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ABSTRACT

An experimental study was made to determine optimum processing 

techniques, performance characteristics and environmental stability of 

dichromated gelatin volume phase holographic recording material.

Diffraction efficiency.and signal-to~noise ratio were measured 

as functions of exposure and beam ratio for transmission mode holograms. 

Grating diffraction efficiencies of over 70 percent were obtained. High 

efficiency diffuse object holograms were recorded; signal-to-noise was 

found to vary inversely with diffraction efficiency, independent of 

beam ratio. '

Calculations based on coupled wave theory and angular bandwidth -y 

measurements showed dichromated gelatin hologram formation extends 

through virtually the entire gelatin layer, independent of exposure or 

diffraction efficiency.

Equivalent modulation transfer function measurements indicate 

essentially flat material response from 7 55 to over 2600 1/mm,

Irreversible degradation of unsealed dichromated gelatin 

holograms was observed at relative humidities higher than 70 percent.
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INTRODUCTION:.

"The most serious problem facing holography at the present time 

is the lack of an Ideal recording material."

— J.C. Wyant, Opt. Eng,3
Vol. 14, No. 5, p. 381 (1975)

"The (holographic) storage ..medium generally has a crucial: 

impact -on system design,. operation and performance . . . every optical 

recording concept succeeds or fails on the basis of available storage 

media. Failure seems to be the most prevalent outcome."

— R»Go Zech,
SPIE Optical Information Storage, 
Vol. 177 (1979)

Despite an emphasis in recent years on materials research, 

physical limitations imposed by available holographic recording 

materials have restricted the more widespread application, of holographic 

techniques.

The holographic recording media that have been developed can be 

classified as thin if the photosensitive material thickness is less 

than the mean hologram fringe spacing. A thick or volume/hologram 

thickness is large compared to the recorded interference fringe pattern.

Holographic recording media are further classified as amplitude 

or phase modulation materials. Amplitude materials record the holo

graphic interference fringe pattern as localized variations in amplitude 

transmission.. Conventional silver halide photographic emulsion, which

■ ‘ ■ ' 1 .



was used almost exclusively in early holographic work, is an amplitude . 

recording medium.

Phase recording materials, oh the other hands modulate only the 

phase of the reconstruction wave. Holographic exposure produces phase 

modulation through spatial variation of material thickness (surface 

relief), change in bulk refractive index through the material volume 

or both.

Holographic materials research has concentratedm on the.develop

ment of volume phase recording materials. The reason for this pref

erence is shown in Table 1.

Table 1. Maximum Diffraction Efficiency for Various Transmission 
Hologram Types

/ Hologram Type Thin Volume

Modulation Amplitude Phase Amplitude Phase

Maximum Theoretical Efficiency (%) 6.25 33.9 3.7 ' 100.

Maximum Experimental Efficiency (%) 6,0 32.6 3.0 90.

Reference 1 2 3 4

As can be seen, the unique advantage of volume phase recorders is their 

very high diffraction efficiency. Volume phase holograms are theoret

ically capable of diffracting 100 percent of the incident light into the 

desired order compared to only 3-6 percent for holograms recorded in 

amplitude modulation materials. This increased efficiency allows for 

smaller, lighter and less expensive holographic systems due to size and 

cost savings on the laser used for reconstruction, photodetectors and



signal processing electronics used in detection, etc. In many instances 

obtainable diffraction efficiency will determine the feasibility of a. 

proposed holographic application.

Although no ideal recording material has yet been developed, 

on-going materials research has produced a number of very-promising 

experimental volume phase media including electro-optic crystals such

as lithium niobate^  ̂and lithium tantalate,^ thermoplastics such as-
8 11 12—26 photosensitized PMMA, photopolymers, bleached silver halide

emulsions^ ^  and dichromated. gelatin, , ^9 ^  The last two materials 

can be produced by chemically processing commercially available holo

graphic silver halide emulsions and have, therefore, been most widely 

used,

Dichromated gelatin was selected as the subject of this study, 

the purpose of which is to develop optimum processing techniques and 

determine this material's exposure, performance and environmental 

stability characteristics.

It is hoped that the results of this study will contribute to 

a better understanding of dichromated gelatin holographic recording 

material and serve as a practical guide to its use.



DICHROMATED GELATIN

Historical Background

As the performance and environmental stability limitations of

available media became apparent, the search continued for improved

phase recording materials. One of the most successful of these efforts
2was the development of dichromated gelatin in 1968 by Shankoff.

The fact that dichromate sensitized organic materials are light 

sensitive had long been known, being first discovered by Suckow in 

1 8 3 0 , The photographic process of carbon printing evolved from the 

subsequent discovery that, exposed dichromated gelatin is insoluble in 

water. In the carbon printing process, a substrate is coated with a 

thin layer of uniformly pigmented dichromate sensitized gelatin. Fol

lowing light exposure, the unexposed areas are washed, away, leaving a 

permanent recording of the original light image.

Dichromated Gelatin Properties

A similar method can be employed to produce surface relief

phase holograms in dichromated gelatin. When.used as a negative

photoresist, holograms recorded in dichromated gelatin are thin phase

types whose maximum efficiency is typically less than 30 percent and

exhibit sharply reduced response at spatial frequencies higher than 
591000 1/mm.

4



5
Shankoff’s isopropanol processing technique5 however, is capable 

of producing low noise volume phase holograms with diffraction

efficiencies of over 90 percent. Since high efficiency reflection
' • • . 

holograms have also been, recorded, frequency response is known to ex

tend to over 4000 1/mm.

To produce such impressive results, a thin (typically 3 to 15 

pm) gelatin layer is sensitized with a 5 to 10 percent solution of 

ammonium dichromate (iNH^j^Gr^Oy).. After drying, the sensitized - 

emulsion., is exposed holographically to green or shorter wavelength 

light. Processing consists of an extended water wash followed by an 

isopropyl alcohol bath. Using this technique, very large effective 

index modulations are induced, in the gelatin resulting in phase shifts, 

two orders of magnitude larger, than can be produced by a water wash 

alone.

The exact mechanism of hologram formation in dichromated 

gelatin remains a matter of debate. However, certain facts are known 

and generally accepted concerning the exposure induced interaction of
o

dichromates and gelatin. Upon exposure to short (<5500A) wavelength

light, the following reaction is believed to occur in ammonium
60dichromate sensitized gelatin:

Cro0_-2 + 14H+ + 6e~ Jn^2Cr+3 + 7H„0 (1)
I I  I

Hexavalent Cr+6 chromium ions are photoreduced to form trivalent Cr+3, 

with gelatin radical groups providing the necessary electrons. The 

Cr chromium ions form crosslinks, between adjacent gelatin molecules 

at polar group sites on the molecular chain, possibly at carboxylate



(~G00”) group locations. These molecular crosslinks produce localized 

tanning, or hardening of the gelatin9 increasing mechanical strength9 

raising the melting point and. making' the gelatin less water soluble.

At this point? the consensus of opinion, ends. The source of 

the disagreement can be seen in Table 2.
2Table 2. Dichromated Gelatin Refractive Indices at 589 nm

Material Refractive Index

Gelatin 1.542.6 + 0.001

Gelatin - H N H ^ C R ^ 1.5486

Gelatin +[NH^]2Cr20y (exposed) 1.5572

Gelatin +[NH^]20X207 (exposed, developed) 1.5515

Gelatin (unexposed, developed) 1.5488

The index modulation caused by crosslinking alone is approximately 

1.5515 - 1.5488 = .0027. However5 holograms of over 90 percent diffrac

tion efficiency have been recorded in 1.3 um thick dichromated gelatin 
2layers. The effective index modulation required to produce such high 

efficiency is on the order of 0.15, almost two orders of magnitude 

larger than the experimentally determined value of 2.7 x 10 3 from 

Table 2. Chromium crosslinking alone, then, cannot account for the , 

observed large index modulation of isopropanol processed dichromated 

gelatin.



Hologram Formation Models 

Among the theories that have been proposed to explain the 

observed properties of dichromated gelatin are strain induced bire

fringence,^^ isopropanol bonding^ and molecular rearrangement.^

The gelatin splitting model proposed by Shankoff^ remains the 

most popular. In this model, chromium crosslinks cause localized 

gelatin hardening along interference fringe maxima. These hardened 

sections absorb less water during the water wash,.. Rapid dehydration 

in isopropanol produces strains in the gelatin at fringe boundaries 

that are relieved by splitting or. tearing of the gelatin layer. In

creasing exposure causes widening of. the cracks resulting in increased 

effective index modulation.

This theory offers a credible explanation for the large

observed index modulation, since An = n _ _. - n . = 0.54, Itmax gelatin air
also accounts for the low index modulation measured for uniform 

exposure in Table 2, since splitting occurs only at high exposure-low

exposure boundaries.
63Meyerhofer modified ShankoffT s basic model by suggesting that 

the gelatin splits or voids are very small compared to optical wave

lengths, Increased modulation Is obtained by the formation of larger 

numbers of voids rather than an increase in size. This explanation is 

consistent with the observed low light scattering characteristic of 

holograms recorded in dichromated gelatin as well as the high efficiency 

of diffuse object recordings where phase variations are nearly 

continuous.



COUPLED WAVE. THEORY

Diffraction Efficiency

The.diffraction efficiency9 angular response and wavelength 

sensitivity of thick or volume recording media can be treated by means 

of the coupled wave theory developed by Kogelnik.^ Among the assump

tions made in his derivation are:

1. Thick or "deep" sinusoidal fringe patterns„ This condition

is discussed in more detail in later sections.

2. Monochromatic reconstruction at or near the Bragg angle.

3. Only the incident and single order diffracted light that 

approximates the Bragg condition are considered. Other orders are 

neglected.

4. Uniform grating fringes5 such that the average refractive 

index is the same inside and outside the grating boundaries.

5. High diffraction efficiency such that the incident wave is 

strongly depleted.

6. The electric field of the reconstructing light is polarized 

perpendicular to the plane of incidence (s polarization).

7. There is a small energy interchange per wavelength between

the coupled waves. 4

Since all of these assumptions are met for the dichromated 

gelatin holograms produced in this study, this implies that coupled wave 

analysis can be validly applied.



According to Kogelnikv s coupled wave theory* the diffraction 

efficiency of a lossless volume phase transmission grating is given by

(2)__ diffraction^ sin2 (g2, v2) 1 / 2
efficiency (l + g2/v2)

where

g = SnTsinQ-p (3)
- %

and

= f  < «a ■ ■ B

0g = Bragg angle measured in the medium 

6 = deviation from the Bragg angle

n = material index of,refraction 

An = 'refractive index modulation

•= wavelength of reconstructing light 

T = hologram effective thickness 

Acj) = hologram induced phase shift 

At the Bragg angle 6 = 0 so Eq. (2) reduced to

"b - 81112 a B

Angular Bandwidth/Effective Thickness 

Hologram effective thickness T, which can change as a result of 

chemical processing, can be calculated from angular bandwidth measure

ments. ̂  At the Bragg angle, diffraction efficiency

nB - sin2v , (6)

can be rearranged to
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v = arc sin \Zrig" (7)

From Eq. (2) , q- 0' as sin^(C2 + v2)—  ̂0 or

(C2 +v2) V2 (8)

Diffraction-efficiency, therefore,- is a minimum when

? = (ir2 - v2) 1/2 (9)

Substituting Eqs. (9) and (7) into Eqs. (3) and (2) and rearranging

hologram X (it2 - (arcsin V  nR)2)1/2

T ^  •; ao>

where 6̂  = hologram angular- bandwidth/ By measuring maximum diffraction

efficiency (at the Bragg angle) and hologram angular bandwidth, hologram 

effective thickness T can be calculated by substitution into Eq. (10).

Q-Factor

The minimum hologram thickness required for coupled wave theory 

to be valid is given in terms of 

2ttA T
(u>

where Q >_ 10 is necessary for good results.

Signal-to-Noise Ratio 

Although much more efficient, phase holograms are in general 

noisier than absorption holograms. This increased noise level can be 

attributed to phase noise and light scattering.
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Phase Noise

Phase noise^ associated with phase holograms has .two sources: 

intrinsic material nonlinearity and object intermodulation noise.

By their very nature,, phase materials are non-linear recorders,. 

The.complex amplitude transmittance of a phase.recording medium can be 

expressed as

hologram
Th = amplitude = T e 9 (12)

transmittance

T == material constant ~ 1.0 for a lossless phase material o
A(p = exposure induced phase modulation 

Assuming "linear" material response such that

A(j) = yE (13)

where '

y = a constant characteristic of the material 

E = exposure = It = irradiance * exposure time 

Eq. (12) can then be rewritten as

Th = eiYE (14)

for a lossless phase recording material with "linear" response.

Reference and object beams with amplitudes |r | and |o| 

respectively interfering at the hologram recording plane produce an 

exposure given, by

E = (0 4* R) (0 + R)* (15)

or

E = 101 2 + OR* + RO* + |r |2 (16)
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Substitution of Eq. (16) into Eq. (14) yields .

T. - slY|0|%lT0R%lYRO%iY|R| " (17)

as the complex hologram transmittance» A Taylor series expansion of 

Eqv (17) gives

Tjj = (1 + iy | 01 2 + , . .) (1 + iyOR* + . . .) (18)
• (1 + iyRO* + . . .)(! + iy|R|2 + . . .)

Multiplying Eq. (18) out shows the phase hologram transmittance to be

Th = 1 + iy(jo|2 + |r|2) (19)

- 1/2 y21(j 012 +■ |r|2)2 + 2|o|2|r|2] o order

- 1/6 y3[(|o|2 + |R j 2)3 + 6|0|4|r|2 + 6|0|2|r|4 + ...]

+■ OR*[iy — y2]012 - y2|r|2 - ̂  y3|o|2|R|2 + ...] +1 order

• + 0*R[iy - y2 | o| 2 - y2 | R | 2 - y3|o|2|R|2 + ...] -1 order

higher order terms 
The first order reconstruction

OR*[iy - y2|O]2 - y2|r|2 - | Y3|o|2|r|2 + ...] (20)

contains terms proportional to y1012 in addition to the desired linear 

term. This unwanted noise is a direct result of the intrinsic non- 

linearity of phase recording materials (Eq. (12)) in combination with 

self-interference or intermodulation of individual point sources in a 

diffuse object.

In addition, if the "linear” phase recording assumed in Eq. (13) 

does not hold, material response becomes more non-linear with a result

ing increase in noise levels.



Phase noise, sometimes called flare light, appears as a hazy 

background halo superimposed on the reconstructed image of a diffuse 

object resulting in reduced image contrast and signal-to-noise ratio.

Phase noise can be suppressed by increasing the recording beam 

ratio. This restricts hologram phase modulation to a narrower range 

such that linear recording is approximated. However, this reduction of 

phase noise is achieved at the price of reduced fringe visibility and 

resulting lower diffraction efficiency. ■

Scattering. Noise

This includes light scattered in the direction of the 4-1 order 

by both the emulsion and the glass substrate. Such scattering noise 

is a complex function of scattering center size and number as well as 

scattering angle;^ ^  it is apparently independent of beam ratio.^

One of dichromated gelatin’s most valued properties is low 

scattering noise. With proper chemical processing, phase noise can be 

assumed to be the dominant dichromated gelatin noise source.

Signal-to-Noise Models

There have been several efforts to discover the theoretical 

relationship between signal-to-noise ratio S/N and diffraction efficiency 

nB for phase recordings of diffuse objects. In each case, "linear” 

recording (A<f>aE) was assumed with negligible contributions from scatter

ing effects.
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Dammahn̂ "*" determined the relationship to be

S/N = 2/nB2 (21)

69for a diffuse object, independent of beam ratio. Lee and Greer derived

the expression

S/N = K/ng (22)

72where K is the reference to object beam irradiance ratio, while Jenney 

showed that for a three beam hologram with two object points and a 

reference beam

q /M _ 4K_______
■ 4nB + n|(l + K)z (23)

™" K ,

The- open literature, then, disagrees on the form of the theoretical 

relationship between S/N and rig for a "linear” phase recording.



EXPERIMENTAL DATA

Gratings

Experimental Procedure

A series of plane wave gratings were recorded in dichromated 

gelatin using the geometry of Figure 1„ The plates were exposed at
othe 4880A blue line of a -Spectra-Physics Model 165 argon ion laser

operating in single mode TEM^ and polarized, perpendicular to the

hologram plane of incidence. Object-to-reference interbeam angle was

30° 9 corresponding to a grating spatial frequency of

., - sin0_A - sin0n., s p a t i a l ----- S A ------ 0A , 1061 1/im (24)
frequency X'

where

0q^ = object beam angle = -15* measured in air 

0^  = reference beam angle = 15° measured in air
oX = recording wavelength = 4880A in air 3-

Plate normal bisected the object-to-reference interbeam angle, pro

ducing unslanted, fringes. This geometry was chosen in order to 

minimize processing induced fringe distortion.

Six 2 cm x 2 cm holograms were recorded per plate. Measurements 

were averaged over the entire hologram area to minimize the effects of 

surface blemishes or non-uniform exposure or processing. Data was 

taken with a GCO power meter whose linearity was checked against a set

15
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of Melles-Griot precision metallic neutral density filters. Agreement 

was within + 4 percent over a two order of magnitude range.

Exposures were made on a vibration isolated pneumatic optical 

table manufactured specifically for holographic applications by Newport 

Research Corporation,

The dichromated gelatin emulsion was derived from Kodak 649F 

Spectroscopic plates. Pre- and post-exposure processing procedures are 

given in Table 3.

Data

The diffraction efficiency of dichromated gelatin gratings was 

measured as a, function of exposure, with results graphed in Figure 2,

For the beam ratio K = 1 exposures, a peak efficiency of 71 per

cent was obtained with an exposure of 30 mj /cm2. At K - 10, 53 mj /cm2 

exposure produced a maximum diffraction efficiency of 50 percent.

At low levels of exposure, both efficiency curves approximated 

linear functions. The slope of the K = 10 curve in the low exposure 

region is about one-third that of the K = 1 exposures. This is 

expected since

^ m ;  - < 25)

and

nBa(v)2 (26)

74for a linear recording material. Substituting K = 10 into Eqs, (25) 

and (26) yields



Table 3. Dichromated Gelatin Hologram Processing Procedure
Pre-Processing

Step
1. Kodak Rapid Fixer Parts A & B 

(fixer with hardener)

2. Wash in running water.
3. a. Methanol bath

b. Fresh methanol bath
4. 5% by weight ammonium dichromate

4* 18 drops/liter 
Kodak Photo-rflo 200

5. Dry

Post-Processing Procedure
1. Expose (-30 mj/cm2) at 4880A)

2. Wash in running water (room 
temperature 25° C).

3. Isopropanol
4. Dry at <40% relative humidity. 
Optional
5. Bake at 180° F.
6. Cement cover plate over DO 

hologram.

Time (Min.) 
15

15
10
10

2 hr. 
minimum

20

5

r 2 hrs.

Comments
649F plates require total darkness. Fixer 
removes unexposed silver halides from the 
emulsion.

Removes sensitizing dyes from the gelatin.

Sensitizes gelatin

Use plates immediately after drying, or 
refrigerate to inhibit dark reaction. Wipe 
crystallization from glass side of plate.

Red safelight can be used, Exposed areas* 
darken slightly when fully exposed.
Removes excess ammonium dichromate. Gelatin 
absorbs water during extended water wash.
With agitation, Develops latent image.

Remove residual water.
Summer Lens Bond Mb2 or other clear optical 
cement. Protects processed hologram from 
high humidity effects.

Hoo



19

100

90

80

70

60

50

40

30

20

10

0 10 20 30 40 50 60 70
EXPOSURE, MJ/cm2

Figure 2. Grating Diffraction Efficiency rig vs. Exposure, 
Beam Ratio K = 1, 10.



Overall curve shape for both sets of data were in general agree

ment with coupled wave theory• A plot of Eqe (5) is shown in Figure 3 

for comparison.

While peak efficiency for both the K = 1 and K = 10 gratings was 

less than the theoretical maximum of 100 percent, efficiency was very 

high compared to the 20-30 percent obtainable with bleached silver 

halide emulsion and the 1-2 percent typical of holograms recorded in. 

unbleached high resolution film.

. Reduced fringe visibility caused by vibrations during the long 

exposure times required is probably responsible for limiting obtainable 

diffraction efficiency. Vibrations are also the likely cause of the 

"bad" data points in the high exposure range of Figure 2. This is a 

fundamental problem of dichromated gelatin since it is three to four 

orders of magnitude less sensitive than conventional silver halide 

emulsions, requiring a corresponding increase in recording times.

Angular Bandwidth/Effective Thickness 

Experimental Procedure

The angular response of a dichromated gelatin grating 

(rig = 71%, K = 1) was measured, with angular bandwidth used to calculate 

hologram effective thickness. This grating was coaxially mounted on a 

Gaertner Model L360NS precision rotary stage and diffraction efficiency 

as a function of. reconstruction angle 9 ^  measured in air.
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Test grating holograms were recorded with the geometry of 

Figure 2, An NRG EM-1■calibrated, exposure, mask was used to simul- , 

taneously record six holograms with varying exposures oh the same 

plate. This was done in order to minimize experimental error due to 

variations in exposure or processing. Angular bandwidth measurements 

were then made to determine the relationship between exposure and 

hologram effective thickness.

Data

In order to compare the measured results with coupled wave 

theory, the theoretical angular response of the dichromated gelatin 

grating was determined.

At the Bragg angle 

v = arcsin \ / = a constant

From Eq. (3)

5 = y1- SnTsinS^ 
a

(7)

(3)

so by combining Eqs. (7), (3) and (2) the theoretical hologram angular 

response may be expressed as

sin2 Y^SnTsinQg) 2 + (arcsin \Zn”) 2 
, a

1/2

1 + (j^SnTsinSg)2 / (arcsin V"^) 2
a

(29)

If the Bragg angle in air is 8^, from Snell’s Law

sin6
arcsin BA

n (30)
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in the, material. By substituting Eqs, (30) and (32) and n = 71%,

- 15°, A = 4880A, n = 1.54 and T = 15 ym for Kodak 649F plates, the 

theoretical response of the dichromated gelatin hologram was plotted in 

Figure 4 as the solid line curve. Experimental hologram angular 

response data points are superimposed on this plot.

Comparison shows the experimental data to be in close agreement 

with coupled wave.theory. The major difference is'that the measured . 

angular bandwidth <5̂ is slightly wider than predicted, indicating 

somewhat reduced hologram effective thickness.

Hologram effective thickness can be calculated from Eq. (10)

A [tt2 - arcsin\AC) 2 ] V2
T =................-— —  (33)2r n 6*sin 8̂  ^  ^B B

Diffraction efficiency minima were measured at 0 = 8.5° and

21.6°, so by substitution into Eq. (32)

hologram / R Sc
6 .= angular = 0 - arcsin I■■ ■■■ ■—  ■ ] (34)
1 bandwidth  ̂ . \

and

6B2 = arcsin j - eB (35)

The Bragg angle in the emulsion 0̂  is calculated from Eq. (30)

0g = arcsin ^ = 9.68° = .169 rad (36)

so solving for 5^ yields

6n = 4.17° = 7.28 x 10-2 rad (37)
1
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Figure 4. Theoretical, Experimental Diffraction Efficiency n 
vs. Reconstruction Angle 0 ^  (measured in air).
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and

6 = 4.15° =7.24 x 10-2 rad (38)
2

The average experimental angular, bandwidth is5 then,

6B = 5B1 + 5B2 = 4.16° = 7.26 x ICr2 rad (39)
2 .

Substitution of Eq. (39) into Eq. (33) yields

T - .W -8°l>i-1T2 -(arcslnyOI)2!̂ ,   „ 12 3 m  (40)
27t(1054) (7.26 x 10 2rad) (sin . 169 rad) 

as the hologram effective thickness. Hologram formation, then, occurs 

through most of the gelatin layer thickness, which is specified at 15
5 5

to 17 ym. This emulsion thickness can, however, vary with processing. 

Peak index modulation can be calculated from Eq. (5)

"b - sl"2< r S s r >  (5)a B

or rearranging

A^cosQg
An = index modulation =  --- arcsin\/n^* (41)

Substituting = 4880A, T = 12.3 urn, 0̂  = 7.26.x 10~2 rad and = 71% 

yields

An = 1,26 x 10“2 (42)

as the peak index modulation. This value is approximately five times
2the index modulation due to chromium crosslinking alone, indicating 

some alternate hologram formation mechanism.
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To determine if effective thickness is exposure dependent,

simultaneous exposures were made on a single plate as outlined in

Experimental Procedure, The results are shown in Table 4,

Table 4, Dichromated Gelatin Hologram Effective 
Thickness vs. Exposure

Hologram Exposure (mj/cm2) nB (%) T (ym)

1 4.0 10.0 16.5

2 6.0 13.1 16.6

3 11.2 22.9 . 16.1

• 4 17.2 34.3 17.1

, 5 24.8 48.6 17.6

6 34.8 57.1 16.9

The data indicate that, hologram effective thickness in dichromated

gelatin is independent of exposure and diffraction efficiency and

extends through virtually the entire emulsion layer. This contradicts

Shankoff? s^ original model which stated that gelatin crack depth and

width are exposure dependent, but is consistent' with Meyerhofer?s^

hyperfine void model where increased modulation is obtained by an

increase in the number of fine cracks rather than their size.

Effective thickness for these measurements varied from 16.1 to

17.6 ym compared to 12.3 ym from the previous measurement. Processing

for the simultaneous exposures did not include a post bake. The ob-
5 5served difference is consistent with Meyerhofer’s finding that post 

baking can result in up to a 30 percent decrease' in gelatin layer 

thickness.
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Q-Factor

Calculations based on Kogelnik’s coupled wave theory give 

accurate results when Q > 10. Substituting n = 1.54, T = 12.3 ym,
O= 4880A and d = 0.94 ym into Eq. (11) yields

Q = 28 (43)
Coupled wave theory can, therefore, be applied to analyze the performance 

of dichromated gelatin holograms produced with the recording geometry 

of Figure 1.

Signal-to-Noise Ratio

Experimental Procedure

In order to measure S/N ratio, diffuse object holograms were 

recorded using the geometry of Figure 1. The diffuse test target 

consisted of a 2 cm x 2 cm Kodak ground glass diffuser with a 1 cm x 1 cm 

opaque center as shown in Figure 5. Target distance was 14 cm from the 

hologram recording plane.

2 cm

1 cm 2 cm
Figure 5. Diffuse Test Target.
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S/N was taken as the ratio of light power in the diffuse region 

divided by that of the opaque center

S/N = total; image power - opaque center power Ci^A')
opaque center power

Hologram diffraction efficiency was also measured. Both sets of data

were taken with a 2 cm x 2 cm silicon photodetector and a GCO light

power meter.

Other recording parameters were the "same as those for the 

grating exposures: . beam ratio K = 1  and K  ̂10, six .2 cm x 2 cm 

holograms per plate, = 4880A and plate normal bisecting the 30° 

ob.ject-to-ref erence inter beam angle. Dichromated gelatin processing 

procedures were the same as the grating exposures (Table 3). The 

entire 4 cm2, hologram area was reconstructed to give averaged measure

ments.

Data

Figures 6 and 7 show plots of diffraction efficiency and S/N

vs. exposure for beam ratios K = 1 and 10, respectively.

For the K - 1 exposures, a maximum signal-to^noise ratio of 90.7

was achieved at the minimum diffraction efficiency of 1.1 percent, S/N

then decreased sharply with increasing efficiency, falling to a value 

of 19 at v\ = 24%, then leveling off to a more or less constant value.

At the peak diffraction efficiency of 56 percent, the signal—to-noise 

was 16.5. The curves of Figure 6 suggest an inverse relationship 

between S/N and
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In the K = 10 exposures of Figure 79 S/N was found to first * 

increase to a value of 172 at = 13% then decrease with increasing 

diffraction efficiency, A S/N value of 25.1 was measured at = 31%.

S/N varied from 20 to 12 over the diffraction efficiency range 

of 40 to 56 percent, respectively in Figure 6, while the K = 10 exposures 

of Figure 7 have S/N ratios of 50 to 25 between 20 and 31 percent 

efficiency. This comparison indicates that in the region around the 

diffraction efficiency maximum9 S/N is approximately inversely propor

tional to n-n or B

S/N = C/p_, C = a constant == 8 (45)jj

independent of beam ratio. Eq. (45) does not accurately describe S/N 

behavior in the low exposure region9 particularly the S/N peak observed 

in the K = 10 exposures.

In the regions of prime interest (maximized efficiency), the 

data are closest in agreement with the theory proposed by Dammann 

(;Eq, (21)) which predicts an inverse relationship between S/N and the 

square of the diffraction efficiency independent of beam ratio. The 

fact that this theoretical model does not fit the experimental data 

more closely is not totally unexpected, since the value of S/N will 

vary with recording geometry, object characteristics and measurement 

technique.

Diffraction efficiency measurements for the diffuse object 

holograms were consistent with the grating exposures of Figure 2 in 

terms of relative efficiency and required exposure.
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Equivalent Modulation Transfer Function (MTP)

Experimental Procedure

Volume phase holographic media suchas dichromated gelatin 

record sub-micron interference patterns by means of index modulation 

through a thick emulsion layer * Phase recording of high spatial fre

quencies precludes the use of such conventional MTF measuring devices 

as the microdensitometer.

In order to determine the spatial frequency response of 

dichromated gelatin, a diffractive equivalent, MTF measurement, technique 

was employed. It involved the recording of a holographic lens using 

the geometry of Figure 8, The object-to-reference interbeam angle

varied between 9 . = 4.6° at the top of the plate to 0 = 83,4° atmzn max
the bottom. At the recording wavelength of 4880A, this corresponds to 

a continuously varying spatial frequency range of 123 to 2724 1/mm 

across the hologram.

The test hologram was recorded with beam ratio K = 10 and 

deliberately underexposed such that the maximum diffraction efficiency 

over any area was less than 24 percent. This was done to insure approxi

mate linear phase recording such that

^  <An> <26>a B

or rearranging

An. = equivalent MTF « v/rvT (46)B
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*min = 4.6'
8 = 83.4*max

Figure 8. Equivalent MTF Recording Geometry.
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By measuring Bragg angle diffraction efficiency as a function of spatial 

frequency across the hologram, dichromated gelatin equivalent MTF can be 

calculated,

A 5,0 mW Spectra-Physics Model 120 helium neon laser was used as 

the reconstruction source in these measurements.

Data

As the first step in determining hologram MTF, the variation of 

spatial frequency across the hologram was calculated. The distance from 

the microscope objective focal plane to the hologram was x = 42 mm, 

the hologram’s diameter 4 • was 69 mm. The reference beam angle 9 ^  was 

44° measured from the plate normal. From Eq, (24), hologram spatial 

frequency is given by

v = Sln6RA - S±n60A
a

(47)

From Figure 8, the object beam angle 8^  can be expressed as

d

0A = arctan
x

(48)

where d^ = distance measured from the hologram low. frequency edge. Sub

stituting Eq, (48) into Eq. (47) yields

xv = sinQ^ - sin |arctan
d d o - e
2

x
(49)

a

for the hologram spatial.frequency as a function of position.
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Next9 the effects of object beam non-uniformities were deter

mined, For a linear phase recording material

An * v i S i u t y v ‘ r r r  <50>

Due to the divergence of the object beam9 however5 

object
1 , . = beam, « cos8 (51)

irradiance 0A
at the hologram recording plane. The beam ratio at the hologram center

was K = 10, From Eqs. (51) and (52)> at other points on the hologram

2 VK/cos8n. 2 V 10/cos6ntt __ UA. UA / c n \
K/cos60a + 1 "" 10/cose0A + 1  ̂ }

To correct for variations in object beam irradiance, then,
TT

Equivalent MTF « (~— ) \Zn- (53)
6

Diffraction efficiency measurements and calculations based on 

Eq. (53) are graphed in Figure 9, The resulting modulation transfer 

function values were normalized, with the first measurement satisfying 

the coupled wave theory condition Q > 10 defined as equivalent MTF = 1.0.

From Figure 9, dichromated gelatin response is seen to be vir

tually flat from 755 to 2628 1/mm, the highest spatial frequency 

measured^ This is consistent with the high quality of reflection mode 

holograms recorded in dichromated gelatin, indicating material spatial 

frequency bandwidth extends to better than 4000 1/mm.^ 1 By comparison,

the response of Agfa 10E56 plates is approximately half initial modula-
75tion at 2800 1/mm.
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Figure 9. Equivalent MTF (V"^P vs. Spatial Frequency v.



MTF fall-off at the low frequency portion of the curve coincides 

with violation of the coupled wave theory requirement that Q >_ 10* 

Physically9 it corresponds to reconstruction light interacting with fewer 

than two recorded fringe planes while inside the material volume, 

resulting in a decrease in observed hologram diffraction efficiency„

Environmental Stability t Humidity Effects 

Experimental Procedure

The effects of high humidity on unsealed dichromat;ed gelatin 

649F plates were measured by means the arrangement shown in Figure 

10.
A dichromated gelatin plane wave grating (n̂  = 63%, K .= 1) 

recorded with the geometry of Figure 1 was mounted on a rotatable 

plate holder and positioned in an air-tight metal enclosure. This 

grating was illuminated at the Bragg angle by a 5.0 mW Spectra Physics 

Model 120 HeNe laser incident through a sealed glass window at one end 

of the enclosure. The window’s inner surface was coated with an anti- 

fogging agent to minimize reconstruction light scattering from condensa

tion.

Diffracted light power was measured as a function of relative 

humidity inside the chamber. The test hologram was rotated to give 

peak diffraction efficiency, monitored by a UDT PIN-10 silicon 

photodiode/detector electronics combination. Outside the box, incident 

HeNe light power was sampled with an identical detector/amplifier combi

nation by means of a beam splitter. Efficiency was taken as the ratio
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Figure 10. Humidity Test Apparatus.
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of diffracted light power to incident light power. To further minimize 

the effects of laser power fluctuations, the helium neon laser was 

allowed a 15 minute warm-up, measured: output power fluctuations were 

within +2,7 percent., The detector electronics used Analog Devices 

AD 506LH ultra low drift operational amplifiers for increased stability.

Relative humidity within the test chamber was controlled by an 

internally mounted variable speed fan which recirculated the air through 

a water-soaked cloth cover. " The humidity inside the box was slowly 

increased at the rate of approximately 1 percent relative humidity per 

minute from room conditions (=30 percent RH) to 90 percent RH. At 

humidities over 90 percent, window fogging was observed so all measure

ments were taken at or below this level. After reaching maximum relative 

humidity, the atmosphere was slowly purged with dry nitrogen such that 

the humidity was decreased back to room conditions at the rate of 1 per- ' 

cent per minute. Relative humidity was measured with a recently cali

brated Model AB167 Abbeon Certified Hygrometer placed inside, the chamber 

next to the test hologram.

Data ,

Results of the humidity test measurements are shown in Figure 11, 

The graph plots normalized hologram diffraction efficiency as a function 

of relative humidity inside the test chamber.

The curve shows the interesting result that diffraction • 

efficiency actually increased over 25 percent as the relative humidity 

was raised from 30 percent to 70 percent. Apparently this is due to
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Figure 11. Normalized Diffraction Efficiency vs. Relative Humidity.
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preferential water absorption by the gelatin which increases the index 

modulation between, exposed and unexposed areas of the hologram.

When the relative, humidity was increased to oyer 70 percent, 

however, the dichromated gelatin grating experienced an almost complete 

efficiency loss. Grating diffraction efficiency decreased to .06 per

cent of its initial value. Hologram.degradation was not reversible. 

Diffraction efficiency did not return when the relative humidity was 

decreased to initial conditions.

This extreme sensitivity to high humidity is consistent with 

the Shankoff and Meyerhofer models of dichromated gelatin hologram 

formation, Under elevated relative humidity conditions, water absorption 

by the gelatin layer would result in "healing" of the cracks or voids 

produced by isopropanol dehydration, effectively neutralizing the 

hologram. The fact that reprocessing can restore the original diffrac

tion efficiency demonstrates that the chromium crosslink "latent image” 

is unaffected.

Within the range of relative humidities encountered under normal 

room conditions, measurements showed the dichromated gelatin test holo

gram to be quite stable. At elevated humidities over 70 percent, how

ever, Figure 11 clearly shows the need for some type of air-tight seal 

(i.e., a cemented cover plate) to preserve the characteristic high 

diffraction efficiency of dichromated gelatin holograms.



CONCLUSIONS

High quality volume phase transmission holograms were success

fully recorded in dichromated gelatin. Plane wave gratings with over 

70 percent diffraction efficiency were produced. Comparable efficiencies 

were obtained with diffuse object recordings, where S/N was found to 

vary inversely with diffraction efficiency independent of beam ratio 

over the material’s useful exposure range.

Calculations of effective thickness based on angular bandwidth 

measurements indicate hologram formation extends through virtually the 

entire emulsion thickness independent of exposure level or diffraction 

efficiency.

Determination of material equivalent modulation transfer func- . 

tion (MTF) showed dichromated gelatin response to be approximately 

constant over the range of 755 to 2628 1/mm.

Dichromated gelatin holograms were found to be environmentally 

stable under normal room conditions. At relative humidities over 70 

percent,. however, hologram degradation was observed resulting in almost 

total loss of hologram diffraction efficiency.
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GLOSSARY

d fringe spacing

d distance from hologram edge
e . ■- ■■■ d hologram diametero
E hologram exposure = It

X] diffraction efficiency = diffracted power/incident power

n Bragg angle diffraction efficiency

I irradiance

K beam ratio = reference beam power/ohj ect beam power

X wavelength (in air)

MTF modulation transfer function

n material index of refraction

An index modulation

v spatial frequency =  1/d

[o| object beam amplitude

A<j> phase shift

Q Q factor = 2ttX T/nd
' ' ' ' /  ^

|R| reference beam amplitude

RH relative humidity

S/N . signal-to-noise 

t exposure time

T hologram effective thickness

1 .̂ amplitude transmittance

/ 4& . . ..



Bragg angle 

Bragg angle (in air) 

reconstruction angle 

reconstruction angle (in air) 

object beam angle 
object beam angle (in air) 

reference beam angle 

reference beam angle (in air) 

fringe visibility

hologram to microscope objactive focal plane distance
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