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? results with grating efficienciea and anomalous polarizatics
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50%n experimentally and thecrcticaily,

afiect in diffragcvion gratvings with porticular cmpaasis o4 oo

J

relation of this effect to the space contaminaticn srobliom 1n
ss.ccecralt using gratings in opticael instruments. The vhess ™ ok

surlace plasma wave propagation on dieleciric-costed metel .urlazces,
1

- o P

wiich had been developed earlier; was to be appiiled specilically 0
cases where a dielectric, in the form <i' a contaminant, mighi o8

ccposited on a grating surface and thus change tane relliection

(4

casracteristics of this surface. Experiments were tc be éoreE
correlating the theory with measurements on grating GfxiciunC'

using dielectric coatings similar to those that might be SBu;C;pated
in practice. It was also intended that the quantum-mebnanical theory .
¢n photon-plasmon interactions be extended to apply to semi-.ﬁfinlte
metal surfaces such as are found with reflecting-type diffeacgion
sratings. These objectives were, for the most part, carried éut
successfully, as shall be pointed out in the following sectlons.
The experiments wore done at the Radlatlon Physics Sectlon of ithe

Health Physics Division of Osk Ridze Natlonal Laboratory.



Lfficlency of Dislectric-Coated Concave Dilfraction Grating:

Experiments were conducted with two Bausch & Lomb reflec?ing—
typo monochromator coricave diffraction gratings having alumintm
surfsces, a line spacing of 600 lines/mm, and blazed for 1500?£°.

The grating callorator of the Radlatlon Physics Secticn was adagpied

to accommodate a triple polarizer so that efficisncies for bcéﬁ

r= and s=polarized ilight could bs msasured separately. Theseigrgziagg
wore coated with layers of vacuum=-evaporated Dow-Corniag

oump 01l in thicknesses from zero ¢ several nundred 4%. fThe:

taicknesses woere determined at the time ol ¢ ition wivh & Lwelis
erystai monivor. DC-705 was cnosen as The cenvaminant becausc Ly L:

typical of tae type of disleciric maverial that mignt adnere Lo
graving surface and because its optical propsrties ars xacu. ::cg
independent reflection reasurements made at ORNL.

At the time the efficlsncy measwromsenis were mals & scasd woo
taken of the lst order diffraction specvrum to obssive The ancia.cud
pociarization peak wavelength shifts. The wavelengin range Jor Tag
efficiency measursments was from 1000 A° o 2500 49, vecause hse
absorption coefficient of DC-705 has been measured at wavezenéths
Gown S0 1000 A° and 1s zero at wavelengths longer than 2500 *é. The
diffraction spectrum scan was made in the visible range (hCOO-?,OO A%)
Sccaus® there were no polarization peaks for these particularégratings
at shorter wavelengiths. The presence of these peaks in the vécuum

H
+

4, L
ultraviolet is often fortuitous and varies from one grating tc

i
enotzer. Since the wavelength shift with dlelectric thickness is

la rgoat for peaks aound at shorter wavelengths, the only disaévanuage

}

for our; puppodds was thst the thicknesses of oil from zero 4 ‘about




50 A° could not be detormined as accurately as possiblic.

n F N

Pigure 1 shows the results of elfliclency measurements for o new

rating coated with oil thicknesses of zero, 20, 150, and 250 4. One

~ - -

notes that the decrease in reflectance is most pronounced Ilor cmall
layers (20 A°) at short wavelengths. As the layer thickncss iz
increased (150-250 A), the decrease in reflectance becomes larger at

the longer wavelengths., This is in accordance with expected beaavicr

&

since optical absorption varies inversely with wavelength and direcitly

P
\

Py s a - i & -l 2 ~ _ s »
with the absorption coefficient. (Intensity ~ (e kx/X )<, where k is

the absorption coefficient, A the wavelength, and x the distance

ci
-

he lignt wave travels in the medium). For DC-705 the absorptiion

cefficient is finite at wavelengihs shorter than 2500 A® and reaches

(¢

a8 maximum at 1000 A°. There was little overall difference ia tlc
reflection for the p=- and s=- polarizations for o gilven dleslociric
thickness, except that s was attenuated sligatly more than p at ac
snorter wavelengtins.

Tne grating coatedhwith 250 A9 of o0il was left in the vacuum
system for 48 hours, and the efficiency measured at the cad ol this
vime 1s shown in Figure 2. The increcse in efficiency is attributed
vc evaporation of the oil &t L0-6 Torr, Visual inspection ol tase
grating seemed to verify this since thick layers were clearly i
Giscernible while thin layers were nov, The.s-polarized data élone
are shown in Figure 3. The anomalous p-polarized lst order oneblaze
spectra of the grating in jhe visible region are shown in Figu%c e
The peaks shift significantly to longer wavelengths for the la%ger
taicknesses while the shift is small for the small layer. Onegnotes
that after evaporation the peaks shift back to values characte%istic
of thin layers. Figure 5 shows the dispersion ocurve for dieleétric-

coated aluminum, where % 1is

the propagation vector of tne oﬁrface




rratma wave, The dotted lines are theoreticel values {for the

dispersion curves for differont thicknesses of pump oil on a natural
oxide layer of 4O A° using the measursd dielectric constants cf DC-705.
The points are the valuss of 7t measured experimentall

poak noar 6000 A9, The dislectric thicknesses corresponding to tae

crystal monitor readings of 20, 150, and 25C A° are approximately

2 £ { 5 < 2 [P o & A% Aan ~ P
30. 160, and 250 A9, respectively, which is fairly close agrecment.
Taind e e . & TR L T Tamndrard e - - slma Ralks i -
Table I shows the comparicon at selected -wavelengtns betucen the moa=-

= : _ o & i PP ab b h it e e ne e e - === d
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ralation {see previocus page), Intensity ~ (e=cX%/Ajc , where hcore ©
is the oll thickness, The factor 2 arises because the light wave
traverses the ©il thickness twice in reaching €he dsteclicr. <(nc sses
that there is fairly goocd agreement for several of tnc thicknesses,

although the absorption coefficient (and thus tae intensisy) has
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velues. This crude calculation neglects diffluse scaticring otiz an

Fizure 6 shows a similar efficiency study made sarlicr cx the

second graviag. Thals surlace was not new and In fect had been

o

ted to several vdcuum evaporations 'of gther metals belore a
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final clumioum coatinz was made:'“Its“Oriéiﬁéi“réfloct“ncc was not as
high and a thin'dil'lsyer péodﬁced“é“éiéhifﬁéknt;6hange;Ln'%e;lcctanco.
Pigure 7 shoWws the poak wavelength shift'for this grating, 'and the
rosulic are similar to those obtailned for' the first grating. f

Tt it worth mentioning that, although’ theé  anomalous pelarization
;dax saifts were measursd for ﬁ-polarized 1igﬂt, unpolarized light

could be used &s well., This is beocause the g-polarized spectra show

n¢ anvmalous beha

_and for a comiinuous, unpolarized scur:

9 speciiun

f =




the anomalous poeaks would simply appoar in the diflrascvion cpoctrum
suporimposed on the continuous background, and thuc no polarizers

would be necessary if this offect wore used for spacccralt

(38

instrumontation.

Radiation Damping of Surface Plasmons Irom

Al=Coated Concave Diffraction CGratings
C—

As described in the previous section, grating clflicicncles can

be monitorcd by the polarization peak wavelengta shifl't. The clielsctric
thickness can also be measured by the peak shift If the oplicel

sroporties of the overcoating dielectric ere known. I The opulcal

i K

- & dola
3 ao0uG Tiac

properties are unknown then only qualitative irnformatio

afficiency and thicknesses can be obtained. IU would be very aclipliul
if the optical properties could be found from the anomalcus
polarizatibn effects.

For a given overcoating metal an unknown real part of tae
dielectric constant (&,) can be determined from the polarizat{on
peak wavelengths. If the imaginary part ol the dieleciric coéstant,ii,
could also be measured, one would have complete information on the
optical properties of the given metal. We believe this can bé done
by measuring the widths at half-maximum of the polarization peaks.
The widths are due to two effects: radiation damping and electronic
damping. Electronic damping is proportional to €. and coul& be
measured directly if the radiation damping were known or could be

f

calculated.,

'
[

A quantum-mechanical calculation of radiation damping hai been

g\ performed where consideratlon has been made of ihe decay of an
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2iffracted 1ight beams are represented by photons and the surfuce placma

wavcs Dy surface plasmons, The analysis yleld:s a damping or width for

glven branch of the experimental data at a given waveloagtl.
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In thoeso expressions gf',g, d ,d are the creation and destruction

oporators for photons and plasmeons, recpectively; ¢Wp 1s the plasma

-
froquency; k 1s the propagatlon vector parallel to thac surlace, and

7 » perpendloular to it; £3) is the unit step funcilon; and 5 Lo
tae photon angle of incidence to thne surlace. _
The interactlon Hamiltonian is given by
2 = = =
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where £({T) 1s a density function that takes int

variation of the groove profile from a flat surfece. Tais is

-
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jomie

where z=0 is a plane separating the metal and vacuws. als) Lt wac

clectronic density, which equals ngy in the metal and zoro in vacuun.
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Tne damping rate for tho docay of a surface placmon into &

pacton is given by

v = 5571 I {f ]rﬁ,hj, < f

nt

B 5
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where & and 1 are the final and 4niticl states, respoctively,

-

evaluating eqn. (3) by eqns. (

cgn. (8) we finally arrive at the following cor

ry

or the damping rate

n
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wihera d is the maximum groove depth and the subscript n ¢
a particular value of momentum transferred to (cor from) thc su

£ - & b

Lagmone. Tho &h values are related to cortain branch values in the
exporimental data, as shall be shown, Thoe parameter ¢ , which iz
& moasure of where the z=0 plane is sivuated, Zs fourd by &
soparasc caleoulation where one assumes zero florward scattering; i.e.,

that thore is a minimum in the sell energy ;

o

- /o rji? i B
AE = L | H I ) = Moo +

i is found by the interaction Hamiltonian,

2 r & o '
o 5 48— ,

HI = —;L’U ) é{'f "}-S = ’L:_s s = (8% J
Gt 5
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usinz the same A, as before. We find that 7 is given by :
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Zquations (6) and (7) were programmed on the IZ¥ 360 comyputer
q P

nt & 21 H

T
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using as input parameters the plasma frequency, dislociric con

ol aluminum, and tae groove depth and spacing of the concave Sratiang
’ 't

invectigated. The value of ¢ obtained from eqn. (7) enables one to

oick out the proper damping rate from eqn. (6). The overall ?rocess
' |

L3 doscribed by the diagram




wieaoe the surface plasmon oxists in an intermediate ctate bDolweon

the initlal and éiffracted photons. , 1s the distance betucen

s-ont groovoes, and o and n' are integors whoso difflersnce is
sporsional to the momentum transfer at tho grating surface. Tor
oxampiec, in lst order diffraction, nt=n » 1; in 2ud order diflraction,

at-n = 2, etc.

Pigure 8 shows typical experimental data for the anomalous
polarization spoectra for different scurce=-detlector angles, aud the
pcaks are labeled according to thelr corresponding n valusc. 0Oac
aotes that the puaks for the + 1 branch are broader than thoss for
ghe =, =5, or =6 branches, and that the 4 2 peak has an intermediate
width. ‘

-~

The pesk widths for the Al-coated grating Ilor differen

o
b |

e Teteloiol
il v

[ ]

are shown in Plgure 9. For clarity only the first three or

are saown. The olectronic damping widths, ad,,. , are fouad by

the rslation

&/ L0 £
¢ = ad ————
o ‘-’-.L_"E.L

where one uses the knowa dielectric constants for Al. In F;gQ: =0
the electror.ic damping has been subtracted tTo lcave only the |
rediative damping widths. The dotted lines are the Taecretical
widtas from egn. (6), where summation nas been made over the rossible

invermediate state decay scheme for a given diffraction order; for

cxample, for ne 1, woe have nt'= 2 for lst order diffraction agud the

damping rate 18 7T » 7T « 7, + 7, + V., . Fora <2

V.= T+ ¥%,r Y., . The theorotical curves are shown rclz' the

valuea n = 1, 2, and 3. = :




This summation convention appecars Lo be valid, s=ince in theo
1st ordor diffraction spectrum on the opposite gide of the reflected
ceam the‘n and n' numbers are interchanged, but the widths arc
idontical; i.e., the widths are the same for n'=n = 3=2 ¢ 1 lor the
1st order (on blaze) on one side gnd for nten = 2-3 = <1 for the
1st order (on blaze) on the opposite side for the same source-detector
angle.

With this description one observes that as far as gencral {rends
are concerned there is good agreement between theory and experimsnt,
ospecially for n = 1 and 2. Hopefully the experimental scattcr in
tae widths can be reduced by taking slower spectral scans thait wiil
pormit widins To be measursd with greater accuracy.

Figures 1l and 12 show peak widths for total damping and]
radiation damping, respectively, for a Ag coating on th 5ra'ing,
and FPigures 13 ané 1L, for a Au coating. Electronic damping is
aigh for Au in the visible to near uliravioletv region as is
apparent from increased peék'widths at short wavelengths. Radiation
damping for both Au and Ag 1s seen to be similar to that Jor ..1.

The other experimental work of this study was the constructlion
of a cold trap for the grating to reduce the pressure from 1 76 Torr

{0 perhaps 10-8 Torr or better. This cold trap consists of a Cu

'
'

shield of about 7" diameter that oncloses the grating. Smallfhole. are
|

provided for the entrance and exit beams and for vacuum evaporatlons.

|
A 2" diameter pipe that is attached flush against the top of the Cu

shield can be filled with 1iquid N, and the reservoir lasts ~ 15

minutes, aftor initial cooling.
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wxperiments plannod with vacuwn ovaperaied C&, ¥g (and ¥z0j,
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anéd Zn were not conducted because onc noeeds a gla
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peaks in the vacuum ultraviolet and; as wmeanvioned carlier, thc
gratings studied hero did not show these eflfecta. Howover, uic
dispersion curves were calculated Irom the knowa opllcal constiants

and are given in Figures 15-17.

Sumnuary

resonance effect can be used erfecn;vely to monitorithe efficiency
of a dielectric=coated grating, the only requircmcnt scing &b
ability to scan the diffraction spectrum so that psak wavelongih
shifts can be detected.

Studios on the anomalous peak widths show a good correlation
botween theory and experiment for radiaticn damping. This mesns thav
anomalous polarization phenomena can be used To measure opilcal

4

constants of metals at wavelengths longer than the plasma wov

Hopefully the method can be extended to dislectrics.
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Table I. Attenuation of intensity from zero oil
thickness valuoc determined by experimont (Exp)
and by calculaticn, using absorptlon -
coefficient (Calc).

2200 A° : 2000 &°

cr

Calc Exp t Calc EXp

20 .91 .86 20 o117 87

150 ko 57 150 .15 .55
250 22 b 220 Lol 30

t Calc EXp G Calc Exv
20 8L .86 20 .91 .50
150 .27 «52 150 L9 .29
250 .12 2L 250 .30 .15

14,00 A° 1200 2°
t Calc EXp _ < Calc EXp
20 .96 23 20 .66 «29
150 .76 .15 150 .05 11
250 .62 .12 250 .01 .05
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