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(ABSTRACT) 

The objective of this thesis is to demonstrate the 

feasibility of developing holograms in the cladding region of 

an optical fiber. The cladding is first stripped and replaced 

with dichromated gelatin ( DCG ) which is a highly efficient 

holographic storage medium. The evanescent field of the fiber 

is used as the reference beam to form an interference pattern 

with an object wave. The interference of the two fields is 

recorded in the DCG and forms the hologram. The holograms 

recorded have a grating type structure and can be utilized for 

guiding light selectively in and out of the fiber.
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CHAPTER ONE 

21.0 INTRODUCTION 

The last fifteen years have been witness to a rapid 

increase in attention to using optical fibers in holography 

[1-56]. Optical fibers have been used to transmit holographic 

images for recording and reconstruction at locations remote 

from an actual test object [5, 49, 40]. Single mode fibers 

have been utilized as illuminators ffor holographic 

interferometry [23, 40, 19]. Fiber bundles and large diameter 

individual fibers have been used as flexible illuminators for 

pulsed laser holography [30, 38, 1, 39]. Individual fibers 

and coherent fiber bundles have also been used in local and 

remote holographic systems including double exposure (47, 20, 

49, 40}, time average [2], and real-time [29, 37, 4] systems. 

A holographic spatialy matched filter for in-line signal 

processing in optical fibers has also been developed at the 

Fiber and Electro-Optics Research Center at VA TECH [paper to 

be published]. The major thrust of all these efforts has, 

however, been to use the optical fiber as a convenient tool to 

guide light to or from an object or a hologram. 

Efforts to produce interference gratings in or along 

optical fibers have also been on the increase in recent years 

[57-60]. Photosensitivity of a germanium-doped core has been 

exploited to form longitudinal Bragg reflection gratings for 
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use as a high resolution spectrometer [57]. A photoresist 

grating placed in the evanescent field region near the core of 

a side-polished fiber has been the key element of a proposed 

single mode optical fiber spectrometer [58]. A similar 

photoresistive technique has been used to — fabricate 

surface-relief gratings for narrow band filtering in optical 

fibers [59]. Intense beams of ultraviolet light have been 

used to impress a phase grating along the core of an optical 

fiber [60]. 

The holograms this thesis deals with are recorded in a 

layer of holographic storage material coated in the cladding 

area of an optical fiber. The cladding has been ground down 

to an extent that the evanescent field of the fiber interacts 

with the holographic storage material. The evanescent field 

(u,) is used as both the reference wave for recording and the 

read-out wave for the reconstruction of the hologram. To make 

the hologram, the evanescent field (u,) is superimposed on an 

object wavefield (u,) to form an interference pattern. The 

interference pattern is recorded in a very narrow region in 

the holographic storage material. The penetration depth of 

the evanescent wave thus determines the thickness of the 

hologran. The hologram also exhibits a "grating-type" 

structure due to the nature of the interference phenomena. 

Similar waveguide holograms have been investigated in 

conventional planar optical waveguides [61-67] and a thorough 

2



theoretical treatment has been given [62]. A fair amount of 

research has been performed along these lines [63-65]. 

Holograms of test objects have been made in a recording layer 

on a waveguide film using a plane reference wave to record the 

hologram [63]. Formation of holographic gratings by the 

interference of two guided modes has been investigated both 

experimentally [64] and theoretically [65]. 

All the papers involving holography and waveguides have 

been restricted to experimental or theoretical investigations 

of grating type holograms along conventional planar optical 

waveguides. To my knowledge there has been no attempt to 

implement the expertise gained by working with waveguides and 

holographic storage materials, such as dichromated gelatin 

(DCG), to optical fibers. As mentioned before, holography 

with optical fibers has been performed with lower efficiency 

holographic storage materials such as photoresist, but no 

experiments have been reported with dichromated gelatin (DCG), 

the highest efficency holographic storage material. It is the 

primary attempt of this thesis to demonstrate experimentally 

the feasibility of developing a grating hologram in 

dichromated gelatin along the cladding region of an optical 

fiber. Holograms of this type may turn out to be extremely 

useful for various applications both in the research 

environment and in industry.



CHAPTER TWO 

2.0 CIPLES OF EVAN WAVE HOLOGRAPHY WITH OPTICAL 

FIBERS: 

The electric field distribution within an optical fiber 

is periodic inside the core and evanescent outside of this 

region. The basic underlying idea of evanescent wave 

holography with optical fibers is to use an evanescent wave as 

the reference and/or read-out wave. 

The distance to which the field extends outside the core 

is typically on the order of the wavelength of the light 

propagated and greatly depends on the order of the mode 

(higher order modes penetrating further ). Due to the small 

penetration depths, the core region and the hologram storage 

material must be in direct optical contact. The refractive 

indices must also fulfill the condition for total internal 

reflection: 

> 
Neoore Nsrorage



storage material 

(DCG) 

     

  

cladding 
  

    
  

Figure 2.1 

Figure 2.1 schematically shows the recording of the 

hologram in an optical fiber.



The electric field distribution of a guided mode is 

considered. Its evanescent part outside the core is the 

reference wave u,. The object field u, interferes with u, and 

this interference is recorded in a storage material. The 

depth to which the actual hologram extends into the cladding 

is thus given by the penetration depth ay of the evanescent 

wave and not by the cladding thickness or the storage material 

thickness (given that the storage material thickness is much 

larger than the penetration depth of the evanescent wave). 

The storage material must hence be able to sustain volume 

holograms and not surface relief holograms since the latter 

would require a storage material thickness which is small 

compared to the penetration depth of the evanescent wave. The 

theory developed in this paper describes volume holograms made 

with evanescent waves. 

The refractive index of the storage material must have a 

high modulation ability since the effective thickness of the 

hologram is determined by the penetration depth of the 

evanescent wave. If a storage material with a weak modulation 

of the refraction index is used, we must compensate for this 

by making the recording layer thicker. This would be useless 

due to the limited penetration depth of the evanescent wave 

and thus high modulation of the refraction index is desired. 

It is for this fundamental reason that dichromated gelatin is 

chosen as the storage medium compared to other materials (such 
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as photoresist) which have been used before [58]. Highest 

reported diffraction efficiencies of photoresist is 60% where 

this number is 90% for dichromated gelatin [68]. 

Using a plane wave as the object wave will result ina 

hologram structure of regular periodic shape. The assumption 

is that the interference of u, and u, in the storage material 

will produce a proportional variation of the index of 

refraction which is periodic along the fiber, and 

exponentially decaying ina direction transverse to the fiber. 

Figure 2.2 shows this schematically.



storage material 

(DCG)    

    AZn 
    

ret etotetavanana’ 

cladding 

    

Figure 2.2 

The slanted lines extending a distance 4Z, into the 

storage material indicate loci of constant refractive index. 
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hologram structure 

  

cladding 

  

  

  
  

Figure 2.3 

Figure 2.3 shows the reconstruction of the hologran. 

The guided read-out wave u, is propagating in the same 

direction as the reference wave did. This is diffracted by 

the hologram structure and reconstructs the object field u,. 

In addition to u,, a second weaker field u, is generated which 

is a mirror image of u, with respect to the z = 0 plane.



The condition for reconstructing the object wave exactly 

is that the read-out wave be identical to the reference wave. 

In other words the read-out and reference waves must have the 

same wavelengths and mode numbers for exact reconstruction of 

the object wave. The mirrored field u, is generated by the 

diffraction of the read-out wave by the hologram and is not a 

reflection of any type from the boundaries. Reflection of the 

object field u, does take place and only contributes minimaly 

to the intensity of u, . 

In principle, reconstruction is also possible by any of 

the following methods shown here schematically in figures 2.4, 

2.5, and 2.6. 
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hologram structure 

  

cladding 

  
  

  

  

Figure 2.4 

Illumination of the hologram with the conjugate reference 

wave u.” results in the conjugate object wave u,”. u,” has the 

same mode number as u, except that it is travelling in the 

opposite direction. 
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storage material Ug 
(DCG) 

AZn 
  

cladding 

    

  

  

Figure 2.5 

Illumination of the hologram with the object wavefield u, 

results in the guided wave u,. This case is of importance 

especially if the object wavefield is a laser beam ( which 

approximates a laterally limited plane wave) in which case we 

have a type of a grating coupler. 
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storage material 
(DCG) 

  

cladding 

    

  

  

Figure 2.6 

Illumination of the hologram with the conjugate object 

wavefield u,” resulting in the conjugate reference wave u,” . 

Again we have a type of grating coupler as in the previous 

figure. 
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CHAPTER THREE 

3.0 THEORY 

The theory presented in this chapter describes holograms 

with a plane wave as the object wave and the evanescent part 

of a guided wave inside the optical fiber as the reference 

wave. The theory is adapted from reference 62 and is 

presented here with the particular case of evanescent wave 

holography with optical fibers in mind. The recording of the 

hologram is discussed first in section 3.1 and _ the 

reconstruction process is presented in section 3.2. A brief 

discussion on diffraction efficiencies is also given in 

section 3.3. 
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The following table is presented to facilitate reading 

and to clarify symbols and notations used. 

TABLE 3.1 

u, evanescent wave 

plane wave 

n refractive index of recording medium 

n'! refractive index of surrounding medium 

mean refractive index of surrounding medium 

Z. thickness of recording medium 

u,' illuminating wave 

u,! diffracted wave 

Note that waves with a "prime" are outside the recording 

medium and "unprimed" waves are inside the mediun. 

Also note that the subscripts 'd' denotes diffracted, 'c' 

denotes illuminating or _ reconstructing, ‘e! denotes 

evanescent, and 'p' denotes plane. 

15



3.1 RECORDING OF THE HOLOGRAM: 

Cladding 

  

  

  

  

v
x
 

    

    

Recording 

Medium : U p 

  
Vz 

Figure 3.1 

The recording of the hologram is schematically shown in 

Figure 3.1. 
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u,' is the ray that exceeds the critical angle within the 

core region and creates the evanescent wave u, inside the 

recording medium. u,' is the plane wave incident upon the 

recording medium and u, is the transmitted part within the 

recording medium, which interferes with u,. 

Assuming TE-polarized vectors we have: 

E,(x,Z) = u(x,2Z) (3.1) 

E, = E, = 0; H, = 0 

H,(X,2) = (-1/jwu,) (6u/62) 7 

H,(X,2) (-1/jwu,) (6u/6z) 

The time dependence exp(-jwt) is omitted and all fields 

are assumed periodic with angular frequency w. 

In the recording medium we have: 

u.(x,Z) = u, exp[j (kx + k,.Z) ] (3.2) 

=u, exp[jk,,x] exp[- [k..j2 ], ie k= J) Kee! 

where 

k, > k, and k, = j[(kx)?- kJ. (3.3) 

Also, 

u,(x,2) = u, exp[(j(k,,.x + k,,2)]. (3.4) 

with 
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Ke = (kK? - (k,) 71/2. (3.5) 
The amplitudes of u, and u, in the recording medium can 

be obtained from u,, and u,, , respectively, with the Fresnel 

transmission coefficients: 

u'/u = t, = 2k,/(k, + k,'); xr, =t, - 1. (3.6) 

The intensity is defined as: 

I(x,2) = <E?(x,t)> = (1/2). u*(x,z)u(x,z). (3.7) 

Assuming k,, = real ie. no absorption in recording medium 

then the intensity of the interference of u, and u, is: 

I(x,2) = 1/2[u,(x,z) + ug(x,z) 1" [u,(%,z) + U(%,z)] (3-8) 
= 1/2{ ju,j? exp[j(k,, - k",.)2] + ju}? exp(-2 [K,./2Z) 

+ u.” u, exp(j[(Kx. — kux)X + (kK - k2)2]] 

+u,u’, exp(j((k.,. - k,)x + (kK, - k’,.)2]]}. 

For our case where u, is a plane wave, (i.e. k,, is real), this 

expression reduces to 

I(x,z) = 1/2{tu,}? + |u.{? exp(-2/k,.]2) (3.8a) 

+ 2Re(u", u, exp(j( (kx. - Kx)x + K,.2])} exp(-ik.j 2]. 

Inspection of equation 3.8 shows that an identical 

intensity distribution would result if the waves u‘,(x,z) and 
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u", (x, Z) interfere instead of u,(x,z) and u,(x,z). Complex 

conjugation is of course equivalent to the time-reversal 

transformation t to -t. The waves u,* and u,* can then be 

understood as u, and u,, respectively, traveling in the 

opposite direction. 

The theory presented until now is fairly straightforward 

and no consequential assumption is made. Now the assumption 

is made that the photosensitive or recording medium is 

homogeneous and weakly absorbing and equation 3.8 is a fairly 

good approximation to the intensity distribution I(x) in the 

medium. Furthermore, the response of the recording medium to 

this intensity distribution is that the dielectric constant, 

€, is a linear function of the local intensity. In other 

words 

é€(x) = £[1(x)7T] 

where +r is the exposure time. The recorded hologram is 

therefore a dielectric grating with 

e(x,z) = € + 6S€(x,z) (3.9) 

where 

= mean dielectric constant of hologran, mI
 

and 

spatial variation of e€ due to the 5€(X,Z) 

interference 

= 1/2 A de/diI{u", u, exp(j[(k,. - K.x)x 
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+ (kK. - K.2)2]) + uy u"(30(K, - k.)x 

+ (kK. ~ k’,.)2])}- (3.10) 

Written in the form of 3.8a, this becomes 

6 €(x,z) = A de/dI Re(u*, u, exp(j[ (kx. - kx)x + (k,,) 2} 

exp (-|k,,!z) (3.10a) 

Non-linearities of f[I(x)1T] are neglected and variations 

of e€ due to intensity variation of u, are assumed constant 

(ie. de/dz constant). The constant 'A' is the average of & 

€ (X, 2) integrated along the z-axis. 

Since a linear function f was assumed, & e€(x,z) can be 

thought of as having two separate interference terms. These 

are 

6 €(x,2) = 6§€,(x 2) + 5€,(x,2), (3.11) 

where 

6€,(X,Z) = 1/2 A (dé/dI) u,” u, exp(j[(k, - Ky)x + 

(Ky. ~ k'.)2])- (3.12) 

and 

6€,(x,Z2) = 1/2 A (de/dI) u, u", exp(j[(k,. - k,,.)x 

+ (kK. - kj.) 2]) (3.13) 

The significance of this shall become clear later. 

It should be noted that the interference fringes are 

periodic in the x-direction and multiplied by an exponential 

20



decay in the z-direction. 

angle a where: 

tan a = Ky/ (Kx - Kya) 

The fringes are slanted with an 

(3.14) 
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Figure 3.2 

Figure 3.2 is a vector diagram which shows the various 

angles and vectors involved 
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3.2 s ON_OF OLOG 

Reconstruction of the hologram can, in principle, be 

accomplished in different configurations as explained in 

Chapter 2. Here it is assumed that the hologram is 

illuminated with a TE-polarized plane wave u,' where the 

frequency may be different from the frequency used to record 

the hologram. Here, 

u'.(x,2) = ul, exp[j(k'.,.x + k'..2)] (3.15) 

where 

k'.. = k'sine, and k' = n'w,/c (3.16) 

with 

@. = incident angle, and 

n' = mean refractive index of surrounding medium. 

The time dependence exp(-jw.t) is again omitted. 

The total field inside the hologram can be represented as 

u(x,Z) = u,(x,Z) + uyg(x,Z) (3.17) 

where 

u,(X,2Z) illuminating wave 

u,(x,z) = diffracted wave 

u(x,z) must satisfy the wave equation 

[62/52x + 67/57z + (w/c)? €(x,Z)] u(x,z) = 0 (3.18) 
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This is solved by successive approximation (see ref.61) 

and we find u,(x,z2) = uy, exp[j(k,,x + k,,2) ] (3.19) 

where k's = Kx 

and {-(k? - (k,)?7)*? if [k,} <k (3.20a) 

k.. = { 

(J (Kea)? - K-77? if [kl > & (5 -20b) 
Equation 3.20a describes the reconstruction of the form 

indicated in Figures 2.3 and 2.4. Equation 3.20b describes 

the reconstruction of the form indicated in Figures 2.5 and 

2.6. 

Solving for u, , the assumption is made that the 

penetration depth of the evanescent wave is much larger than 

the thickness of the recording medium, z The wavelets °° 

scattered by each volume element of the hologram are 

calculated using a Green's function and integrated over the 

volume of the hologram (see ref. 61). 

uz, is found to have two components: 

Ug(X,Z) = ug(xX,Z = 0) + uyg(X,2 = Z,) (3.21) 

where 

ug(X,Z2 = 0) (w./2c) (de/dI)u, u", u, exp(jk,x)/ 

k,(k, + K.. + ky, - k’..) (3.22) 

ug(X,Z = Z) = (W./2c) (de/dI)u, u.” u, exp[j (k,x+k,zZ,) ]/ 

k,(-k, + Keg + Kye — K’pe) (3.23) 

where ky = k, = Ky + Kx 7 Kex (3.24) 
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{ (k 7? - k,?)/? if  !k! |A
 wl
 

kag = k, = { (3.24a) 

{ j(k,2 - k 7)'? if Ik} > wl
 

The physical interpretation of this result is that upon 

reconstruction of the hologram, two diffracted waves are 

generated. One is radiated toward the boundary z = z, and the 

other is radiated toward the boundary z = 0. These are 

denoted u*®, and uy, respectively and k*,, = k,, = k,. 

Also, 

{ [k? - (k)?7}?? if !k,! < kK 

Kan = Ka = { (3.25) 

(50k)? - YP Gf Hal > | 

For our present case with optical fibers we are 

interested in only the observable parts which are transmitted 

into the surrounding medium. These observable parts are (a) 

when !k,,! < kand (b) when Kk < 1k! < K, with K' = A'w,/c 

The first case is obvious from the mathematics and both u’,' 

and u’,' (primed i.e. outside the recording medium; also the 

subscript ‘'d' denotes ‘'diffracted') are transmitted. The 

second case needs to be explained in more detail. When k < 

1Kax} S kK we are left with evanescent waves at the boundary 

z= 0. u,' is thus radiated into the cladding with an 
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angle a's, > |a@orercar} Via the evanescent wave, but u*, 

(un-primed i.e. inside the recording medium) decays before it 

reaches the interface z = z, and is therefore not observable 

because it is confined within the core. 

The figures presented in Chapter 2 can now be understood 

more clearly keeping in mind the dielectric structure (3.12 

and 3.13). In Figure 2.3, illumination with the reference 

wave u(x) reconstructs the object wavefield u,(x) by 

interaction with the term u",.u, in the dielectric structure of 

the hologram. Figure 2.4 is the case when the hologram is 

illuminated with the conjugate reference wave, u”,. , and this 

interacts with the terms u,u*, in the dielectric structure of 

the hologram. In Figure 2.5, illumination is via the object 

wavefield, u,, which interacts with u,u", term of the hologran. 

Finally, Figure 2.6 is the case of illumination with the 

* 
conjugate object wavefield, wu” ., which interacts with the 

. * 

terms u _.u,. 
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3.3 DIFFRACTIO FICIENCIES 

The diffraction efficiency , n , is defined as the ratio 

of the diffracted power, P,;, and the power of the illuminating 

wave P,, both measured in the medium surrounding the hologran. 

n = P./P, (3.26) 

Each of these powers is defined as the product of the 

illuminated area of the hologram, A, times the z component of 

the time averaged energy flow density, <S,>. 

P =A. <S,> 

w It where E x H (all quantities are vectors) 

and <S,> = [1/(2wu,)] ju]? Re{k,} 

However, 7 is dependent on which terms in the dielectric 

structure (see 3.10 - 3.13) are being interacted with and two 

Separate efficiencies are found. For interaction with u",u, we 

have 

(3.27) 

n, (uu) =n. (u*,u,) = (w/c)*(de/aI)? ju}? ju,j” - 

 



This is for the case Kay < k and for the 

configurations of Figures 2.3 and 2.4. Note that if k < !k,,! 

< k', then 

n, (u",u,) = 0 (3.28) 

and 

n. (u,*u,) is given by equation 3.27 

For the interaction with the term u,u",, we have for 

  

= § 3.29 
Kaj < «K ( 

ne (uu",) = n(uu’,) = (w/c)* (de/aI)? fu}? fu,!? . 

1K" .| Ik! a! 1 

1K". + Ke. 7 1K ae + Kas 7 | "Kaz + k.. + k., K el 

for k < !|k,! < k', we have 

nN, (u,u,*) = 0 (3.30) 

1 

and for !k,,} > k , we have 

nN, (U,U,*) = n.(u.u,*) = 0 (3.31) 
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CHAPTER FOUR 

4.0 EXPERIMENT 

The experimental part of this thesis consists of the most 

delicate and complex portion of the work performed. In this 

chapter, the attempt is to present the actual experiment 

performed and to pay as much attention to detail as necessary 

in order to clarify what is being discussed. This chapter 

consists of the following sections: 

4.1) Fiber Preparation 

4.2) Fiber Coating 

4.3) Experimental Set-up 

4.4) Sensitization of Gelatin 

4.5) Exposure and Development 

4.6) Data 

4.1 FIBER PREPARATION: 

The fiber utilized for the experiment is a Corning 1521 

dual acrylate fiber. The core diameter is 9 um and the 

cladding diameter is 125 um. The fiber also has a cutoff 

wavelength of approximately 1200 nm. The decision to use these 

parameters is based upon the availablity of fiber and the 

fairly large cutoff wavelength which made it suitable for use 

with a blue-green laser. 
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A length of approximately 1.5 m of fiber is selected and 

the jacket is blade-stripped near the middle. The length that 

is stripped is approximately 6 cm. The buffer layer between 

the jacket and the cladding must be removed also as this will 

cause problems later. The fiber is now ready to be attached to 

special microscope-type slides prepared specifically for 

side-polishing of fibers. 

The microscope-type slides are ordinary slides of glass 

of a 6 to 7 cm length and approximately 2 cm width. One side 

of the slide is rounded with a radius of curvature of 10 

inches (see Figure 4.1.1). It is on this curved side that the 

fiber is attached for side-polishing. 

The slides are placed in a wedge cut into a small block 

of wood so that they may stand upright with the curved portion 

on top. A thin layer of epoxy is spread onto the curved 

portion of the slide. The epoxy used is Revlon Clear Nail 

Polish which is chosen for its ease of spreading, relatively 

quick drying, and hardness. Before the epoxy dries, the 

stripped portion of the fiber is carefully placed on top and 

held slightly taut along the curved portion of the slide. It 

must be ensured that a small length (~ 0.5 cm) of un-stripped 

or jacketed fiber extends onto the slide at both ends as this 

will provide extra mechanical strength. Also, care must be 

taken so that the fiber is not placed near the edges of the 

Slide but is near the middle of the thickness of the slide. 
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After the epoxy is relatively dry and the fiber is securely in 

place, an extra drop of epoxy is placed near the ends of the 

slide where the 0.5 cm of jacket is extending onto the slide. 

This is for extra mechanical strength (see Figure 4.1.1). 

The fiber/slide combination is then allowed to dry 

overnight in such a position so that the fiber is free to hang 

vertically from the edges of the slide. Figure 4.1.1 is 

helpful in visualizing the above steps. 
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Figure 4.1.1 

After the fiber/slide is allowed to dry overnight, the 

fiber is ready for side-polishing. The slide is attached to 

a special apparatus designed at FEORC for side polishing of 

fibers (Figure 4.1.2). A He-Ne laser beam is injected into 

the fiber and the output is constantly monitored via a power 

meter. 
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Figure 4.1.2 

The slide is carefully lowered onto a polishing wheel 

which has a 0.3 um Aluminum oxide polishing pad. The wheel is 

turned on at a moderate speed while water is flowing on the 

polishing pad. The slide is gently moved radially inwards and 

outwards along the wheel. Care must be taken to move the 

slide radially and also to avoid the very center and the outer 

edge of the wheel otherwise mechanical stress is placed in the 

fiber and it is easily broken. 
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As the polishing is being performed the power going 

through the fiber is constantly being monitored. Since the 

fiber is in few mode operation, approximately 10% to 50% of 

its power is in the cladding region. As the side of the fiber 

is slowly polished and more of the cladding is removed, a 

portion of the cladding power escapes outside of the fiber. 

Generally, after 3 to 4 minutes of polishing an approximately 

2 to 3 dB of power ( approximately 30% to 40% ) drop 

is encountered. This signifies that the evanescent region has 

been reached. At this point the slide is carefully removed 

and a drop of index matching fluid is placed on the polished 

portion of the fiber. The index matching fluid allows light 

to escape and eases the monitoring of the length of the 

portion of the cladding which has been removed. This length 

gives information as to how deep into the cladding we have 

penetrated as shown in Figure 4.1.3. 
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If the depth polished is found to be unsatisfactory, the 

fiber is once again placed onto the polishing wheel. In the 

experiments performed, the depth polished was generally 

between 40 and 55 um (The upper cladding layer is only ~ 60 

um). 

After the fiber has been polished to a satisfactory 

level, it is then ready for coating with gelatin. 

4. COATING 

Preparation of dichromated gelatin (DCG) film has been 

extensively discussed in the literature. Numerous methods and 

techniques for recording holograms in DCG films have been 

proposed. The number of variables affecting the outcome is 

enormous and strict control over every step of the process is 

necessary. For this reason, a detailed explanation of the 

steps and considerations involved in coating fibers for 

evanescent wave holography with DCG shall be presented here. 

In preparing the DCG for coating of fibers in this 

experiment the general steps outlined in reference 61 were 

followed. The reason for this decision was that the 

experiments reported by reference 61 dealt with producing 

holograms along conventional planar optical waveguides 

utilizing the same principles of evanescent waves as discussed 

in the previous chapters. 
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The first obstacle that needed to be overcome was that 

discussed in chapter two and that is satisfying the condition 

for internal reflection 

Neore > Noce 

The reasoning followed for overcoming this obstacle is as 

follows. The index of refraction of the core is 1.458 and 

that of the cladding is 1.455. The index of refraction of 

water is approximately 1.3, therefore preparing a gelatin 

solution in water with the least amount of gelatin possible 

would raise the index of refraction of water by a very small 

amount. A 12%, by weight, solution of gelatin in water has an 

index of refraction of 1.54 (which further increases when 

sensitized, see section 4.4) [61] so the amount of gelatin 

needed for our experiments had to be less than 12%. 

Another important consideration in determining an 

acceptable gelatin to water ratio was that if there was not 

enough gelatin present, the solution would be useless since it 

would not be able to sustain a useful hologram. This was 

tested by making ordinary microscope slide DCG plates and 

developing simple holograms as discussed later. 

In tackling the above mentioned problems the following 

steps were performed. Starting with deionized water at 40°C, 

a certain weight of gelatin was gradually added and the 
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solution was stirred for approximately one hour. The gelatin 

to water ratio (by weight) was varied from 12% to 1% in 

increments of 1%. The gelatin used is Fisher gelatin with a 

bloom strength of 200. 

Each time a solution was made, it was coated onto the 

fiber/slide by dipping the fiber/slide into it. The 

fiber/slide was then pulled out so that the polished edge of 

the fiber came out last and a fine film of gelatin clung to 

this polished edge. The thickness of the fine film remaining 

is not important as long as it is much larger than a few 

wavelengths of the light used for exposure (i.e. 441.6 nm). 

Care must be taken so that no air bubbles are allowed to cling 

to the fiber as this will distort the results. At this point 

the fiber is hung up for overnight drying in such a manner 

that the polished edge is facing down so that most of the 

gelatin is allowed to flow to the polished edge. The polished 

edge should be parallel to the ground so that a uniform film 

is coating the polished edge of the fiber. 

When the gelatin has dried overnight, it is then 

prehardened for 15 minutes in Kodak Rapid Fix and rinsed in 

running water of approximately 22°C for another 15 minutes. 

The reason for the prehardening step is to make the gelatin 

insoluble in water when further processed. The film is again 

allowed to dry overnight in the same manner as discussed 

previously. 
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The film is now ready to be tested for the internal 

reflection condition. The test performed is as follows. Each 

time a film is prepared with a different gelatin content 

(varying from 12% to 1%), a He-Cd laser is injected into one 

end of the fiber. The idea is that if the condition for 

internal reflection is met, no light should escape from the 

polished edge of the fiber. This condition was met for 

gelatin solutions of 1%, 2% and 3%. However, when these 

concentrations were used to prepare conventional DCG plates 

(using ordinary microscope slides) and ordinary holograms of 

simple objects, all attempts failed. Since all other 

conditions were held constant, this indicated that these 

concentrations (1%, 2%, and 3%) were insufficient for 

sustaining useful holograms. A compromise had to be made 

between the amount of index mismatch tolerable between the 

fiber and DCG, and the ability to obtain useful holograms. 

For this reason the concentration of gelatin was again 

increased in increments of 1% until ae satisfactorily 

conventional DCG plate and an ordinary hologram was obtained. 

Satisfactory results (ie. holograms using ordinary microscope 

slides) were achieved with gelatin concentrations of 5% and 

6%. At 5% and 6% concentrations a small amount of light did 

escape near the polished edge of the fiber but this had to be 

tolerated in order to obtain useful holograms. All the 
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experiments reported from here on were performed with a 

gelatin concentration of 5%. 
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4.3 RIMEN SET-UP 

Microscope lens 

Beam splitter 

  

  
Laser 

  
  

  
Diverging lens 

  

Mirror 

Figure 4.3.1 

Figure 4.3.1 shows the experimental set-up. 
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A number of factors were kept in consideration upon 

arranging the above set-up. First, the laser successful 

results were obtained with is a Helium-Cadmium laser emitting 

at 441.6 nm with a TEM, mode. The coherence length of the 

laser is approximately 7 cm so the optical path length 

difference of the two interfering beams measured at the 

polished spot had to be less than 7 cn. Since the fiber 

sustained more than one mode at 441.6 nm, an exact path length 

within the fiber would mean solving for the path length of 

each mode within the fiber. This was simplified by assuming 

that the velocity of each mode is equal to c/n and then 

solving for the path length within the fiber. 

Another consideration was the ratio of the beam 

strengths. Generally a reference to object wave ration of 3 

to 1, to 6 to 1 is recommended for good holograms. [In our 

experiments this ratio is hard to determine since the true 

strength of the reference or evanescent wave is unknown. A 

good approximation to the strength of the evanescent wave is 

to view the amount of light that is leaking out at the 

polished spot due to the index mismatch of the fiber and the 

gelatin. This would give information as to the lower-bound 

estimate of the strength of the evanescent wave. The word 

lower-bound is used since this would indeed be a minimum 

estimate due to the fact that most of the power of the 

evanescent wave would remain very close to the fiber and only 
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a small portion travels away. In the experiments performed, 

the ratio of the reference, or evanescent, to object beam was 

attempted to be kept at 3 to 1. This was achieved by not 

using a 50-50 beamsplitter but by using an approximately 80-20 

beamsplitter and having the stronger beam enter the fiber. 

4.4 SEN ZATION OF G N 

In the experiments performed,sensitization of the gelatin 

film with ammonium dichromate {[{(NH,),Cr,0,] also proved to be 

more complicated than first anticipated. The first problem 

encountered was the actual concentration of the ammonium 

dichromate. Recipes for concentration of 4% up to 

concentrations of 7% ammonium dichromate in water exist in the 

literature. Experiments performed in evanescent wave 

holography with conventional optical waveguides report 

concentrations of 1% to 2% of ammonium dichromate being used 

[61]. The concern for the choice of concentration in working 

with optical fibers is that the index of refraction of the 

film changes drastically from 1.54 for a concentration of 0% 

to 1.58 for a concentration of 3% (using a 12% gelatin 

solution) [61]. Since fibers with a higher core refractive 

index were not readily available, it was important to keep the 

index of refraction of the dichromated gelatin as low as 

possible. We thus needed to use the smallest concentration of 

ammonium dichromate possible. The figures just cited are for 
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a gelatin concentration of 12% by weight. Again since in 

working with optical fibers we need a very low film index, 

both the gelatin concentration (as discussed in section 4.2) 

and the ammonium dichromate concentration needed to be as low 

as possible but high enough to yield usable holograms. 

The solution to the above problem of correct 

concentration has been in a way discussed in section 4.2. 

That is, each time a certain concentration of gelatin was 

selected, the test microscope slides were sensitized with 

concentrations of 0.5% and 1.5% of ammonium dichromate and 

then making simple holograms of ordinary objects was 

attempted. At a concentration of 0.5% of ammonium dichromate 

attempts of making simple holograms failed both at low and 

high concentrations of gelatin. At a concentration of 1.5% of 

ammonium dichromate, attempts of making simple holograms 

failed for gelatin concentrations of up to 3% but were more 

successful at higher concentrations. 

Again a compromise had to be made between the gelatin 

concentration, ammonium dichromate concentration and the index 

mismatch tolerable between the fiber and the DCG. Best results 

were obtained with a gelatin concentration of 5% to 6% and an 

ammonium dichromate concentration of 1%. 

Another practical problem was the technique of 

sensitization. The film needed to be sensitized after the 
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fiber had been aligned with the lens' and the two laser beams. 

This is so because if the film were sensitized before being 

aligned, it would have to be exposed to the laser beams for 

alignment and this would prematurely expose it. For this 

reason, the fiber was aligned and then the film was sensitized 

very carefully without misaligning the fiber. The film was 

then allowed to dry for approximately 24 hours in place and in 

a light tight box, again without misaligning the fiber. The 

actual sensitization was accomplished by dipping the 

fiber/slide in the ammonium dichromate for 4 to 5 minutes. 

The ammonium dichromate had been dissolved in deionized water. 

4.5 EXPOSURE AND DEVELOPMENT 

The next step in making the holograms is the exposure. 

Numerous attempts were made at various angles of incidence and 

with different exposure times. Best results were obtained 

with exposure times of 20 seconds and 30 seconds. The angle 

of incidence varied from 15 degrees to 90 degrees as shown in 

Figure 4.3.1. 

Development of the film is fairly straightforward. To 

develop the film, it is first washed in running water at 

approximately 20 degrees Celcius for 15 minutes. As the film 

is pulled out of the water it is rinsed with a jet of 

isopropyl alcohol to remove excess water. The film is then 

bathed in fresh isopropyl alcohol for 2 minutes and finally 
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pulled out slowly while simultaneously being dried with a 

stream of warm air. If all steps involved in making the 

hologram have been successful, the hologram should now be in 

place. 

4.6 DATA 

Data is presented for three separate holograms 

illuminated as in Figure 2.3. The diffracted waves were 

measured by a detector with a wedged cap on it. The slide was 

carefully inserted into the wedge so only the diffracted wave 

being measured is incident upon the detector. Even with the 

precaution of using a wedged cap, a small amount of stray 

light was still present. The reconstructing wave was measured 

by a ‘cut back technique’ after the diffracted waves were 

measured. The fiber was cut near the slide without moving it 

with respect to the lens and the laser beam. The cut end was 

then cleaved and the total power in the fiber was measured. 

It must be realized that at the wavelength of 441.6 nm 

approximately 10% of the total power is in the cladding and it 

is this 10% which illuminates the hologram. Therefore, the 

efficiencies are calculated with this 10% figure and not the 

total power. Units are not provided for two reasons: i) the 

efficiency is calculated in a relative manner, ii) the 

detector used is a silicon detector which was not calibrated 

for the He-Cad wavelength of 441.6 nm. 

46



Table 4.6.1 

  

Incident! u, ! u, | Power in Fiber 

Angle | Power ! n | Power | n 10 % ! Total 

15° 1.0006 | 3.79% | .0012 | 7.59% t 0158 {| .158 

45° }.0018 ! 4.10% ! .0019 | 4.34% | 0438 | .438 

60° 1.0021 {| 2.17% | .0037 | 3.83% [ .0965 | .965 

Efficiencies varied from 2.17% to 7.59%. The efficiency for 

u, is generally higher than that for wu, . The efficiencies are not 

very high and techniques for improving the efficiencies were not 

investigated. 
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Illumination in form of Figure 2.5 was not successful and 

a diffracted beam was not observed. Two reasons may explain 

the failure of this mode of illumination. First, the angular 

dependence of this mode of illumination is very strong. In 

other words, if u, is not incident at a very definite angle, 

u, is not diffracted. The second reason for this may be that 

upon the interaction of u, with the hologram, a true 

evanescent wave is not generated along the boundary due to 

scattering and therefore u, is not observed. 
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CHAPTER 5 

5.0 CONSIDERATIONS AND DISCUSSION 

In this chapter a number of topics of interest are 

discussed. The first topic is the mode dependence of the 

hologram. When light is propagating along the fiber a 

diffracted beam is not always seen. Only after adjusting the 

fiber with respect to the laser beam and changing the 

launching conditions, does one see a diffracted beam. Also, 

when the power in the fiber was monitored and maximized, the 

diffracted beams were not necessarily maximized. Only by 

changing the initial launching conditions could the diffracted 

beams be maximized. The reason for this may be that the 

hologram is most efficient to only specific propagating modes: 

i.e., those modes which constructed the hologram initially. 

Changing the launching conditions changes the mode propagation 

and therefore the hologram efficiency. 

. Mixing of two different wavelengths was also attempted. 

A He-Ne (633 nm) laser beam was mixed in with the He-Cad 

(441.6 nm) by utilizing a beamsplitter. A 100% efficient 

hologram would translate these different wavelengths into 

position. In other words the two different wavelengths would 

be diffracted at different angles and would thus be viewed at 

different positions. This phenomena was not clearly observed 

in our experiments. A number of reasons for this exist, the 

first and most important being the low efficiency holograms 
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obtained. Another reason is the inability to view this 

angular separation. Viewing the angular separation was made 

difficult by the large amount of the He-Ne power being leaked 

into the cladding and "blurring" the diffracted beams. 

Changing the launching conditions would result in either He-Ne 

being diffracted or He-Cad being diffracted. The launching 

conditions thus determined which wavelength was being 

diffracted. A very efficient hologram which separated the 

wavelength efficiently could be of great interest in the 

communications area and could be used as a type of fiber 

spectrometer as proposed in reference 58. 

The lifetime of the hologram is also found to be rather 

short. Since the temperature, humidity and cleanliness of the 

lab environment were not controlled, the holograms 

deteriorated with time. One or two days after exposure 

(depending on the factors just mentioned), the hologram would 

completely deteriorate. This problem can be alleviated by 

encasing the hologram in a plate of glass or an optical 

cement. However, this was not investigated. 
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CHAPTER 6 

6.0 CONCLUSION 

The experiments performed demonstrate the feasibility of 

developing a grating hologram along an optical fiber. 

steps involved are summarized in Table 6.1. 

The 
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TABLE 6.1 

Preparation of optical fiber holography 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

11) 

Blade stripping of fiber and epoxy to glass slide 

on 10 inch curved edge. 

Dry overnight 

Gelatin coating with 5 to 6 percent gelatin in de- 

ionized water. 

Dry overnight in vertical position. 

Prehardening in Kodak Rapid Fix for 15 minutes. 

Rinse in running water for 15 minutes. 

Dry and store. 

Alignment of optics including fiber/slide. 

Sensitization in 1% solution of ammonium dichromate 

for 4 - 5 minutes without disturbing alignment. 

This is done approximately 24 hours before 

exposure. 

Exposure at a wavelength of 441.6 nm. 

Development: 

a) wash in running water (T ~ 20°C) for 15 min. 

b) rinse with a jet of isopropyl alcohol for 2 min. 

c) immerse in fresh isopropyl alcohol for 2 min. 

a) Pull out slowly while simultaneously drying 

with a stream of warm air. 

52



The efficiencies obtained varied from 0% to 7.5% 

depending on the mode of illumination. These efficiencies are 

fairly low but the intent of the experiment is to demonstrate 

only the feasibility of evanescent wave holography with 

optical fibers. Techniques exist to increase efficiency of 

the hologram and these techniques need to be further 

investigated. Certain modes of illumination need to be better 

controlled so as to improve efficiency. Temperature, humidity 

and cleanliness of the environment in which the experiment is 

performed is critical and must be controlled. Preserving the 

hologram by an optical cement or a plate of glass must be 

investigated. 

The experiments performed show that evanescent wave 

holography with optical fibers is indeed possible and further 

investigations can improve upon technique and hologram 

efficiency. 
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