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Multifacet mirrors for the 
extreme ultraviolet 

M.L. Scott and B.E. Newnam 
Los Alamos National Laboratory 

Until recently, the prospects for efficient normal-inci
dence reflectors for the extreme-ultraviolet (XUV) 

spectrum, nominally wavelengths between 10 and 100 
nm, have been very limited. In this spectral range, all ma
terials have significant absorption and the index of refrac
tion does not deviate much from unity. The few excep
tions with moderately high (≥ 40%) reflectance at 0° in
clude: 1) SIC, either single-crystal or chemically vapor 
deposited surfaces, with reflectance between 40 and 50% 
for wavelengths longer than 60 nm, and 2) multilayer in
terference reflector stacks of M o and Si films with peak 
reflectance-performance just over 60% at 13 nm and low
er values for designs optimized for adjacent wavelengths 
between 10 and 20 nm. Indeed, full development of the 
multilayer option is currently a major goal of a number of 
research groups around the world. 

During the past year, however, the merits of an uncon
ventional "multifacet" mirror design1 have been demon
strated. Instead of a single mirror at normal incidence, the 
design uses nine single-facet, optically flat, mirror sub
strates of highly polished silicon arranged in a semicircular 
arc with the X U V beam incident on each facet at 80°. 
(Nine is a sufficient, but non-unique number of facets.) 
After the ninth facet, the X U V beam emerges from the 
array deflected by 180° (retroreflected), but displaced 
from the original beam path by the diameter of the semi
circle formed by the substrates. With aluminum coatings 
nearly free of oxide contamination, this device exhibited a 
retroreflectance of 89 ± 3% measured at 58.4 nm, which 
is more than a factor of two higher than achieved by any 
other X U V mirror in the spectral range.2 

For the multifacet mirror configuration to yield a signif
icantly higher net reflectance over that from a normal inci
dence mirror, the single facet reflectance (at the appropri
ate angle of incidence) must be very high. The phenome
non of total external reflectance, exhibited by a few 
materials over limited wavelength spans in the X U V at 
non-grazing incidence, was exploited to advantage in this 
situation. This requires that the real part of the refractive 
index be significantly below unity and the absorption co
efficient be very small. Aluminum and crystalline silicon, 

for example, satisfy this requirement in the wavelength 
range of 30 to 100 nm. 3 

The materials used were primarily aluminum thin films 
deposited with an electron gun on polished silicon sub
strates in ultra-high vacuum (UHV) of ~ 1 0 - 1 0 torr to mini
mize surface oxidation. Even after one month in a vacuum 
of 5 x 10 - 1 0 torr (primarily residual He from the He-dis
charge radiation source), ellipsometric measurements indi
cated that only 0.25 monolayer of surface oxide had 
formed. 

Initial in situ reflectance measurements on single, alumi
num-coated mirrors produced a value of 98.7 ± 3% mea
sured for 80° incidence and a wavelength of 58.4 nm. 2 

These values were somewhat higher than expected from 
previous work, 3 and the difference was attributed to lower 
amounts of surface oxide contamination. This single mir
ror result was consistent with the later nine-facet alumi
num-coated array measurement. Additional U H V single-
mirror measurements at 30.4 nm indicated that this same 
nine-mirror array should have a retroreflectance value of 
~ 33%. 

Besides high reflectance over a broad spectral range, 
multifaceted metal reflectors offer two additional advan
tages. First, after a period of use with progressive surface 
contamination, single-layer metal coatings can be re
freshed by overcoating more metal or ion etching without 
breaking vacuum. Second, this retroreflector design is in
herently resistant to thermal and optical-wavefront distor
tions, as well as to laser-induced damage. The high resis
tance to thermal distortion is due to the high reflectance of 
S-plane polarized light from metal surfaces at large angles 
of incidence and the cos ø spatial dilution of the beam 
intensity over the tilted surface. Furthermore, the net dis
tortion of the optical wavefront reflected from the multi-
faceted retroreflector, due to surface-figure errors or ther
mal response to absorbed power, decreases by an addi
tional cos ø factor as the number of facets increases.5 

The multifaceted retroreflector design should find appli
cation in laser ring resonators. In particular, it will enable 
X U V free-electron laser oscillators to be tuned continu
ously down to ~35 nm using A l and Si films and in the 10 
to 14 nm range with Ag. Rh, and Ru coatings. Additional 
elements may be identified as candidate coatings when ac
curate optical constant data becomes available. 
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Liquid crystal optics 

S.D. Jacobs, T.E. Gunderman, and K.L. Marshall, 
University of Rochester 

W e have found that the flexibility offered by liquid 
crystals permits them to be used in new optical ele

ments to replace conventional laser system components 
and to provide novel solutions for existing device prob
lems. 

One such liquid crystal element is the liquid crystal po
larizer/isolator (LCP). This single, passive liquid crystal de
vice performs both functions of polarization and isolation 
for laser systems configured to propagate circularly polar
ized light. An L C P consists of a liquid crystal mixture 
composed of a helically structured, or chiral, compound 
and optically anistropic nematic compounds sandwiched 
between two glass substrates. By addition of chiral twist
ing agents into the nematics and utilization of alignment 
techniques to produce uniform orientation of the molecu
lar axes, left-or right-handed circular polarizer elements 
are created. Selection of the nematic components on the 
basis of their intrinsic birefringence allows variation of the 
bandwidth of selective reflection of the liquid crystal ele
ment. The position of the selective reflection peak can be 
adjusted to the appropriate wavelength by varying the 
amount of chiral agent. Liquid crystal polarizers/isolators 
exhibit a high transmittance (approaching 99%) for inci
dent circularly polarized light whose twist sense is of the 
opposite handedness. Polarized light of the same handed
ness as the device is reflected, with a contrast on the order 
of 10. 3 

The LCP device can also act as an optical isolator for 
protection of laser system from back-reflection. Any back-
reflections of the passed radiation from misaligned optical 
surfaces or targets are blocked by the device due to a 180° 
phase shift in the handedness of the laser beam upon re
flection. 

In addition to its high optical transmission and high re
flection contrast, the L C P offers other advantages over ex
isting polarizers and isolators: 1) simple and inexpensive, 
with only two optical surfaces; 2) angularly insensitive to 
alignment (±10° from normal incidence), and 3) a high 
laser damage threshold (withstanding fluences in excess of 
5 J/cm 2 at 1054 nm, 1 nsec). In addition, the liquid crystal 
polarizer/isolator is the only existing technology that can 
offer high optical quality at large apertures. 

The liquid crystal polarizer/isolator is presently used in 
the O M E G A laser fusion system to reduce depolarization 
caused by stress induced birefringence in the laser amplifi
ers and to isolate the system from back reflections. Anoth
er application for liquid crystal polarizers/isolators is as 
laser cavity end mirrors that have a broad bandwidth and 
maintain the polarization sense of the beam. 

Two liquid crystal elements of the opposite handedness 
used in series can function as laser-blocking notch filters. 
Such devices perform selective optical filtration by reflect
ing nearly all radiation at the specified laser wavelength 
and transmitting all other wavelengths. Liquid crystal apo
dizers that modify a laser beam profile without introduc
ing diffraction effects are yet another device application of 
liquid crystal materials. 
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Production of kinoforms by 
single point diamond machining 

P. P. Clark and C. Londoño, Polaroid Corp. 

K inoforms 1 , 2 are a subset of holographic optical ele
ments. They have the advantage of being highly effi

cient and they are computer-generated, not optically con
structed, so desired wavefront deformations can be readily 
achieved. 

A kinoform may be thought of as a phased Fresnel lens. 
Ideally, each facet of the lens transforms the wavefront 
with no optical path error, and there is a step of an inte
gral number of wavelengths (usually one) between adja
cent facets. Thus, the kinoform can achieve diffraction-
limited performance, while a conventional Fresnel lens 
cannot. Efficiency can approach 100% for a given wave
length when the facet profiles are properly designed and 
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