® as follows:



Benware et al.

I*
M* Si/Sc mirror|| Rotation about
C* | 7| (analyzer) || propagation axis
S*
I
Si/Sc mirror|| M
(polarizer) C |’
S

where I is the total beam intensity, and M, C, and S are
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C = 0,and S = 0. After matrix manipulation, the final
Stokes vector describing the beam exiting the second mir-
ror is found to be

I* (R.2 + R,%cos® 6 + 2R R ,sin® 0
M* 1 (R2 — R,%)cos” 0

c* |~ 2| —-VR.R,(R,— R,)sin 26 cos A
S*

—VR,R,(R; — R,)sin 26 sin A

The degree of polarization is

VIR — R,?)cos? 07 + [—\R.R,(R, — R,)sin 26]°

p
p = —_—=
I* (R + R,*)cos® 6 + 2R R sin® ¢
the other three Stokes parameters that provide a com- Fitting the expression for I* to the measured intensity
plete description of the beam. The intensity of polarized distribution in Fig. 3, it is possible to obtain the normal-
light is given by I, = M** + C*? + S*?.  Assuming ized values for R, and R,. To obtain R, and R,,, it is
that the polarizer and analyzer mirrors are identical (this necessary to include the measured reflectivity of the non-
assumption is justified by the reflectivity curves shown in polarized beam at an incidence angle of 45°, where
Fig. 1), R(45) = (1/2)(R; + R,). With an average value of
(R; + R,) (R, — Rp) 0 0
. ’ 1| Ry — R, (R, +R,) 0 0
SiSe mirror = o g 0 2VR,R, cos A —2VR,R, sin A
0 0 2VR.R, sin A 2VR.R, cos A

where R , is the reflectivity for the s and the p waves,
respectively, and A is the phase shift between the s and
the p waves after reflection. The rotation matrix is given
by

1 0 0 0

) 0 cos20 sin20 O
Rotation = 0 —sin26 cos20 O]

0 0 0 1

The angle #is the same as shown in Fig. 2 and represents
the angle between the major axes of the polarization el-
lipse for the polarizer and analyzer mirrors. The initial
Stokes vector in this case describes unpolarized light with
a normalized intensity and has the values I = 1, M = 0,

Pinhole
4 \Polarizer
i Des s S Analyzer
Incoming Mesh A

Beam

Fig. 2. Schematic representation of the setup utilized to polar-
ize the laser beam. Labels A and B identify the fixed and the
rotating vacuum photodiodes, respectively.

R(45) = 23.5% obtained from the measurements (see
Fig. 1) R, and R, are determined to be 0.414 and 0.056,
respectively. With these values the maximum degree of
polarization, which occurs at angles § = 0 and 180°, is p
= 0.965. This value, obtained assuming identical polar-
izing mirrors, represents the lower limit of the degree of
polarization achieved. Considering that in reality the
mirrors are similar but not identical, the maximum de-
gree of polarization obtained is slightly higher. The re-
maining parameters of a polarized beam (type of polariza-
tion and direction) can also be determined by the Stokes
parameters. The angle of the major axis of the polariza-
tion ellipse with respect to the s direction of the second
mirror is

*

C)
M+’

= (1/2)tan—1<

and the ratio of the major to the minor axis is

Although it is not possible to determine A in C* and M*
and thus ¢ and 7 for all angles 6 with the experimental
setup reported herein, at #=0 and 180°, S* = 0 and C*
0. Therefore at #=0 the beam is linearly polarized
with a 96.5% degree of polarization and aligned in the s

I*
S|

I*
1S

n
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Fig. 3. Intensity of the beam after passing through the pair of
polarizers as a function of the angle 6 between them.

direction of the second mirror. The overall efficiency for
the two-mirror polarization system at § = 0 and 180° is
I*/I = 05(R.*> + R,?) = 8.7%. When the laser that is
used in this study is optimally configured, it is possible to
extract up to ~0.88 mdJ per pulse and an average power of
3.5 mW operating at 4 Hz.1 Therefore, given the effi-
ciency of the polarizer system described herein, it should
be possible to generate an ~0.3-mW average power (76-
ud/pulse average at 4 Hz) soft-x-ray laser beam that is
better than 96% polarized. Section 4 discusses the use of
this polarized beam in the characterization of the effi-
ciency of a diffraction grating.

4. CHARACTERIZATION OF DIFFRACTION
GRATINGS

The experimental setup utilized to characterize the dif-
fraction efficiency of gratings for polarized 46.9-nm radia-
tion is illustrated in Fig. 4. The measurements were con-
ducted in the same vacuum chamber used in the
polarization experiment described in Sec. 3. As in the
previous case, a 1-mm-diameter pinhole was placed at the
entrance of the vacuum chamber to reduce the spot size of
the laser beam incident upon the grating with the pur-
pose of measuring the diffraction efficiency at large
angles of incidence. To facilitate these measurements,
the grating was mounted on a rotational stage. The
46.9-nm laser radiation produced by the -capillary-
discharge-pumped Ne-like Ar laser was polarized utiliz-
ing the set of two 45° Si/Sc multilayer mirrors described
in the previous sections. The intensity of the beams cor-
responding to each of the different diffracted orders was
measured with a vacuum photodiode (labeled “A” in Fig.
4) that was mounted on a rotating arm driven by a step-
per motor. The data were also normalized for each pulse
by the intensity of the incident laser beam for each pulse,
monitored by a fixed vacuum photodiode, identified by “B”
in Fig. 4. The intensity of the radiation for each of the
diffraction orders was determined by operating the laser
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at a repetition rate of 1 Hz and averaging 30 consecutive
laser shots. To obtain absolute measurements of the dif-
fraction efficiency, vacuum photodiode B was placed be-
tween the second polarizer and the grating, and the ratio
of the intensities between this signal and that of the ref-
erence photodiode was used for normalization. The dif-
fraction efficiency for unpolarized radiation was also mea-
sured. In this case the polarizers were removed from the
setup, and the radiation emitted by the laser was directed
to impinge directly onto the grating.

\ B
Polarizers Sritting
Incoming
Beam ]
Pinhole § / |
Fig. 4. Schematic representation of the experimental setup

used to characterize the diffraction efficiency of a grating.
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Fig. 5. (a) Diffraction efficiency of the different orders for
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The diffraction grating that was characterized in this
experiment was prepared by ion-beam etching of single-
crystal silicon. It had a rectangular groove profile with a
line density of 1200 lines/mm. The width of the grooves
corresponded to 77% of the period, and their depth was
17.6 nm. Figures 5(a) and 5(b) show the measured dif-
fraction efficiency for p-polarization and unpolarized ra-
diation, respectively, for incidence angles of 60°, 70°, and
80°. Measurements were conducted for all the diffraction
orders present at each of the incidence angles. The re-
sults shown are the average of at least five sets of mea-
surements, each containing 30 laser shots for each of the
diffraction orders. The error in the overall measurement
was estimated to be in the range of less than 1% in the
case of the zero order at an 80° grazing angle of incidence
for which the signal is large, to 30% for the second-order
signals that have a very low intensity (often less than 1%
of the impinging radiation). The diffraction efficiency at
46.9 nm is observed to be poor, reflecting the fact that the
grating was designed for optimum operation in the range
of 5—10 nm. The intensity of the zero order dominates
for all angles and increases as a function of the grazing-
incidence angle as a consequence of the increase of the re-
flectivity of the material with the angle of incidence. As
expected, the first-order diffraction efficiency is larger for
unpolarized radiation than for p-polarized radiation.
The first order and minus-one order present maximum ef-
ficiency of nearly 3.5% at 60° and 70° incidence angles, re-
spectively.

5. SUMMARY AND CONCLUSIONS

In summary, we have demonstrated a technique for the
generation of high-average-power polarized soft-x-ray la-
ser beams utilizing a compact tabletop setup. We used a
pair of Si/Sc multilayer mirrors designed for operation at
45° to polarize the output of a high-repetition-rate table-
top 46.9-nm laser to a degree of polarization exceeding
96%. The resulting polarized beam was used to charac-
terize the diffraction efficiency of a diffraction grating
etched on a Si substrate. This is, to our knowledge, the
first report of the use of a polarized soft-x-ray laser beam
in an application. This intense polarized soft-x-ray laser
can be expected to find important use in ellipsometry at
short wavelengths and other applications.
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