&

UNCLASSIFIED

CRVSTMI‘ COLLOIDAL ARRAY FILTERS: THEORY AND DESIGM
RIR FMCE MRIGHT AERONAUTICAL LABS MRIGHT-PATTERSON

ET AL. JAN 87 AFNAL-TR -.‘-41%




Ll O A I
0 L \\\‘

AR p e ,
Wy o ot . --a- 3 .--o...r .\-- ~..¢i.¢l




AD-A176 646

AFWAL-TR-86-4143

CRYSTALLINE COLLOIDAL ARRAY FILTERS: THEORY AND DESIGN

Robert J. opry and David J. osan

Laser Hardened aterials Branch

Electromagnetic “aterials Division D l
.:'.LECTg
FEB1 1 W87

JANUARY 1987

interim Technical Report for Period June 1985 -- October 1986

Doawe
o W0
£
co Approved for public release; distribution unlimited

E

.'-J

ant £

SATER AL, LABURATORY

AR FURGL WRIGHT ALRUMAUTICAL LASORATURIES

ALK FORTE SYSTEMS COMIAND

ARIGAT=PATTLRLON AIR TORCE BASE, OHIO 45433-6533

AR AL L O DL T Iy ) -d'ﬂh"..“'.-.'.“. .\. .




-.:,

~, -

L A 8 | .

S

W,
"5 .

a

NOTICE
o
;{3 When Government drawir~s, specifications or other data are used for
vif any purpose other than in  _.nection with a definitely related Government
f:ﬁ procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the

. government may have formulated, furnished, or in any way supplied the said
o drawings, specifications, or other data, is not to be regarded by
o implication or otherwise as in any manner licensing the holder or any .
ﬁ}f person or corporation, or conveying any rights or permission to manufacture, r ,
< use, or sell any patented invention that may in any way be related thereto.

" This report has been reviewed by the Qffice of Public Affairs (ASD/PA) S
$ﬂ and is releasable to the National Technical Information Service (NTIS). At
}i. NTIS, it will be available to the general public, including foreign nations.

=

;;: This technical report has been reviewed and is approved for

a publication.

.":
RN
sy o Il el

) rE;~£»€h;tf \ﬁ}— . /ﬁjﬁaé)n/vl// YR nq,ﬂVZQ{ZQszgg/

oy ROBERT J. SPRY} Project{/Sciddtist WILLIAM R. WOODY, Afting Chief i
o Laser Hardened Matdrials Branch
o Electromagnetic Materials Division 4
o -

A

p i

FOR THc COMMANDER

/ A
" / /Q/QW\ / ZK&(’L/\

“WILLIAW C. KESSLER, Chief

o tlectromagnetic Materia]s Division ‘
i ‘
i
$Jj If your address has changed, or if you wish to be removed from our
‘o mailing list, or if the addressee is no longer emnployed by your
In: organization, please notify AFWAL/MLPJ, WPAFB, OH 45433 to help us
_~- maintain a current mailing list.
T*; Copies of the report should not be returned unless return is required
‘ﬂ: by security considerations, contractual cbligations, or notice on a
ﬂB specific document.
>
W4
8
i :::::
et AR AR R T T TN T N e :.,*. Nt AN T T e ST N T e L S e e et v
O R N I R R N T o N PR RN Oy MLM.AJMQLQQLLAj




Cd

Al i

o Va'nan.

PR

AP AP LAII

P e L AN

LRV At AL A oS AN NS TR BAL SN S 4 B SN AL AR AR AR AN Y A RPN S Y - »,

UNCLASSIFIED )
SECURITY CLASSILICATION OF Th1S PAGY

TRYPrS

REPORT DOCUMENTATION PAGE

a0 REPORY SEc Y CEASSH I ATION T ®KESTRICTIVE MARKINGS
UNCLASSIFLED

2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution

76 DECLASSIFICATION / DOWNGRADING SCHEDULE unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

S MONITORING ORGANIZATION REPORT NUMBER(S)
AFWAL-TR-86-4143

<

i?aS\Jéll\_nEHOaf;_aFeﬁrigéNwaCthGA léAH?gnch 6b OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION

ria :
Electromagnetic Materials (If applicable)

Division AFWAL/MLPJ

1
3,
™

6¢. ADDRESS (City, State, and ZIP Code)
Wright-Patterson Air Force Base, OH 45433-6533

7b  ADDRESS {City, State, and ZIP Code)

{

§ 8a NAME OF TUNDING ! SPONSORING 8b OFFICE SYMBOL |9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

H OROGANIZATION (If applicable)

i

§ B¢ ADORESS (Gity, State, and ZiP Code) 10 _SOURCE OF FUNDING NUMBERS :
. PROGRAM PROJECT TASK WORK UN(T :
; ECEMENT NO [ NO NO ACCESSION NO  §
! 62102F 2422 04 01

¢

11 TiTLE {Include Security Classification)
Crystalline Colloidal Array Filters: Theory and Design

12 PERSONAL AUTHOR(S)
Robert J. Spry and David J. Kosan

13a TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) |5 PAGE COUNT
Interim FROM 85 Jun 710 86 Oct 1987 January 29

16 SUPPLEMENTARY NOTATION

17 _ COSATE CODES ) '8 SUBJECT TERMS (Contnue on reverse if necessary and dentify by block number)
HIECD GROGP SUB GROLP . JOptical filters, dynamical X+ray diffractions Bragy
TRy, S '>—--—A . - . . . . .
20 ¢ 06 diffraction; light scattering; Rayleigh-Gans theory,
i colloidal crystals.\ &——- .

Al L e S s

.

o

P Ao s Ft

19 ABSTRACT (ontinue on reverse if necessary and identity by block number) The colloidal array rilter consists Ot
an aqueous suspension of polystyrene spheres arranged in a crystalline lattice, thereby

producing Brayy diffraction of incident light. Reccent measurements have shown that a
rejection filter incorporating a thin layer of the colloidal suspension has a noderately
narrow bandwidth and unusually large peak absorbance. We have successfully explaincad
these results using both dynamical X<ray diffraction theory and optical scattering theory.
The theoretical bandwidth is in good agreement with the experimental value, while the
theoretical attenuation results are consistent with measured transmittance values. The
theoretical attenuation function indicates that actual filters may be constructed that are
thinner and more efficient than the first experimental ones. The theorctical angle shift
of the rejection band maximum has also been calculated, and is in excellent agreement with
experimental data.

Az -

D0 DS TRIBG HON T AVAILABLITY O ABSTRACT 21 ABSTRACT SECURITY CLASSIHICATION
Uhenceassimromonosi e K sami As e T Y01 usens | UNCLASSIFIED
{723 NAME OF RESPONSIBLE INDIVIDUAL 220 THHPHONE (Include Area Cade) | 22¢ OFFICE SYMBON
! Robert J. Spry [ (513) 255-6671 L AFWAL/MLPJ !
DO FORM 1473, 3a MmAR 83 APl eetition may be used unti wxh.msn'd"“

All other editions are posalete

UNCLASSIFIED

_ SECURITY CLASSIFICATION OF THIS PAGE



v P ST T TN el . KK A L Et A AN CESE AL R &g S

FOREWORD

This report describes an in-house study conducted by Robert J. Spry
and David J. Kosan of the Laser llardened Materials Branch, Electromagnetic
Materials Division, Materials Laboratory, Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, OH 45433 under Project 2422,
Task No. 242204, Work Unit 24220401. The work reported herein was
performed during the period June 1985 through October 1936 by the authors.
The report was released on 16 October 1986.

A The authors wish to thank Dr. Wade Adams of the Air Force Wright
-ﬁ Aeronautical Laboratories/Materials Laboratory, and Drs. Dan McLean and
y Richard Sutherland of Scientific Applications International Corporation for

many beneficial discussions.
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SECTION I
INTRODUCTION

Colloidal suspensions of small particles in electrolytes are known to
form crystalline arrays. One of the systems receiving the greatest
attention is that of monodisperse latexes, or charged polystyrene spheres
in water and other solvents (References 1-3). These systems arrange
themselves in body-centered cubic (bcc) (Figure A-1) or face-centered cubic
(fcc) structures (Figure A-2) depending upon the particle concentration
\Reference 4). These crystalline patterns are commonly discerned through
ordinary optical microscopy, as illustrated in Figure 1. There is also
evidence for the existence of hexagonal close-packed (hcp) structures
(Figure A-1) under certain conditions (Reference 5).

These arrays are sufficiently well-ordered to produce Bragg
diffraction of light in the optical region (References 5 and 6). The
measured performance of a very high optical density rejection filter made
from 4 crystalline colloidal array of polystyrene spheres has recently been
reported (Reference 7). The major filter data from this reference are

summarized in the following table:
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Figure 1. Coexistance of Hexavonal and Cubic Strucltures,
with a Stackine Fault botween the Two Phases.,
Particle Diamceter 3410 A, Volume Fraction 8
Per Cent. (':\TALL'I' Reterence 1),
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. TABLE
.N\
o, Performance Data of the Filter in Reference 7
N
! - Minimum Transmittance < 0.01%
T - Out of 3and Transmittance > 930%
A
. - Bandwidth (F.W.H.1.) < 12 nm
v-.... ) ) *
w - HWavelength Shift for 10° Rotation A4 0.3 nm
.f'a. * (Obtained from Figure 2 of Reference 7)
j:i We have successfully explained the performance data of this new
-7
- rejection filter using dynamical -ray diffraction theory (References 8 and 9)
and optical scattering theory (Reference 10), as well as simple considerations
from thin film optics (Reference 11 and 12). Extensive expressions are
Jerived for the bandwidth, and attenuation of the filter, in which case
- very large absorbance values are predicted. Some of our work in shortened
';fj forim has heen previously presented (References 13 and 14).
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tt CRYSTAL PARAMETERS
js The crystalline colloidal array filter of Flaugh et al. ‘Reference 7)
i; was made with a rejection wavelength maximum of 514.5 nm. We shall
£ designate this wavelength maxinum in air as Ae, which is related to the
- distance d between the planes of the crystalline array by the Bragg
i
:3 condition
- " A.=2nd sin 8 . (1)
-
ti Here, M is the diffraction order, n is the refractive index of the
E& colloidal suspension, and 8 is the usual Bragg angle within the suspension.
- The geometric and parametric relationships for the incident and diffracted
&3 light rays are depicted in Fiqure 2. Taking the refractive index to be
ES equal to 1.333, that of water, we obtain d = 193.0 nm, for first-order
‘. diffraction. Flaugh et al. state that the filter crystal structure was
ig face-centered cubic, and the filter planes are therefore (111) planes. The
E fcc unit cell is illustrated in fiqure 3, from which we may evaluate the
;‘ lattice parameter as a = dV3, or 334.3 nm.  Our values for d and a do not
%E agree with those of Flaugh et al. because they neglected the refractive
:: index of the liquid, and in the case of a, they seem to have a
5 typographical error.
li The diameter Jo of the polystyrene spheres used by [laugh et al.
- w15 91 na. The volune fraction jé_ occupied by the spheres i5 therefore
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Ficnre 5. A Pair ool Pavallel Adjacent (FT1) Planes
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or 4.22 percent.
As found experimentally by Hiltner et al. (References 2 and 6), the

refractive index varies according to
n = 1.333 + 0.27 % (3)

with the result that n = 1.344, for the present case. Thus, there is only

a slight error in using the refractive index of water in calculating d and a.
Alternatively, one may combine Egs.(1-3) and solve the resulting cubic

equation for d, yielding d = 191.3 nm. This is close enough to the result

of the simplified calculation for d, that our first result is sufficient

for use in the rest of our calculations.
Another parameter we shall need is D, the next nearest neighbor

spacing (Figure 4). This is obtained by D = a/\/2, or 236.4 nm. Also, the

colloidal array thickness was 3.97 x 10° nm, equivalent to 2057 (111)

planes (Figure 5).
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SECTION III

ANGLE SHIFT OF THE REJECTION BAND MAXIMUi

The angle shift of the reflection band maximum is shown in Figure 6.
If we designate ﬁg_ to be the wavelength shift of the rejection band
maximum upon rotation of the filter by an angleﬁrelative to the incident
radiation (See also Figure 5), application of Snell's Law produces the

following relation between §Ae and known quantities:

$= VTEF e . o

for small values of “@ , this expression reduces to

Sk o - BE|
Ao ~ 2n% (5)

a result well-known in interference filter theory (References 11 and 12).

is 506.7 nm minus 514.5 nia, or -7.8 nin, for

i laugh et al. state that ﬂg

an angle of incidence of 10°. However, careful measurement of the data from
their Fig. 2 yields a value of §Ae= -4.4320.3 nm, where the error
indicated is the precision in reading S_)\_,,.from their figure. If we use

n = 1.344 |, we calculate _§_/\_o_t0 be -4.3 nm using £q. 4, consistent with the
valuc we measure from their data. We believe the stated wavelength shift
of i laugh et al. to be in error because it deviates greatly from the

thegretical value.

10
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SANDWIDTH

3y bandwidth, we shall use the definition of the full width of the

linear transmission band at one-half the maximum intensity (F.W.H.M.)
which we shall label 552&5 To calculate the bandwidth, we must employ the
dynamical theory of X-ray diffraction (References 8 and 9). The necessity
for this approach is readily seen by referring to Figure 7. The incident
beam of intensityigg_loses a small fraction of its energy by reflection
from each successive lattice plane. In addition, the initially reflected
beam is reflected a second time to a direction paraliel to the incident
beam. These effects are neglected in the kinematic theory of x-ray
diffraction usually used by crystallographers to determine the structure of
matter,

e shall make use of the development of this theory by Ewald as later
expounded by Zachariasen (Reference 8). The starting point shall be his
£q. (3.93) relating the dielectric constant € (¥) and the polarizability per

unit volume C*»(EL both a function of the lattice position vector

We nay further express <X (v) as the product of &< g , the polarizability of

a single sphere, and N(?), the sphere spatial distribution. The sphere

———

polarizability is:

_ 3(m*-1) (7)
Rs = 47 (m*+2) Vs >
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where m is the ratio of the refractive index of the spheres to that of the
surrounding liquid medium, and VS is the volume of a sphere (Reference 10).

The quantity 4 o (®) may be replaced by a new functionqu?}, which, being

periodic, can be expanded as a Fourier series:

W(:):"'WO((?):% L}/H e-i(z’n'BH'k) ) (8)

—,
In this equation B is the reciprocal lattice vector satisfying the Laue

equation

—,

K = Ky (9

3

B
H=
—_— —
and k. and kz are the incident and scattered wave vectors. It can then be

shown that

Wy = :t2[gsglf}1_ s (10)

where I is the crystal structure factor when the Laue equation is
satisfied, and V is the volume of a crystalline unit cell, equal to a
for the fcc lattice.

For waves diffracted off (111) planes in the fcc lattice, fﬁ_is
evaluated to be 4f, f being the scattering factor for a sphere. To

evaluate f, we make use of the scattering theory of small spheres developed

by Van De Hulst (Reference 10). With the definition

v Do (11)

X = )
A
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the condition for ordinary Rayleigh scattering is (Reference 10)
X< 1 ) (12)

which is true of Region 61 of Figure 8 and Table I1. If Eq. (11) does not
hold, some researchers believe that Mie scattering theory must be
imnediately utilized. However, in Region 1, one is yet able to use a

modified Rayleigh theory, known as Rayleigh-Gans theory, provided

x(m-1)&K1 . (13)

To further understand the application of the above conditions to the case

of the colloidal array filter, we have plotted x(m-1) and x vs. Do/d

in Figure 9. For our case, Do/d is 0.472 and x is 0.73, which would

be too large for ordinary Rayleigh scattering theory. Additional justification
for using Rayleigh-Gans theory may be found in Reference 10, Sections 18.4

and 19.12,

Continuing to follow the development of Van De Hulst, we obtain

F:G(u>= i—;(SiY\ u --U,COSLL) s (14)
where

........
..............................
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Theories in the m-x Domain (After
Reference 10).
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TABLE 11

Boundary Regions of the m-x Domain (After Reference 10)

Kogion z m-~1 zxm- ), Chapter or Bection Extinction Formula
(3] a e ] Q = (32/27)(m — 1)r¢
1 arh ] 2 7.2 (Rayleigh-Gans)
12 l . ) Q= 2(m — 1)
b ! a arl 11 {(anomalous diffraction)
o / A ! =2
3 l arl l 12 (iarge spherer)
34 ! ! ! Q=2
4 arl. { I} 10.6 (total reflecton)
45 - { ! Q = (10/3)x*
] * ! art.  10.5 (optical resonance)
56 & { a Q = (8/3)z*
6 ) arl 8 8.3 (Kaxlewgh scattering)
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Figure 9. x(m-1) and x vs. the Ratio of Sphere
Diameter to Diffraction Plane Spacing.
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In this equation, 2§ is the wavelength of light in the colloidal

suspension, equal to‘\,(n. Note that 8, the Bragg angle, is one-half

the "“scattering angle" usually defined in optical scattering (Reference 10).

f Combining £gs. 1, 7, 10, 14, and 15, we find
.- G m s it)(-2 ) (sin & - wcosw) (i
- W 2 (3)3/2 m*+ 2
2
“ where
. B 3 Do
B W=\ (9 . (17)
ﬁ lachariesen (Reference 8) has shown that for a thick crystal and no
s absorption, the bandwidth is
o
-. ’
: (any= Yol® Bl A (18)
0)= ;
J Vb sin*e
E, where Wy is a numerical factor 2/3 V 3 = 1,155 for Ewald theory and b is
; the ratio of direction cosines of the light rays, which is unity for Bragqg
" diffraction. The polarization factor K is unity for ¢’ polarization and
: |.os 28lfor W polarization. The correctness of using 2&1 instead of ,x
- in this equation is readily ascertainable from Eq. 1, and the expression
of lachariesen for &AO, the angular bandwidth. Inserting Eq. 16 into
" 3. 18 yields
- (A/\o) ‘~_i )(m 1) (Sm WL - (L CoS u) , (19)
y 9 m24+2 S|V\2- (]
; his expression resembles the bandwidth 4 8 on the glancing angle
s scale derived by other authors (References 2, 6, and 15), but with some

/
important differences, The A,/Z and sinze terms are unique to (A}\o), and

19
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o the previous derivations have not considered polarization. Hiltner et al.

; (References 2 and 6), used a value of Wy = 3/47\/2 = 1.061, following the

. varwin theory of dynamical diffraction (Reference 8). They also used the

.

>y approximation in the polarizibility that (mz + 2)% 3. Melone and
Rustichelli (Reference 15) used the approximations f = 1 and_wy_ = 1.

:'_: £q. 19 is accurate for the bandwidth if the colloidal-air interface

N is neglected. A correction based on Snell's law must be included for the

bandwidth measured in air. If n, is the refractive index of air and 80

::; is the glancing angle in air, it can be shown that the corrected bandwidth

'.'.: is

ey

- N = K )\ 1)/_3 Y[n \Ginw-ucosw)

. a o - 'n-l m 2

, 9 m2+2/{Ne/ sin® sing,

..'_ where

: Yo

3 No 2 .

- sine={1 —(‘ﬁ-COSG(,) . (21)
Jsing m = 1.60/1.333 and other values previously stated, we calculate

:j:, A/\c, = 10.3 nmn. This is in excellent agreement with the<12 nm

::: handwidth claimed by Flaugh et al. (Reference 7). Reasons for lack of

; closer agreement between theory and the measured value may include

‘.2" absorption, crystalline mosaicity, lattice distortions, and stacking

& faults.

It is appropriate to consider how to design a filter with a

tailorable bandwidth. From Eq. %20, we can see that there is some freedom

o in choosing the refractive index of the spherical particlies or of the host

. aediun,  The number of materials for the spheres is quite limited, but

-
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there are several liquids known to support crystalline structures

(Reference 2). However, the refractive indices of all these liquids are
greater than that of water, which would only broaden a filter rejection
band. We are thus led to consider the effect of smaller particle

diameters upon the filter bandwidth. We shall define

H(u) = (sinu-ucosu) (22)

and plot this as a function of Do/d in Figure 10. This graph demonstrates
that a narrower bandwidth is most easily obtained by using smaller
diameter polystyrene spheres.

For the crystalline colloidal array filter of Flaugh et al.
(Reference 7), u was 1.48, corresponding to H(u) = 0.864. In this

region, it can be readily seen from Figure 10 that the cubic approximation

for H(u) should not be used.




»

4, %
D I

ALY

LIS ]

‘e

L
2 2"

PE AT P ]

D
.

AR N S

H (u)

Figure

101

102

10-3

104

S T T YV'I'T T T T 7T 717777

\ ‘
3 -

[

'

'

’
—
—
—
~
t =
.
—
—te
—
—
—
- —
- —
r— -4
-~ —
- ~
p— —
- -~
L -
R —
o —
- —
L —
P- e
o —
—_ —
- —
- —
- —
- -t
= —
- .
- ~
F —
— —
- —
- o~
L -
- -
b= -
r_ -
- -t
-

A A ALLLLI b L i

0.01 0.1 1.0

10.

Do/d

H(u)=(sinu-ucosu) vs. the Ratio of Sphere
Diamceter to BDiffraction Plane Spacing. The
Dotted Curve is the Straight Line
Approximation: H(u) & 1/3 u3.




s

Y55,
RS ',

N

‘.
N

SECTION V
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l‘
F I IR

ATTENUATION

N
>,

lachariasen (Reference 8) has shown that the maximum reflectance RA,

W 8

[N

for 3ragg diffraction takes the form

AL

Rpy, = (tanh A)2 . (23)

BRRRARRE
b R

In the absence of absorption,

E‘ A = WKl\")H'to
)

, (24)
2 RR

where t, is the depth of the wave into the crystal along a normal to the

o crystal surface, and Yo = sin 6. Combining Eqs. 16 and 24 gives

_ 2 n 2__)__3__(' - )_E_o__..(ZS)
A “?{W:K(noxm 1 (m7-+2-) SinU-Ucosu) e

The transmittance Ty, at the wavelength Ab may then be expressed as

-2
5 N = Lo
o Ty, = 1-Ry, = C°Sh(t ) ’ (26)
.:; where
N
— 2 .
. T (ake)

23
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For normal incidence, t is calculated to be 9.42 x 103 nm for the

colloidal filter of Flaugh et al. This value of t is equivalent to 48.8
layers which may be compared to the total thickness of Flaugh's filter
which is 2057 layers. The transmittance may further be configured as
-2
T;o = COSh—%—- ) (28)

where L = 48.8 and 1 is the numbers of layers penetrated by the incident
beam. Eg. 28 is plotted in Fig. 11, where the results may be seen to be
consistent with the experiments of Flaugh et al. who could measure
transmittance values only as low as 10'4. Also, the theory demonstrates
that extremely large absorbance values are possible in colloidal filters
much thinner than that of Flaugh et al.

Since the time of our original reports (References 13 and 14), Prof.
Asher (Reference 16) has measured optical densities greater than eleven,

in the direction of extremely large attenuation predicted by our theory.

24
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SECTION VI

SUMMARY

The dynamical theury of X-ray diffraction and light scattering theory
have been applied to the calculation of the bandwidth and attenuation of a
crystalline colloidal array optical filter. The limits of the scattering
theory dependent upon particle dianeter and refractive index have been
thoroughly defined. The theoretical bandwidth is in excellent agreament
with the previously published experimental value. Design parameters for
narrower bandwidth filters are discussed.

The theoretical attenuation results are consistent with measured
transmittance values. The theoretical attenuation function predicts that
actual filters may be constructed that are thinner and more efficient than
the first experimental ones, as has been substantiated by the most recent
transmittance measurements,

The theoretical angle shift of the rejection band maximum has also

been calculated, and is in excellent agreement with experimental data.
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APPENDIX A
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ADDITIONAL CRYSTAL STRUCTURES
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Hexagonal close-packed Faced-centered cubic

Figure A-1. Close-Packed Crystal Structures. The
(111) Axis is in the Vertical Direction.
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