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! ABSYNACT

Vo have exemined optical constancs and predictyd reflestivittes of candidete surface coatings for whisper
gallery nizrors 4x the extreme ultraviclet (]00 1 to 500 A). Previous work of Vinogradov &nd coworkars have
ddentified the spsctral regime neaxr 100=180 A an particularly promising due £5 the Mgh whisper gallery mirror
reflectivition of the noble metale 4n the victnity of their Cooper minime {n this regime. We confirm this
basie result using never optical date, and we have sought surface materials vhich would extend Che range over
which the vhisper gollury mirrors msy da used: betwesn 100 to 500 A, W find chet substancial whisper
gallery mivror reflectivities (near or greator than 50%) ave predicted for a virity of elements, ond thet the
T peak reflection iv larger than TH peak reflection By on the order of 10X, However, most of the slenments
vhich do reflect well have surfaces that ars vulnerable to oxygén contaminstion, which ¢eroiusly degrades
mitrnr perforsince. A cryogenie mirror destgn wiing & dynsmic wolld rare gas surface which has the potential
to dofaatxluch surface conteminations 1o demcribed: ¢ has pesk reflectivity of more than 350% cengered

near 280 A,

Ingroduction ‘

We raport here the whispsr gallery mirror reflestivities for wavelengths ranpe frow 100 4 co 500 K. Whisper
gallery mirrors are concave mirrors which reflect beaw through a large turning angle (Figure 1), The serm,
vhisper gallery, vas first used by Lord Raylefgh{[i]-[3]) to describe how high froquency acoustie fields,such
as & birdeall, truvel around the dome 8t. Paul's cxthedral,

A soft x-rvay whisper gallery mirror was first propossd by Bremer end Kaihola([4]), and has boen developed
tgolimn extent by Vinogradov and coworkere([5)-[K)), They poinced out that noble metals work well pear
100 A,

. We are {nterestad in developing soft x-ray cavities in 200-300 A ragime hecmupe of our efforts to develop #
igglitop EUV laser (Figure 2). Therefore, we would 1ike to explore how whisper gallery mirrorse work above

Wa have surveyed cesentially all elemants (92) as possidle candidates for the vhispey gallery mirrors. We
found that lov photoabaorption alone doss not glve & high reflective WGH aurface} ths element usually has to
have a moderately high stomtc demsity., In eddition, high reflectivity occurs nesr the Cocper minime, Epsent-

1u11i. no reesumable (nonoxidieing) moitld surface &t room temperaturs gives good WOM refloectivity sbove
150 & .

Theory

The reflection coeffictante of the vhisper gallery mirrors, assuning that there {s an infinite number of

bounces and that the beom epprosches tha mirror surface at shallow angls, depend on the corplen dlelectric
constant through

R™F m expl=2y Remramr) (11.)
RA™™ m exp(=2¢ m;./—;%_..;) (21.2)

48 43 wall known,
These Formvles are derivad for spherical or eylindrical vhisper gallery mirror geomstries.

Keble Metoln
Batvean 100 & und 130 &, the noble metals: Mo, Ry, Bh, Pd, and Ap gives the la gest predictsd WCH vellect-
gvities, This wis pointed out by Vinogradev([7]). Hers we racaleulated the reflectivitise using the
vpdoted duta of Wenke([10]). We nloo based our experimental data on Windt's measuremsnts((11),112]),
“Thy highaot predicted reflscti{vity for WCH's with these coatings in the present work is for wolybdenum,
as 41 shuwn in Figure 3,
Vo shall mot discuss the accuracy of the opticsl constanta of Henke's Zdata here, We did use the Krauers-

Kronig relations to esvimate §p's (and hencs f1's) and they are Ln excellent agreement with the results plotted
in tha Berkeley report, but not Included in the date base.
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‘r Rare Capep

s

There are & lot of elements with lov phutosbsorption betwesn 200 X and 400 K. EBowvever, most of them terd
to oxidite easily and give Jow'WGM reflectivitias &n practics.

Rere gasas, such as srpon and krypton, are prudicted to give high WGM reflectivity. Argon ia predicted to
reflvet wtrongly rear 290 & (Figura 4). The data arc based on the experimental photoabsurptin sross sestien
aeasured by Schrefher and Refrel([13]) and alwo by Samson([ié]), Krypton, om the other hand, {s predicted
to have & peak refleceivity of sbout 40R at 194 X xt the postcion which ve belfeve the principal galin tam
nickelwlike Mo should ccecur. Othar rare goces (Mo, Ne, Xe, and Ro) give very low reflectivity in this
region,

Tt i3 d4fficult to prepore solid vave gas surface and we propose mn approach below,

. Other Elements *

Other elements vhich ave predicted to give high WCK veflectivicieo sre plotced inm Figure 7. We note here
that the LANL experimental effort focumeed ou a mirror composed of & discrate numbdr of flat alusinum glameing
angls mirrors{{15}-[17]), which 48 closely reloted to the WOM work of interest hare.

Cryogenic Whisper Gallery Mirvors

W proposs heze to work with a dynamic surface for the rare gases. If ths surface temperature ls raised,
then sublimetfon will occeur &t & higher rate untfl on equilidrium 1u established vherein aublieatlon s
balanced by condensation. This condition La characterized by a vapor pressure, vhich for argon te given
vary approximately by ([18)) .

Pryy = Pyem8EAT .o (Vi)

whare the poraneters PO r.d AL are given by 4,17R107 torr and 0.0813eV, respactively,

As an example, 4f the smbient argon density were desfgned to be 5X1013 atoms/cnd, then the corresponding
photoabsorpein lose would be less than 12 st 290 % for a 1 meter path length, In this case the pressure
would be about 2x10=6 tore st 36K, which 48 the tempersture corvesponding to this value ss 8 sublimation pres-
sura. Undar theme tonditfons, the exchange betwesn the surfece end utmospher would be considerable, and as
long as the stmospher wers donfnated By argon, the surface contanination should follow the stmospheric level

and be small, Tor experimentul purposed, it 45 advieable to work at the high end of the desirable tempera-
tuYes,

Bummary snd Conclusiong

~ Mo reported here tha high reflective candidates for WeM's (Figure 8), Neble metals, as predicted by
Vinogredov before give high reflaceivities ncar ]00 k. Other nearby elements, due to the chsracterdstic of

the Coopar minims, also give moderataly high reflectivities. Argon and krypton are predicred to reflect .
strongly between 200 X and 300 R, Wa proposed heve & dynamical surface scheme to avaid the problem with oxi~
dations. It wight be possible to extend this mcheme for solid surface vorking st high temperatures.
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Figure 3 Simple whitper gallery EUV luser cavity, Two pleces of whisper gollery
mirrora are Jeined by molybdeourn gain medis. The concave rurface of the mirror is shown
ju the Inset, wheie pluarna i shown to focus ot the two end pointe of the whisper gallery
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Figure 3 Whisper gallery wirror reflectivity of Mo for 180° turm: (—) TE nﬂectivity

buased on Henke's data, (-} TM reflectivity based on Hetke's data, (1 ) TE reBectivity
based on Windt's experimental dats, (& ) TM reflectivity bared on Windt's data.
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Figure 4 Whisper gallery mirror reBectivity of A for 180° tum: (—) TE reflectivity
bused on our manipulstion of Henke's data using Kramers-Krdnig, (-++) TM reficctivity
bused on ow manipulstion of Henke's duts, (O) TE reflectivity based on Henke's dats,
(#) TM reflectivity bused on Henke's data.
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Flgure 5 Whitper gallery mirror TE reflectivities of Se, Y, 2r, snd Cd.
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Figure 3 Whisper gallery mirpor TE reflectivities of highly sefiactive continge.

V.8

oo e

ELI]



\

Invest

igations of Whisper Gallery Mirrors for

Extreme Ultraviolet (EUV) and Soft X-Rays

SEN-YU HUNG AND PETER L. HAGELSTEIN
RESEARCH LABORATORIES OF ELECTRONICS
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

N\
Abstract - We hiave examined opticﬂNants and predicted
reflectivities of candidate surface coatings Ypr whisper gallery
mirrors in the extreme ultraviolet. Previowg work of Vino-

gradov and coworkers have identified the spect
100-150 A as particularly promising due to the h

minima in this regime. We confirm this basic result using newe7’
EUV optical data, and we have songht candidate surfage m

terials which would extend the range over which WGMs
be used to longer wavelengths.

y

We find that substantial WGM reflectivities are predict
a variety of elements in the EUV, and that TE peak reﬂe,.tion
is Jarger than TM peak reflection by on the order of 10%; how-
ever, most of the elements which do reflect well have uzrfaces
which are vulnerable to oxygen contamination. Such clsﬁntam-
ination seriously degrades mirror performance. A ctyogenic
mirror design using a dynamic solid rare gas surface which has
the potential to defeat such surface contamination is described.

/
/
/
I. Introduction /"

Whisper gallery mirrors are mirrors with/concave sur-
faces which reflect acoustic or optical beams through a
large total turning angle through a large nufnber of succes-
sive glancing angle reflections; the concept/is illustrated in
Figure 1. Although the basic effect has bgen known since
sntiquity, a quantitative understanding pf the eflect was
first achieved by Rayleigh [1]-[3].

An optical whisper gallery mirror woyld ideally be made
from a lossless material having a refractive index smaller
than unity. Light incident from a glancing angle will be
reflected completely (total internal reflection, where inter-
nal in this case refers to the region/inside of the mirror
surface), and many such ideal refle¢tions leads to a net
deflection of the beam which is large Zhgle and loss free.
In practice, no surfrce is ever free from loss; losses accu-
mtlate on each successive reflection.

The use of whisper gallery mirrors for soft x-ray optics

regime near
h WGM re-
flectivities of the noble metals in the vicinity of their Cooper /

\, CAMBRIDGE, MA 02139

Figur
mirror.

1: Schematic of & ray path in a whisper gallery

r interest in whisper gallery mirrors is
rest in developing laser cavities (for
example, see Figure 3) for use in the 200-300 A regime,
consistent with our expeximental tabletop EUV laser effort
at MIT [14]. The purpose of this paper, therefore, is to
explore the possibilities of hging whisper gallery mirrors
for the spectral regime above 100 A.

Vinogradov found that very high WGM reflectivities are
expected in the vicinity of the Cooger minima of the no-
ble metals which occur between 100\150 A. The Cooper
minimum itself is a minimum in the photoionization cross
section due to a zero crossing of an outer shell dipole ma-
trix element as it changes sign going from low energy to
high energy [15]. Relatively high total reflectivity is ob-
tained in this regime because the surface provides nearly
total internal reflection with low loss at each glancing an-
gle bounce. Based on this result, we expected that a sur-
vey of optical data at longer wavelengths would reveal
high reflectivity essentially whenever low photoabsorption.
occured, and that we would be able to select highly reflec-
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