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Abstract

Two short-wavelength optical compenentsare de;cribed. The ffxst, the wh.ispering-ga[terymirror,usesmany glancing-
incidencereflectionsto deflecv,abeam,through a large net angle. BecausetheFresnelcoefficient foreachreflectiondependsupon
the stateofp¢larization, the whispering.gallerymirrorcim act both as a p¢l_zer and as a biref'fingentelement.Tl_esecond, _re
multilayerpolarizingbeamsplitter,is a Brewster-angle reflectorthin enough to allow partialpartialtransmissionof the incident
beam. Itsbehavior canbe surprising; in some cases thesame potarizatio,nmode is prefen_,don both reflection andtransmission.

Introduction

Inspite of its potential usefulness, the phenomeilon of polarizationhas yet to be widely exploited at wavelengths in the soft
x.ray or extreme ultraviolet range.This situationis due parlly to the scarcityof sources forpolarized radiation,aridpartly to the
generaldifficultyof doing opticsat these wavelengths.

Inthe presentpaperwe describetwo I>pticalcomponents that have an effect c_npolarization:the whispering.gallery mirror
(WGM)and the multilayer polarizingbeamsplitter.Our original interest in them arose in the particular contextOf x-ray laser
cavitiesI . The devices themselves, however,should have much broaderapplicability,

Whispering-Gallery Mirrors
Introduction to WGM',I'

A whispering.gallery mirroris an opticalstructure which, by means of a seriesof glancingangle reflections froma concave
surface, can deflect light through a large total angle. The WGM has been proposed for various applications in the extreme
ultravioletand soft X-ray regimes, most notably for use in laser cavities aridfor steering synchrotronradiationTM. As an
alternativeto multilayer technology, WGM's offer comparableideal reflectivities. Tbey also have some potential advaniages,
one example being their fargreaterbandwidth.

The surfaceaWGM wouldideallybe composedof a Iossless dielectricmaterialhaving a refractive ind'.,',smallerthan unity.
Then, so long as the glancing-anglereflectionsall occurredat angles below thecritical angle, the beamwould betotally reflected
at eachbounce; this would give a WGMof perfectreflectivity.Although at the wavelengthsof interest most materialsdo in fact
have a re_fractiveindex smallerthan unity, they axeinevitablyabsorptive.As aresult,the beamloses a small fractionof its power
at each bounce.

The effects of a WGM upon polarization result from the fact that the Frensel reflection coefficients depend on the state of
ly_larization.Although the reflectioncoefficients are bo.thnearly equal to -1 at grazing incidence, it turns out that the small
difference between the TE aridTM cases leads to a substantialeffect when accumulated over many bounces. In this respect,
whispering-gallery optics is very different from conventional grazing-incidence optics, frnwhich only a few reflections are
typicallyinvolved and for which polarizationissues can generallybe igm>reds. By contrast, WGM's m both slightly dichroic
and significantly birefringent.

Leltinge denote the complexdielectricconstantof the surface (relativeto vacuum),the Fresnel coefficients for reflectionat
a smallgrazing angle _7areapproximately

R_(TE) = - [1- 20_r.[--I.._] and R_('IM) = - [1- 20_] . (1)

The subscripts "1" areused simply to emphasize that these are.reflection coefficients for a single bounce, rather than for' the
total tripthroughthe WGM.
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WGM's aspolarizers

The polarizing action of'a WGM did,rives f_om the difference in tli¢ magnitudes of these Fresnel coefficients. The
single-bounce reflectivities, which re.lat__ reflected and it_cidentintensities, am given by rl = IRI ]z; for small grazing ang)es
Othese become, in light of (1),

,'1(_) = 1-40Re{1/_F'_._ md ,_(TM)=1-4ege{_/¢7"_}. (_)

The total reflectivityfor a path thyoughthe whispering-gal|ery_rfirroris given by the productof the individual mflectivities for
each bounce. We assume that the beam follows a planarpath, along which it is deflected througha sequence of small deflections
at grazing angles 01,0z,.,., 0,, to yield a total deflection of_b = 20t + 20a +... + 2On,Tbe net reflectivity is then given by

r(TE)=exp[-2_b Re{I/_'='1"}] or ,(TM)=exp[-2_ Re{_/_'_}]

Notice thatthis depertdsneither upon the mirror's radius,nor its shape, nortlm numberof bounces, but instead upon on)/the
total deflection angle and the mirror dielectricconstant. A simple argumentto explain this perhapscounter-intuitiveresult is as
follows: the loss experienced at each bounce -- as expressed in decibels, for example -- is proportional to the glancing angle,
and hence the accumulated loss is in turn proportionalto the total angle of deflection.

lt follows from (2) that the I1/mode generallyexperiences a smallerloss at each bounce than does the TM mode, for

el ('lE) - rl (TM) = 40 Re,[_} > O,

with equality holding only in the iossless case. Afterdeflection througha total angle¢,, an initially unpolarizedbeam will be
polarized by an extent

,(I_)- ,frM)=_h[_,,Re,{_¢7U-/-I}1P= +,(TM}

Figure I shows the reflectivities Hd the polarization foz a particular example, a WGM having a rhodium surface6.
Unfortunately, good reflectivity and high polarization arenot reacLe.dat the same wavelengths.
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Figure 1. Polarizing effect of a rhodium whispering-gallery mirror. The net deflection angle _bis 180°.

WGM's as blrefringent elements

The WGM is bixeffingent,for notonly do the magnitudesof the Fresnel coefficientsdifferfor the two polarizations,so do
the phases. Both phases are nearly 180_, but again it is the differential that matters. In the limit of small grazing angles, the
phases aregiven by

arg[Rx(1_)]= 20Im,[1/¢_----- 1} and arg[/h(TE)]= 201m{_/_}.

The net birefringenceAC, i.e. the phase difference accumulated as the WGM deflects the beam through a net angle _,, is therefore

,_¢,= ¢Ira{4F-_).
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Returning to our rhodiumexample, at the reflectivity peak near 111 angstroms, the factor Im{,_} turns out to be roughly
0.26. This means that a deflection ofjust undex360° wou_dberequired in o.rderto yield a quarter-waveof birefringence.

Muitilayer Polarizing Beamsplitters

Reflective polarizersbaseduponmulfilayertechnologyhavebeen suggested by LeeTManddemonstratedby Khandar,Dhez,
ct. al.9-22. The principle behind their operation is to exploit reflectionat Brewster's angle in orderto suppressthe TM mode,
while using an appropriatelydesigned multilayer su'uctureto provide,good reflectivity for the TE mode. Recall that the Brewster
angle may be characterized as that angle of incidence forwhich the reflected and transmitted beams are orthogonal; because
nmtefials have little refractive effect at the wavelengths of intere,st here, the Brewsterangle is close to 45 degrees.

Although conventional multilayer mirror_ arecompletelyopaque, Hawrylukct, al.ls,14have constructed normal-incidence
beamsplittersforuse as lasercavity output couplers. Thes,edevices aremultilayermirrorsthin enough to allow partial transmission
of an incident brain. This same idea cou|d be applied to tl_ 45*-incidencereflector to produce a polarizing beamsplitter.

Th,e behaviorof such a such a polarizing beamsplittercan be surprising.Experience with visible-light optics would lead one
to expect this device to preferentiallyreflect the TE mode while preferentially passing the TM mode. In some cases, however,
the behavioris different: the TIEmode is preferred in both reflection and transmission.

As an explicit example, we considered a Mo/Si polarizing beamsplitteroptimized foruse at 194 angstroms. The design
consiste, "ff6 Mo layers 113 angstroms thick alternating with 5 Si layers 31 angstroms thick. The dielectric constant of Mo at
the de,!gn wavelength was assumed to be t(Mo) = 0.8115 + 0.1732 i and that of Si to be _(Si) = 0.9611 + 0.007112 i. The
resulting reflectivities and transmissivities are shown in Figure 2 as functionsof theangle at which the incident beam suikes the
mirror.Also shown are the extent to which the reflected and transmitted beams become polarized.Ignoredhere,,were the effects
of overcoat layers, e,g. carbon,and any substrate, e.g. the silicon nitrideused by Hawrylukct, al. _a,_4
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Figure 2a. Multilayerbearnsplitteras a reflective polarizer
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: Figure 2b. Multi,layerbeamsplitter as a transmissive polarizer

At the intended grazing angle of 45°, the resulting TE reflectivity is 20.9% and the TE transmissivity 19.2%,while the TM
reflectivity is 0.457% and the TM transmissivity 12.7%. For an unpolarizeA incident beam, the reflected beam would be TE
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/ poZarized by 96% and the wansmiued beam 11::,polarized by a more modest 19%. A_other way of way of saying this is that the
TM mode is suppressed by 16,6 dB on reflection and 1.8 dB c_nlransmissio_, Presumably this anomalous behavior is a general
feature of multilayer polarizing beamsplitters made of any sufficiently |ossy materials, but the author is unable to offer a physical
explanation. With the wavelengths and materials originally considered by Lee7's, where the refractive indices are c'loser to unity
and the absorptions smaller than those l_re, the phenomenon does not occur; there the "lE mode is preferred on reflection and
the "I'Mon transmission.

,, ,, Condusion

In summary, we have described two short.wavelength optical components suitable for manipulating polarization. The
whispering-gallery mirror was seen, to act both as a weak polarizer and, mor_ effectiviely, as a bitefringent element, The
multilayer polarizing beamsplitter was found in certain cases to behave anomalously, with the saI_ polarization being preferred
on both reflection and transmission.
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