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Threshold effects in light scattering from a binary diffraction grating
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The theory of light scattering from an interface covered by a periodic grating near the threshold of trans-
formation of one of the diffraction beams from a traveling wave to an evanescent one is developed and
compared with experiments. It is shown that the behavior of the scattered light near such thresholds provides
rich information regarding both the medium in contact with the grating interface and the interface itself.
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PACS numbeps): 42.25-p

[. INTRODUCTION the threshold theory of GLRS. The experimental procedures
and techniques are described in Sec. Ill. In Sec. IV, we
Recent advances in the fabrication of high-quality diffrac-present the experimental results and the comparison of
tion gratings on dielectric substrates with periods of the ordetheory with experiments. In conclusion, we will summarize
of the wavelength of visible lighf1] have stimulated their the results and discuss possible applications of GLRS.
use for spectroscopic studies of surfaces and properties of

media separated by the grating covered interfg2¢3]. Il. THEORY
Sainov and co-workers, using a relatively old idea first pro- ) ) _ _ )

nary metal grating device on glass, working in total internalScattering(reflection and transmissiprat a plane interface
reflection mode, as a sensor for the determination of absoR€tween substrate and analyte media containing a periodic
bance in liquid samples. In our woil6] we have demon- grating layer with period\ of the order of the wavelength of
strated the wide possibilities for spectroscopic monitoring ofincident light (see Fig. 1 For simplicity we illustrate the
static and dynamic properties of media near grating coverefiethod of calculation on an example of the system described
boundaries by analyzing the light scattering near the thresHy @ local dielectric functior;;(x) of the following form:

olds of the transformation of one of the transmitted diffracted

beams from a traveling wave to an evanescent one. This &ij(X) = £o(X1,0) 5 + 8&ij (X, ), )
monitoring method is termed grating light reflection spec- _ . _ . .
troscopy(GLRS). wheregy(x,,w) describes the dielectric function averaged in

The applications of GLRS demands the development othe directions parallel to the surface and the interface com-
an adequate theoretical interpretation of the correspondinBonentse;;(x,w) is periodic in the direction parallel to the
effects of light reflection from gratings. The existing theoriessurface:
of grating light scattering6,7] are based mainly on pertur-

bation theory in the parametéfn, wherel is the height of — - (0.

the grating and\ is the wavelength of incident light. Such 58ij(x"")_n:2_oo gij(x1.n,0)e v
perturbation approaches cannot be used in the interpretation n#0

of the singular behavior of the diffracted transmitted or re- 2
flected light in the parameter intervals near the thresholds of __ 2w

the transformation of one of the diffracting beams from a TE X ={x2.%a},

traveling wave to an evanescent one.

In this paper, we develop and compare with experimentgyhereg is the unit two-dimensional vector in the direction of
the nonperturbative theory of GLRS, which allows us to esthe grating periodicity. We suppose that the thickness of the

tablish the connections between the reflection amplitudes ang|,pstrate-sample interfack, is much less than the wave-
phases for different diffraction channels. The theory is analofength\ of the scattered light and

gous to, with some modifications, the general threshold

theory of multichannel wave scatteripg,9]. It is shown that o c A

analysis of the threshold behavior in light scattering allows Ogjj(X,w)=0 for [X1|>1<—= > (3
us to obtain information about the complex dielectric func- @ m

tion of the sample in contact with the grating as well as__ = . ) ) ) -
information regarding the interface and the grating itself. The! NS inequality will allow us to estimate the coefficients en-

scope of the information increases in the cases where it itsering into the general threshold approximation with the rela-

possible to combine the perturbation theory of light scatter{!V€ accuracy on the order of

ing in individual diffraction channels with the general thresh-

old theory. o('_)z @)
This paper is organized as follows. In Sec. I, we describe N
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FIG. 1. The experimental scheme and ray
trace diagram of the GLRS threshold phenom-
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Beyond the interface interval separating the substthtand
sample(2) media the dielectric function is supposed to be
equal to frequency-dependent bulk values:

_[eM(w) for x;>I for substrate medium
go(X1,0)= @ (w) for x,<—1 for sample medium.

5

The distance of the air-substrate interface from the sample in
the experimental devicesee Fig. 1is supposed to be much
larger than the free space wavelength. This allows us to con-

ki ={Kg.ka},

K2 = (w?62)e Pk 2= = [5T2(k)+1 Im 17,

kZc?
512k =Re(s*?) =~ .

centrate on the analysis of the light scattering at therhe sign index+,—) in (7) corresponds to the direction of
substrate-sample interface. Note that the results of the calCghe wave toward and from the interface, respectivi@tgi-
lations in the threshold approximation are very general indent and outgoing directionsNote the different order of the
nature and can be generalized to the more complex casesigns in the exponents in expressidiia) and(7b). The nor-

i.e., when the dielectric function is nonlocal.

We suppose that the imaginary partsSf=¢Y(w) can be
neglected and the imaginary part&f =¢?(w) is relatively
small:

ImeM=0,

(6)

Ime@<Reg?@.

There exist the following basic sets of solutigi@s) and(7b)
to Maxwell's equations with frequenay in the infinite me-
dia with dielectric constants™ and&?, correspondingly:

VAo (kXny)

EER i~k Tk
Ei(ii H): - - el(ka'Xlﬁkl Xl),
¢ itk
3 P — (78
EP(= k)= N [(kHXn_l)><k(l)]ei(—ku.x”;k(ll)xl)
o ¢ \/(wzlcz)s(l)knz‘kl(l) ’
E_g(t,_u): \/m% ei(_m:kf)xﬁ,
¢ I(II 'k1
7b
- N \/m [(k_Xn_) XFZ)]ei(,mikgz)Xl) ( )
Eg(t, ||): I 1 |

(¢]

V(w?c?)ePk2 kP

wheren, is the unit vector in the normal direction to the

surface and

KE2={lg? k), ®)

malization in(7) is chosen in such a way that the component
of Poynting’s vectolS, = S-n, in the direction normal to the
interface constructed from the solutions () is equal to
unity for realk;. _

The two-dimensional wave vectly in the discussed scat-
tering problem is always real. According to momentum con-
servation laws, only the following values &f in scattered
and transmitted waves are possible:

K m=Ko+mg m=0%1%2...,

©

where kﬁ’ is the value of the tangential component of the
wave vector in the incident light.

The normal component of the wave vecidf always
has, according to Ed8), at least a small imaginary compo-
nent due to the contribution of laf?. Large imaginary com-
ponents ok correspond to values ok{%:2)2, which are
larger than(w¥c?e® or (w?/c?)e®, when

2
_ : c
84 =ReeM = (Kk; )2 —<0 fori=1 or 2. (10

The condition(10) corresponds to the possibility of the for-
mation of evanescent waves in the systems with honhomo-
geneous interfaces.

In the following we will refer to the members of the so-
lution set(7) as channels and designate them, taking into
account(9), asE; with a combined index subscript
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a={ia,§a,ma},
(13) R

i,=1,2; {,=s,p; m,=0,+x1,t2... } | ! |
| | |
and superscript- corresponding to incident and outgoing k :

directions, respectively. |

The full solutionsE ") (x) of the light scattering problem |
with the incident wave in thex channel can be represented al
beyond the interface region in the sample and substrate me- 8

dia in the following form: FIG. 2. General types of behavi@a), (b), (c), and (d), of solu-
tions to Eq.(24) for the case of Ire®)=0. The position of the
Eg)(x_):E_Z(X_)‘FE M, D,E__,(X_) for x§>|2, (12 threshold até, =0 is denoted by the dashed line. In the case of
o' o Im(¢@)#0 the behavior near the singularities according(24)
would be rounded.

where the term with an incident wave is present only,at | A

or x;,<—1I depending on the value @f and the seE;,(x_) Ky =Kyl e"”a_’2 for 6,>0

includes outgoing and evanescent waves in the medjum La™Plallje Va2 for §,<0

For simplicity we have excluded if12) a contribution under

the sum ovew’ from possible surface and longitudinal bulk @nd

waves. The generalization corresponding to the introduction

of such waves is a straightforward one. Thenatrix, with _ | 8al

. o : cosp,=————-r——, Oy, ,<m, (16

the elements,, ,, contains all scattering information. These W

elementsr,,, , obey the following relations due to time in-

version symmetry: Note that y,=n/2 for |8,|<Imels and ,=0 for &,
> Imella),

Faar(8)=Th (&%), 13 For the quantitative description of light scattering near the

threshold5a0r=0 it is possible to use, with minor modifica-

In addition to the set of solutions i12) there is another set tjons, the threshold theory of multichannel wave scattering

of solutions, [9]. According to this theory,
O =TE)T1*|— — 4 /
Ea (X)—[Ea (X)]*lku_)_k”'s_w*, (12) I’a'achMa klvacr for a+# Ay,
where the incoming and outgoing waves have been inter- faaf=f0 ta, o Ki,  for a,a’ #ag, 17

changed relative to the set(")(x).
According to(8), (9), and(10), there are critical values of ;
a=a,, (threshold singularitiesat which one of the transmit- gl
ted or scattered waves transforms from a traveling wave )
(with possible attenuation due to absorplida an evanes- Wherekai, is equal to
L Zﬂmacr 2711/2
Koy + A9 , (A7)
rg . are the values af,, - at k1,aC,: 0, andM ,anda, , are

cent wave. Such values efare determined by the following
condition:

Near the threshold14) the behavior of the energy ﬂuxes iN constants in the threshold approximatidiat is up to higher

all channels abruptly changes due to the changing energ¥rms in small quantityk; , | near the thresho)d
distributions and interference patterns. Qualitatively this re- The condition of the’gnergy balance on the interface

sult follows fro_m energy cpnservatlon in the_ interface Iayerboundarie9<1: 1 can be written, taking into accoufts)
and the following expression for the Poynting vector, con- )
and(16), as follows[10]:

structed from the solutions i¥V):

JoZ+ (Im e0)2+ 5, \ D rar a2 f (@) =[f(@)— k4]bua (18)

282+ (Im gll2)?

w2

i
& Y —3
ch

kl'acr_

s, =0. (14)

cr

(S1)a~Re(ky o) =Kyl
wherek,, is the supposedly smalk,<1) fraction of incident

« light energy absorbed in the thin laye|<I and
, 2 fa)= -

sin— for §,<0.
where ! 2 @
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The anglesy, are small for alla+# a., and correspondingly

1 for 6,=0

f(a)= 0 for 5,<0 for a# ag,. (20

Note thatz,bc,Cr is not small and is equal approximately#@2 in the threshold region wher&lcrzo even if the condition$6)
are fulfilled. It follows from(17)—(20) that the relation(18) near thea,, threshold can be rewritten in the following form:

Z (rzfa_k aa,akl,acr)(rg’:fa_*— az’,'&k;acr)—’_MaMZ’|kl,acr|f(acr): 5a,a’(1_Ka) for aaa,#acra (21)
where the sum is taken over all channels «, with §;>0 and the dependence ©f on kl'acr is disregarded. The relatid@1)

até, <0,6, >0 and atkl,aC,ZO correspondingly takes the following forms:

Yo
N 1 - J —iy 12 * o er_
> (1) oy, z€Ved?=r , a,ze" Yo%)+ M M7, sin 5 =0 for & . <0,
a

| Ve,
—|E (19 za%, je Val2—r® ,~a e e/ + M MY, cos—==0 for &z —, >0, (22)

a,a%y 2

The solution of the equation2) is

(23
M2 o zM%,

The results in(23) are analogous to the those found in the threshold theory of multichannel wave scattering on a localized
scatteref8,9]. The solution(23) together with(16) and(17) allows us to express near the thresholds the reflection coefficients

Rao =|r and phases afg, ) through the coefficientd , andrz'a, as follows:

|2
’
a,a

R 12=1r2 2= 2[Re(r MM A5+ (ImeTea))?+ 5, ]

a,a’_|r0za

. 0 * N * 1 2 [P
Im(rS  MAME) V382 +(Imeled)?= 5, ] 1,

MM, .
argr, o) = arqrgya,) - Re( T) \/%[ 5icr+(|m8(lacr))2+ 5

)\/ (1/52 +(Ims a))?— 8, ) for a,a’' # ag, (29

The result(24) can be summarized as follows. Near the thresmLcri:O the reflection coefficients and phases of all scattered
and transmitted Waves have singular behavior of the type depicted in Fig. 2 with coefficients constructed from the real and
imaginary parts of ° M’;M’;, , andM M /rzla,. The position of the singularity depends only upon the bulk dielectric

+1Im

a,a’’

propertieq 10].
Until now, all calculations have been made in the framework of the general threshold approximation. In order to estimate
the values of the combinations of the constaﬁts,, , andM . in (24) we will use the perturbation theory in the parameter

[/\. According to the “golden rule” of perturbatlon theory in the continuous spectrliy the scattering amplitudes, .,/
from unit surface area are equal[tt2]

o = T)lﬁ E f [ER{ V(0 1* 8eij(x,0)EL ' ()dx?®  for m,#m,, (25)

whereS is the surface area and the funcudﬁ; ,(x) are Fresnel's solunons of the unperturbed problem with a stepwise
uniform interface which have the forfl2) and(14) with coeff|C|entsr . €qual to
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for a=a’,
1 fori,#iy; {,=C(,=S, m,=m,
0 (1) (1) F a’ a ’ a a
Mo ke TKa Vegley for i #Fiy; (,=L,=Pp; M,z=M,, (26)

0
r,o=0 for ¢,#{, andlorm,#m,,

a,
wherer © are Fresnel's reflection amplitudgk3]:

e[ (02/c)e o) = (KT+ m,a72] 2= o[ (wP/c?) e o) = (KT+ m, a2

ot [(w/c?)e )~ (K0+m @12 2+ 81 (0?/c?)e! @ — (k) +m,q)2] 2

r {a=p,

r,=

[(w?/c?)ella >—(k\?+m )2~ [(w?c?)e! i )_(ku"'maQ) 1M
[(w?/c?)elle (ku+maQ) ]1/2"'[(&’2/02)8('“)_(K(\)+maQ) T2

rF= for £,=s, (26)

~ |1 for(i,)=2
(=12 for (i,=1.

The coefficientw/(27)Y? in (25) corresponds to the kinematics of scattering by an infinite flat interface and is different from
the analogous coefficient in the perturbation theory of wave scattering by a scatterer localized in all dinfédrisions

The Fresnel’s solutions of light scattering problems have continuous across the interface components of Eigxeld
parallel to the interface and a normal to the interface component of the dlsplacaﬁqnx)—so(xl)E 1(x) Near the
interface these continuous field components change on relatively (iargige discussed perturbation the))rystances}\>l
which allows us to take them out of the integral odee, in (25) at the pointx;=0 on the intervalx,|<| where 5sij(x_) is
concentrated:

szx{ [Ea I (X)]* , ||(X)}|x1—0f dxl 68()( (1))

o 1 ( | 2)
Xl:(,fxdxlﬁm’—i-o (X) . (27)

We have supposed if27), for simplicity, thatésij(x_) is symmetrical:

—{[EL; (el TFEE, (e e}

The functionsl/e(x,w), introduced in(27), which determines the scattering amplitudegpedolarized light, has the following
form:

o

5 L > 31 @=L ! 29
— I/ = —
f00w) 20w o) 2 8 () e ) @9
The expression&7) can be transformed further taking into account that
dw

+

(Al =0=(1+15) == (30)

a,i )( kla c

Introducing(30) into (27) we find with the help 0f2), (7), (12), (133, (14), and(29) that

167 w? k_Ha k_Ha vV k:akla

C2 \/»‘2 ” o (klyar'f'kl"é'r)(k +k§ta’

a,a’ T

)2 J dx; dg(Xy,m,—m, ,@) for {,={, =S,

1677( mg— ma)lk_\?xarkl,awlc (S(ia) V kl a)* \4 kl a'

Vela(k )2k a2 (e kg ot ok ) * (Ky oo+ ko) 277

Myar =

fdxlﬁ“(xl,m -M, ,w)

for ga:pi gar:S, (31)
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16w T (k) * (800 K,) 1 1
w/k”?a, P (8( i a)kl,a+ S(i”)kl,z)* (8(i a,)kl,a’ + S(ia,)klﬂr)

I, e

{ (E\,a 'W\,a’ ) kl,akl,a’

o0 P oo I
Xf Xm %(Xl,ma—ma, ,a))“r‘kz ?”?a,f Xm 5_ (Xl,ma_mar ,w)] for é’azga’:p'

Il
&

The expression for the transition amplitudes £p+s, {,»=p can be found fron{31) with the help of(13). It follows from
(17) and (31) that in the approximatiof):

1 1 °°
M, ,=—— . J dx; de(xy,m,—m, ,w) for {,=s,
\/8|“cr_8|“cr V27T - ! ! °
: _ (32
M, =16 i V(ku,za)*(elak“)* ! fwd 5I f —
«=16m 7 (0 kg ot eokyz) | 5 :()1/(9%_8%‘0r X 8 (XM= Mg @) for £,=p,

er

The expressioné32) indicate that the qualitatively differ- standard photolithographic chrome mask layers of 1000-A
ent threshold behavior of the and p-polarized light scat- thickness deposited on the distt¢anofilm, Inc). A Lloyd’s
tering can be expected in the case of metallic gratings omirror configuration[1] was used to record interference
dielectric substrates or vice versa. When the grating and sulfringes in a spin-coated positive photoresist from the spa-
strate dielectric functions have real parts of different signsjally filtered, expanded, and collimated output of an argon
for different values ofx the continuation of the function jon |aser. Each substrate was then developed and etched to
0l/e(x,w) into th% complex plane ok, becomes infinite at the silica, forming a transmission grating on each. The grat-
some point; —x 1 with the distance from the real axis wh ing period of the substrates used in these studies was mea-
proportional to the value of the imaginary component ofg .o to be 82940.7 nm.

de(x,w). This effect can be interpreted as a result of the | "o yor 6 characterize the response of GLRS to bulk

formation of local surface plasmon resonances. The COMe3ialectric modulations and correlate the response  with

;pondmg enhancement of the imaginary component of thﬁweory, separate experiments were carried out: initial first-
integral . . : o :
order diffraction analysis and zeroth-order analysis via a dis-
. 1 persive monochromator. The white light source for these ex-
f dx 8 = (Xg,m,—Mm, ,®) (33)  periments was a tungsten bulb with a dc voltage source that
o € was coupled into a 22pim-diam silica fiber optic. The fiber
) output was collimated via a fiber coupled achromatic lens
leads to the complex values bf, with comparable real and 4 polarized with a Glan Taylor polarizing prism to either
imaginary part even if the imaginary part 6% is substan-  yansyerse electrics or transverse magneti). The colli-
tially smaller than the real part. It follows fror24), (27),  mated light was incident on the backside of the substrate, and
and the structure of33) that in particular in the expressions ;s passed through the fused silica to the grating.
for the speculap-wave scattering, the coefficients in terms  gq; the first-order reflection, the grating acted as the dis-
in (24) proportional to {3[ \/&;_+(Imel«))?+ 5, 11 persing element, and the=—1 reflected diffraction order
and {Y \/W_ 5, Y2 respectively, have Wwasimaged on a.512—elem_ent fiber-optic window phptodiode
to be of tkﬂa same order C(r)f magnitude and negativea.r ray (EG&G Re_t|cor). The Image was s_pectrally calibrated
[Fig. 2d)]. In the case of tha-wave scattering the corre- V12 bandpass filters and exhibited a linear dependence of
sponding coefficients in the term proportional to wavelength on diode number, with approximately 120 nm

V2 2 . imaged on the array. The beam diameter was approximately
12 \/Eacrﬂlms «)"F 5%]} must be  substantially 5 mm, and the diffracted light was focused on the detector

larger than the coefficients in the second term proportional t@ith a 63-mm focal length achromatic lens.
{3 o5, + (Imelad)?— 5, T} [Fig. 2@)]. The zeroth-order optical system consisted of an optimized
version of the system used in the first-order experiments. The
output of the fiber was collimated via a bulk optic achromat
collimator and the beam size minimized using an iris aper-
The principal experimental scheme is given in Figs. 1 andure to reduce off-axis light incident on the grating. The in-
3, with Fig. 3 detailing the experimental configuration andcident polarization state was set via a Glan Taylor cube po-
apparatus. As shown in Fig. 3, the diffraction grating sub-arizer. The reference beam was captured via a ball-lens
strate was mounted into a sample cell placing the grating iltoupled collection fiber optic as a specular reflection off the
contact with the analyte medium. Grating substrates confirst surface of the substrate or at the output of the collimator,
sisted of 1-in.-diam&-in-thick fused silica disk$Escg with removing a portion of the poorly collimated light at the limit

Ill. DESCRIPTION OF EXPERIMENTS
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substrate holder-flow cell, the incident angle set to 36°, and
the stage locked. The azimuthal angle was set to 0° and the
azimuth stage locked. The polarization was initially septo
polarization. Measurements were taken in a static format in
order to remove flow effects within the cell. The sample was
introduced into the cell with a peristaltic pump, and the
flushing sequence was a combination of well-defined flow
and stop flow steps designed to ensure complete flushing,
minimizing contamination from previous runs. The ethanol
solutions were run in random order with a water reference
taken at the outset. First-order diffraction was were collected
@ as full array images at 5-s intervals, with 10 scans of the

pui— =l j :

5 array tak_en for each solution. The polarizer was rotatesl to
polarization and the ethanol samples run again in random
order.

In addition, the cleaned substrate was mounted in the
2 substrate-Teflon sample holder assembly, the incident angle

set to 36.17°, azimuthal angle was set to 0°, and polarization

FIG. 3. Experimental apparatus for GLRS experimefifsgrat-  set top polarization. Between samples, the cell was rinsed
ing substrate with period of 829.4. nnf2) dc tungsten-halogen and aspirated with copious amounts of deionized water and
source, fiber bundle coupled t8) achromat collimation lend4) then rinsed twice with sample. Twenty scans of the array
iris, (5) Glan Taylor polarizer(6) microsphere coupled reference \yere taken for each sample at an integration time of 2 s, and
fiber optic, (7) microsphere coupled sample fiber optic collecting 5 twenty scan dark current measurement was subtracted
the specular reflection off of the grating-sample interfa®,  manyally at the data analysis stage. The nine ethanol:water
McPherson monochromator with stacked fiber inp® SBIG  gqjytions were run in random order. The polarizer was then
CCD array camera10) 486 PC for data acquisition and transfer, \aie to achieve polarization and the ethanol samples run
(11) EG&G 512-element linear diode array with fiber optic window again in random order
collecting the first-order diffraction, focusing optics not showr?) . . ) . .
dual axis rotation stag€13) Teflon sample cel(PEEK flow cell in Six solutions of methylene blue in water were prepgred n
first-order experimenjs order to test the GLRS response to absorbing species. The

absorbances of methylene blue samples were measured on a

of the clear aperture of the lens but not affecting the lightHewlett Packard 8540A UV/Vis diode array spectrometer in
incident on the grating. The grating-substrate interfacea cell fashioned from two fused silica plates and a thin Te-
specular reflection was collected as the sample beam viafion spacer, and then converted to the corresponding equiva-
similar collection fiber. lent 1-cm path-length absorbances. The thin cell thickness

These two collection fibers were coupled into a McPherwas inferred from a comparison of the 1-cm cuvette mea-
son 218 monochromator via aperture matching optics andurements and thin cell measurements using the two least
adjustable slit as a stacked pair, and these dispersed imagesncentrated solutions. The system was initially set to an
were vertically resolved onto a Santa Barbara Instrumenticident angle of 37.11°, azimuthal angle of 0°, gndolar-
Group ST-6 charge-coupled devi6@CD) camera placed in ization. The cell was cleaned with deionized water, rinsed
the image plane of the monochromator. The wavelengthwvith 0.1M nitric acid, rinsed again with water, and then the
range of the spectrometer was selectable via a selection dififst sample was run. Subsequent samples were run, again
and the bandwidth of the instrument was 77 nm at any on@receded by a nitric acid rinse, water rinse, and two volumes
setting on the monochromator. The resolution of the specef sample rinse. The methylene blue samples were run in
trometer system was 1.9 nm for an entrance slit width of 500andom order at three different angles of incidence: 37.11°,
pum. 34.98°, and 30.62°, respectively.
The grating substrate was mounted on a dual axis rotation Each sample generated a singlexB12 matrix for the
stage with the incident angular resolution of 0.083° and arirst-order diffraction runs. Each sample matrix was averaged
azimuthal angular resolution of 0.%8ee Fig. 3. The sample and then subtracted from the water sample data to generate a
was pumped using a peristaltic into a sandwich-type flowdifference spectrum with respect to water. Each zeroth-order
cell and stopped during data acquisition for the first-ordeisample run generated two 2050 matrices of sample and
experiments. In the zeroth-order experiments, the sampleeference data that were averaged to obt&i730 vectors of
was placed in a 2-mL Teflon sample holder, pressure fittedsample and corresponding reference spectra, which were
and sealed with a Parafilm gasket against the grating side d¢fien dark corrected. An 11-point smoothing filter was ap-
the substrate; the sample was introduced via a pipette.  plied to each reference spectrum while the sample spectra

The set of experiments corresponding to the case of lowvere unaltered except for dark correction. Relative reflection
absorption[Im(e?)~0] were performed with ethanol:water spectra were calculated for each run by calculating the ratio
solutions. The refractive index of each ethanol:water solutiorof each sample spectrum to its corresponding reference spec-
was measured using an Abbefractometer at various tem- trum. The derivatives of the specular relative reflection coef-
peratures and the refractive index temperature dependenéieients were calculated using a 71-point Savitsky-Golay first
and dispersion calculated for each solution. The cleaned suldlerivative filter, with the peak maxima located for compari-
strate (grating period 829.4.76 nm was mounted in the son with theoretical predictions.
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FIG. 4. GLRS relative reflection coefficients calculated from  F|G. 5. GLRS derivative of relative reflection coefficients cal-
experimental reflected intensities for ethanol:water solutipriso- culated for ethanol:water solutions,polarization(a), ands polar-
larization (&) and s polarization (b). Ethanol was prepared from jzation (b), 71-point Savitsky-Golay derivative filter applied to 750
absolute ethandMcCormick, Lot No. CO351pand deionized wa-  data points. The peak of the derivative is taken as the singularity.
ter in the following concentrations: 1%, 5%, 10%, 15%, 20%, 25%,

30%, 35%, and 40% vol/vol. The sodiudiline refractive index (\), grating periodA), angle of incident 6), angle between

range for these samples is 1.3321 for water to 1.3530 for 40%ne plane of incidence and direction of grating periodicity

ethanol. The singularity shifts to higher wavelengths for |ncrease§y) and dielectric function of the sample medil[nﬁz)(w)].

in refractive index due to increases in ethanol concentration Wherqnhé threshold singularity is defined by Ed4), which may

the threshold is taken as the point of highest slope. be rewritten to include the experimentally relevant quantities
listed above as follows:

IV. RESULTS AND DISCUSSION 2

A
+2m — sind cosy

A
. + 2
si? 6+m A

Sq,=Re(e'?) - N

The purpose of the experiments was to analyze the form
of the reflection coefficients and find the positions of the =0,
thresholds associated with the theory presented. For all ex-
periments, the critical diffraction order undergoing the transyhere Cogy:ﬂ.mm_

formation was them,=1 transmitted order for, =2. Ex- For all experiments the angle between the plane of inci-
periments were carried out for high and low sample mediunmtdence and the direction of the grating periodicity was set
absorption and two transmitted diffraction orders were moniequal to zero. As the experiments were performed with a
tored: the zeroth orddispecular reflection and them=—1  white light source and a spectrometer, the selection of the
reflected order reflected into medi(®h (air). The form of incidence angle, the grating period, and the refractive index
the reflection coefficient in Eq24) (and Fig. 2 indicate the yield a threshold at a specific wavelength. The experimental
existence of a singular reflected intensity dependence iwmerification of this is shown in Figs.(d) and 4b) for or-
wavelength space on a number of parameters: wavelengthogonal polarizations andp. The threshold wavelength is

(34)
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FIG. 6. Ethanol:water solution refractive indicé&srrected for
dispersion and temperatyr@lotted against the threshold wave- 02
lengths obtained from the peak positions from thepolarization
derivative plots. The linearity is expected and the values of the z
slope and intercept agree with the experimental parameters: af
04,=0, JVReeP=sin 6+(m/A)N, from the description of the ex-
periments,m./A=0.0012, and si(86.1679=0.590, in agreement
with the linear regression of the data shown here.

04

derivative of reflection coef!
\

taken as the point of highest slope in the relative reflectiong
coefficient data, and the forms of the data agree with theZ"
predicted forms depicted in Fig. 2. In order to compare the £
positions of the experimental thresholds with those predictedg 08
with theory, the derivatives of the reflection coefficients over
Sdor\ can be analyzed taking the peak position as the thresh- B
old. The corresponding reflection coefficient derivatives are 02
plotted in Figs. $a) and 8b), again for orthogonal polariza-
tionss andp. The peak positions in wavelength were deter-
mined and p|otted versus the Corresponding refractive index FIG. 7. Relative reflection coefficients for the ethanol:water
of the ethanol:water solution corrected for dispersion and@mple plotted against calculated from experimental values of re-
temperature. The linear dependence of threshold wavelengfffctive index(corrected for dispersignangle of incidence, grating
demonstrated in Fig. 6 is expected as the functiorf3# .perllod, and wavelength for |ng|deptpolarlzat|on(a) ands polar-
exhibits a linear relationship between wavelength and?ation (b)- The peaks occur, in theory, @, =0, and the offset
Re(s(z)) when other experimental parameters are held Con_her_e in both polarizations is due to the error in determining the
stant. incident angle.

In order to further correlate the response of GLRS with
theory, the function&aCr was calculated from experimental

values of refractive index, dispersion, angle of incidence . .
: : . -portant to note the interesting symmetry about these
grating period, and wavelength. The zero crossing for thi o . )
. . . L . hresholds where thp-polarization relative reflection coef-
function shifts to higher wavelengths with increases in re-,

fractive index. The derivatives of the reflection coefficientsf'c'em curves are mirror images of tisepolarization. This

were plotted against each corresponding model threshold > from the orthogonal r?at“re of poIanzann response as
. . well as from the polarization-dependent grating function
function. It is expected that each peak would occupat

o o away from the thresholds as detailed by the functions de-
=0, and this is demonstrated in Figgajrand 7b). Normal-  g¢riping the coefficients i24). We did not explicitly calcu-
ization of each peak to unit height removed the underlying, ;o the values of Rez M*M* ) and Im(o M*M*,) in

ggl'(ngp;:::g:fsn’ _?r?g g‘#ssets'?ggled:\gsiil dc?ﬁ; pigfgg dOfthis paper, but the qualitative differences in po!qrization re-
' Yor sponse agree with the expected differences arising from the
around a mean value @, result from errors in determining perturbation theory in the parametéx.
the angle of incidence and the subsequent use of dispersion The general nature of the reflection coefficient derivation
tables to calculate the dispersion for each ethanol:water s@nd the connection between scattered reflected and transmit-
lution. ted light predicts that the threshold has to be observed in any
The general shape of the derivatives away from the sinmonitored diffraction order. To check this prediction, the
gularity is due to the wavelength dependence of the coeffifirst-order diffraction reflection was monitored in response to

02

cients in(24), Re¢?  ,MAM*) and Im¢? , MAM¥). Itis im-
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FIG. 8. Reflected intensity response to ethanol:water solutions, referenced to the water response for nfanficsiedrderp polar-
ization, (b) first-orders polarization,(c) zeroth-orderp polarization, andd) zeroth-ordess polarization incident. The similarity in response
indicates the threshold is present in all diffracted reflected orders, but here the peaks do not correspond to the thresholds. In addition, the
thresholds occur at different wavelengths for the different monitored diffraction orders due to differing incident angles.

ethanol:water solutions and the difference spectra to purthree different angles of incidence, which are chosen to yield
water plotted for both polarizations in Figs(aB and §b). GLRS thresholds in regions of different anomalous disper-
For comparison, difference spectra for the specular reflectiogion characteristics. The functional dependence of the peak
responses to ethanol:water are plotted in Figs) 8nd &d). height with concentration is seen in all three plots, with a
A lack of a feasible method for obtaining a representativdarger extinction coefficient corresponding to a larger peak
first-order reference spectrum dictated that the comparisormplitude decline in the derivative. A real index modulation
be made for relative reflection intensity differences, and thuss occurring at the two lower angles of incidence due to the
the peaks in these plots do not correspond to the singularhigh concentrations of dye affecting the bulk index, and this
ties, but rather relative shifts in the singularities. However,is seen as a shift in the position of the singularity for high
similar responses are exhibited for the zeroth- and first-ordeconcentration of dye. This is a result of the Kramers-Kronig
reflection intensity differences, where symmetries exist berelationship between the real and imaginary parts of the di-
tween the first- and zeroth-order orthogonal polarizationselectric function, which predicts large index shifts at wave-
This is again expected due to the coupling of all diffractedlengths corresponding to shoulders of the absorption band
orders at the grating, and further supports the general natufer the highest concentration of dye.
of the GLRS theory in that a frequency-dependent response Figure 10 displays the molar extinction coefficient’s de-
is exhibited in all diffraction orders. pendence on concentration of methylene blue in water. A
The general shape of the absorbance data also agrees wihift in the absorbance maximum from 659 to 610 nm occurs
the predicted theoretical response, including the position ofvith concentration due to a tautomeric reaction occurring at
the peak in the derivative, which is dependent upon the redligher dye concentratioid4]. The imaginary dielectric val-
part of the dielectric function of the methylene blue:waterues are tabulated for the six methylene blue concentrations at
solutions. Figure 9 shows the absorbance response at tlige three singularity wavelengths in Table |. These values are
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TABLE I. Imaginary part of the dielectric function at specific
T T y y T T T T threshold wavelengths, Ie(=\\VReE) A1 ¢ WhereA; ., is the
1-cm pathlength absorbance of methylene bluk.at

;§ Methylene blue Im(e) Im(e) Im(e)

§10 concentration /) at 605 nm at 630 nm  at 683 nm

§ 0.000 009 99 0.000 0742  0.0000935 0.000 0970
g 0.000 049 96 0.0004263  0.0004335 0.000 4005
s s 0.000 099 92 0.0008055  0.000 7583  0.000 6632
é 0.000 4996 0.004 361 0.003 173 0.002 210
g o 0.001 022 0.008 892 0.005 904 0.003 853
2 0.005 127 0.044 35 0.028 10 0.017 70

=

o

660 nm introduces a nonlinearity into the response that com-
pensates for the nonlinear response of the GLRS derivative.
In addition, the underlying grating function coupled with the
modulation in Ré&?) due to anomalous dispersion may af-

FIG. 9. GLRS derivative of relative reflection coefficients for feCt the peak height dependence ondffi).
varying concentrations of methylene blggldrich, recrystallizegl
in deionized water: 1.00010 °M, 4.996x10 "M, 1.000x10 *M,
4.996<10“M, 1.022<x10°°M, and 5.12%10 M, p polarization
incident. Increases in methylene blue concentration result in a de- V. CONCLUSIONS

cline in the peak amplitude that is dependent upon the imaginary ) )
part of the dielectric functiofim(¢?)]. Three angles of incidence The results of the theoretical and experimental study of

are shown here resulting in thresholds that occur at different waveGLRS can be formulated as follows. Near the parameter
lengths, with the positions again determined by E4). combination corresponding to the transformation of one of
the diffraction orders from a traveling wave to an evanescent
plotted against the derivative amplitude peak modulation irone all diffracted beams have singularities of the type pre-
Fig. 11, with water having a value of zero. The peak declinesented in Fig. 2. The study of light reflection near these
for the threshold at 605 nm follows the expected trend of asingularities at different polarizations, frequencies, and inci-
square root dependence that would be observed in the derivelent angles allows us to extract a rich amount of information
tive of the reflection coefficients i24). However, the peak about the studied system. It was demonstrated using GLRS
modulations at 630 and 683 nm do not precisely follow athat it is possible to find out the dielectric properties of the
square root dependence on(kn There may be a number of bulk, surface interface, and the grating. When interpreting
mechanisms affecting the peak height, including the contriresults, it is very important that near the thresholds the de-
bution of anomalous dispersion and the nature of the tauto-
meric reaction, where the peak in the absorbance spectrum at  o.00s
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FIG. 11. GLRS derivative peak magnitude modulations for me-
1 1 1

AT e e oy i e e e w00 thylene blue solutions at three angles of incidene@olarization
wavelength, nm incident. Magnitude modulations were calculated from the baseline
peak height for water and plotted vs (£ff). The response of the
FIG. 10. Molar extinction coefficients for the six methylene blue peak at 605 nm to increases in (af?) follows the square root
solutions. The absorbance is nonlinear with concentration at 660 nmependence predicted by the derivative of &4). Deviations from
as the molar extinction coefficient declines with increasing concenthis relationship in the other two threshold positions result in a

tration due to a tautomerization reaction at higher concentrations.linear dependence of the peak height decline ofef.
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pendence on bulk properties can be separated from the infltude as the diffusion and hydrodynamic surface sublayers

ence of surface properties. The contributions of both the readnd the double layer in dilute to moderately concentrated

part of the bulk dielectric function and the imaginary partelectrolyte solutions.

may be separated as well. The first quantity defines the po- In conclusion we would like to stress that the analysis of

sition of the singularity and the second one the behavior ofhe singularities of the wave scattering from grating covered

scattering amplitudes and phases just before and after tteurfaces can be useful, not only in the case of light waves,

singularity, respectively. but also in the cases of other types of waves: acoustic waves,
The analysis of the light scattering threshold singularitiesmicrowaves, and even neutron and atomic de Broglie waves.

can provide information on static systems as well as on dyin the last case, the high-quality physical grating may be

namic processes occurring at and near the grating surfacegplaced by a laser standing wave of the kind described in

including the influence of hydrodynamic and double-layer[16].

fluctuations, cavitation, and so on. The analysis of the effect
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