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ABSTRACT

Confocal microscopy rejects out of focus light from the object by scanning a pinhole 

through  the  object  and  constructing  the  image  point  by  point.  Volume  holographic 

imaging  (VHI)  systems  with  bright-field  illumination  have  been  proposed  as  an 

alternative  to  conventional  confocal  type  microscopes.  VHI  systems  are  an  imaging 

modality that does not require scanning of a pinhole or a slit and thus provides video rate 

imaging of 3-dimensional objects. However, due to the wavelength-position degeneracy 

of the hologram, these systems produce less than optimal optical sectioning because the 

high selectivity of the volume hologram is not utilized. In this dissertation a generalized 

method for the design of VHI systems applied to microscopy is developed. Discussion 

includes the inter-relationships between the dispersive, degenerate, and depth axes of the 

system.  Novel  designs  to  remove  the  wavelength-position  degeneracy  and  improve 

optical sectioning in these systems are also considered. Optimization of a fluorescence 

imaging system and of dual-grating confocal-rainbow designs are investigated.  A ray-

trace simulation that integrates the hologram diffraction efficiency and imaging results is 

constructed  and  an  experimental  system  evaluated  to  demonstrate  the  optimization 

method.  This  results  in  an  empirical  relation  between  depth  resolution  and  design 

tolerances.  The  dispersion  and construction  tolerances  of  a  confocal-rainbow volume 

holographic imaging system are defined by the Bragg selectivity of the holograms. It is 

found that  a  broad diffraction  efficiency profile  of  the  illumination  hologram with  a 

narrow  imaging  hologram  profile  is  an  optimal  balance  between  field  of  view, 
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construction alignment, and depth resolution. The approach in this research is directly 

applicable towards imaging ovarian cells for the detection of cancer. Modeling methods, 

illumination  design,  eliminating  the  wavelength  degeneracy  of  the  hologram,  and 

incorporating florescence imaging capability are emphasized in this dissertation. Results 

from this research may be used not only for biomedical imaging, but also for the design 

of volume holographic systems for both imaging and sensor applications in other fields 

including manufacturing (e.g. pharmaceutical), aerospace (e.g. LIDAR), and the physical 

sciences (e.g. climate change).
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CHAPTER 1 

INTRODUCTION

1.1 Purpose of dissertation

The  purpose  of  this  dissertation  is  to  develop  a  generalized  method  for  design  and 

optimization of Volume Holographic Imaging (VHI) systems applied to microscopy.

1.2 Background and Significance

1.2.1 Motivation 

The  research  presented  in  this  dissertation  is  part  of  a  much  larger  inter-

disciplinary effort motivated by the promise of saving lives by early detection of ovarian 

cancer. It has been shown that the five year survival rate is improved to 93% if the cancer 

is discovered at the early, localized stage and survival drops to very low percentages with 

late  detection  [1].  New technology  capable  of  reliably  diagnosing  ovarian  cancer  in 

earlier  stages could help reduce the high mortality rate.  The desired imaging systems 

would  be  non-  or  minimally-invasive,  low cost,  have  high-resolution,  able  to  detect 

structure and biochemistry, and be a robust yet simple system. Optical systems are ideally 

suited to these desired characteristics. The ideal imaging system combines backscattered 

and fluorescence light detection and provides three-dimensional images to characterize a 

volume of tissue.  Due to the large potential impact of early detection and the adaptability 

of  VHI  systems  for  endoscopic  packaging, the  design  goal  of  this  dissertation  is  to 
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develop a system that combines structural and fluorescence imaging which can then be 

applied to the detection of ex vivo and in vivo ovarian cancer.

1.2.2 Image Modality Comparison 

There  are  several imaging  modalities  that  are  currently  used  clinically  and 

experimentally for imaging of the ovary.  These include: Magnetic Resonance Imaging 

(MRI),  Ultrasound,  Confocal  microscopy  (CM),  and  Optical  Coherence  Tomography 

(OCT).  Figure 1.1 shows a comparison of the performance and scanning mechanisms for 

the  modalities  comparable  to  the  Volume Holographic  Imaging  System (VHIS).  The 

available modalities offer a wide range depth penetration and resolution capabilities. Not 

shown in the figure are ultrasound and MRI which have insufficient resolution (~1mm) to 

detect early cancers. OCT lacks the ability to sense fluorescence, which complicates use 

of contrast  agents.  Confocal microscopy is the most similar to the VHI system. Each 

modality allows both reflectance and fluorescence images, however, VHI system allows 

multiple depth images to be displayed simultaneously. The probe for the VHI system is 

considerably simpler. It has no moving parts, making it amenable to endoscopic versions 

for  in vivo imaging. Finally,  the simultaneous or “snap-shot” image acquisition means 

that the VHI system is insensitive to vibration. 

1.2.3 History of VHIS 

Holography dates back to 1948 when Dennis Gabor proposed a lensless imaging 

process now called holography [2]. During the late 1960's and throughout the 1970's and 

1980's researchers developed theories for using holograms as imaging devices [3 - 8]. In 

1999, Barbastathis and Brady proposed using the VHI concept as a confocal 
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Figure 1.1: Comparison of imaging medical imaging modalities
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microscope [9].  Table 1.1 shows some of the publications  related to the current  VHI 

research and provides a chronology of the research to date. Much of the previous VHIS 

research has been at the component level, with little research done at the systems level. In 

order to move this technology towards a viable clinical instrument, there is a need for a 

systems level understanding of this technology which this dissertation will address. This 

research builds on and expands the previously developed principles by addressing the 

complete  system  including  the  significance  of  the  recording  system,  the  hologram 

material, as well as accounting for the optical and illumination considerations pertaining 

to microscopy. 

The operation of a VHIS is similar to a confocal microscope system. However, 

there is  a difference between these modalities in that  the confocal microscope uses a 

pinhole (or a slit) and the VHIS uses a diffraction element to effectively create a slit-less 

aperture.  When used with  confocal-rainbow illumination  both the degenerate  and the 

dispersive  axis  are  equivalent  to  a  confocal  microscope.  However  with  conventional 

illumination, along the degenerate axis the VHIS behaves as a conventional microscope 

system. For this reason, chromatically structured illumination is an attractive solution for 

highlighting features and for breaking the wavelength-angle degeneracy. 

Florescence  microscopy  is  used  for  organic  and  inorganic  substances. 

Fluorescence  imaging  is  a  technique  offering  higher  sensitivity  to  detecting  tissue 

changes. The specific wavelength profiles of fluorescence signals as well as selectivity 

offered  by  antibody  labeling  make  fluorescence  imaging  one  of  the  most  powerful 

techniques in biomedical research [12]. While it is most commonly used for 
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Table 1.1: Chronology of selected publications related to VHIS development.

Year Authors Title

1967 E. B. Champagne  "A Qualitative and Quantitative Study of Holographic 
Imaging," Ph. D. Dissertation, The Ohio State University.

1969 H. Kogelnik “Coupled wave theory for thick hologram gratings”

1971 J. N. Latta "Computer-Based Analysis of Hologram Imagery and 
Aberrations II: Aberrations Induced by a Wavelength Shift"

1979 M.R. Latta & R.V. Pole "Design techniques forming 488-nm holographic lenses with 
reconstruction at 633 nm"

1982 K. Winick "Designing efficient aberration-free holographic lenses in the 
presence of a construction-reconstruction wavelength shift"

1989 Y. Amitai "Designing holographic lenses with different recording and 
readout wavelengths"

1999 Barbastathis & Brady "Confocal microscopy with a volume holographic filter"

2002 W. Liu & Barbastathis "Real-time spectral imaging in three spatial dimensions"

2005 W. Sun & Barbastathis "Rainbow volume holographic imaging"

2008 Luo, Gelsinger, Barton, 
Kostuk

"Optimization of multiplexed holographic gratings in PQ-
PMMA for spectral–spatial imaging filters"

2008 Luo, Gelsinger Barton, 
Kostuk

"Laser-induced fluorescence imaging of subsurface tissue 
structures with a volume holographic spatial–spectral imaging 
system"

2008 Wiessmann & 
Barbastathis 

"Simulation and optimization of volume holographic imaging 
systems in Zemax"

2010 Luo, Barbastathis "Wavelength-coded multifocal microscopy"

2010 Gelsinger, Castro, 
Barton, Kostuk

"Optical design for a spatial-spectral volume holographic 
imaging system"

2011 de Leon, Brownlee, 
Castro, Kostuk

“Spectral characterization of a volume holographic imaging 
system”

2011 Castro, Geslinger, 
Barton, Kostuk

"Confocal-rainbow volume holographic imaging system"

2011 Castro, de Leon, Barton, 
Kostuk

"Analysis of diffracted image patterns from volume 
holographic imaging systems and applications to image 
processing"

2011 Luo, de Leon, Barton, 
Kostuk

"Phase-contrast volume holographic imaging system"

2011 Castro, Brownlee, Luo, 
de Leon, Barton, Kostuk

"Spatial–spectral volume holographic systems: resolution 
dependence on effective thickness"
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 biological imaging, fluorescence signals can also be used to examine substances such as 

drugs and vitamins. For this research, the goal is to image stained nuclei to detect areas of 

diseased cells labeled with a targeted fluorescent marker. The ability to perform this in 

three  dimensions  and in  real-time  will  have  significant  implications  and enable  new 

possibilities in biomedical research. 

1.3 Principles of operation

1.3.1 Volume Holographic (Bragg) Filter 

Holograms are created by superimposing a reference and signal beam, exposing a 

photosensitive  recording  material  to  the  resultant  interference  pattern,  and  then 

processing  the  recording  material.  When  the  material  thickness  is  greater  than  the 

wavelength  and grating  period  it  is  considered  a  volume  (Bragg)  hologram.  A chief 

characteristic of  volume holograms is that light diffracts into only one diffraction order. 

Since volume holograms are optically  fabricated,  they can be used as high-resolution 

optical filters capable of selecting very narrow angle and wavelength information from a 

scene. This high selectivity is the principle upon which the VHI system is based. The 

VHI system uses the narrow wavelength and angular  filtering properties to select the 

wavefront returning from a particular depth within a tissue sample. 

Another  characteristic  of volume holograms is  that many separate  holographic 

gratings  can  be  superimposed  (multiplexed)  in  the  same  holographic  material.  The 

multiplexing  feature  is  used  in  the  VHI  system  to  select  specific  wavefronts  from 

multiple  depths  within  the  tissue  sample  and  simultaneously  project  them on  to  the 

detector plane. 
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1.3.2 Wavefront Selectively 

The  high  angular  selectivity  of  the  volume  hologram  means  that  a  specific 

wavefront  can  be  diffracted.  An object  beam will  have  a  curved  wavefront  when it 

originates from a point source shifted from the focal point of a lens. If the hologram is 

formed by exposure with the curved construction wavefront and a planar reference beam, 

the orientation of the grating planes varies across the aperture of the hologram as shown 

in Figure 1.2. If a different shaped wavefront (i.e. planar) illuminates the hologram, the 

selectivity is only matched over a small region near the center of the hologram aperture 

and the diffraction efficiency is negligible. However, if the original curved wavefront is 

used  to  reconstruct  the  hologram,  the  signal  beam will  diffract  with  high  diffraction 

efficiency across the aperture because it is within the selectivity range of the hologram at 

all locations across the aperture. 

1.3.3 Hologram Bragg Selectivity 

The thickness and index modulation of a volume holographic grating are used to 

control the diffraction efficiency as well as the angular and spectral bandwidth of the 

diffracted  beam.  Diffraction  efficiency is  the  diffracted  optical  power divided by the 

incident  power.  The  width  of  the  diffraction  efficiency  curve  is  called  the  “Bragg 

selectivity”  of the grating and is  a  very important  parameter  used to characterize  the 

hologram performance and to design the VHI system. Figure 1.3 shows a plot of a typical 

diffraction efficiency curve for two holograms constructed with the same material but of 
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Figure 1.2: Hologram wavefront selection
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different thickness. The broader curve corresponds to the thinner material and has less 

selectivity. As the material thickness increases, the selectivity increases.   A similar plot 

can also be made of the efficiency as a function of the wavelength. The peak efficiency, 

angular  selectivity,  and  shape  of  the  curve  are  the  central  themes  throughout  this 

dissertation.

1.3.4 Angle-Wavelength Correspondence 

The angle-wavelength correspondence of the volume hologram is reason for the 

spectral-spatial nature of the VHI system. This means that each field point in the scene 

has a corresponding wavelength associated with it. This is shown in Figure 1.4 where a 

hologram with a grating period Λ, is illuminated with a source with wavelength λ1 at an 

incident beam an angle θ1. This angle-wavelength θ1(λ1) is diffracted to an angle θ'1(λ1). If 

the hologram is thick (d), the diffraction efficiency will resemble those shown in Figure

1.3. Only light from a very small  angular range about point x1 in the object plane is 

diffracted. If another source with wavelength λ2 is located at position x1 it will not match 

the correct diffraction angle for the hologram. The λ2 source must be moved to position x2 

(determined  by the  Bragg condition)  where  it  will  match  an  incident  angle  (θ2)  that 

diffracts at a high diffraction efficiency with a diffraction angle θ'2(λ2). Holograms which 

are formed at one wavelength can be Bragg matched at another wavelength by changing 

the reconstruction angle.

1.3.5 Multiplexing methods 

As already mentioned, separate holographic gratings may be superimposed in the 

same holographic material. The multiplexing feature allows for multiple depths to be  
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Figure 1.3: Bragg selectivity of two holograms with different Bragg 
selectivity made of the same material. The broad curve hologram material  
is 0.5mm thick and the other is 1.8mm thick.

Figure 1.4: Volume (Bragg) hologram angle-wavelength correspondence
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imaged  simultaneously  by  the  VHI  system.  In  general,  the  photosensitive  reactant 

properties in the material determines how may holograms may be recorded in a substrate. 

The parameter which determines how many holograms can be recorded with a specific 

diffraction efficiency in a material is the so called M# (pronounced m-number)[25]. The 

maximum diffraction efficiency of individual holograms  multiplexed within a recording 

material with M holograms is related by,

η(M )=
(M # )

2

M 2 .  (1.1)

Determining the M# quantity is beyond the scope of this dissertation however, it  is a 

useful quantity to know for designing VHI systems since it determines the number of 

holograms and with a specific diffraction efficiency.  

A variety of multiplexing methods available. The multiplex geometry depends on 

the application and the material's ability to support multiple gratings. The following list 

from [11] is a  summary of the multiplex methods available:

(a) Angle multiplexing – a tilt carrier is added to the reference beam by changing the 

angle of incidence in the same plane as the optical axis of the signal beam.

(b) Peristrophic multiplexing – the reference beam is rotated relative an arbitrary 

axis, usually the surface normal of the holographic substrate.

(c) Wavelength multiplexing – the wavelength of the reference beam is changed 

between recordings.

(d) Phase-coded multiplexing – the reference beam is modulated in one dimension 

by a phase modulator. 
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(e) Shift multiplexing – the location of the holograph medium is shifted relative to 

the reference beam.

(f) Spatial  multiplexing –  stacks  of  holograms  multiplexed  using  one  of  the 

previous methods. 

(g) Combination of the above methods – pairs of the above methods.

Angle  multiplexing  is  the  method  used  in  this  dissertation.  However,  wavelength 

multiplexing and phase-coded multiplexing have been used in the course of this research 

[44,45].

1.4 VHI Construction and Playback systems

1.4.1 Construction system 

The hologram recording geometry is shown in Figure 1.5.  Light from an argon 

ion laser (not shown) operating at 514.5nm is split into the reference and signal paths by 

a beam splitter. The inter-beam angle (2α) is established by rotating a plane mirror at the 

hologram plane to the desired half-angle. From the law of reflection, the inter-beam angle 

is twice the angle of the hologram plane with respect to the signal beam. The optics of the 

reference arm are then aligned to the reflected beam.  Light on the signal path is focused 

to a point by a microscope objective that is mounted to an axial translation stage. To set 

the imaging depth of the hologram, the point source is translated with respect to a fixed 

objective (Δz) and relayed to the hologram plane. Along the reference path, the light is 

folded towards the hologram plane by a plane mirror mounted on a rotation stage. The 

mirror is located at the entrance pupil plane of a relay lens which relays the pupil to the 
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hologram  located  at  the  exit  pupil  plane.  The  rotating  mirror  is  used  to  adjust  the 

multiplex angle (θm) during the recording process. 

The holograms are fabricated by superimposing a reference and signal beam to 

produce  an  interference  pattern  which  is  projected  into  a  photosensitive  recording 

material. The wavefront of the signal beam may be planar or curved depending on the 

position of a point source relative to the focus of the fixed objective. The wave front of 

the reference beam in this system is always planar and the angle of the reference beam 

may  be  adjusted  with  respect  to  the  surface  normal  of  the  recording  material.  The 

recording material  is  then processed to make the hologram permanent.  The recording 

material used in this system is phenanthrenquinone-doped poly(methyl methacrylate) or 

PQ-PMMA.  The  material  is  thick  relative  to  the  wavelength  and  grating  period  and 

therefore  considered  a  volume  or  Bragg  hologram.  The  experiment  in  Appendix  A 

measured the current alignment process for establishing the front focal point reference. 

The wavefront encoding process of the construction system is found to be accurate to 

±1.5 waves or ±4.6μm in object space.

1.4.2 Playback system 

A diagram of the playback configuration of the VHI system is illustrated in Figure

1.6. Light from planes (1 and 2) in the volume object are collected by an objective lens 

and relayed to the multiplexed holographic element. The multiplexed hologram is formed 

with object points originating from different locations along the optical axis (separated by 

Δz) and reference beams at different angles to the optical axis (θm). Light returning from 

the object that matches the object points recorded in the hologram are Bragg matched and 
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Figure 1.5: Volume holographic construction system
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diffracted at different angles, with respect to the optical axis, and imaged onto a camera 

through a lens. To increase the lateral field of view (FOV), polychromatic illumination is 

required.  This  can  be  accomplished  by  using  a  light  emitting  diode  (LED)  with  an 

appreciable bandwidth (~20nm). Along the x-axis of the object, light from a broadband 

source is dispersed and the FOV of the object can be extended. For this reason, the x-axis 

is called the “dispersive axis”. The FOV in the vertical direction is determined by the 

acceptance angle of the objective and is independent or “degenerate” of the selectivity of 

the volume hologram. 

The goal of the VHI system is to optically section volume tissue. Shown in Figure

1.7 is an illustration of a typical volume tissue object (human skin). Superimposed on this 

are the VHI system's visual axises as previously described.  The volume tissue object has 

several  light  interaction  properties  which  affect  the  imaging  performance.  These 

interactions are classified as scattering, absorption, and reflection. The optical properties 

of  the  tissue  are  index of  refraction,  scatter  coefficients,  and  absorption  coefficients. 

Figure 1.8 shows the tissue and light interaction processes. A large percentage of the light 

incident  on the volume tissue is  reflected or scattered  off the tissue surface.  Due to 

Fresnel  reflection,  at  normal  incidence,  roughly  4-7% of  the  light  is  reflected  at  the 

refractive index boundary between air and tissue. This is a specular reflection and does 

not change the polarization state or wavelength of the incident light. Most of the light that 

has  one  or  two  scattering  events  near  the  surface  also  preserves  wavelength  and 

polarization  [12].  The  remainder  of  the  light  penetrates  the  tissue  and  experiences 

multiple scattering events. After many scattering events, the light losses its polarization 
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Figure 1.7: Volume tissue with VHIS visual axises. 

Human tissue image reprinted by permission from Macmillan Publishers Ltd: Nature 
(445), copyright (2007)
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state and thus backscattered light observed by the VHI system is generally unpolarized. 

The scattering changes the direction of the light propagation and is the physical process 

by which observation through the tissue is made.  It is also the process by which the 

wavelength-angle correspondence of the VHI system is affected and it is this process that 

is the primary source of the background light that reduces contrast of the scene. 

The  angular  and wavelength  selectivity  of  the  hologram allows  a  wave  front 

returning from an object point that matches a point source recorded in the hologram to be 

diffracted and imaged. However, as will be discussed in Chapter 3, if light with a specific 

wavelength is not spatially separated along the dispersive axis in object space, the optical 

sectioning performance of the VHI system degrades  due to multiple  combinations  of 

wavelength  and  angle  that  are  Bragg-matched  within  the  volume  object.  It  has  been 

shown that for broadband illumination of an object, the out of focus object points are not 

completely rejected by the volume hologram [13-18]. There are many combinations of 

wavelengths and angles within the spectral  bandwidth of the source and the FOV of the 

objective which match the Bragg condition of the hologram and are therefore diffracted. 

This  light  leakage creates  a background of illumination in  the scene that  reduces the 

signal  contrast  and  degrades  depth  resolution.  The  design  goal  throughout  this 

dissertation is to limit the amount of background light from non-desired object planes. 

1.5  Goals and Contributions

The goal of this dissertation is to develop a generalized method of design for VHI 

systems applied to microscopy. Discussion includes the inter-relationships between the 

dispersive, degenerate, and depth axes of the system. The approach of the research is that 
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it be directly applicable towards advancing the project's needs for successful imaging of 

ovarian cells and collagen matrix in bulk tissue. With that in mind, the emphasis of this 

research  is  on  modeling  methods,  illumination  design,  breaking  the  wavelength 

degeneracy of the hologram, and incorporating florescence imaging capability.  Results 

from this research may be used, not only for biomedical imaging but, for the general 

design of volume holographic systems for imaging or sensor applications in other fields 

including manufacturing (e.g. pharmaceutical), aerospace (e.g. LIDAR), and the physical 

sciences (e.g. climate change). 

1.5.1 Specific Aims

The research tasks presented in this dissertation are divided into three specific aims: 

SPECIFIC AIM 1: Develop a system model for analysis of VHI system which can 

predict the illumination effects with and without structured illumination. 

SPECIFIC AIM 2: Determine the optimum sample illumination configuration for a 

VHI system. 

SPECFIC AIM 3:  Determine the optimum florescence imaging configuration for a 

VHI system.

1.5.2 Contributions 

Novel contributions of this research include: 

(1) A model describing the optical performance of the volume holographic imaging 

system. This is a comprehensive examination of the imaging performance of the 

VHI system, including aberration from the hologram. It allows optimization of the 

entire system, including the hologram construction elements. 
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(2) A model describing radiometric performance of the volume holographic imaging 

system.  This is  a  comprehensive  examination  of the efficiency of multiplexed 

holograms  as  part  of  the  entire  illumination  and  imaging  system.  It  allows 

consideration of the trade-offs between effective thickness and index modulation 

of the hologram as well  as evaluation  of systems with and without  structured 

illumination. This allows optimization of the imaging and illumination systems 

given specific hologram material properties.  

(3) A general  method  of  design,  optimization,  and  tolerance  analysis  for  volume 

holographic  imaging  systems.  The  systematic  design  process  allows  for  the 

development of the system requirements followed by optimization of the design. 

This method includes a tolerance analysis which is used to evaluate the feasibility 

of constructing a design. 

(4) Examination of the effect of the diffraction efficiency characteristics on spatial 

resolution and the criteria to optimize resolution. The result indicates that a side 

lobe efficiency less than 10% is required for equal resolution in the dispersive and 

degeneracy axes.

(5) An analysis of confocal-rainbow imaging as related to the VHI system. Analytical 

expressions  are  developed  to  predict  depth  resolution  (optical  sectioning)  of 

confocal-rainbow  volume  holographic  imaging  systems  and  construction 

tolerances. The analysis provides insight on radiometric throughput characteristics 

of confocal-rainbow volume holographic imaging systems allowing design trade-
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offs to be evaluated. A previous design had a depth resolution of 250μm. In this 

design depth resolution is improved to 7μm.

(6) A three-dimensional illumination design and proof of concept demonstration. This 

design  simultaneously  demonstrates  the  feasibility  of  a  critically  illuminated 

rainbow VHI system in trans-illumination and a multiplexed confocal-rainbow 

VHI  system.  This  is  the  first  known  demonstration  of  a  confocal-rainbow 

multiplexed system or of a confocal-rainbow system in transmission. The system 

has a depth resolution of 26μm.

(7) Spectral optimization and characterization methods of VHI systems. The spectral 

imaging aspects are examined to complement the spatial imaging aspects of the 

VHI system. This includes the first known spectral calibration of a VHI system 

with a 5.6% margin of error.

The dissertation begins in Chapter 2 with an overview of the ray-trace methods 

used  throughout  this  research.  This  establishes  the  methods  for  modeling  volume 

holograms  in  an  imaging  system.  In  Chapter  3  the  illumination  system is  discussed. 

Presented in this chapter are the design methods, derivation of analytical depth resolution 

expressions,  and a proof of concept  three-dimensional  illumination system. Chapter  4 

addresses system optimization with a fluorescence VHI design. Discussion in this chapter 

includes the design, analysis, and experimental results of the resulting system. In Chapter 

5 the conclusions and recommendations for future work are presented.
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CHAPTER 2 

RAY-TRACE TECHNIQUES AND HOLOGRAPHIC 

MATERIAL CONSIDERATIONS

2.1 Introduction

To simulate  and optimize  the  optical  and mechanical  properties  of  an optical 

system, ray-tracing is the most efficient means available. To optimize the VHI system, 

the volume hologram must be incorporated into the ray-trace simulation. In this chapter 

ray-tracing  methods  for  simulating  a  volume hologram are  discussed.  The goal  is  to 

develop a system model for analysis of VHI systems which can predict the illumination 

effects with and without structured illumination. In this aim, the functionality of  the ray 

trace code is developed for use in the design of the systems presented in this research. 

2.1.1 Overview of ray-tracing

In general, there are two phases to the simulation process: design optimization 

and analysis.  There  are  two modes  of  ray-tracing:  Sequential  and non-sequential  ray 

tracing. There are advantages and disadvantages to each ray-tracing mode. The tasks in 

the design phase will determine which type of ray-trace is most appropriate. The ray-trace 

assumes the direction of light propagation can be modeled as a ray. It assumes that the 

objects  through  which  the  light  propagates  are  large  compared  to  the  wavelength 

therefore the physical optics properties are not directly considered. Ray-tracing is very 

useful for quickly calculating the path of light through a system with regions of varying 

index of refraction, absorption characteristics, and reflecting surfaces. 
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2.1.2 Sequential versus Non-sequential ray-tracing 

Sequential ray tracing means that rays are traced from surface to surface in an 

ordered sequence. The surfaces are numbered sequentially, usually starting with zero for 

the object surface. The first surface after the object is surface 1, then 2, and so on until 

the image surface is reached. Tracing rays sequentially means a ray will start at surface 0, 

then be traced to surface 1 and so on. A ray will not trace from surface 12 to 7; even if the 

physical locations of these surfaces would make this the correct path.

Non-sequential  ray  tracing  means  rays  are  traced  only  along  a  physically 

realizable path until they intercept an object. The ray then refracts, reflects, is absorbed, 

or a combination of all three depending upon the properties of the object struck. This ray 

(or child ray) then continues on a new path. In non-sequential ray tracing, rays may strike 

any group of objects in any order, or may strike the same object repeatedly depending on 

the geometry and properties of the objects. The ray may also split to form multiple new 

rays which will be independent of the original ray.

The appropriate use of each mode depends on the task. Overall, sequential ray-

tracing is faster than non-sequential. However, sequential ray-tracing is bounded by the 

assumption that a ray will strike a predefined surface. Special rays  like the chief and 

marginal  rays  are  used  in  sequential  ray-tracing  which  simplifies  performance 

optimization and calculating the optical properties such as wave font aberrations. In non-

sequential mode, the time to trace enough rays to characterize a system is long and the 

chief and marginal rays are not as easily tracked since the propagation of each ray is not 

bounded by the assumptions of the sequential  mode. However, the advantage of non-
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sequential  mode  is  that  rays  can  be divided  and reverse direction.  This  capability  is 

needed to analyze the VHI system.

Currently, neither of these modes natively support volume holographic diffraction 

properties.  Therefore techniques must be developed for use in this research.  The ray-

tracing software used in this dissertation is ZEMAX® which has a set of baseline features 

that are close to simulating volume holographic gratings. Presented in this chapter are 

three different techniques which were explored to simulate the diffraction properties of a 

volume hologram. These include both sequential and non-sequential methods. 

2.1.3 Structure of chapter 

The next two sections will discuss two sequential mode techniques: “Optically 

fabricated hologram” and a lookup table (LUT). Section 2.4 will discuss a non-sequential 

mode technique using approximate coupled wave analysis. All three of these techniques 

are useful at various phases during the design of VHI systems. As is always the case with 

lens design, the fabrication, tolerances, and non-ideal properties of the optical element 

must also be considered. The principle factor in determining hologram performance is the 

material  in which it  is recorded. Therefore,  in addition to ray-tracing techniques,  this 

chapter  will  also  discuss  the  effect  that  hologram  material  can  have  on  imaging 

performance.  Section  2.5 discusses  the material  properties  which  must  be  considered 

throughout the design process. The chapter concludes in Section 2.6 by summarizing the 

ray-trace and materials discussion. 
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2.2 Diffractive Surface Ray-tracing

2.2.1 Overview 

In the sequential mode environment directionality of diffraction phenomena may 

be accurately modeled. Included with most ray-tracing software are surface types which 

simulate ruled, blazed, and holographic diffraction gratings. In ZEMAX®, the hologram 

surface types are used to model optically constructed holograms. The surface can be a 

plane, spherical, conical, or toroidal, and the medium behind the hologram can be air or 

glass. By setting the glass material to be "MIRROR" the hologram is constructed and 

used in reflection.  In ZEMAX, the Hologram 1, Hologram 2, and Toroidal Hologram 

surfaces  define  optically  fabricated  holograms  assuming  the  construction  optics  are 

"perfect"  and no aberrations  are imposed on the construction  beams.  A more general 

option is the “Optically Fabricated Hologram” surface. This is the preferred surface type 

used in this dissertation. 

The Optically Fabricated Hologram (OFH) surface requires that the construction 

optical elements be incorporated into the hologram. The hologram is defined using three 

lens files:

(1) The playback file, in which the Optically Fabricated Hologram surface is placed.

(2) The construction file for the signal beam

(3) The construction file for reference beam

As rays are traced in the playback system (1), ZEMAX calls the two construction systems 

(2 and 3) to determine the vectors defining the interference of the two construction beams 

at the interception point in the playback system. In other words, this vector is the local 

39



grating vector (or K-vector) discussed in of Chapter 1. There are significant advantages to 

this method of defining the hologram in that:

(1) The construction optics may be completely arbitrary. Each construction file may 

consist  of  lenses,  mirrors,  other  holograms  (i.e.  pre-aberration  holograms),  or 

anything ZEMAX can model. Aberrations introduced by the construction beams 

are therefore fully considered.

(2) The two construction optics files may include completely different optics.

(3) Any variables set in the construction system automatically become variable in the 

playback  system;  allowing  simultaneous  closed  loop  optimization  of  the 

construction and playback systems.

As ZEMAX traces rays in the playback system, any variables which affect the shape of 

the playback hologram are automatically copied to the stop surface of the construction 

optics. For this reason the stop surfaces in the construction and playback optics must be 

set  so  that  the  construction  beams  overlap  on  a  surface  with  the  same shape  as  the 

playback  surface.  Any  variables  set  in  the  construction  optics  automatically  become 

variable in the playback system. In other words, the complete system can be optimized 

because the construction optics may be optimized simultaneously with the variables in 

the playback system.

The  hologram  is  described  by  the  x,  y,  and  z  coordinates  of  two  different 

construction points,  a construction wavelength,  and a diffraction order.  The hologram 

surface will deviate the ray paths according to the equation,
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n̂×( r⃗ ' o− r⃗ ' r)=
mλ p

λc
n̂×(r⃗ o−r⃗ r)  (2.1)

where n̂ is the unit vector normal to the surface of the hologram at ray intersection 

point, r'r is the unit vector along the incident readout beam,  r'o is the diffracted ray,  ro is 

the unit vector along the first construction beam, rr is the unit vector along the second 

construction beam, λc and λp are the construction and playback wavelengths, and m is the 

diffraction order [19]. For a volume hologram the diffraction order is always ±1  with the 

sign depending on the diffracted ray matching conditions.

2.2.2 Technique for simulating Bragg gratings 

Since  the  ray-trace  software  treats  holographic  surfaces  as  a  thin  diffraction 

grating, multiple orders of the incident light will diffract. Furthermore, only the direction 

of  the  diffraction  is  accounted  for.  Not  considered  are  the  angle-wavelength 

correspondence diffraction efficiency of a volume hologram discussed in Chapter 1. Thus 

in order to accurately simulate the system, the object must be modeled point by point for 

each wavelength of interest. This is accomplished by computing the Bragg angle for a 

particular wavelength to define the angle of incidence of each chief ray. This technique is 

used extensively in Chapter 3 for design optimization of the imaging aspects of the VHI 

system. So long as single wavelength field positions are used, this technique is accurate 

and very efficient. 
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2.3 Look Up Table Ray-tracing

2.3.1 Overview

In computer  programming,  look up tables  (LUT) are  a  fast  and efficient  data 

structuring method used to replace a runtime computation with a simpler array indexing 

operation. The values of the LUT are calculated before hand and stored in static memory. 

In this section, an LUT technique using a coating file is explored.

The  purpose  of  the  LUT approach  used  here  to  is  to  simulate  the  selectivity 

properties  of  a  volume  (Bragg)  hologram  in  the  conventional  sequential  ray  trace 

modeling. Specifically, the aim of this technique is to use the built-in ZEMAX® coating 

file language to assign the diffraction efficiency profile and generate a “weighted ray” 

distribution as a function of wavelength and angle. Diffraction is still handled by the built 

in diffraction surfaces discussed earlier. The coating is added to these surfaces to simulate 

the diffraction efficiency versus angle of incidence (AOI) for each ray. The validity of 

this technique is explored with an experiment. The goal of the experiment is to determine 

if  the  coating  LUT can  simulate  the  volume  hologram at  a  single  wavelength.  The 

technique can expanded to include an additional wavelengths. 

2.3.2 Technique for implementing the LUT

The procedure is to collect hologram angular selectivity data from a real hologram 

and use that data to create a table formatted for the input coating file. Figure 2.1 shows 

the data measured from a representative hologram used in the VHI system. Recall from 

the angle-wavelength correspondence discussion in Chapter 1 that each field position in 

the  dispersive  axis  corresponds  to  one  wavelength.  When  imaging  with  a  single 
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wavelength,  the VHI system produces a line image. Shown in Figure 2.2 is a sample 

image captured with the VHI system using a multiplexed hologram. The object is a sheet 

of paper illuminated with an Argon laser at a wavelength of 488nm. In this example, both 

image channels are visible. The images are separated along the optical axis by 50μm. The 

image on the right is the in focus image of the paper. The image on the left is the out of 

focus image. Note the curvature of the lines and blurring at the edges. The blurring is due 

to  field  curvature.  The  curvature  is  due  to  spectral  (smile)  distortion  which  will  be 

discussed in more detail in Chapter 4.

The measured data from the hologram can either be an absolute measurement or a 

relative  measurement  about  the  peak  of  the  diffraction  efficiency.  If  it  is  a  relative 

measurement, then the angles of incidence must be corrected to coincide with the optical 

axis of the VHI system. Once the diffraction efficiency data has been processed so that it 

references the optical axis a table is created and formatted to match the ZEMAX coating 

file syntax.  Figure 2.3 shows an example of the syntax of the LUT generated from the 

data. The complete program is provided in Appendix B. 
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Figure 2.1: Diffraction efficiency data of VH# J0228
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Figure 2.2: Multiplexed image of paper with 488nm Argon source



When the LUT is added to the program it is called by a surface which has been 

assigned the name of the LUT as a coating on that surface. The LUT is activated in the 

model by selecting the “Use polarization” function in the ZEMAX analysis screens. To 

determine if the LUT is operating properly it may be viewed as a plot of the transmission 

as a function of angle.  Figure 2.4 shows the coatings analysis “transmission vs angle” 

output screen. 

When  using  the  LUT technique  in  ZEMAX®,  analysis  of  the  system mostly 

performed  using  the  “Geometric  Image  Analysis”  feature.  This  feature  can  function 

similar to a spot diagram but over an extended field. It is used to model extended sources, 

analyze  useful  resolution,  represent  the  appearance  of  imaged  objects,  and  provide 

intuition  about  image  rotation.  The  “Geometric  Image  Analysis”  feature  has  a 

polarization feature which will  activate  the coating in the output.  Figure 2.5 shows a 

simulated image of the letter “F” using this feature. The transmission at the wings of the 

efficiency plot  were intentionally  set  to  a  non-zero  value  to  demonstrate  the  angular 

selectivity of the hologram in relation to the object which was projected through the VHI 

system. In reality, only the brightest portions are visible because the hologram acts as a 

slit aperture. Without the coating enabled by the “Use polarization” feature, the entire 

field  would be visible  because  sequential  ray-tracing does  not  account  for  the angle-

wavelength dependence of the Bragg grating. 
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Figure 2.3: Sample of coatings file syntax

! Bragg hologram coating
! Author: Erich de Leon, erichd.edu@gmail.com
! Date: 01-Mar-2011
! Assumed design configuration that unpoloarized light is incident at a finite angle of incidence (AOI)
! and emerges at some diffraction angle with with a varying diffraction efficiency (DE).
! This coating simulates the DE as a function of AOI of a volume ("Bragg") Hologram
! See program manual for complete syntax and important comments

TABLE J0228A
! SYNTAX: ANGL <angle 1 in degrees (inside the material)>
! SYNTAX: WAVE <wavelength 1 in micrometers> Rs Rp Ts Tp Ars Arp Ats Atp
! wavelength Rs Rp Ts Tp Ars Arp Ats Atp
ANGL 31.900
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9030
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9060
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9090
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00

Figure 2.4: Result of ZEMAX transmission vs angle plot of optically fabricated hologram 
surface.
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To test whether the LUT technique accurately predicts real world performance, a 

simulation model is constructed to mimic the VHI system laboratory hardware.  Figure

2.6 shows  the  ray-trace  model  of  the  system  including  the  “optically  fabricated 

hologram” surface described earlier.  The LUT is applied to the hologram surface as a 

coating and activated in the geometrical image analysis function. The object projected 

through the simulated system is a flat rectangular object which simulates the sheet of 

paper used in the experiment.  Figure 2.7 shows the resulting comparison between the 

experiment  and  simulated  images.  It  can  be  seen  from  these  images  that  the  LUT 

incorporated with aberrations of the VHI systems closely resembles the experiment data. 

The spectral distortion and field curvature effects are present in both the physical and 

simulated images.

2.3.3 Remarks

The LUT technique in ZEMAX works well for a single wavelength. An additional 

test in which a point source is moved to a defocused position with respect to the front 

focal plane of the VHI system was able to generate the familiar line feature which is 

consistent with the laboratory experiment results. This technique works with the analysis 

geometrical  imaging  features  that  consider  polarization.  However,  there  are  limits  to 

using  the  polarization  ray-trace  algorithm.  The  polarization  ray  tracing  algorithm 

generally does not return correct results for certain types of surfaces, such diffraction 

gratings. For the most part, only surfaces which have refraction or reflection described by 

Snell's  law have valid  polarization  data  computed  because  the  polarization  algorithm 

assumes that rays remain in the plane of incidence after refraction or reflection. This is 
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Figure 2.5: Geometric Image Analysis

Figure 2.6: Layout of the ray-trace model
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true for conventional refractive optics but is not always true for diffractive optics.  The 

result of this is that it seems that only the geometric image analysis produces reliable 

results.

The drawback to this technique is that it is rather cumbersome; requiring building 

a table for each hologram at each wavelength to be modeled. The purpose of simulating 

hologram diffraction efficiency in this research is to analyze the radiometric properties of 

the  system  such  as  throughput  and  axial  resolution.  Hologram  properties  which  are 

appropriate for sequential ray-tracing methods can be simulated but practical experience 

gained during this  research indicates  radiometric  properties  are best  analyzed in non-

sequential  mode.  In  terms  of  a  comprehensive  analysis  of  the  VHI  system  optical 

performance, not much is gained using this technique that could not have been achieved 

using the diffraction surface without the LUT. The LUT is best used when geometric 

image analysis is appropriate such as in the examples shown or weighted spot diagram 

analysis. Over the course of this research, the LUT technique was eventually abandoned 

in favor of a more efficient sequential ray-tracing method and a non-sequential surface 

type, discussed in the next section. 
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Figure 2.7: Experiment vs. LUT simulation image of flat object (paper) illuminated with 
a 488nm Argon laser.



2.4 Approximate Coupled-Wave Analysis Ray-tracing

To  describe  the  radiometric  imaging  properties  of  the  VHI  system,  a  non-

sequential  ray-trace  model  is  required.  This  is  accomplished by constructing a model 

using ZEMAX as the control software and dynamic link library (DLL) files to determine 

the diffraction efficiency of the volume gratings. This is not a commercially available 

option  so  the  custom  DLL  was  written  by  Jose  Castro  to  simulate  the  hologram 

radiometric qualities [16]. Within the confines of the systems presented in this research, it 

has proven to be a useful tool for analyzing VHIS designs. The following section is an 

overview of the algorithm used in this technique.

Non-sequential  ray-tracing  is  used  to  provide  a  “weighted  ray”  model  to 

determine the energy distribution in the image. The diffraction efficiency of the volume 

hologram  is  computed  using  approximate  coupled-wave  analysis  (ACWA)  [4].  The 

ACWA model has been shown through experiment to provide an accurate estimate of the 

diffraction efficiency for the volume holograms used in the VHIS [16]. The development 

and  full  description  of  the  ACWA DLL used  in  the  following  system  simulation  is 

presented by Luo and Castro in [16,18]. 

ACWA assumes that the absorption over a distance on the order of a wavelength 

is  small  and  that  the  hologram  is  thick  enough  so  that  only  two  waves  that  have 

significant amplitude to produce a diffracted beam need be considered: a playback wave 

and the first-order Bragg-matched grating order. The efficiency and the direction are used 

to describe the resulting diffracted beam. ACWA assumes that only the reconstruction 

wave and the primary diffraction order have significant power. This condition is satisfied 
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in most  situations provided the quality or “Q” parameter  is larger enough (Q > ~10) 

where Q=2πλ d /nλ
2 where λ is the wavelength, d is the thickness, n is the index of 

refraction,  and Λ is  the  grating  period  [22].  The  direction  of  the  diffracted  beam is 

represented by a vector obtained by the K-vector closure method condition [4, 20-22]. 

σ⃗=ρ⃗−K⃗
σ⃗=σ x x̂+σ y ŷ+σ z ẑ ,
ρ⃗=ρx x̂+ρy ŷ+ρ z ẑ ,

 (2.2)

where   ρ⃗  is  the  incident  propagation  wave vector  inside  the  medium,  σ⃗ is  the 

diffracted propagation vector inside the medium, The grating vector is given by,

K⃗=
2πn
λc

[ ρ⃗−σ⃗ ] ,  (2.3)

where λc is the grating construction wavelength, and ρ⃗ and σ⃗ can be interpreted as 

the reference and signal-beam propagation vectors inside the recording medium during 

hologram construction  [15-18].  For  a  phase modulated  transmission  grating,  the two-

dimensional (2D) representation of the diffraction efficiency for a TE wave is given by,

η=
sin2

(√ν
2
+ξ

2
)

1+(
ξ
ν )

2  (2.4)

where ν is a function that determines the maximum diffraction efficiency of the grating 

for a specific reconstruction wavelength and angle, and ξ describes  the variation of the 

reconstruction parameters from the Bragg condition [4]. For a phase modulated loss-less 

transmission grating the parameters are given by,

ν=
πΔn d

λ √cr (θ)cs(θ)
 (2.5)
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ξ= ϑ
2cs(θ)

 (2.6)

ϑ=K cos(ϕ−θ)−
K 2

4πn
λ  (2.7)

where Δn is the index modulation, d is the effective thickness of the hologram, φ is the 

slant  angle,   ϑ  is  the  detuning  parameter,  cs(θ)=cos(θ) , cr=cos(θ)−K z/k , and 

ϕ= tan−1
(K x / K z) .  

It is the off-Bragg performance that is an important part of the analysis. The DLL 

uses the above equations to compute the diffracted angle and weighted energy of each ray 

traced through the hologram. As will be seen in Chapter 4, this is the preferred technique 

and the output files are demonstrated there. The algorithm is not a general solution so 

caution  must  used when establishing a  ray-trace  model.  However,  for the geometries 

presented here, the technique works well for predicting system performance.

2.5 Material considerations

In the previous sections, ray-tracing techniques to simulate the volume hologram 

in  the  system  have  been  described.  However,  these  techniques  do  not  consider  the 

fabrication issues which will arise. These issues must be accounted for by the designer as 

the  material  properties  can  significantly  affect  performance.  Throughout  the  design 

process the designer must be aware of the physical realities of the hologram material. A 

discussion of  the  the  chemical  properties  of  the holographic  material  are  beyond the 
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scope of this dissertation but for the designer, it is important to be cognizant of the fact  

that  the material  has  many variable  factors  which  will  affect  the  performance  of  the 

hologram. These factors include temperature, humidity, the number of holograms being 

superimposed,  the  photosensitive  dye  concentration  (which  affects  the  absorption 

properties),  the  optical  quality  of  the  material,  and  many  others;  all  of  which  will 

generally degrade the desired performance. For an imaging system, chief among these 

degradations  are  peak diffraction  efficiency (throughput),  the width of  the diffraction 

efficiency curve and the corresponding degradation in lateral spatial resolution. 

2.5.1 Side lobes 

Angular resolution of the hologram is a key criteria for the VHI system. Angular 

resolution of a hologram is given by the angular Bragg selectivity. Recall from Chapter 1 

that the angular selectivity is in the direction of the dispersive axis and that angular and 

wavelength selectivity are related to each other. Together these describe the resolution 

limits  of the hologram. Ideally,  a diffracted beam will have a very small  angular and 

spectral bandwidth such that only a very narrow wavelength band would be diffracted at 

a particular angle. In this case the diffraction efficiency curve resembles a delta function. 

However,  this  is  generally  not  the  case  because  of  the  existence  “side  lobes”  for  a 

sinusoidal grating. 

Side  lobes  are  the  secondary  peaks  of  the  sinc2 function  of  the  diffraction 

efficiency curve. If there is absorption, the nulls in the side lobe pattern are raised. Figure

2.8 shows a comparison of the theoretical versus measured diffraction efficiency of a 

hologram.  The uplifted  null  in  the side lobe  is  due to  the absorption attenuating  the 
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sinusoidal index modulation profile as a function of substrate depth [20]. The side-lobes 

represent energy as a function of angle which is diffracted by the hologram. A conceptual 

explanation of this effect is illustrated in Figure 2.9. For sake of simplicity, the angular 

diffraction efficiency of the hologram has the form of three vertical arrows to highlight 

the regions of interest. The tallest arrow in the center represents the peak efficiency at a 

given wavelength.  This  is  set  between two smaller  peaks  representing  the  side-lobes 

which have an appreciable  diffraction  efficiency.  Coupled with an objective lens,  the 

angles incident on the hologram correspond to adjacent points on the object. If adjacent 

points at the object are within the angular spread of the diffraction efficiency, these points 

will overlap at the image thus reducing the spatial resolution and form a blurred spot on 

the detector. 

Shown  in  Figure  2.10 is  the  net  result  of  the  material  properties  on  spatial 

resolution.  The  figure  shows  the  measured  diffraction  efficiency  for  two  holograms 

recorded  in  materials  with  different  absorption  properties.  Figure  2.10A  shows  the 

resolution  target  image  with  a  high  side  lobe  hologram.  Figure  2.10B  shows  the 

resolution  target  image  with  a  low  side  lobe  hologram.  Figure  2.10C  compares  the 

angular diffraction efficiency of the holograms in (A) and (B). It can be seen in the 
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Figure 2.8: Theoretical versus measured diffraction efficiency of a hologram.
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Figure 2.9: The effect of angular diffraction efficiency side lobes on lateral resolution.
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Figure 2.10: Example of holographic material properties on spatial resolution.



images that the resolution along the degenerate axis is the same for both materials. This is 

because the hologram has no effect along this axis and resolution is governed by the 

optical  properties  of  the  objective  lens.  However,  along  the  dispersive  direction,  the 

resolution is clearly affected.  For this  reason, the material  properties of the hologram 

must be considered when evaluating VHI system performance.

2.6 Conclusion 

Presented  in  this  chapter  are  the  tools  used  for  designing  VHI  systems.  The 

techniques and material property considerations presented here will be used during the 

design processes described in the subsequent chapters. Three ray-tracing techniques for 

simulating  volume  holograms  are  discussed  which  include  both  sequential  and  non-

distinguishable  modes  of  ray-tracing.  The built-in  diffractive  surfaces  are  an efficient 

means for optimization of a design. Adding a look up table to these surfaces allows for a 

rudimentary image analysis to be performed in sequential mode. By using ACWA in a 

non-sequential  mode,  a  more  general  model  of  the  volume hologram performance  is 

possible.  All  three techniques  have strengths and limitations  and are valid  within the 

boundaries  for which they were intended.  Each technique  can be utilized  at  different 

phases of the design process. 

Also presented in this chapter is the effect that material properties can have on the 

performance  of  the  VHI system.  In  particular,  the  side-lobe  feature  of  the  hologram 

diffraction efficiency curve is discussed. Examples of the spatial resolution degradation 

due to absorption in the material show that the material properties must be considered 

when designing a VHI system.
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CHAPTER 3 

ILLUMINATION

3.1 Introduction

Illumination  of the specimen is  an important  factor in determining the optical 

performance of a microscope. Trans-illumination and epi-illumination are the two modes 

of illumination in a microscope. In trans-illumination the object is illuminated from the 

side  opposite  the  imaging  system so  that  the  objective  collects  the  transmitted  light 

through the specimen. In epi-illumination the object is illuminated from the same side as 

the imaging system so that the objective collects the reflected light from the specimen. 

These modes have two methods: bright-field and dark-field. Shown in Figure 3.1 are the 

modes  and  methods  illustrating  the  four  types  of  illumination  systems  used  in 

microscopic imaging [12]. The dark-field method in this mode highlights the edges of the 

cells and the bright-field method shows the shape of the cells. Epi-illumination allows for 

imaging of thick specimens. The bright-field method uniformly illuminates the field of 

view and enhances surface features. The dark-field method is optimal for high reflectance 

surfaces and emphasizes scatter. 

The  VHI  system can  accommodate  all  four  illumination  systems  but  with  an 

added spectral component. In general, epi-illumination is relied upon most because of the 

opacity of the volume specimens being imaged. The method predominantly used with the 

VHI system is bright-field. The common bright-field configurations used are Köhler and 
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Figure 3.1: The four illumination systems of a microscope
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critical  illumination.  The  Köhler  configuration  images  the  pupil  at  the  object  and 

provides  uniform  illumination  across  the  field  of  view.  Figure  3.2 shows  the  key 

components of the Köhler illumination configuration. This configuration usually consists 

of a light source, a field-stop, a condenser aperture, a collective lens, and  condenser lens. 

The critical illumination configuration simply images the light source onto the object. 

This  has  the  advantage  of  higher  efficiency  because  it  collects  a  larger  solid  angle 

compared to Köhler providing a higher energy density at the object. When used with a 

reflective collector, critical illumination can use up to 85% of the light from the source 

[23].  Figure 3.3 shows the key elements of the critical illumination configuration. This 

configuration usually consists of a light source, a condenser aperture, condenser lens, and 

a field-stop.

In  this  chapter,  four  illumination  design  configurations  are  discussed.  These 

include  two  bright-field  configurations  and  two  novel  confocal-rainbow  illumination 

configurations. Section 3.2 discusses results of the bright-field illumination experiments 

using  oblique  and  on-axis  Köhler  configurations.  In  Section  3.3,  new  theoretical 

developments  in  confocal-rainbow illumination  are presented.  Section  3.4 then builds 

upon these principles to present a novel three-dimensional critical illumination system. 
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Figure 3.2: Köhler illumination components

Source

Condenser Lens

Stop – limits field
(Field diaphragm)

Sub-stage diaphragm
Limits brightness

Object plane
(Located at exit pupil)

Microscope objective
(sub-stage condenser)



63

Figure 3.3: Critical illumination components
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3.2 Bright-Field Illumination

To determine an optimal specimen illumination configuration using bright-field 

mode, a comparison is made between in-line and oblique illumination. An in-line system 

has the advantage of a smaller package since the illumination path uses the same optics as 

the imaging path. The oblique illumination has the advantage of being independent of the 

imaging optics thereby eliminating need for a beam splitter  in the imaging path.  The 

Köhler configuration was chosen to reduce any shadowing effects from the source. As a 

result  of  this  study,  the  VHI  system now relies  on  in-line  Köhler  illumination.  The 

following  section  describes  the  experiment  used  to  arrive  at  the  current  bright-field 

configuration. 

The purpose of the experiment is to characterize the performance the VHIS using 

a  635nm  LED  Köhler  epi-illumination  mode  in  oblique  and  in-line  configurations. 

Measurements with each configuration are performed that include a spatial  resolution 

test, optical sectioning test, and a quantitative and qualitative image quality assessment. 

The  spatial  resolution  test  is  performed  by imaging  a  1951  USAF resolution 

target.  This  measurement  is  used  to  determine  the  smallest  distinguishable 

Group/Element feature in air. The measurement is then repeated with a cuvette filled with 

Intralipid™ solution with varying depth added above the 1951 USAF target.  The 2% 

Intralipid™   solution  has  the  same  scatter  properties  as  epithelial  cells  [24,25].  By 

submerging the resolution target in the Intralipid™  solution, the resolution performance 
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as a function of tissue depth is simulated. The data were then tabulated and a plot of the 

smallest distinguishable Group/Element for each configuration is made for comparison.

The irradiance from a flat  object, which fills  the field of view, as it is moved 

through focus is used to evaluate the optical sectioning performance. The measurement is 

performed by locating the peak irradiance with a planar target and scanning about the 

peak.  The  data  is  recorded  as  a  plot  of  the  z-axis  irradiance.  The  full-width-half-

maximum  (FWHM)  of  the  plot  is  then  used  to  determine  the  optical  sectioning 

performance.

Other tests included a quantitative and qualitative assessment of the images. The 

quantitative assessment is performed by focusing a micro-sphere cell  locater grid and 

measuring the contrast of spherical feature. This is done to evaluate the relative signal 

strength with the illumination configuration being used.  The qualitative assessment  is 

performed by a subjective rating of various images.

Figure 3.4 shows the results of the oblique or side-illumination tests. It proved 

difficult to obtain images with side illumination due to physical constraints. Camera gain 

was on the order of 7 to 13 with exposure times on the order of 800ms.  Images are 

extremely  sensitive  to  angle  of  illumination  which  is  limited  by  the  mechanical 

interference of the objective housing and the illumination source housing. Although an 

improvement from the previous side-illumination configurations (ie. now able to image 

with  Lumenera  camera  as  opposed  to  only  the  Andor),  the  image  quality  is  highly 

dependent on the angle of incidence and there is a significant amount of light loss. 
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Figure 3.4: Oblique (or side) illumination results
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Figure 3.5 shows the results of the in-line tests. The in-line Köhler illumination 

configuration proved the most convenient for obtaining images. Camera gain was set to 1 

with exposure times on the order of 200ms. The in-line design of the illumination path 

means  the  images  are  not  susceptible  to  the  angle  sensitivity  issues  of  the  oblique 

illumination  configuration.  Images  are  well  illuminated  and  have  a  relatively  high 

contrast compared to the side-illumination. The optical power of the illumination at the 

object in this test is the same as the side-illumination test. Resolution as a function of 

tissue depth is greatly improved with the in-line configuration making this the optimal 

illumination configuration for the bright-field mode. The lens prescription data for the 

in-line Köhler illumination system is shown in Appendix C.

The results from this experiment indicate that in-line Köhler illumination offers 

the better  performance in terms of contrast,  brightness and depth penetration.  In both 

cases  (in-line  and oblique),  the  optical  sectioning  appears  to  be  limited  more  by the 

numerical aperture rather than the selectivity of the hologram. The reasons for this are 

discussed in the next section. In order to improve the optical sectioning performance an 

alternative illumination design is needed. 

3.3 Dual-Grating Confocal-Rainbow Illumination

Confocal  microscopy rejects  out  of  focus  light  from the object  by scanning a 

pinhole through the image and reconstructing the image point by point. Volume 
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Figure 3.5: In-line illumination results
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Spatial resolution – Degenerate smallest distinguishable feature 7.6 Group.Element
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Optical sectioning depth of field of an extended scene 2484.37 μm
Quantitative image quality pixel difference of bar target 148.61 DN
Quantitative image quality pixel difference of micro-sphere 28.9 DN
Qualitative image quality subjective rating of unprocessed image
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holographic imaging systems with bright-field illumination have been proposed as an 

alternative to conventional confocal type microscopes which do not require scanning of a 

pinhole or a slit.  However, due to wavelength-position degeneracy of the hologram, the 

high Bragg selectivity of the volume hologram is not utilized and system performance is 

not optimized. Confocal-rainbow illumination has been proposed as a means to remove 

the  degeneracy  and  improve  optical  sectioning  in  these  systems.  In  this  section  the 

optimization  of  a  dual-grating  confocal-rainbow  design  is  investigated.  A  ray-trace 

simulation  program  that  integrates  the  hologram  diffraction  efficiency  and  imaging 

results  is  constructed  and  an  experimental  system  evaluated  to  demonstrate  the 

optimization method. The results are used to develop an empirical relation between depth 

resolution  and  design  tolerances.  The  dispersion  and  construction  tolerances  of  a 

confocal-rainbow  volume  holographic  imaging  system  are  defined  by  the  Bragg 

selectivity of the holograms and we find that a broad diffraction efficiency profile of the 

illumination hologram with a narrow imaging hologram profile is  an optimal  balance 

between field of view, construction alignment,  and depth resolution.  The final design 

uses two 1.8mm thick unslanted planar holograms with a dispersion matching tolerance 

of ±0.008° and has a depth resolution of 7μm.

The  3D  scanning  requirements  of  confocal  imaging  systems  complicates  the 

design  and  limits  the  range  of  applications.  As  an  alternative,  volume  holographic 

imaging (VHI) has been shown to provide images from multiple depths within biological 

tissue samples without the need for scanning [9,12]. The volume holographic imaging 

system (VHIS) can image multiple depths simultaneously with bright field illumination 
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using a light emitting diode (LED) source [13-16 and 26-29]. In these systems however, 

it has also been shown that the VHIS produces less than optimal depth resolution due to 

the  wavelength-position  degeneracy  [13-18].   As  a  result,  the  system  suffers  from 

reduced image contrast. 

One version of the VHIS separates the illumination wavelengths in object-space 

thereby  eliminating  the  wavelength-position  degeneracy.  This  system  is  called  the 

confocal-rainbow VHIS (CR-VHIS). Sun and Barbastathis first proposed that rainbow 

illumination  can  be  used  to  improve  the  depth  resolution  of  a  VHIS  [17].  In  their 

approach,  a  thin  diffraction  grating  is  used  to  disperse  a  white  light  source  and  a 

cylindrical lens focuses the rainbow light at the object plane. A volume hologram in the 

image path selects  light from a specific spatial  location and wavelength in the object 

plane and acts as a depth-selective confocal slit.  The “color-slits” provide the field of 

view (FOV) however a depth axis scan is required. The depth resolution obtained with 

the thin illumination grating of this dual-grating design was on the order of 250μm.

Castro et  al.  furthered this technique by proposing the use of a single volume 

holographic  element  to  act  as  the  both  illumination  and  imaging  element  [18].  This 

design uses a beam-splitter to fold white light into the optical path of the hologram so that 

the same hologram is used to disperse the white light at the object plane and to select 

light from different positions in the object. With this approach the illuminator is perfectly 

aligned with the imaging hologram and results in a spatial filtering effect similar to a slit 

confocal microscope. The depth selectivity possible with using a matched Bragg selective 
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grating for the illuminator  was 15μm in reflection.  This  capability  provides a greater 

range of applications for volume holographic imaging systems.      

Ideally,  a  CR-VHIS  design  would  use  the  single  holographic  element  for 

illumination  and imaging  since  this  would  simplify  alignment  and fabrication  issues. 

However, this configuration is very sensitive to the optical quality of the hologram. The 

intensity of scatter from the substrate is comparable to the signal level and complicates 

the detection process.  One approach to eliminating the effect of scatter  is to use two 

matched volume gratings: one to disperse the illumination on the sample and the second 

to select light from different depths within the object. By separating the illumination and 

imaging  paths,  scatter  from  the  illumination  hologram,  which  results  from  the  high 

intensity light incident on it, is decoupled from the imaging path.  A diagram of the dual-

grating design is shown in  Figure 3.6. As a consequence of using two highly selective 

holographic elements, the alignment sensitivity and selectivity characteristics of the two 

holograms becomes an important design parameter. 

In  this  section  the  relationship  between  the  illumination  and  imaging  volume 

gratings on the properties of the VHI system are analyzed in a comprehensive simulation 

program. The results of the simulation are then incorporated into an experimental dual-

grating CR-VHIS and the depth resolution performance is evaluated. The simulation is 

used to compare with the experimental results and develop an empirical relation between 

depth  resolution  performance and hologram construction  tolerance.  The discussion  in 

section  3.3.1 includes the dual-grating CR-VHIS design, the theory on which the ray-

trace simulation model is based, and describes the simulation procedure. In section 3.3.2, 
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Figure 3.6: Layout of the Confocal-Rainbow Volume Holographic Imaging System. An 
extended broadband source emits light which is diffracted by an illumination hologram 
(LUM HOE). The light is split into its spectral components and focused on the object 
plane by the objective lens. The light is reflected from the object to an imaging hologram 
(IMG HOE) and once again diffracted. A camera lens forms an image on a detector.
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the depth resolution for confocal-rainbow illumination design is developed. In section 

3.3.3 the  hologram construction  tolerance  is  developed  and  the  relationship  between 

depth resolution and feasibility of the design is discussed. In Section  3.3.4 issues with 

hologram orientation are evaluated.  Results from an experimental system are presented 

in Section 3.3.5. 

3.3.1 Dual-grating CR-VHIS Design Model

As  discussed  in  Chapter  1,  the  high  angular  selectivity  allows  a  wave  front 

returning from an object point that matches a point source recorded in the hologram to be 

diffracted  and  imaged.  To  increase  the  lateral  FOV,  polychromatic  illumination  is 

required. However, when broadband illumination of an object is used, the out of focus 

object  points  are  not  completely  rejected  by  the  volume  hologram  [13-18].  Many 

combinations  of  wavelengths  and angles  exist  within  the  spectral   bandwidth  of  the 

source and the FOV which match the Bragg condition of the hologram and are therefore 

diffracted.  This  creates  a  background of  illumination  in  the scene which  reduces  the 

signal contrast and degrades depth resolution. The design goal then is to limit the amount 

of unwanted light from a desired object plane. The dual-grating CR-VHIS is one version 

of the volume holographic imaging system designed to separate wavelength and position 

in object-space to improve background rejection.

The dual-grating CR-VHIS is illustrated in  Figure 3.6. It uses a grating in the 

illumination path to disperse light from the source in the object volume and a second 

grating  in  the  object  path  to  select  light  from a  specific  object  position.  In  order  to 

describe the operation a model for the imaging properties of the CR-VHIS was developed 
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using ZEMAX as the control software and dynamic link library (DLL) files to determine 

the  diffraction  efficiency  of  the  volume  gratings.  Non-sequential  ray-tracing  is  used 

providing a “weighted ray” model to determine the energy distribution in the image. The 

diffraction efficiency of the volume hologram is computed using approximate coupled-

wave analysis (ACWA) [4]. The ACWA model has been shown through experiment to 

provide an accurate estimate of the diffraction efficiency for the volume holograms used 

in the VHIS [16]. The development and full description of the ACWA DLL used in the 

following system simulation is presented by Luo and Castro in [16,18]. 

Rays traced through the hologram are weighted by the diffraction efficiency. The 

efficiency of the rays that are off the Bragg condition rapidly decreases and provides 

depth selectivity. Off-Bragg conditions occur for both angle and wavelength deviations 

and can be analyzed with this approach. For simplicity ideal lenses are used since the 

dominant effect in the system is the hologram selectivity. An extended, broadband optical 

source is incorporated into the model for the illumination. Each point on the source emits 

a  range  of  wavelengths  which  a  condenser  lens  then  transmits  to  the  illumination 

hologram.  The  wavelength  and  angle  of  rays  which  match  the  Bragg  condition  are 

diffracted by the illumination hologram and the resulting collimated light is then relayed 

to a beam splitter which directs the light through the objective lens. The objective lens 

focuses light within the object which has been laterally dispersed by the hologram. The 

light is reflected back through the system to the imaging hologram which diffracts the 

light to the collection optics. A camera lens then images the object onto a detector where 

the total incident power is measured. Light from the object that is diffracted is monitored 
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by an “analysis  surface” within ZEMAX. The diffracted  power reaching the analysis 

surface is recorded for each object depth and used to determine the depth resolution.

The polymer  material  properties  and recording conditions  determine  the index 

modulation and the effective thickness of a hologram. These parameters in turn determine 

the diffraction efficiency characteristics and affect the resulting imaging properties and 

alignment  sensitivity  of  the  VHI system.  The material  properties  are  affected  by the 

photosensitive dye and thermal polymerization agent concentrations, as well as curing 

process. The polymer substrates are designed to have a physical thickness ~2mm and an 

effective  thickness of 1.8mm with a  PQ dye concentration of 0.3% and 3700mJ/cm2 

exposure. These parameters result in a peak diffraction efficiency for the illumination and 

imaging  holograms  of  70%.  The  holograms  are  recorded  at  514.5nm  for  increased 

effective thickness with an angle between the reference and object beams of 72°. A plot 

of the hologram diffraction efficiency of the holograms computed using ACWA is shown 

in Figure 3.7. 

Simulations of the dual-grating CR-VHIS are performed by varying the effective 

thickness  of  the illumination  hologram while  maintaining  a  constant  thickness  of  the 

imaging hologram. For example, a 1.8mm thick imaging hologram was simulated with 

0.5mm,  1mm,  1.8mm,  and 3mm thick  illumination  holograms.  For  each illumination 

hologram, the object is moved along the z-axis and the diffracted power from the imaging 

hologram recorded. Each simulation was then analyzed to determine the depth resolution. 

The imaging hologram thickness was then changed and the illumination series repeated. 

The combination of illumination and imaging hologram providing the best depth 
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Figure 3.7: Angular diffraction efficiency profiles of the holographic elements used in 
this study. The unslanted holograms are recorded with an inter-beam angle of 72° at 
a wavelength of 514.5nm. Normalized diffraction efficiency is plotted relative to the 
Bragg angle. The diffraction efficiency for different hologram effective thickness 
values are shown.
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resolution is used to determine the optimum combination for the dual-grating confocal 

rainbow VHIS. 

An example of the depth resolution simulation is shown in Figure 3.8. The graph 

shows  a  series  of  illumination  holograms  (HOE2)  with  different  thickness  values  in 

combination with an imaging hologram with a 1.8mm effective thickness. When using a 

500μm thick illumination grating with the 1.8mm thick imaging grating, the full width 

half maximum (FWHM) depth resolution is on the order of 20μm. When a 1.8mm thick 

illumination grating is used with a 1.8mm imaging grating the result is a depth resolution 

on the order of 6μm. It should also be noted that the overall throughput is greater with 

thinner illumination holograms and can be useful for optimizing the system design. 

3.3.2 Depth resolution

As the object plane is translated away from the focal point of the system (Figure

3.6), the object wave that reaches the hologram will vary from planar to spherical. The 

curvature of the wave front is determined by the focal length of the objective and the 

position of the object plane with respect to the focal point. The wave front which matches 

the  wave  front  recorded  in  the  imaging  hologram  is  diffracted  and  imaged  on  the 

detector. The corresponding depth resolution for the dual-grating CR-VHIS is shown in 

Figure 3.9  for different hologram parameters. The holograms described in the previous 

section are used as the illumination and imaging holograms along with an objective lens 

with  a  focal  length  of,  f =3.64mm.  Shown are  the  FWHM values  of  the  irradiance 

obtained from the axial scans (similar to Figure 3.8)  of three imaging holograms 
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Figure 3.8: Dual-grating CR-VHIS depth resolution simulation for an imaging hologram 
with 1.8mm effective thickness and illumination hologram (HOE2) effective thicknesses 
of 0.5mm, 1.0mm, 1.8mm, and 3mm. 
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as a function of varying illumination hologram effective thickness. From the graph, it is 

observed that the depth resolution is inversely proportional to the illumination hologram 

thickness.  The  form  is  similar  to  the  theoretical  values  predicted  in  [27]  and  [28] 

however, the analytical relations must be modified for the dual-grating hologram set up 

as outlined below.

The approximate analytical model assumes that the diffraction efficiency of the 

hologram affects the selection of scattered object light in the x-direction (dispersive axis) 

but not in the degenerate y-direction [28].  In the confocal-rainbow design, light which 

forms the final image is diffracted twice by two holograms and is the product of the axial 

efficiency function and is given by,

η(z )≈
4 f o

4

Lα Lβ z 2∫
0

α

∫
0

β

sinc2( τ1 Lα cosθSα (tan θSnα+tan θRnα)

λ )
× sinc2( τ2 Lβ cosθS β( tan θSnβ+tan θRnβ)

λ )d τ1 d τ2 ,

 (3.1)

where,

α=
Lα z

2 f o
2 ,  (3.2)

β=
Lβ z

2 f o
2 ,  (3.3)

Lα and Lβ are the hologram effective thicknesses,  fo is the focal length of the objective, 

and the Bragg incident angle of the signal is θS. The incident recording angles for the 
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Figure 3.9: Dual-grating CR-VHIS depth resolution analysis results. ACWA simulation 
data points are the depth resolution results of three imaging holographic element sets 
(HOE1 effective thicknesses of: 0.5mm, 1.8mm, and 3.0mm). Each set contains four 
illumination holographic element effective thickness variations (HOE2 effective 
thickness of: 0.5mm, 1mm, 1.8mm, and 3.0mm). The continuous lines use Equation 3.1 
to generate the predicted values for each set. 
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reference and signal beams inside the material of each hologram are θRnα , θRnβ , θSnα , and 

θSnβ respectively. By setting,

Δα= λ
Lα cos θS α( tan θSnα+tanθRnα)

 (3.4)

Δβ= λ
LβcosθSβ (tan θSnβ+tanθRnβ)

 (3.5)

γ=
Lα Lβ z2

4 f o
4 ,  (3.6)

Δγ=ΔαΔβ ,  (3.7)
Equation (1) may be rewritten as,

η( z )≈
1
γ∫

0

α

∫
0

β

sinc2(Δβ τ1

Δ γ ) sinc2(Δα τ2

Δγ )d τ1 d τ2 .  (3.8)

The integral in Equation (3.2) is related to the depth resolution of the dual-grating CR-

VHIS shown in Figure 3.8. If the depth resolution is defined as the FWHM of the axial 

irradiance profile then  γ=0.81Δγ and the depth resolution of the confocal-rainbow 

system is,

FWHM CR=1.8
f o

2
√Δγ

√Lα√Lβ

.  (3.9)

A plot of this function with the same parameters used in the ACWA simulation described 

above is shown in Figure 3.9 and found to be in agreement with the simulation results. 

The analytical  expressions above can be used to predict  depth resolution as a 

function  of  product  of the illumination  and imaging hologram selectivity.  As will  be 

shown in the next section, the choice of the combination of illumination and imaging 
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hologram parameters determine the system alignment tolerance and the feasibility of the 

design.

3.3.3 Hologram Construction Tolerance

A consequence of constructing the two holograms separately is that variations in 

grating period may result due to differences in the construction angles. For example, in 

the case of the polymer material used here, the angle of the surface normal with respect to 

a  fixed  signal  beam is  different  for  each  hologram due  to  surface  variations  of  the 

material. If the substrate is used to set the inter-beam angle, the angle will be different for 

each hologram. Therefore the following analysis considers the affect of the tolerance of 

hologram construction angles on the resulting grating period.

The grating period depends on the construction beam angle and wavelength given 

by,

Λ=
λ0

2sin (θ0)
,  (3.10)

where λ0 is the construction wavelength and θ0 is  half  of the inter-beam construction 

angle. The FOV of a VHI system is determined by the spectral range of the source and 

the width of the diffraction efficiency profile of the hologram applied to the spectral 

range of the illumination. At finite conjugate distances, the relative object field height is,

H = f obj{tan [θB(λ)]−tan [θB (λoa)]}  (3.11)

where fobj is the focal length of the objective lens, θB(λ) is the Bragg angle corresponding 

to the wavelength, λ, and λoa is the wavelength that passes through the center of the FOV 

at the optical axis. 
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The dual-grating design requires that the Bragg condition of the illumination and 

imaging  holograms  match  over  the  extended  FOV.  A  Bragg  mismatch  between  the 

illumination  and imaging holograms reduces  the FOV. Using Equation (3.11),  this  is 

demonstrated in  Figure 3.10  by a plot of  the dispersive axis (x-axis) field position in 

object-space as a function of wavelength for two holograms constructed with inter-beam 

angles of 72° and 71.8° with an objective lens of focal length 3.64mm. The holograms 

are aligned to  overlap on the optical  axis at  a wavelength  of 550nm.  The difference 

between the inter-beam angle of the holograms results in Bragg mismatch at the edge of 

the spectral-spatial FOV, labeled as ΔxB and ΔxR.  

The angular selectivity of the holograms shown in  Figure 3.10 determines  the 

degree to which the difference in hologram construction angles limits the FOV. This is 

the Bragg matching requirement. The FOV of the VHI system is defined by the spectral-

spatial range of the illumination source. The holograms in Figure 3.10 are shown again in 

Figure 3.11 from a perspective of angular selectivity. Graphs (A), (B), and (C) in Figure

3.11 correspond with the same points labeled in Figure 3.10. The wavelengths at (A), (B), 

and (C) are 400nm, 550nm, and 700nm respectively. HOE 1 has an effective thickness of 

500μm and HOE 2 has an effective thickness of 1000μm. The two holograms are aligned 

so that the peak diffraction efficiency of each overlaps at a wavelength of 550nm along 

the  optical  axis.  The  FOV in  this  study  is  defined  to  be  the  point  where  the  peak 

diffraction  efficiency  of  one  hologram  overlaps  the  first  null  of  the  of  the  second 

hologram (Figure 3.11C). 
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Figure 3.10: Spectral-spatial FOV. A plot of field position as a function of wavelength 
shows Bragg mismatch between holograms. HOE 1  and HOE 2 are recorded with 72°  
and 71.8° inter-beam angles respectively and aligned to match at 550nm. 
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Figure 3.11: Diffraction efficiency of two holograms with different effective thickness 
values over three wavelengths representing the FOV of a confocal-rainbow VHI 
system. The broad efficiency profiles are from the thinner hologram. The holograms 
shown have the same conditions as Figure 3.10. The overlap of the diffraction 
efficiency in graph (C) at the edge of the field illustrates the tolerance definition.
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The selectivity of the holograms at the edge of the spectral-spatial FOV is used to 

determine the construction angle tolerance between holograms. The diffraction efficiency 

for a transmission phase hologram as used in the CR-VHIS for a TE wave is given by,

η=
sin 2

(√ν
2
+ξ

2
)

1+(
ξ
ν)

2  (3.12)

where ν is a parameter that determines the maximum diffraction efficiency of the grating 

and ξ describes  the variation of the reconstruction parameters from the Bragg condition. 

For a loss-less transmission hologram these parameters are,

ν=
πΔ n d

λ √cr(θ)cs(θ)

ξ= ϑ
2cs(θ)

 (3.13)

where  Δn  is  the  index  modulation  and  d  is  the  effective  thickness  of  the  hologram. 

cs(θ) and  cr(θ) are  obliquity  factors  with 

cs(θ)=cosθ−( K /β)cosϕ and cr=cos θ [4]. The deviation from the Bragg condition 

by the detuning parameter is,

ϑ=K cos(θ−ϕ)−
K 2

4πn
λ=K (Δθcos(θ−ϕ)−Δλ

2Λ )  (3.14)

where  K=2π /Λ ,Δθ=θB−θ ,Δλ=λB−λ ,  and φ is the angle of the grating vector 

with respect to the z-axis. The first null in the diffraction efficiency is is reached when,

ϑ=
2π Δn

λ
 (3.15)

Setting  Equation  (3.6)  equal  to  Equation  (3.7)  and solving for  Δθ yields  the angular 

selectivity at a as a function of wavelength,

Δθnull=
1

K cos (θ−ϕ)(
2πΔ n

λ
+

K Δλ

2Λ )  (3.16)
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At the edge of the FOV, the angular location of the null is then,

θnull=θB (λ)±Δθnull(λ)  (3.17)

where λ is the wavelength at the edge of the FOV.  This specifies a construction angle 

with,

θ0
'
=sin−1(λ0sin(θnull)

λ ).  (3.18)

The  difference  between  the  construction  angles,  Δθ0=±(θ0
' −θ0) ,  is  the  angular 

construction  tolerance  for  recording the  illumination  and imaging  holograms.  With  a 

spectral range of 400nm-700nm and an effective thickness of 1.8mm for both holograms 

used in Figure 3.11, it is found that in order to maintain Bragg matching over the FOV, 

the hologram construction tolerance is  Δθ0 = ±0.008°. This tolerance can be achieved 

with the equipment used to record the holograms in this study. If meeting the requirement 

had not been possible, it can be seen from Figures  3.10 &  3.11 that alignment of the 

illumination and imaging holograms to a different axial wavelength and/or a reduction of 

the source spectrum can be used to adjust the Bragg matching requirement.

As long as the diffraction  efficiency profiles for the illumination and imaging 

holograms  overlap,  there  will  be  some  degree  of  Bragg  matching  and  combined 

diffraction  efficiency.  It  is  clear  that  as  the  holograms  become  more  selective,  the 

difficulty  in  Bragg-matching  the  illumination  and  imaging  holograms  increases. 

Therefore,  the  diffraction  efficiency  properties  of  the  illumination  and  imaging 

holograms determines the depth resolution and alignment tolerance of the system. From 

Figures  3.10 and  3.11 it is also clear that there is a trade-off between the spectral and 

angular bandwidth of the holograms and depth selectivity. The parametric plot, shown in 
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Figure 3.12,  illustrates the trade-off between depth resolution, construction alignment, 

and FOV. The graph also shows the single grating theory predicted by [27] and [28] for a  

monochromatic point source. When hologram 1 and hologram 2 have equal thickness and 

selectivity, the confocal-rainbow theory coincides with the monochromatic point source 

theory.

3.3.4 Hologram Slant Angle Alignment

As discussed in the previous section in the dual-grating CR VHI system the two 

gratings  are  fabricated  with  identical  reference  and object  beams  in order  to  prevent 

differences in the grating period. The difference in grating period results in differences in 

Bragg angles and a reduction in the FOV of the system. In order to project more than one 

image depth from the object at least one of the grating vectors for the holograms used in 

the CR VHI system must be slanted with respect to the optical axis of the system (z) 

(Figure 1.6). For the slanted grating case a difference can be established between light 

entering the hologram from the left  (Side 1) and the right  (Side 2).  This  situation  is 

illustrated  in  Figure  3.13 for  a  hologram  with  average  refractive  index  (n)  that  is 

surrounded by air . In this figure reference and object beam propagation vectors for a 

long (1) and short (2) wavelength that are Bragg matched to the grating on Sides 1 and 2 

are shown. The slanted grating vector forms an angle φ relative to the x-axis. The angles 

of 
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Figure 3.12: CR-VHIS depth resolution as a function of illumination hologram effective 
thickness. Shown is a plot of various imaging holograms (HOE1) over a 3mm range of 
illumination hologram (HOE2) effective thicknesses for a confocal-rainbow volume 
holographic imaging system operating in the visible spectrum with fo=3.64mm, 
λ0=514.5nm, and θ0=36deg in the material. 
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refraction relative to the hologram surface normal  (n̂)  for the two Bragg matched 

wavelengths can now be given as:

Side 1: θ1,1
'

=sin−1
(n sin (θ1−ϕ))

θ2,1
'

=sin−1
(n sin (θ2−ϕ))

 (3.19)

Side 2: θ1,2
'

=sin−1
(n sin (θ1+ϕ))

θ2,2
'

=sin−1
(n sin (θ2+ϕ))

 (3.20)

where the second subscript 1 or 2 refers to the long and short wavelength and the first 

subscript to the propagation vectors 1 or 2 that are Bragg-matched to the grating vector 

K⃗. Therefore the angular separation for light with two different wavelengths diffracted 

by the hologram is different when light enters on Side 1 and Side 2. This is the case for 

the  dual  grating  CR VHI system where  the  imaging  and illumination  holograms  are 

identical but flipped when used in the system. As a consequence, Bragg mismatch results 

which compresses the FOV of the system. This is illustrated in  Figure 3.14. In  Figure

3.14(B) the FOV of the dual-grating CR-VHI system is centered on the green wavelength 

(550nm) and is reduced along the x-direction of the pupil. For two holograms which have 

an effective thickness of 1.8mm and a 2° slant angle but are flipped in the system, the 

visible range is about 2nm. The resulting image appears as a thin color slit resembling the 

image produced when imaging using a laser. 

3.3.5 Experiment results

The system results were compared to measured data from an experimental dual-

grating  CR-VHIS  (Figure  3.6).  The  system  uses  a  0.55NA  Olympus  10X  infinity-

corrected objective. A pair of unslanted, single grating holograms are recorded with 0.3% 
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Figure 3.13: Propagation grating vector Bragg-matching to a slanted K-vector of a 
hologram surrounded by air.
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Figure 3.14: Contraction of FOV due to Bragg mismatch between the illumination and 
imaging holograms. (A) FOV seen from 0-order image of the object showing the full 
FOV. (B) FOV seen though the imaging hologram shows the effect of dispersion 
mismatch. Images have been scaled for illustration and the magnification difference is 
due to different camera lens focal length used to acquire the images.



dye concentration PQ-PMMA at a wavelength of 514.5nm with an inter-beam angle of 

72°  and  an  exposure  of  3700mJ/cm2.  The  hologram  effective  thickness  for  both 

holograms is on the order of 1.8mm. 

The  holograms  are  characterized  by  measuring  the  diffraction  efficiency  as  a 

function of angle of incidence.  Figure 3.15 shows the comparison of the experimental 

data and ACWA for the illumination and imaging holographic elements. There is good 

agreement between the ACWA and experimental data with the exception of the uplifted 

nulls in the “side-lobes”. This is due to the absorption properties of the material which 

causes a variation of index modulation with substrate depth  [20]. The ACWA assumes 

no absorption and therefore the nulls are present. For design purposes, this is convenient 

since  the  Bragg  selectivity  is  used  to  quantify  the  hologram  and  optical  design 

parameters. 

The holograms are then installed and aligned in the experimental CR-VHIS. A 

reflective  target  is  scanned  along the  optical  axis  and the  diffracted  power  from the 

imaging holographic element is recorded. The result is the z-axis irradiance profile shown 

in Figure 3.16. 

A simulation of the same CR-VHIS axial scan experiment is made with the ray-

trace model and compared to the laboratory data. The results, also shown in Figure 3.16, 

have good agreement between the simulated experiment and the laboratory experiment 

which shows that the ray-trace simulation is accurate. The FWHM of the experimental 

and simulated axial scans are 8μm and 6μm respectively which are close to the 5.8μm 

depth resolution estimate of Equation (3.9). In order to have Bragg-matching across the 
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Figure 3.15: Measured and simulated diffraction efficiencies of the LUM and IMG 
holograms . Measured data of the fabricated holograms is plotted along with ray 
trace simulations based on the measured parameters. (Left) Illumination HOE. 
(Right) Imaging HOE.
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Figure 3.16: Experimental and simulated CR-VHIS ZPSF data. Measured axial scan 
data is compared with simulated axial scan. Overall the data are in good agreement.  
Differences are attributed to scatter and noise which have not been included in the 
simulation. 
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FOV with a 400nm-700nm spectral bandwidth, the hologram construction angles have 

been matched within ±0.008 degrees. 

3.4 Three-dimensional Illumination

With  the  theoretical  development  of  the  dual-grating  illumination  design 

established in Section 3.3, adding multiple depth planes is now addressed. In this section 

a  proof  of  concept  is  presented  for  a  confocal  microscope  using  two  multiplexed 

holograms  to  form  images  using  3D  rainbow  illumination.  The  system  uses  critical 

illumination  to  simultaneously  image  two  object  depths  separated  by  50μm.  Critical 

illumination  is  provided  by  a  single  LED  source.  The  matched  combination  of  a 

multiplexed illumination hologram and a multiplexed imaging hologram with an identical 

objective lens, forms the dual-depth confocal-rainbow VHI system. The result is a  novel 

system which demonstrates three dimensional critical illumination. 

3.4.1 Principle of operation 

The angle-multiplexed holograms are formed with object points originating from 

different locations along the optical axis and reference beams at different angles to the 

optical  axis.  Figure 3.17 shows a schematic  diagram of the confocal  system.  Starting 

from the left side of the figure, light is emitted from an extended broadband source. At 

the  source  each  cylinder  emits  all  wavelengths  within  the  spectral  bandwidth  of  the 

source.  The source is a 1mm (H) x 1mm (V) Roithner LED with a spectral bandwidth of 

20nm full width half maximum (FWHM) and peak wavelength of 635nm. The different 

cylinders  represent  the  spectral-spatial  regions  that  are  Bragg  matched  to  the  two 

different multiplexed holograms. It can be seen from the figure how the spectral profile 
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Figure 3.17: 3D illuminated confocal-rainbow VHI system  schematic layout.

δz

Imaging 
objective 
lens

Δθ'
X

Y

Z

Multiplexed holographic filters

Multiple 
depth
images

Imaging lensIllumination 
objective 
lens

Δθ

Multiplexed holographic filters

Extended, 
broadband 
source

Condenser 
lens

Figure 3.18: Photo of the 3D confocal-rainbow VHI system.



of the LED will determine the relative intensity at each point in the field of view.  A 

condenser lens collimates the light and illuminates the multiplexed illumination hologram 

in the Fourier plane. The extended source and lens provide the angles required for Bragg-

matching over the field of view (FOV). Points on the source which are Bragg-matched to 

the hologram are diffracted while others pass through the hologram. The illumination 

hologram is illuminated by a different collimated reference beams.  Illumination from the 

broadband source is dispersed along the x-direction that extends the field of view in this 

direction. The diffracted signal beam contains the wave fronts corresponding to the two 

depths (shown as solid and striped cylinders in the object plane).  Each wave front is 

focused within the specimen by an illumination objective lens. The points illuminated 

within the specimen are confocal with an identical imaging objective lens. The focused 

and defocused wave fronts from the volume object which emerge from the objective lens 

are  the  Bragg-matched  signal  beams  of  the  imaging  hologram located  at  the  Fourier 

plane.  The  light  is  then  diffracted  once  again  by  an  angle  corresponding  to  the 

prerecorded construction angles so that the depth wave fronts emerge collimated and at 

different  angles.  Along  the  vertical  direction  of  the  cylinders,  the  field  of  view  is 

determined by the acceptance angle of the objective and is independent, or degenerate, 

with respect to the selectivity of the volume hologram. A camera lens views the two 

depths as field angles and forms an image of the two depth onto a 2D focal plane array.  

3.4.2 Design

The purpose of the 3D confocal design is to limit the amount of unwanted light 

from the desired object planes. Possible design forms for this system include: single-
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grating  used  in  a  reflection  configuration,  or  dual-grating  designs  used  in  either 

transmission  or  reflection  configurations.  A  single-grating  design  uses  a  single 

holographic  element  to  act  as  both  the  illumination  and  imaging  hologram.  A  dual-

grating design uses two separate  holographic elements  to perform those functions,  as 

previously  shown  in  Section  3.3. A  single-grating  design  is  superior  in  terms  of 

alignment  and  hologram fabrication  requirements  however,  volume  scattering  of  the 

hologram material prohibits use of a single hologram design at this time [30]. As a result, 

a  dual-grating configuration  shown in  Figure 3.17 is  used to illustrate  multiple  depth 

sectioning and removal of the wavelength-angle degeneracy. 

The optical layout uses stock lenses and objectives providing reasonable but non-

optimized optical performance. The photo in  Figure 3.18 shows the experiment layout. 

The 635nm Roithner LED with a 40nm spectral bandwidth is collimated by a 30mm lens 

(THORLABS AC254-030-A) and stopped down by a 4mm diameter aperture. The stop is 

then  relayed  by a  unity magnification  afocal  relay  lens  to  the  illumination  hologram 

where  the  light  is  diffracted  to  the  first  of  two  identical  infinity-corrected  Mitutoyo 

10X/0.28NA  objective lenses. At the object plane, the light comes to focus at two planes 

separated by 50μm. The light then passes through the second objective and  the matched 

planar and curved wave fronts from the two object planes are diffracted by the imaging 

hologram to a LUMENERA Lw625 camera using a 75mm (THORLABS AC254-075-

A1) camera lens. 
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Depth resolution, defined as the FWHM of the axial irradiance profile, is given by 

Equation (3.9), where Lα and Lβ are the hologram effective thicknesses, the focal length 

of the objective is fo [30]. The parameter, Δγ is given by,

Δγ= λ
2

Lα LβcosθSα cos θS β( tanθSnα+tanθRnα)( tanθSnβ+tan θRnβ)
.  (3.21)

The reconstruction beam angle at the Bragg condition is θS and the incident recording 

angles for the reference and signal beams inside the material of each hologram are θRnα, 

θRnβ, θSnα, and θSnβ respectively.  

3.4.3 Tolerance

An important consideration in fabricating the holograms is the degree to which 

the  holograms  must  match  as  they  are  used  to  separately  illuminate  and  image  the 

specimen. Care must be taken during the construction phase to match the angles of the 

holograms. Recall from Section 3.3 that the hologram construction tolerance is defined as 

the point where the peak diffraction efficiency of one hologram overlaps the first null of 

the of the second hologram at the edge of the spectral-spatial field of view [30]. The 

construction tolerance is calculated based on the construction angle at which the imaging 

hologram  diffraction  efficiency  (DE)  profile  overlaps  the  null  of  the  illumination 

hologram DE profile at the edge of the field given by Equation (3.18), where λ is the 

wavelength at the edge of the FOV. The null of the DE profile is the selectivity and is 

determined by the detuning parameter [4, 30]. The hologram angular selectivity is given 

by Equation (3.16), where Δn is the hologram index modulation. In order to have Bragg-

matching over  the FOV, the construction angles  of the 1.8mm thick holograms must 

match to within ±0.01 degrees. The optomechanical properties of the recording system 
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must therefore be considered otherwise the high selectivity of the two holograms make 

the construction tolerance and alignment between holograms impractical. A solution is to 

use a rigid recording system and a common mechanical reference for each hologram. The 

multiplex angle is limited by the precision of a motorized rotation stage which must be 

greater than the construction angle tolerance.

3.4.4 Experimental Results

The   holograms  are  recorded  with  0.3%  dye  concentration  PQ-PMMA.  The 

recording wavelength is 514.5nm with an inter-beam recording angle of 72 degrees and 

with an exposure of 3700mJ/cm2. Using the definition for effective thickness for non-

uniform index modulation as discussed in [20], the effective thickness for both holograms 

is on the order of 1.8mm. From Equation (3.9), the depth resolution is calculated to be 

26μm. 

Images  were  captured  to  illustrate  the  3D illumination  and qualitative  optical 

sectioning. The first image, shown in Figure 3.19, is the image of the critical illumination 

at the object plane. In the image, the bonding wires of the LED chip are visible from both 

depths as is consistent with critically illuminated systems. The right image of the LED 

corresponds to the planar grating and is located at the front focal plane of the imaging 

objective. The image of the LED on the left is 50μm closer to the imaging objective. The 

banding structure in the images are fringes due to an etalon effect from a thin film of 

adhesive covering the LED.

The second image, shown in  Figure 3.20, shows the image of the illumination 

LED and a grid target object after the light has passed through a scattering material. A 

99



20μm thick alpha-numeric wire grid used for TEM microscopy is sandwiched between 

two 20μm thick microtome slices of PVA embedded with polystyrene spheres, 20μm in 

diameter.  The PVA has been prepared using a freeze/thaw process to have scattering 

properties  simulating  epithelial  tissue [31].  Seen on the right,  the scattering  object  is 

placed at the front focal plane of the objective. The image of the LED is 50μm closer to 

the objective lens. The PVA/grid sample would be located where the striped cylinders are 

in the object plane of Figure 3.17 with the LED projected image where the solid cylinders 

are. The image of the LED on the left, shows some irregularity due to the grid structure 

and scattering media preceding it however the wires over the LED chip are still quite 

visible. 

3.5 Conclusion

In  this  chapter,  a  review  of  the  illumination  modes  and  configurations  was 

presented. A comparison of in-line and oblique illumination was performed. From the 

experiment,  it  was  determined  that  the  in-line  Kohler  configuration  is  the  optimal 

solution for bright-field illumination with the VHI system.

This chapter also presented the optimization of a dual-grating confocal-rainbow 

design.  This  study  investigated  hologram  selectivity  effects  on  the  depth  resolution 

performance  and  hologram construction  angle  tolerance.  A  simulation  of  the  system 

which integrates the hologram diffraction efficiency with imaging was used along with 

experimental  data  to  evaluate  and  demonstrate  the  optimization  method.  The 

experimental  data  and  ACWA  simulation  results  show  the  simulation  model  to  be 

accurate in predicting performance of the CR-VHIS. The results were used to develop an 
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Figure 3.19: Image of a single LED projected into the object plane  separated by 50μm 
due to the illumination hologram construction parameters and then imaged by the 
imaging hologram.  

Figure 3.20: Image of a single LED projected into the object plane illuminating a 
scattering sample. The image of the grid and LED are separated by 50μm by the 
illumination hologram and then imaged by the imaging hologram. 



empirical relation between depth resolution and design tolerances. These were used to 

optimize the design and construction tolerances. From the relation, a  parametric plot of 

depth resolution as a function of illumination hologram effective thickness is generated to 

aid in the optical design of dual-grating CR-VHI systems.    

It  was  shown  that  the  construction  tolerances  can  be  defined  by  the  Bragg 

selectivity  of  the  holograms.  Limiting  the  spectral  bandwidth  helps  to  relax  the 

construction  angle  tolerance.  A  relatively  broad  diffraction  efficiency  profile  of  the 

illumination  hologram combined  with  a  narrow diffraction  efficiency profile  imaging 

hologram provides an optimal balance between FOV, construction alignment sensitivity, 

and  depth  resolution.  The  effects  of  reversing  the  grating  vector  slant  angle  for  the 

illumination and imaging holograms were also analyzed and found to cause a significant 

reduction in the system FOV. This result indicates that two identical holograms cannot be 

effectively used for the illumination and imaging holograms but will have to be recorded 

separately to counter the slant effect.  Gratings formed in this manner will have to be 

constructed within the tolerance requirement for Bragg angle matching. An experimental 

CR-VHIS with  illumination and imaging holograms each with an effective thickness of 

1.8mm and a source illumination bandwidth of 300nm yielded a depth resolution of 7μm 

and a construction alignment tolerance of ±0.008°.

Finally,  based  on  the  work  in  Section  3.3,  a  proof  of  concept  demonstration 

showing that 3D structured illumination in a confocal VHI microscope configuration is 

possible. The greatest challenge of the dual-grating VHI system is matching the hologram 

construction  angles.  The  initial  results  show  that  constructing  and  aligning  two 

102



multiplexed  holograms  is  manageable.  The  construction  difficulty  is  overcome  by 

constructing the holograms using a rigid recording system and a common mechanical 

reference for the holograms.. The challenge remains to increase the throughput of this 

approach and to reconfigure the layout in a more practical (reflection) configuration.

103



CHAPTER 4 

OPTIMIZATION OF THE THREE DIMENSIONAL 

FLUORESCENCE VHI SYSTEM

4.1 Introduction

Fluorescence  imaging  is  a  quantitative  imaging  technique  offering  higher 

sensitivity to detecting tissue changes. The high sensitivity of fluorescence signals as well 

as selectivity of antibody labeling make fluorescence imaging one of the most powerful 

techniques  in  biomedical  research  [12].  Each  fluorescence  molecule  has  unique  and 

characteristic spectra of excitation and emission. These spectra are usually plotted side by 

side in the same graph of the normalized intensity profiles as shown in Figure 4.1. The 

excitation curve describes the relative probability that a fluorophore will be excited by an 

illumination  wavelength.  The  emission  curve  describes  the  relative  intensity  of  the 

emitted light as a function of wavelengths. 

Fluorescence imaging was initially proposed as a method for cancer diagnostics in 

1948 [32]. Fluorescence stains and dyes are very sensitive in detecting DNA, RNA, and 

proteins. By designing the VHIS to operate as a fluorescence imaging device, the VHIS 

can be used to study dynamic interactions between cells and marker delivery mechanisms 

within  a  volume  specimen  because  each  depth  within  the  field  of  view  is  imaged 

simultaneously. The VHIS is a four dimensional imaging system (x, y, z, and λ),  capable 

of imaging specimens as an imaging spectrometer. Captured images may be 
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Figure 4.1: Invitrogen®  HSC NuclearMask™  stain fluorescence excitation 
and emission data sheet



quantified in terms of both spatial and spectral properties. 

In  this  chapter,  the  methodology  of  an  optimized  VHI system design  for  co-

aligned  fluorescence  and reflectance  imaging  is  discussed.  The result  is  a  two-depth 

fluorescence  VHI  system  designed  to  operate  within  the  Invitrogen®   HSC 

NuclearStain™ emission spectra. The remainder of this chapter is structured into seven 

sections.  In  the  following  section,  concepts  and terminology associated  with  spectral 

imaging are reviewed. Section 4.3,  introduces fluorescence imaging techniques that are 

compatible with the VHI system. In section  4.4, the design requirements of the system 

are developed. In section 4.5 the design of the hologram is presented. This is followed in 

section 4.6 with a discussion of the optical system design and the performance analysis in 

section 4.7. The experiment results of the completed system are presented in section 4.8. 

The chapter concludes with a summary of the discussion in section 4.9.

4.2 Spectral Imaging

Since  the  VHIS utilizes  dispersion  to  increase  the  field  of  view and form an 

image, it may be used as a spectrometer [33] and considered part of the spectral imaging 

branch of spectroscopy. With this distinction, it is important to consider the criteria often 

used in defining these types of spectroscopy systems. The criteria include spectral range, 

spectral resolution, number of bands,  and the degree to which the bands are contiguous. 

Based on these criteria, and depending on the configuration of the VHI system, the VHIS 

may  be  classified  as  either  a  multi-spectral,  hyperspectral,  or  full  spectral  imaging 

system.  This  highlights  the  versatility  of  the  VHIS when applied  to  spectral  and,  in 

particular, fluorescence imaging. 
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4.2.1 Dispersion

Dispersion  is  a  measure  of  the  spatial  separation  between wavelengths  in  the 

diffracted beam and is expressed as dθ/dλ. The dispersion of a highly selective volume 

hologram is determined by differentiating the Bragg relation [4], 

d θ

d λ
=

K
4πn sin(ϕ−θ)

=
1

2 nΛ sin (ϕ−θ)
 (4.1)

where θ is the angle of incidence in the medium, φ is the slant angle of the grating vector, 

Λ is  the grating period,  and n  is the index of the medium. Dispersion is sometimes 

confused  with  Bragg-matching  as  the  two  concepts  are  closely  related  and  often 

interchanged.

4.2.2 Spectral Range

Spectral range is the continuum of wavelengths that can be detected. The spectral 

range  of  the  VHI  system may  be  categorized  in  two ways:  total  spectral  range  and 

spectral  field of view. By scanning the collector arm, the total spectral  range may be 

sampled within the limit of the rotation stage. The spectral FOV is related to the field of 

view of the detector. As will be seen in Section 4.4, the dispersive axis field of view will 

establish the requirement for the spectral FOV. 

4.2.3 Spectral Resolution

Spectral  resolution  is  the  measure  of  the ability  of  a  spectrometer  to  separate 

adjacent spectral  lines (λ1 and λ2 = λ1 + Δλ).  Spectral  resolution is  dependent on the 

resolving  power  of  the  grating,  dimensions  of  the  object  and  detector,  as  well  as 
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aberrations in the image [34]. The parameter Δλ is the limit of resolution or the minimum 

wavelength difference between two wavelengths that can be resolved within a prescribed 

criteria. 

4.2.4 Spectral Distortion

The VHI system can exhibit the same spectral distortions experienced by other 

spectrometers  [33,35].  “Smile” distortion is  the change of dispersion angle with field 

position.  Spectral  keystone  distortion  is  the  change  of  magnification  with  spectral 

wavelength.  Although  not  applicable  here,  these  distortions  can  limit  sub-pixel 

discrimination and detection algorithms [39]. In a VHI system, these distortions do not 

affect the imaging performance but need to be considered if spectral data is required over 

the entire field of view. 

4.3 Fluorescence Imaging Techniques

There are several techniques commonly used with fluorescence imaging. These 

techniques  provide insight  into the various  molecular  processes.  This section reviews 

those techniques that are compatible with a VHI system. Depending on the application, 

the VHI system may be tailored to each of the following techniques or a combination of 

these. 

4.3.1 Multicolor Fluorescence Imaging

Multicolor fluorescence imaging is a technique where two or more wave bands in 

excitation and emission are used to obtain spectroscopic information of a scene, or label 

multiple  distinct  objects  of  interest  [12].  With  two or  more  independent  fluorescence 

signals it is possible to analyze the fluorescence as a ratio of the fluorescence signals at 
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different  wavelengths.  Multicolor  imaging  is  achieved  by  illuminating  the  specimen 

sequentially  or  simultaneously.  In  a  sequential  mode  filters  are  interchanged  so  that 

multiple images in different wave bands are acquired and then combined later in post 

processing. Limitations with this method are the slow speed at which images are acquired 

and pixel registration errors between images.  In simultaneous mode, several sensors, one 

for each wave band, are usually used. The light is separated by dichroic beam splitters 

and  directed  to  the  different  detectors.  When  more  than  three  wave bands  are  used, 

imaging systems for simultaneous modes become complex and  impractical [12]. The 

VHI  system  can  simplify  multicolor  fluorescence  imaging.  The  adaptability  of  the 

volume holographic element to various geometries and spectral bands make the VHIS 

well suited for single detector designs that can acquire multicolor images simultaneously 

and avoid the complications typically associated with the conventional systems.

4.3.2 Hyperspectral Fluorescence Imaging

Hyperspectral  fluorescence  imaging  provides  the  opportunity  to  obtain  the 

emission spectra at each point in the object. In multicolor fluorescence imaging systems, 

the  spectra  is  discrete  and  limited  by  the  number  of  images.  Hyperspectral  imaging 

generates  a  data  set,  called  a  data  cube,  that  contains  the  spectra  of  a  2D  scene. 

Acquisition techniques used are push broom scanning of the sample or Fourier transform 

spectroscopy (FTS) [12]. FTS uses an imaging interferometer  to scan the a 2D scene 

from which the spectra is calculated. The VHI system is ideally suited to the push broom 

scanning technique and offers an additional dimension in the depth axis. By scanning the 

object along the dispersive direction, a data cube for each depth can be generated. 
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4.3.3 Fluorescence Lifetime Imaging

Fluorescence lifetime imaging records the lifetime of the fluorescence signal. At 

greater  depths  fluorescence  imaging  becomes  more  difficult  due  to  scattering.  Using 

fluorescence lifetime imaging, it is possible to probe greater depths because the technique 

minimizes the effect of scattering. The technique may also offer improved fluorophore 

specificity and report  on the environment  of the fluorophore based on changes in the 

radiative or non-radiative decay constants [12]. 

Time domain and frequency domain approaches are used for fluorescence lifetime 

imaging. In time domain lifetime imaging, the fluorescence lifetime is usually measured 

in nanoseconds by a pulse laser with pulse widths of femtoseconds or picoseconds and a 

shutter operating in nanoseconds. In frequency domain lifetime imaging the fluorescence 

lifetime  is  calculated  from the measured  phase shift  of fluorescence  and a  amplitude 

reduction  using  a  detector  with  gain  modulation.  Since  the  technique  is  based  on 

modulation of the source and detector, there is no reason why the VHIS could not be used 

for fluorescence lifetime imaging. 

4.4 Design Requirements

The objective of the design presented here is to capture multi-depth images in 

reflectance and single waveband florescence to study Ovarian tissue samples. The VHI 

design process is divided into two parts: design of the holographic elements and design of 

the optical components. The goal of the hologram design is to match the dispersion at the 

operating  wavelengths  to  the  spatial  field  of  view.  The  design  goal  of  the  optical 
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components is to meet requirements such as spatial resolution, throughput,  field of view, 

packaging; etc. In this section, the development of the design requirements are presented. 

The hologram design objective is to match dispersion to the field of view . Here 

the spectral requirements are considered along with the spatial requirements. Referring to 

Figure 4.1, the emission spectra of the nuclear  stain peaks over a range from around 

675nm to 750nm. Operating over this  range is the optimum in terms of fluorescence 

emission signal strength. However, with an optimal recording wavelength of 514.5nm, 

there are a  limited range of recording angles which will work with the playback system. 

The limit  of the playback system arises from the mechanical constraints of the VHIS 

mounting hardware, which is unable to exceed a 90° deflection from the optical axis. The 

minimum recording capability of the volume holographic recording system (VHRS) is 

mechanically  limited  to  29°.  Construction  geometry  is  also  limited  by  total  internal 

reflection within the hologram substrate. Of greater significance is that a recording angle 

greater than 35° has a playback diffraction angle greater than 90° at 670nm and therefore 

defines the maximum construction angle allowed. Considering these factors, the available 

range of construction angles is 29° to 35°. 

In addition to fluorescence imaging, this system must also operate with bright-

field illumination. An LED source is chosen that best matches the fluorescence emission 

spectrum  to  remove  the  need  for  adjustment  and  co-registration  issues  between  the 

fluorescence and bright-field images. The measured source spectrum, shown in  Figure

4.2, has a peak wavelength of 695nm. A value of 10% of the peak wavelength is assumed 

as the threshold for detection and establishes the usable spectral bandwidth for the design.
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Figure 4.2: Measured spectrum of LED source. (Measurement credit: Michael Gordon)



 In combination with a long pass filter, available from CHROMA® and shown in Figure

4.3, the principle wavelengths are:  λmin = 665nm, λpeak = 695nm, and λmax = 720nm.

For  Ovarian  cells,  an  abnormal  cell  size  is  assumed  to  be  a  sphere  20μm in 

diameter. The nuclei of a healthy cell is assumed to be a sphere 4-5μm in diameter which 

necessitates  2μm resolution for Nyquist  sampling.  The healthy cell  nuclei  defines the 

lateral  spatial  resolution requirement.  The abnormal cell defines the optical sectioning 

depth separation. Depth separation between the two depth-channels is set to 20μm at the 

recording wavelength. This will provide enough separation between optical sections to 

assess cell  morphology in the z-axis depth at  the playback wavelength.  The resulting 

design requirements are summarized in Table 4.1.

Table 4.1: Design requirements

Parameter Requirement

Magnification Power 20X

Operational spectral range 670nm – 720nm 

Number of imaging channels 2

Depth separation between channels 20μm

Lateral resolution 2μm

As a rule of thumb, when determining the usable spectral  range,  the 10% full 

width of the spectrum is a good estimate of the usable spectral bandwidth. 

4.5 Hologram optimization

The design requirements  established in the previous section provide the target 

parameters needed to optimize the hologram. In this section, the optimization of the 
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Figure 4.3: CHROMA® ET655LP soft evaporated filter transmission vs. wavelength 
data sheet



hologram  field  of  view  and  multiplex  angles  are  discussed.   Since  the  hologram 

degeneracy is along the y-axis, the field of view along in this direction does not factor 

into the hologram design and is ignored for now. The y-axis FOV will be addressed in the 

discussion of the system design.

4.5.1 Field of view matching

In a VHI system, the usable spectral bandwidth of the source is determined, not 

only by the spectral  bandwidth of the source but, by the size of the source,  detector, 

number of depth projections,  and the system magnification.  The optical  field of view 

(FOV) is determined by the maximum size of the object as seen by the entrance pupil and 

the focal plan array (FPA) dimensions. Thus, the first item that will simplify the process 

is  to  identify  a  detector.  For  the  design  presented  here,  the  available  detector  is  a 

Hamamatsu ORCA-2 camera.  The detector specifications are shown in Table 4.2.   

Table 4.2: Detector specifications

Detector: Hamamatsu, ORCA-2 Specification

Detector dimensions (WxH) 7 1344x1024 pixels

Pixel size (WxH) 6.45μm x 6.45μm

Effective area (WxH) 8.67mm x 6.60mm

Detector type CCD

Bit depth 12-bit or 16-bit

Hologram dispersion is along he x-axis and the field of view along this axis is the 

spectral-spatial relationship defined by the Bragg condition.  The system field of view is 

limited by the FPA. From Tables 4.1 and 4.2, the focal plane array is 8.67mm along the 

dispersive axis and divided between two channels. The image space FOV is then, 
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H ' x=
FPAx

2
=

8.67mm
2

=4.335mm  (4.2)

where  H'x is  the  image-space  field  height.  From  the  magnification  requirement,  the 

camera  lens  and  objective  are  chosen  to  have  focal  lengths  of  75mm  and  3.64mm 

respectively. The image-space angular FOV is then,

θ ' x=arctan( H ' x

f eye )=arctan(4.335mm
75mm )=3.308o

 (4.3)

With an objective effective focal length of 3.64mm, the system magnification and object-

space parameters are,

mag=
f eye

f obj

=
75mm
3.64mm

=20.604

H x=
H ' x

mag
=

4.335mm
20.604

=210.392μ m

θx=arctan(H x

f obj
)=arctan(0.21mm

3.64mm )=3.308o

 (4.4)

where Hx  and θx are the object-space spatial and angular field of view respectively. The 

Bragg angle is given by,

θB=arcsin( λ

2n Λ)−ϕ ,  (4.5)

where λ is the wavelength, n is the index of refraction of the material, Λ is the grating 

period,  and φ is  the angle of the grating vector  with respect  to  the optical  axis.  The 

grating period is given by,

Λ=
λ0

2 sinα
,  (4.6)
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where, λ0 is the recording wavelength and α is half of the inter-beam recording angle. The 

Bragg  condition  is  used  to  solve  for  the  spectral-spatial  field  of  view by taking  the 

difference  between the Bragg angle  of the maximum and minimum wavelengths  and 

setting that equal to the x-axis FOV,

θB(λmax ,Λ0)−θB(λmin ,Λ0)=θ ' x  (4.7)

which matches the dispersion to the FOV. The optimized grating period is solved for 

numerically and used in Equation (4.6) to determine the optimal construction angle, α0. 

When  λmin = 665nm and λmax = 720nm, the optimal construction angle at a wavelength of 

514.5nm is αo = 27.6°. However, as previously mentioned, the mechanical constraints of 

the recording system limit the recording angle to 29° which has a corresponding grating 

period Λo = 530.62nm. With this limited recording angle, the best that can be done is to 

optimize the multiplex angle.

4.5.2 Multiplex Angle Separation

As seen in Figure 4.4, the Bragg angle is a nonlinear function as a function of 

wavelength.  Thus, the angular separation between wavelengths is not always constant 

over the spectrum. The configuration of the recording system is such that the multiplex 

angle separation is induced by tilting the reference-arm between exposures (Figure 1.5). 

Even slight  deviations  in  grating period may have significant  dispersion changes  and 

affect the field of view. To minimize the FOV mismatch between depth channels, the 

multiplex angle is divided about the optimal  construction angle,  αo.  The procedure to 

optimize the multiplex angular separation is similar to the dispersion optimization used to 

match the field of view. The difference is that instead of a wavelength range, an axial 
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Figure 4.4: Bragg-angle as a function of wavelength. Depicted are three grating period 
conditions which represent the reference and multiplexed hologram conditions.
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wavelength is used to determine the axial wavelength multiplex grating period. The term 

“axial wavelength” is used here to describe the wavelength which aligns with the optical 

axis of the system. The construction wavelength multiplex angle will be calculated based 

on  this  axial  wavelength  multiplex  grating  period.  For  convenience,  the  minimum 

wavelength of the source bandwidth is  defined as the center of the spatial  field.  The 

difference between the optimized field of view hologram and multiplex hologram is set 

equal to the half field of view (HFOV) at the playback axial wavelength, 

θB(λaxis ,Λ0)−θB(λaxis ,Λm)=
θ ' x

2  (4.8)

Solving for the multiplex grating period this becomes,

Λm=
λaxis

2sin[sin−1(λaxis

2Λ0)−
θ ' x

2 ]  (4.9)

where Λ0 is the optimized grating period found in Equation (4.7), Λm is the multiplex 

grating period, λaxis is the on-axis wavelength, and θ'x is the FOV.  The multiplex grating 

period is found to be Λm  = 530.62nm. The construction multiplex angle is the difference 

between the optimal and multiplex Bragg angles at the construction wavelength is given 

by,

±θm=
θB(λ0, Λ0)−θB(λ0,Λm) .

2  (4.10)

At a recording wavelength of 514.5nm, the optimal multiplex angle is θm = ±1.2°.  The 

reference-arm construction angle for each multiplexed hologram is,
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αm=α0±θm  (4.11)

where α0 is the optimal construction angle and θm is the construction multiplex angle. 

Shown in  Figure 4.5 is  a  simplified diagram of the construction geometry,  originally 

shown in Figure 1.5, illustrating these angles. 

As a rule of thumb, for a spectral bandwidth on the order of 50nm, the HFOV can 

be used as the multiplex angle. Notice that when the wavelength is  λmin, Equation (4.8) is 

the HFOV. Over a 50nm spectral bandwidth, the difference between Bragg-angles of the 

multiplexed holograms is roughly constant (Figure 4.4). Therefore, the HFOV is a good 

approximation of the optimal multiplex angle.

4.5.3 Hologram Selectivity and Side Lobes

In design presented thus far only the directional holographic properties have been 

considered. Treatment of the diffraction efficiency of the holograms is handled separately 

using either ACWA discussed in Chapter 3 [4], the Born approximation [11], or rigorous 

coupled-wave  analysis  [37]  in  transmission  geometry.  In  terms  of  the  optical 

performance, if the angular selectivity of the hologram is larger than the angle subtended 

by the airy disk, the hologram will limit the resolution of the system. Higher selectivity is 

a  function  of  hologram  effective  thickness  and  index  modulation.  In  order  to  be 

diffraction-limited, the hologram must have an angular selectivity less than the Airy disk. 

Calculation of the selectivity requirement is given by,

ΔθB=
DAiry

m f obj

,  (4.12)

where DAiry is the diameter of the Airy disk, m is the system magnification, and fobj is the
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Figure 4.5: Hologram construction geometry angles.

Δz

2α
o

2θ
m

d

Signal arm

Reference arm

Hologram substrate

Surface Normal

Point source 
generator



objective lens focal length. Therefore, the volume hologram needs to be on the order of 

1-2mm thick. 

A more subtle requirement is that the morphology of the diffraction efficiency 

profile must not have peaks in the side lobes which will allow off-angle light to propagate 

through the system as this would cause image blur [36]. Based on experiences with this 

system, the peaks must have an absolute diffraction efficiency less than 10%.

4.6 VHI optical system design

With  the  system  requirements  and  hologram  design  established,  the  optical 

components are now optimized. The first step is to design the optical system without the 

holographic  element.  This  phase  of  the  design  process  is  the  same  process  used  in 

imaging lens design discussed in a number of textbooks [40-42]. The design form of the 

VHI system is based on a 4f relay design described  in [15] and [38]. The system uses a 

long working distance 0.55NA objective lens (Olympus ULWD MSPlan 50) with a focal 

length fobj =3.64mm, the same afocal relay components in [38], and an achromatic doublet 

(THORLABS  AC254-075-A)  for  a  camera  lens  with  focal  length  ftube =75mm.  The 

resulting system has a magnification of 20X. 

After optimization of the optical components, the holographic elements are added 

to the model for analysis and further optimization if necessary. The holographic element 

is  added  to  the  ZEMAX®  model  using  the  “optically  fabricated  hologram”  surface 

discussed in Chapter 2. This surface allows for the system to be optimized including the 

aberrations of the hologram construction optics. Construction optics  consist of the signal 

and reference beam elements of the recording system as previously shown in Figure 1.5. 
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The construction files have a recording wavelength of 514.5nm, a signal angle  α0 from 

Equations (4.6) and (4.7), and reference beam multiplex angles  αm given by Equation 

(4.11). The playback model uses the principle wavelengths (λmin, λaxis, and λmax) with the 

hologram surface tilted to the axial wavelength Bragg angle. The collector-arm is set to 

twice the axial wavelength Bragg angle with respect to the optical axis. (An alternate 

method is to set the angle using a chief ray solve at λaxis.) 

Angle-wavelength  correspondence of the Bragg hologram means that  for each 

wavelength  only  one  angle  is  diffracted.  To  simulate  this  in  a  sequential  ray-trace, 

multiple  configurations  are  used.  Each configuration  represents  a single spectral  field 

region,  including  the  degeneracy  axis.  One  configuration  is  the  on-axis  region 

corresponding to the axial wavelength. The angle of incidence at the hologram is set to 

the axial wavelength Bragg angle and the field of view of this configuration is set to zero 

to define the optical axis. Each additional configuration represents the dispersive off-axis 

field heights relative to the optical axis given by, 

H x= f obj tan [θB(λmax)−θB(λaxis)] ,  (4.13)

where the  maximum field  height  is  determined by the  maximum wavelength.  At  the 

maximum wavelength of 720nm, the field of view for each depth-channel is: H1 = 224μm 

and H2 = 197μm. This means that 106% of the FOV for channel-1 and 94% of the FOV 

for channel-2 are utilized. In other words, channel-1 is overfilled by 6% and channel-2 is 

under-filled by 6%. This is a result of dividing the multiplex angle about the reference-

arm.  Figure 4.6 shows the comprehensive result from the “footprint” analysis window. 

Shown are each field point imaged on to the detector used to evaluate the field of view 
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matching of the hologram design.  The result shows that the FOV is optimized for both 

depth channels. Field points along the y-axis are the degenerate axis of the hologram. 

Note the slight curvature along this axis in the footprint which indicates the presence of 

spectral “smile” distortion.  To illustrate the field points and make the spots visible, the 

system has been intentionally defocused. 

The completed design model is shown in Figure 4.7. It incorporates the aberration 

effects  of  the  optical  components  shown  here  and  the  recording  system  optics  (not 

shown). The design includes the stock lenses used in both the playback and construction 

systems. However, the objective is modeled as an ideal lens that does not contribute to 

the optical aberrations. 
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Figure 4.6: Footprint analysis of optimized VHI system (defocused to show spot 
locations). Notice that in the center of the detector, the opposite field points of each 
channel are matched to the same detector location. 

Depth channel 1 Depth channel 2
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Figure 4.7: VHI system design layout including multiplexed hologram.



4.7 Optical Performance analysis

In this section, the tools to analyze the performance of the complete VHI system 

are discussed. With the signal, reference, and playback optics incorporated into a single 

file, comprehensive imaging performance can be evaluated. The analysis reference point 

is defined by the intersection of the paraxial chief ray and the paraxial image plane. For 

the most  part,  analysis  of the VHI system is identical to traditional  imaging systems. 

Methods used in computing image quality,  such as spot diagrams and the modulation 

transfer function, represent different perspectives of the net performance of an optical 

system.  Although  they  show  the  resulting  image  quality,  the  disadvantage  of  these 

metrics is that they do not provide a detailed indication of the specific aberrations present 

in  the  design  over  the  field  of  view  or  spectral  bandwidth.  To  address  this  issue, 

transverse  ray  aberration  and  optical  path  difference  (OPD)  plots  are  also  used.  A 

designer  can  evaluate  the  amount  of  spherical  aberration,  coma,  astigmatism,  field 

curvature, axial color, lateral color, and field curvature present in the design using this 

graphical  information.  However,  there  are  some  differences  (in  particular  with  field 

curvature) in interpreting these plots because each ray-tracing point of the spectral-spatial 

FOV is  analyzed  individually.  Therefore,  due  to  the  unique  properties  of  the  VHIS, 

standard analysis plots may lose some functionality (mainly due to the wave front tilt-

carrier used to form the hologram) and a designer cannot rely on any single metric but 

must rely on a collection of metrics to evaluate VHI system performance. 

In  each  of  the  following  analysis  sections,  each  “configuration”  represents  a 

single  wavelength  at  one  of  two  object-space  depth  locations  (Δz).  Shown  in 
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configuration 1 is the on-axis depth-1 and corresponding degenerate field points at the 

axial wavelength (665nm). Configuration 2 represents the dispersive off-axis field point 

and  the  degenerate  field  points  of  depth-1  at  the  maximum  wavelength  (720nm). 

Configuration  3 represents the depth-2 off-axis dispersive field point degenerate  field 

points  at  720nm.  Configuration 4 represents  the depth-2 on-axis  field and degenerate 

field points corresponding to the 665nm axial wavelength.

4.7.1 Spot Diagrams

A spot diagram is the geometrical image blur formed by the lens when imaging a 

point object. The rms spot diameter is the diameter of a circle containing approximately 

68% of the energy [43]. For pixelated sensors, where the goal is that the image of a point 

object to fall within a pixel, this is an important metric. Spot diagrams are a very useful 

output form however, it is sometimes difficult to distinguish specific aberrations. 

Shown in Figure 4.8 is a plot of the spot diagrams for each spectral-spatial field 

point. Columns correspond to wavelengths the dispersive direction. Rows in each column 

represent the points along the degenerate direction. A circle in each diagram denotes the 

Airy disk  or  diffraction  limit.  Color  coding and column layout  of  the  spot  diagrams 

correspond with the footprint analysis  in  Figure 4.6.  As seen in  Figure 4.8, all  field 

points  are  near  diffraction-limited.  The  maximum  rms  spot  radius,  23μm,  occurs  in 

configuration 3. 
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Figure 4.8: Spot diagram



4.7.2 Wave Fans

Wavefront error is the optical path difference between the actual wavefront and a 

reference  wavefront.  The  error  is  measured  in  the  exit  pupil  relative  to  a  reference 

wavefront centered on the reference image point and will change if the reference image 

point is moved. Tangential rays intersect the pupil along the y-axis. Sagittal rays intersect 

the pupil along the x-axis. Wave fans are the plots of the wavefront error for these two 

sets of rays. The plot scale and shape of the curve indicate how much of the individual 

aberrations are present. 

In  Figure 4.9, are the wave fans for each spectral-spatial point. Included in the 

sub-plots are the degenerate field points for sagittal and tangential directions. The straight 

line in the sagittal plot  is due to tilt of the wavefront along the x-direction as a result of 

tilt  induced  by  the  construction  geometry.  It  can  be  seen  in  the  axial  wavelength 

configurations  (1  and  3)  that  aberration  includes  defocus,  coma,  astigmatism,  and 

spherical  aberration.  Defocus  is  the  dominate  aberration  at  the  off-axis  wavelength 

(configurations  2  and  4).  Although  present  in  the  system,  the  aberrations  are  not 

significant enough to change the optical prescription of the design and move to custom 

lenses. The aberrations are due to the optical surfaces and wavelength-shift properties of 

the hologram [28].
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Figure 4.9 Wave fans of the VHI system.



4.7.3 Modulation Transfer Function

Perhaps the most comprehensive of all  optical  system performance criteria  for 

image  forming  systems  is  the  modulation  transfer  function  (MTF).  Modulation  is

(I max− I min)÷(I max+I min). The  MTF represents  the  transfer  of  modulation  from the 

object to the image by the optical  system as a function of spatial  frequency.  Closely 

related to MTF is the contrast (or contrast ratio) which is the maximum intensity divided 

by the minimum intensity. 

Figure 4.10 shows the MTF plots for each spectral-spatial point. It is necessary to 

use the Geometric MTF approximation because of the tilt carrier of the hologram. The 

reason for  differences  in  the MTF is  that  the depth and field  points  are  refracted  by 

different portions of the lens elements. The ray paths that propagate along the optical axis 

of the collector-arm have less aberration. The off-axis depth-1 and on-axis depth-2 field 

points (configurations 2 and 3 respectively) propagate closer to the edge of the collector 

lens (see  Figure 4.7) and as a result show more aberration. In all cases, the system is 

capable of imaging a 2μm feature or Group 7/Element 6 of the 1951 USAF resolution 

target.  

4.7.4 Distortion 

The distortion analysis approximates the spectral distortion of the system because 

each field point is monochromatic. An analysis of the model (not shown) reveals that the 

smile distortion is 0.25%. The result has little bearing on imaging performance but is 

presented for completeness.
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Figure 4.10: Geometric MTF analysis



4.7.5 Performance summary

Presented  above  are  examples  of  the  analysis  functions  which  can  aid  in  the 

development of a VHI system. The analysis presented here shows that the performance 

should  be  near  diffraction-limited  at  all  field  points.  In  the  next  section,  the  as-built 

system is experimentally validated. 

4.8 Experiment results

Figure  4.11 shows  a  photograph  of  the  completed  system  with  the  Kohler 

illumination attachment that uses a 695nm LED source. Shown to the left of the VHIS is 

the fluorescence illumination attachment that uses a 635nm laser diode as the excitation 

source. This system shall be used to image ovarian tissue samples from the patients who 

consent to this study. In this section, characterization measurements of the as-built system 

are  described.  Characterization  includes  hologram  diffraction  efficiency,  optical 

resolution,  spectral  properties,  and  image  footprint.  Also  shown  are  the  co-aligned 

reflectance  and  fluorescence  test  images  that  illustrate  the  method  by  which  4D 

information  of  a  scene  is  gathered.  The  section  concludes  with  a  characterization 

summary of  the delivered system.   

4.8.1 Diffraction Efficiency

A plot  of  hologram diffraction  efficiency  data  is  shown in Figure  4.12.  The 

measurement is performed by changing the angle of incidence of a monochromatic beam 

(514.5nm)  with  respect  to  the  surface  normal  of  the  hologram  and  recording  the 

diffracted energy. The diffraction efficiency represents the relative diffracted energy 
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Figure 4.11: Photo of the delivered VHIS



from an incident beam of light as a function of angle. When integrated with the VHI 

system,  the  angle  corresponds  to  a  field  position  in  object-space  and is  therefore  an 

indication of lateral spatial resolution as well as throughput. 

Figure 4.12 shows the planar and curved gratings of the multiplexed hologram 

which have a peak diffraction efficiency of 55% and 50% respectively. The graph also 

shows that the side lobes of each hologram is less than 10% absolute efficiency. This 

indicates lateral resolution will not be degraded by the holographic element. Resolution is 

improved  over  previous  versions  of  the  system because  of  advances  in  the  material 

design. The current material has relatively low side lobes and less induced astigmatism 

from from a lower recording angle  [46].  Without  the  diffraction  efficiency side lobe 

effects, the image degradations are due to optical surfaces.

4.8.2 Lateral Resolution

The  1951  USAF resolution  target  offers  a  quick  evaluation  of  the  resolution 

performance.  Resolution targets have a series of horizontal and vertical lines that are 

used to determine the resolution of an imaging system. A set of six elements (horizontal 

and vertical line pair) are in one group and ten groups compose the resolution chart. The 

nomenclature associated with the resolution bars is consistent with the pixel rows and 

columns in terms of ray aberrations. The tangential ray aberrations in the exit pupil are up 

and down in the plane of the paper in the y-direction. The sagittal ray aberrations are in 

and  out  of  the  plane  of  the  page  in  the  x-direction.  This  nomenclature  maintains 

consistency with the performance analysis discussed in the previous section. 
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Figure 4.12: Measured angular diffraction efficiency of hologram L-1 at 514.5nm. The 
blue plot is of the planar grating. The red plot is the 20μm defocused grating. The 
planar and curved holograms have a peak diffraction efficiency of 55% and 50% 
respectively.(Measurement credit: John Brownlee)
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Spacing between the lines in each element is equal to the thickness of the line 

itself. Resolution of an imaging system can be determined by viewing the clarity of the 

horizontal and vertical lines. The largest set of non-distinguishable horizontal and vertical 

lines determines the resolving power of the imaging system. The resolution target used in 

this experiment has a maximum resolution of 228.0 line pairs per millimeter (lp/mm), 

corresponding to the Group-7/Element-6 feature,  which roughly equates to 4.4µm per 

line pair. 

Figure 4.13 and Figure 4.14 show the image of the resolution target at focus for 

each channel. The image on the right is the planar grating corresponding to the front focal 

plane  of  the  system.  The image on the  left  is  the  curved grating  corresponding to  a 

position 20μm closer to objective from the front focal plane. In both images, the Group-

7/Element-6 feature is clearly visible in both the tangential and sagittal directions. The 

bars of the Group-7/Element-6 feature are 2.2μm wide. 
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Figure 4.13: 1951 USAF resolution target at playback wavelengths. The focused image 
on the right is the planar channel corresponding to the front focal plane of the 
objective.

Figure 4.14: 1951 USAF resolution target at playback wavelengths. The focused image 
on left is curved grating channel corresponding to a plane 20μm closer to objective 
from the front focal plane. 



4.8.3 Spectral Calibration

Measurements of the spectral properties are made by imaging a Mercury-Argon 

spectral  calibration  source.  An example  of  the  data  is  shown in  Figure  4.15.  In  that 

image, the 577nm/579nm doublet can be discriminated over the full spectral range. The 

data is processed using the ImageJ software suite, available from the National Institutes 

of Health. Analysis of the range and resolution is performed using a 3rd-order polynomial 

fit to assign pixel numbers to wavelengths given by,

λ p=I+C 1 p+C2 p2+C3 p3  (4.14)

Spectral calibration coefficients are found by recording the pixel coordinate of the peak 

intensity for each spectral  line profile at the center of the field and using a 3rd order 

linear regression to solve for the coefficients. Spectral range is calculated based on the 

mechanical limits of the VHI system. Results of the calibration measurements are shown 

in Table 4.3. 

4.8.4 Spectral Distortion

Analysis of the spectral distortion is performed by drawing a reference line from 

the center of the field to the edge along the degenerate axis and measuring the relative 

departure  angle  of  the  spectral  line.  Spectral  distortion  (smile)  is  calculated  as  a 

percentage of the angle. Smile distortion is found to be 1.92%. A summary of the spectral 

characterization results of the VHI system is shown in Table 4.4.
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Table 4.3: Linear regression results for spectral coefficients of the VHI system. 

Parameter Coefficients {nm/pix} Standard Error

Intercept, I 395.98 0.056

Coefficient, C 1 1.39E-01 4.49E-04

Coefficient, C 2 3.55E-05 7.91E-07

Coefficient, C 3  -1.83E-08 3.99E-10

Table 4.4: VHIS spectral characterization summary.

Description VHI system

Spectral Range 400 – 787.9 nm

Spectral Field of View 178.31 nm

Spectral Resolution 0.14 nm

Spectral Distortion (smile) 1.92%
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Figure 4.15: Mercury-Argon spectrum image captured with S2-VHIS using a simplex 
planar grating.



4.8.5 As-Built Image Footprint

As discussed in Section 4.5.2, the optimized multiplex angle is found to be ±1.2°. 

However, during hologram construction, the multiplex angle was inadvertently recorded 

at ±1.5°. This results in a slightly different footprint than the optimized design. Analysis 

of the data is shown in Figure 4.16. A difference of 0.3° between the design and as-built 

hologram has  a  minimal  effect  and  image  separation  between  the  depth  channels  is 

acceptable.  The location of the 695nm peak in the image is marked by a dashed line 

corresponding with the footprint analysis. Analysis shows that  channel 1 is 128% of the 

FOV and channel 2 is 109% of the FOV. In other words, the spatial-spectral field of view 

in channel 1 and channel 2 are larger than the detector by 28% and 9% respectively. The 

grating  period of  each channel  is  recorded about  the  optimal  reference  angle  as  was 

shown in Figure 4.4 and Figure 4.5 which alters the dispersion between channels.

4.8.6 Oversampling and Fluorescence Detectability

Not mentioned in the performance analysis discussion was the pixel size of the 

detector. Recall from Table 4.2, that the pixel size of the Hamamatsu detector is 6.45μm 

x  6.45μm. Based on the spot diagram analysis, the Airy radius of the system is 16.84μm 

and the rms spot size of the VHI system is on the order of 20μm. Thus, without any 

modifications  to  the  detector,  the  scene  is  oversampled.  Fluorescence  signals  are 

extremely weak compared to the reflected signal. The issue is compounded by the fact 

that,  because  of  angle-wavelength  correspondence,  only  one  wavelength  per  spatial 

location  is  sampled.  To  mitigate  this  effect,  there  is  a  need  to  reduce  the  spectral 

resolution in favor of greater detector sensitivity without sacrificing spatial resolution. 
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Figure 4.16: As-built image footprint analysis



The Hamamatsu detector has the capability of combining adjacent pixels so that a 

larger, super-pixel is available. Detector binning is available in increments of 2x2, 4x4, or 

8x8. By increasing a pixel area to four, sixteen, or sixty-four pixels, sensitivity of the 

detector increases geometrically. Binning up to 4x4 is possible without any loss in spatial 

resolution  up  to  228  lp/mm.  Experiments  show  that  the  VHI  system  is  capable  of 

detecting a fluorescent object that  has a diameter between 1μm – 4μm.

4.8.7 Experimental Images

To illustrate the fluorescence imaging capability of the VHI system, a target is 

created which has the scattering characteristics of a tissue specimen. Polystyrene beads 

are suspended in a polyvinyl alcohol (PVA) matrix. The PVA undergoes a freeze/thaw 

process which causes the PVA to have scattering properties similar to epithelial tissue 

[31].  Each polystyrene micro-sphere has a diameter  of 15μm. Suspended in the PVA 

matrix  are  spheres  containing  FluoSpheres®  Scarlet  Fluorescent  and  FluoSpheres® 

Yellow-Green  Fluorescent  dye.  The  purpose  of  this  is  to  demonstrate  the  difference 

between reflectance and fluorescence imaging modes since all spheres will be visible in 

reflectance,  however,  only the  Scarlet  Fluorescent  spheres  are  visible  in  fluorescence 

mode. This is because the 635nm laser diode source is within the excitation range of the 

Scarlet Fluorescent dye whereas, the Yellow-Green Fluorescent dye is not excited.  

Co-aligned reflectance and fluorescence images are shown in  Figure 4.17. The 

fluorescence and reflectance mode images are taken sequentially by finding a region of 

interest  in reflectance mode and recording the scene.  The system is  switched over to 

fluorescence mode and the same region is recorded. The top and bottom x-axis have been 
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Figure 4.17: Co-aligned reflectance (top) and fluorescence (bottom) image of the same 
object.



labeled to correspond to wavelength across the dispersive field of view of channel 1 and 

2 respectively.  The y-axis shows the distance,  in object space, from the center of the 

field. 

4.8.8 As-Built Specifications

The completed system is characterized and summarized with a specification table. 

The specifications are based on the as-built configuration and shown in Table 4.5.

Table 4.5: Characterization summary

665nm-720nm volume holographic imaging system specifications

System

Magnification 20.6

Numerical aperture, objective 0.55

Maximum operating wavelength 787.9nm

Spectral  bandwidth 55nm

Full field of view 0.210mm X 0.160mm

Number of imaging channels 2

Depth separation between channels, δz 20μm @ λ0  (30μm @ λ = 695nm)

Holographic element

Hologram ID# L1

Recording wavelength, λ0 514.5nm

Angle separation between channels, θm ±1.5°

Hologram inter-beam angle, 2α0 58°

Signal angle WRT HOE normal, α0   -29°

Reference angle WRT HOE normal, αm1 
and αm2 

+27.5° and +30.5° 

HOE Grating period, Λ 530.6nm

XFIE1 @ 720nm 271μm

XFIE2 @ 720nm 230μm

YFIE 160μm
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4.9 Conclusion

In  this  chapter,  a  method  of  design  was  presented  starting  with  a  review  of 

fluorescence  imaging  techniques  that  the  VHI  system is  compatible  were  presented. 

Spectral  properties  associated  with  the  VHI  system  including,  dispersion,  range, 

resolution, and distortion were also discussed. This was followed by the development of 

the design requirements and then the hologram design methodology. Once the hologram 

design  was  complete,  the  optical  elements  were  optimized  and  a  system model  was 

developed to analyze the design. The methods to analyze the optical performance were 

discussed which included the hologram contribution to system aberrations.  Finally, the 

system was characterized with a series of experiment measurements that resulted in an 

as-built specification table. 

The  design  presented  supports  current  biomedical  research  by  providing  a 

capability  to  monitor  dynamic  interactions  in  a  volume  object.  The  system  is 

vibrationally insensitive and images  are captured in  real-time.  These features and the 

inherent  spectral-spatial  nature  of  the hologram in this  imaging  modality  enable  new 

possibilities  in  biomedical  imaging.  These  include  the  ability  to  study  dye/marker 

diffusion rates, targeted drug delivery, and other volume imaging applications.
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CHAPTER 5 

CONCLUSION

The goal of this dissertation was to develop a generalized method of design for 

volume  holographic  imaging  systems  applied  to  microscopy.  The  approach  of  the 

research  was  that  it  be  directly  applicable  towards  advancing  the  project's  needs  for 

successful imaging of ovarian cells in bulk tissue. In Chapter 1 the motivation and history 

of this research as well as the principles of volume holographic imaging were presented. 

In  Chapter  2  the  ray-trace  methods  used  is  this  research  and  holographic  material 

considerations  were  developed.  In  Chapter  3  the  design  methodology,  derivation  of 

analytical depth resolution expressions, and a proof of concept three-dimensional critical 

illumination  system  was  presented.  The  discussion  in  Chapter  4  developed  the 

fluorescence  VHI  design  and  optimization  methodology,  including  the  analysis  and 

experimental results. 

 In Chapter 1, the purpose of this dissertation was presented. An overview of the 

research,  that  included  the  motivation  and  imaging  modalities  associated  with  this 

research, was also presented. This was followed with a review of the history of volume 

holographic  imaging  systems  and  an  introduction  to  the  confocal  and  fluorescence 

imaging modes to be developed. The operating principles of volume holographic imaging 

including,  wave  front  selectivity,  Bragg  selectivity,  and  the  angle-wavelength 

correspondence  of  volume  holograms  were  reviewed.  An  overview  of  the  known 

multiplexing techniques was presented to illustrate the options available in VHI system 
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design. The volume holographic construction and playback systems were introduced and 

key components explained. Also discussed were light-tissue interaction properties. The 

chapter concluded with a list of the goals and specific aims of this dissertation.

In  Chapter  2  the  ray-trace  techniques  used  throughout  the  dissertation  were 

developed and physical limitations of holographic material highlighted. The appropriate 

use  of  sequential  and  non-sequential  ray-tracing  methods  in  the  holographic  design 

process were reviewed. A sequential ray-tracing technique using the optically fabricated 

hologram diffractive  surface  type  was  presented  along  with  a  method  for  simulating 

Bragg gratings. A sequential ray-trace technique using a lookup table in concert with the 

diffractive  surface  was  developed and evaluated.  To design  and evaluate  radiometric 

properties of VHI systems, an approximate coupled wave analysis  surface used in the 

non-sequential ray-trace environment was presented. Finally, as a caution to designers, 

the effects that physical properties of the holographic material has on optical performance 

were discussed. 

Presented  in  Chapter  3  was  the  illumination  system.  The  important  role 

illumination  plays  in  a  microscope  system was highlighted  and the  four  illumination 

modes typically used in microscopy reviewed. Köhler and critical modes of bright-field 

illumination were presented and incorporated into the VHI system design. A comparison 

between  in-line  and  oblique  illumination  found that  in-line  was  superior  in  terms  of 

signal strength from the specimen. The concept of rainbow illumination was introduced 

and  the  depth  resolution  theory  developed  which  led  to  analytical  expressions  for 

designing confocal-rainbow illuminated VHI systems. A method to conduct the tolerance 
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analysis  of  this  type  of  system  was  developed,  including  dispersion  matching  and 

hologram slant angle orientation. Simulation and experimental data were used to validate 

the  theory.   The  theory  and methods  were  then  used  to  develop  a  proof  of  concept 

multiplexed  confocal-rainbow  system  which  projected  a  two-dimensional  critical 

illumination system into three-dimensions. 

In Chapter 4, the benefits of fluorescence imaging were introduced followed by a 

review of properties associated with spectral imaging. Fluorescence imaging techniques 

were reviewed. These techniques were highlighted because they are easily adaptable to 

volume  holographic  imaging.  The  development  of  the  design  requirements  of  the 

holographic fluorescence imaging system were then developed followed by the design 

methodology  of  the  hologram.  After  the  hologram  parameters  were  established,  the 

optical  system  was  optimized  and  the  hologram  and  optical  element  combined  for 

analysis of the system performance. A review of the analysis methods that work with the 

holographic  imaging  system  was  presented.  The  chapter  concluded  with  the 

characterization of the delivered system which is to be used in the ovarian tissue study.

In closing, this dissertation:

• Developed  a  system  model  for  analysis  of  VHI  system  that  can  predict  the 

illumination effects with and without structured illumination. 

• Determined  optimum  sample  illumination  configurations  for  throughput  and 

depth resolution of a VHI system. 

• Determined the optimum florescence imaging configuration for a VHI system.
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5.1.1 Future work

Further research into the illumination aspects of this class of system is needed. 

The research presented in this dissertation developed a methodology for designing the 

imaging system but did not venture very far into the design of illumination systems. More 

work  is  needed  to  improve  radiometric  throughput,  which  will  allow  the  confocal-

rainbow techniques to become a viable option for real world applications. 

Also needed is  a  better  understanding of  applications  for  this  unique  imaging 

system in  the  area  of  biomedical  research.  The  images  produced by this  system are 

spectral-spatial images which means that the system is a spectrometer in one axis and an 

imaging system in the other. The device has great potential as an imaging system. The 

spectral-spatial aspects of the system should be studied further and the value of this new 

imaging modality demonstrated to the biomedical research community.
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APPENDIX A

Title: VHRS visual collimation experiment Name: Erich de Leon
Date: 10-Feb-2011 Lab Partners: John Brownlee

Purpose:
The purpose of this experiment is to determine the accuracy of visual collimation 
alignment of the VHRS. Visual alignment refers to collimation of the VHRS by measuring 
the beam diameter generated by the signal arm at some distance away. If the beam size 
is constant over the distance, the wavefront is said to be collimated. 

Materials:
1. ZEMAX software
2. Spreadsheet software
3. Volume Holographic Recording System (VHRS)
4. Mach-Zehnder interferometer
5. HeNe Laser

Procedure:
1. Set up VHRS for recording a “standard” hologram (32-36 deg inter-beam angle)
2. Set up Mach-Zehnder interferometer as a wavefront sensor as shown:

3. Using current technique (spot on the wall @632.8nm), align VHRS for planar 
recording.

4. Measure accuracy of this technique with the wavefront sensor.
5. Capture interferogram.
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Data:
Fringes from visual alignment are 1.5 waves. Shown are tilted fringes:

Results:
Analysis of the interferogram shows that with 1.5 waves of defocus, this corresponds to 
the PSG being 4.6μm from the paraxial focus. Below is the raytrace generated 
interferogram to simulate the above data.
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Illustration 1: Tilt fringes  for collimation alignment by 
hand which shows 1.5 waves of defocus.



Conclusions:
Alignment by eye of the planar fringe pattern appears be close to true collimation. 
Interferometric analysis of the visual alignment of the planar channel recording process 
shows that the method is adequate and better than anticipated (±5μm absolute position 
at object plane).
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Illustration 2: Simulated interferogram of the data. The interferogram shows 1.5 waves 
of defocus with 6 fringes of tilt. This corresponds to a defocus of 4.6microns at the 
object plane. 
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APPENDIX B

! Bragg hologram coating

! Author: Erich de Leon, erichd.edu@gmail.com

! Date: 01-Mar-2011
! Assumed design configuration that unpolarized light is 
incident at a finite angle of incidence (AOI)

! and emerges at some diffraction angle with with a varying 
diffraction efficiency (DE).

! This coating simulates the DE as a function of AOI of a 
volume ("Bragg") Hologram

! See program manual for complete syntax and important 
comments

TABLE J0228A
! SYNTAX: ANGL <angle 1 in degrees (inside the material)>

! SYNTAX: WAVE <wavelength 1 in micrometers> Rs Rp Ts Tp 
Ars Arp Ats Atp
! wavelength Rs Rp Ts Tp Ars Arp Ats Atp
ANGL 31.900
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9030
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9060
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9090
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9120
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9150
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9180
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9210
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9240
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
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ANGL 31.9270
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9300
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9330
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9360
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9390
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9420
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9450
WAVE 0.5145 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00
ANGL 31.9480
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9510
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9540
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9570
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 31.9600
WAVE 0.5145 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00
ANGL 31.9630
WAVE 0.5145 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00
ANGL 31.9660
WAVE 0.5145 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00
ANGL 31.9690
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 31.9720
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 31.9750
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 31.9780
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 31.9810
WAVE 0.5145 0.00 0.00 0.07 0.07 0.00 0.00 0.00 0.00
ANGL 31.9840
WAVE 0.5145 0.00 0.00 0.10 0.10 0.00 0.00 0.00 0.00
ANGL 31.9870
WAVE 0.5145 0.00 0.00 0.17 0.17 0.00 0.00 0.00 0.00
ANGL 31.9900
WAVE 0.5145 0.00 0.00 0.26 0.26 0.00 0.00 0.00 0.00
ANGL 31.9930
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WAVE 0.5145 0.00 0.00 0.34 0.34 0.00 0.00 0.00 0.00
ANGL 31.9960
WAVE 0.5145 0.00 0.00 0.42 0.42 0.00 0.00 0.00 0.00
ANGL 31.9990
WAVE 0.5145 0.00 0.00 0.46 0.46 0.00 0.00 0.00 0.00
ANGL 32.0020
WAVE 0.5145 0.00 0.00 0.47 0.47 0.00 0.00 0.00 0.00
ANGL 32.0050
WAVE 0.5145 0.00 0.00 0.43 0.43 0.00 0.00 0.00 0.00
ANGL 32.0080
WAVE 0.5145 0.00 0.00 0.36 0.36 0.00 0.00 0.00 0.00
ANGL 32.0110
WAVE 0.5145 0.00 0.00 0.28 0.28 0.00 0.00 0.00 0.00
ANGL 32.0140
WAVE 0.5145 0.00 0.00 0.20 0.20 0.00 0.00 0.00 0.00
ANGL 32.0170
WAVE 0.5145 0.00 0.00 0.12 0.12 0.00 0.00 0.00 0.00
ANGL 32.0200
WAVE 0.5145 0.00 0.00 0.07 0.07 0.00 0.00 0.00 0.00
ANGL 32.0230
WAVE 0.5145 0.00 0.00 0.05 0.05 0.00 0.00 0.00 0.00
ANGL 32.0260
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 32.0290
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 32.0320
WAVE 0.5145 0.00 0.00 0.04 0.04 0.00 0.00 0.00 0.00
ANGL 32.0350
WAVE 0.5145 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00
ANGL 32.0380
WAVE 0.5145 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00
ANGL 32.0410
WAVE 0.5145 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00
ANGL 32.0440
WAVE 0.5145 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00
ANGL 32.0470
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0500
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0530
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0560
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0590
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
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ANGL 32.0620
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0650
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0680
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0710
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0740
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0770
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0800
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0830
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0860
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0890
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0920
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0950
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.0980
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
ANGL 32.1010
WAVE 0.5145 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
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APPENDIX C

Prescription data of in-line Köhler illumination lens design

SURFACE DATA SUMMARY:
Surf # Comment Type Radius Thickness Glass Diameter Conic 

OBJ STANDARD Infinity 1.6 SILICA 1 0

STO STANDARD -1.6 21 AIR 3.2 0

2 AC254-030-A STANDARD 79.8 2 N-SF6HT 25.4 0

3 AC254-030-A STANDARD 16.73 12 N-BAF10 25.4 0

4 AC254-030-A STANDARD -20.89 30 AIR 25.4 0

5 Thor-CM1-BP108 STANDARD Infinity 19.1 AIR 25.4 0
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6 pelicle B/S STANDARD Infinity 19.1 AIR 25.4 0

7 Thor-CM1-BP108 STANDARD Infinity 10.692 AIR 25.4 0

8 AC254-100-A1 STANDARD 128.23 2.5 SF5 25.4 0

9 AC254-100-A1 STANDARD 45.71 4 BK7 25.4 0

10 AC254-100-A1 STANDARD -62.746 0.7012987 AIR 25.4 0

11 Spacer Thickness STANDARD Infinity -0.5136217 AIR 2.1625 0

12 AC254-050-A1 STANDARD 33.34 9 BAF10 25.4 0

13 AC254-050-A1 STANDARD -22.28 2.5 SF10 25.4 0

14 AC254-050-A1 STANDARD -291.07 25.4 AIR 25.4 0

15 Objective stop STANDARD Infinity 3.64 AIR 4  0

16 Objective PARAXIAL - 3.64 AIR 4 0

IMA STANDARD STANDARD Infinity - AIR 3.188235 0
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