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Figure 4.1: The schematics of (a) recording and (b) reading setups for a lensless 
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SUMMARY 

 

 Compact and sensitive spectrometers are of high utility in biological and 

environmental sensing applications. Over the past half century, enormous research 

resources are dedicated in making the spectrometers more compact and sensitive. 

However, since all works are based on the same structure of the conventional 

spectrometers, the improvement on the performance is limited. Therefore, this ancient 

research filed still deserves further investigation, and a revolutionary idea is required to 

take the spectrometers to a whole new level.  

The research work presented in this thesis focuses on developing a new class of 

spectrometers that work based on diffractive properties of volume holograms. The 

hologram in these spectrometers acts as a spectral diversity filter, which maps different 

input wavelengths into different locations in the output plane. The experimental results 

show that properly designed volume holograms have excellent capability for separating 

different wavelength channels of a collimated incident beam. By adding a Fourier 

transforming lens behind the hologram, a slitless Fourier-transform volume holographic 

spectrometer is demonstrated, and it works well under diffuse light without using any 

spatial filter (i.e., slit) in the input. By further design of the hologram, a very compact 

slitless and lensless spectrometer is implemented for diffuse source spectroscopy by 

using only a volume hologram and a CCD camera. More sophisticated output patterns are 

also demonstrated using specially designed holograms to improve the performance of the 

holographic spectrometers. Finally, the performance of the holographic spectrometers is 

evaluated and the building of the holographic spectrometer prototype is also discussed.   



 

1 

CHAPTER 1 

INTRODUCTION 

 

 

 Compact and sensitive spectrometers are essential for biological and 

environmental sensing applications in which the optical signals of interest are usually 

very weak, and portability is highly desired. Wavelength channels in a conventional 

spectrometer are separated using gratings, cavities, and interferometers [1-16]. While 

conventional devices efficiently separate multiple wavelength channels of a spatially 

coherent (or collimated) incident beam, their direct application for spatially incoherent 

beams is not trivial. A spatially incoherent beam has multiple spatial modes, which can 

be considered as different incident angles, resulting in the spatial overlap of multiple 

wavelength channels on the output plane of the grating. To suppress this ambiguity in the 

output spectrum, spatial filters (usually in the form of one or a few slits) and the lens are 

used in a conventional spectrometer to limit the incident light to one spatial mode 

resulting in the detection of only one wavelength channel. The main drawback of this 

single-mode single-channel scheme is the low optical throughput. For sensing 

applications where the information-bearing signal is weak, more sensitive schemes must 

be implemented. Besides, since too many elements (including slits, lenses, a dispersive 

medium, and a detector) are required, the conventional spectroscopic system is bulky, 

complicated, and sensitive to alignment. For any application where the portability is the 

top concern, a more compact spectrometer with less sensitivity to alignment has to be 

developed. 
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1.1. Introduction to Spectrometers 

 Optical spectroscopy and the spectrometer are the research fields that have been 

investigated for a long time [1-16]. The fundamental concept and structure of building a 

spectrometer can be divided into several categories. Since Fourier spectroscopy was 

introduced by Fellgett [5] in 1949, the interferometric spectrometer based on Fourier 

transformation analysis was one of the popular research areas and was widely used in 

infrared laboratories and astronomical observations. However, the whole system was 

bulky, complex, insensitive, and expensive at that time. In 1996, a compact static Fourier 

transform spectrometer was demonstrated by Patterson [6]. By using a modified 

Wollaston prism and removing the imaging lens (or prism), the size, complexity of 

assembly, and cost of the spectrometer were reduced. However, because of its limited 

acceptance angle (
o5± ) and high fringe contrast sensitivity, performance of this 

interferometric spectrometer is considerably degraded for detecting non-polarized and 

weak diffuse light sources.  

 Different from the interferometric spectrometer, the grating spectrometer is a 

spectroscopic instrument using a grating as a spectral dispersing element, and the 

holographic spectrometer discussed in this proposal is closer to this category. The basic 

structure of the grating spectrometer consists of a spatial filter (e.g., a narrow slit), a 

collimator (e.g., a lens or a concave mirror), a grating, a collector (e.g., a lens or a 

concave mirror), and a detector array or a CCD camera. Making the grating spectrometer 

more compact and sensitive is a major research direction and has been investigated over 

the past half century. A few efforts in designing the compact spectrometer are briefly 

described below. For a Littrow-mounted grating spectrometer [7], a single focusing 
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element (usually a special design doublet) is used to collimate the incident light on the 

plane grating in the forward direction and to focus the light on to the detector array 

placed near the entrance slit in the backward direction. This design actually uses the 

folding idea to combine the input arm (i.e., the lens before the plane grating) and the 

output arm (i.e., the lens before the plane grating) together to make the spectrometer 

compact. Another approach is to use the Czerny-Turner system in a grating spectrometer 

[8]. With a similar folding idea used in this design, both lenses (i.e., the collimation lens 

and the collection lens) are replaced by two concave mirrors. As a result, the length of the 

instrument is cut in half and the spectrometer is more compact. Furthermore, the idea of 

fabricating the grating directly on the concave mirror was also proposed [9]. Hence, the 

second concave mirror (i.e., the concave mirror behind the plane grating) and the plane 

grating are integrated into a concave grating, demonstrating an even more compact 

concave grating spectrometer. The most recent modification of this type of spectrometer 

is to replace the first concave mirror (i.e., the concave mirror in front of the concave 

grating) with a diffractive lens [10]. Although it makes the grating spectrometer very 

compact, more aberration issues are brought into the spectroscopic system. Among all the 

research work discussed above, one can observe that the entrance slit and the first lens (or 

concave mirror, or diffractive lens) have never been eliminated because they are 

extremely important (e.g., to solve the ambiguity problem) for the grating spectrometer in 

nature, no matter how the elements or the structure in the spectrometer are modified. 

(Note that although a slitless fiber-based spectrometer was demonstrated [11] and it is 

widely used in many commercial products, the limited aperture of the fiber still acts as a 

narrow slit.) However, the main drawback of this type of spectrometer is the low 
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throughput for the diffuse source spectroscopy, which primarily results from the entrance 

slit. Besides, it is also difficult and expensive to fabricate a quality concave grating for 

the most compact version of the grating spectrometer. 

 The improvements in the size, complexity, and performance of the spectrometer 

were heavily studied over the past half century. At the same time, the investigations on 

increasing the optical throughput for diffuse or weak source spectroscopy have never 

stopped. In spectrometers that are capable of observing large-area diffuse sources, the 

spectral resolution is limited by the width of the slit. While the narrower slit results in 

higher spectral resolution, the optical throughput is lower because of the narrower slit. It 

is the resolution-throughput trade-off that cannot be broken in the single entrance slit 

spectrometer. In 1949, the idea of using a multislit (or a coded mask) to replace the single 

entrance slit was first proposed by Golay to improve the optical throughput of the 

spectrometer without sacrificing the resolution [12]. This replacement can improve the 

signal-to-noise ratio because of increased light collection (i.e., throughput) over an 

extended area of the mask compared to a single slit. The mask produces a spectrum on 

the detector, which is the convolution of the mask pattern and the spectral distribution of 

the light source. Through the inverse process (i.e., de-convolution), the spectrum of the 

light source can be retrieved. A number of grating spectrometers using various types of 

masks were developed [13] following the pathway of the multi-slit idea. An extensive 

description of the technique using a special type of mask, called a Hadamard mask, for 

multiplexing is then given by Nelson and Fredman [14]. With the improvement and the 

popularity of the photoelectric imaging detector (such as CCD camera), the Hadamard 

spectrometer using a Hadamard coded aperture and a two-dimensional detecting array for 
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diffuse source spectroscopy was demonstrated [15] by Mende in 1993, and a considerable 

improvement in optical throughput was obtained compared with conventional single-slit 

spectrometers. However, since the multi-slit (or coded entrance mask) spectrometer is 

based on the structure and concept of the most conventional grating spectrometer with a 

modification of the entrance slit, all the lenses are required to provide a quality imaging 

system (i.e., any aberration will highly degrade the performance of the spectrometer). 

Therefore, it is almost impossible to make a very compact spectrometer by using the 

ideas (such as concave grating and diffractive lens) mentioned. To make a compact and 

sensitive spectrometer possible for biological and environmental sensing applications, the 

idea of multimodal multiplex spectroscopy (MMS) was recently proposed based on using 

a weighted projection of multiple wavelength channels (i.e., multiplex) and combining 

several spatial modes (i.e., multimodal) of the incident signal [16]. The key element in an 

MMS system is a spectral diversity filter (SDF), which converts an incident optical beam 

with relatively uniform spectral context in the input plane into an output beam with non-

uniform spatial-spectral pattern. By measuring the power on the output plane and 

performing an inverse filtering, the input spectrum can be retrieved. The original 

demonstration of MMS was based on using an inhomogeneous three-dimension (3D) 

photonic crystal SDF [16]. However, fabrication of arbitrary 3D photonic crystals is very 

complicated. Even reproducing a few identical inhomogeneous 3D structures cannot be 

done using existing fabrication techniques. Although this MMS system is compact (only 

a 3D photonic crystal and a detector array) and has a potential for high optical throughput, 

the stability and performance for practical applications are still under evaluation. 



 6

 In summary, among all the research work in the history of developing the 

spectrometer, the compactness and sensitivity issues have never been solved 

simultaneously. Besides, the entrance slit and lens (or concave mirror, or diffractive lens) 

are still necessary for the most compact conventional spectrometer, and the fabrication of 

the concave grating is not an easy task. The MMS idea probably has the best chance to 

realize a compact and sensitive spectrometer. However, the design and fabrication of a 

reliable SDF is still under investigation. Therefore, a revolutionary idea or method (i.e., 

not just modifying something on the conventional structure) is required to develop a 

compact and sensitive spectrometer for diffuse source spectroscopy.  

1.2. Introduction to Volume Holograms 

 Different from conventional spectrometers, volume holograms [17-19] are used as 

the dispersive media and play a key role in holographic spectrometers developed in this 

thesis (Note that the holographic gratings widely used in high resolution commercial 

spectrometers are the “thin” plane wave holograms but not “volume” holograms). 

 A hologram is typically recorded by the interference pattern formed between two 

beams of light. The information contain in one of the recording beams can be 

reconstructed by reading the hologram with the other recording beam under Bragg 

matching condition. The holography phenomenon was first demonstrated by Lippman in 

1891 via interfering a beam of light with its own reflection [20]. In 1948, Dennis Gabor 

made the insightful observation that the phase information in a diffracted wavefront could 

be recorded by interfering it with a coherent background. Until early 1960s with the 

invention of the laser, the holography technology became practical for storing and 

retrieving images and the concept of holographic data storage were established by Van 
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Heerden [18]. In 1966, E. N. Leith and his colleagues demonstrated the storage of 

multiple images in three-dimensional media by rotation of the photographic plate [21], 

and it opened the door for numerous applications of “volume hologram”. In contrast to 

the thin hologram, volume hologram has more restrict Bragg matching condition due to 

the thickness of the holographic medium. Thus, higher selectivity including reading angle 

and reading wavelength can be obtained in thicker holographic media. Based on this 

unique property, thousands of data pages are able to be recorded in a small common 

volume through the holographic multiplexing techniques, such as angular multiplexing 

[22], peristrophic multiplexing [23], wavelength multiplexing [24, 25], phase-coded 

multiplexing [26], shift multiplexing [27], spatial multiplexing [28], and combinations of 

multiplexing methods [29, 30]. With all these research contributions in the past 50 years, 

volume holographic technology has been widely used in many applications including 

data storage [22-30], pattern recognition [31, 32], telecommunication [33-35], and optical 

neural networks [36].   

1.3. Introduction to Holographic Spectrometers 

 While volume hologram has been widely used in many fields discussed in the 

Section 1.2, its applications in other fields are not trivial. In this thesis, a new application, 

spectroscopy and sensing, for the volume hologram is explored, and a new class of 

holographic spectrometers is developed and demonstrated for the first time in the history. 

With their excellent wavelength selectivity and powerful design flexibility, the volume 

holograms have great potential to act as compact and sensitive spectrometers through 

proper designs and optimizations. 

 In Chapter 2, an idea of using volume holograms as SDFs is first proposed. The 

feasibility of using a single spherical beam volume hologram (SBVH) as a SDF is studied. 
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The spatial spectral diversity property of several different types of SBVHs is then 

investigated in detail. However, an ambiguity between incident wavelength and incident 

spatial mode (i.e., incident angle) is also observed which makes it impossible to use only 

a SBVH for diffuse source spectroscopy. After further investigation on the modeling of 

the SBVH and the structure of the spectroscopic system, it is shown that the ambiguity 

problem can be solved by adding a Fourier transforming lens behind the hologram. Thus, 

in Chapter 3, a compact slitless Fourier transform volume holographic spectrometer is 

proposed and demonstrated for the first time by using the SBVH. To make the 

spectrometer even more compact, a slitless and lensless holographic spectrometer is then 

demonstrated in Chapter 4 by further integrating the functionality of the Fourier 

transforming lens into the SBVH. This holographic spectrometer is ultra compact since 

only a hologram and a CCD camera are required. In Chapter 5, another version of 

holographic spectrometers is developed based on the cylindrical beam volume hologram 

(CBVH). Due to the spectral diversity properties of the CBVH, the design of two-

dimensional coded output pattern can be easily achieved. Unique applications can be 

realized by using two-dimensional coded output pattern, such as an ultra large spectral 

bandwidth spectrometer. All the evaluation and improvement of the performance of 

holographic spectrometers are addressed in Chapter 6. The spectrum of the unknown 

light source is estimated by holographic spectrometers based on mapping method, and 

their performance is compared to the conventional spectrometer. It is shown that higher 

spectral resolution can be obtained by using the hologram recorded on a thicker 

holographic medium. Furthermore, an ultra high resolution (i.e., less than 0.1 nm) tandem 

holographic spectrometer can be realized by combining the Fabry-Perot Etalon (i.e., an 
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interferometer) and the CBVH (i.e., a dispersive medium spectrometer). This is also the 

first time that a spectrometer is built based on the combination of two of the main 

categories (i.e., the interferometer and dispersive medium spectrometer) in conventional 

spectrometers. Moreover, in Chapter 6, it is also shown that higher throughput can be 

realized by recording angular multiplexed SBVHs, and the acceptance angle can be 

considerably increased by recording surrounding multiplexed SBVHs. Finally, the 

development of the holographic spectrometer prototype is also briefly discussed in this 

chapter. 

 The theory and technologies established in this thesis provide new idea and 

implementation for the next generation of compact and sensitive spectrometers. More 

importantly, the concept of “integrating the functions of multiple elements into volume 

holograms” has great potential to be applied to general optical instruments to further 

improve the performance and simplify the system. Therefore, several future directions 

including the design of optimal volume holograms, the development of low resolution 

Raman analyzers, and lensless imaging systems are also discussed in Chapter 7. 
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CHAPTER 2 

HOLOGRAPHIC SPECTRAL DIVERSITY FILTERS 

 

 

 In conventional spectrometers, the incident light source first passes through the 

spatial filter (e.g., a narrow slit) followed by a collimator (e.g., a lens), and then the 

wavelength channels are separated by a dispersive medium, such as gratings, cavities, 

and interferometers. Unfortunately, spatial filtering drastically reduces the optical 

throughput for diffuse source spectroscopy. In order to design more sensitive 

spectrometers, multimode multiplex spectroscopy (MMS) was recently proposed based 

on using a weighted projection of multiple wavelength channels (i.e., multimode) of the 

incident signal [16]. In contrast to conventional spectrometers, the output signal in MMS 

is composed of multiple wavelength channels, and the information of each channel is 

separated by post processing of the detected signal. The key element in MMS is a spectral 

diversity filter (SDF) that inverts an incident optical signal with uniform spectrum over 

the input plane to an output pattern with non-uniform spatial-spectral information. 

 A spectral diversity filter maps a homogeneous but diffuse spectral source onto a 

spatially encoded pattern. Inversion of the spectral-spatial mapping enables spectral 

estimation. Construction of spectral diversity filters is constrained by the constant 

radiance theorem [37]. According to the constant radiance theorem it is not possible to 

produce spatial patterns from a diffuse source without increasing the mode volume or 

reducing the photon throughput. In contrast with conventional spectroscopy, however, 

throughput losses using spectral diversity filters may be independent of spectral 
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resolution. Spectral diversity filters have been demonstrated using an inhomogeneous 

three-dimensional (3D) photonic crystal [16]. Under the photonic crystal approach, the 

input-output mode volume is fixed but a spatially structured fraction of diffuse incident 

light is reflected. While 3D photonic crystals are very attractive as super-dispersive 

elements, they are hard to fabricate based on an arbitrary design. Thus, other (more 

designable and manufacturable) schemes for the development of SDFs are needed. 

Therefore, in this chapter, I will start at making the holographic SDF using the 

spherical beam volume hologram (SBVH). Then, the theoretical model of SBVH will be 

introduced and the spectral diversity properties will be investigated in detail for several 

different types of SBVH. 

2.1. Spherical Beam Volume Holograms [38] 

2.1.1. The Recording of Spherical Beam Volume Holograms 

 The SBVH is recorded by the interference of a plane wave and a spherical beam 

originated from a point source as shown in Figure 2.1. The recording material is the 

Aprilis photopolymer [39] with L = 200 µm thickness for all results shown and discussed 

in this section. It is a photopolymer recording medium which uses the cationic ring-

opening mechanism [40]. The recording light source is a solid state laser operating 

at λ = 532 nm. The spherical beam is generated by passing a plane wave through a lens 

with f = 2.5 cm. The distance of the focus of the spherical beam to the center of the 

hologram is d1 = 16 mm. When measured in air, the angles of the spherical beam axis and 

the plane wave with respect to the normal axis are θ1 = 10°, θ2 = 46°, respectively, as 

shown in Figure 2.1. Both recording beams are TE polarized (E vector perpendicular to 

the plane of the figure). The size of the hologram is 8mm by 8mm. The distance of the 
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lens with respect to the recorded hologram is various based on different purposes in 

different experimental measurements. Also we have varied the angle of the plane wave 

using a 4-f system (not shown in Figure 2.1.). 

 
Figure 2.1. Basic schematic of the recoding geometry of the SBVH. d1 = 16 mm, f = 2.5 cm, L = 
200 µm, θ1 = 10°, θ2 = 46°, λ = 532 nm. The angles are measured in air. The size of the hologram 
is 8mm by 8mm. For rotation multiplexing, the recording medium is rotated about the z-axis. 

 
 Single holograms and multiplexed holograms are recorded in different spots of 

the recording material to investigate the effect of the complexity of the hologram on its 

spectral diversity. Rotation multiplexing technique is used to record the multiplexed 

holograms. This technique is implemented by means of rotating the sample with respect 

to the plane containing the center of the spherical beam, the center of the recording spot, 

and a line parallel to the recording plane wave (i.e., rotating the hologram about z-axis in 

Figure 2.1.). 

2.1.2. Qualitative Measurement of Spectral Diversity Properties 

 After recording, the diffracted light from the hologram is first observed when it is 

illuminated by a collimated white light beam normal to the hologram face. The diffracted 

beam hit a white screen at distance about 2 cm and the picture of the screen was taken by 

a digital camera, and this measurement setup is shown in Figure 2.2. The diffracted beam 
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was focused at some point on the screen and the location of the focus varied with 

wavelength resulting in a colorful picture on the screen. 

 

Figure 2.2. Reading SBVHs with a collimated white light source. The diffracted light focuses on 
a white screen and a digital camera takes its picture. 

 

The image of the screen is captured by a CCD camera and is shown in Figure 2.3. 

One can observe that the SBVH diffracts the entire visible spectrum although it is a thick 

hologram. The spectral range is in fact broader than just the visible range.  

 

Figure 2.3. Diffracted beam from a SBVH illuminated by a collimated white light source 
measured using the experimental setup in Figure 2.2. 
 

This diffraction beam is due to the partial Bragg matching of different portions of 

the SBVH by different incident wavelengths which will be explained briefly later and in 

detail in Section 2.3. This is not the case for a plane wave volume hologram (PWVH) that 

is used in conventional spectrometers. A PWVH either diffracts the entire collimated 
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reading beam or does not diffract it at all because the hologram has only one grating 

vector, which is either Bragg matched or mismatched by the reading beam. 

Furthermore, the hologram is probed using an approximately monochromatic 

signal generated by passing the light from a regular 50W light bulb through a 

monochromator, and this measurement setup is shown in Figure 2.4. The full width half 

maximum (FWHM) bandwidth of the output light from the monochromator is 8nm. The 

hologram is located far enough (d3 ≈ 70 cm) from the output slit of the monochromator to 

approximate a collimated reading beam at the hologram. A CCD camera with an imaging 

lens system is put behind the hologram to capture the image of the transmitted light 

through the hologram right on the back face of it. The experiment is also repeated for 

different incident wavelength controlled by the monochromator to observe the spatial-

spectral diversity of the hologram. 

 

Figure 2.4. Reading SBVHs with a monochromatic collimated beam and imaging the back face of 
the hologram. The light source is far enough from the hologram aperture to approximate a 
collimated reading beam. 

 

When reading the SBVHs in the direction of the recording spherical beam using 

the experimental setup shown in Figure 2.4, a dark crescent is observed in the middle of a 

uniform bright background in the output plane as shown in Figure 2.5. This result shows 

that the SBVH can successfully map an incident wavelength onto a specific output 
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pattern. By comparing the Figure 2.5(a) and Figure 2.5(b), the locations of the dark 

crescent are different when the incident wavelength is changed from 700 nm to 820 nm. 

It is indicated that the position of the dark crescent is wavelength sensitive. Since the 

properties observed in Figure 2.5 are satisfied the requirements of the SDF mentioned in 

MMS, the SBVH is a good candidate to be an excellent SDF. 

 

 

 

 

 
 
 
 
 
Figure 2.5. The spectral diversity pattern obtained at the back face of the hologram with the 
reading wavelength (a) λ = 700 nm (b) λ = 820 nm. 
 

Both the presence of the crescent and its displacement with wavelength shown in 

Figure 2.5 are due to the partial Bragg matching of the SBVH by the reading beam. It is 

known that when a hologram with multiple grating vectors (for example recorded by 

plane wave and a modulated beam formed by passing a plane wave through a spatial light 

modulator) is read by a reading beam that is not exactly the same as one of the recording 

beams, only a portion of the hologram (i.e., a subset of grating vectors) is Bragg matched 

resulting in the reconstruction of only a portion of the other recording beam [41-43]. 

When the SBVH is read by the collimated beam from the monochromator in Figure 2.4 

(i.e., by approximately a plane wave instead of the spherical beam) only a portion of the 

SBVH is Bragg matched, which corresponds to a diffracted beam that has a crescent 

shape. Reading with a different reading wavelength results in Bragg matching another 

subset of grating vectors of the hologram and thus another crescent diffracts. In other 

(a) (b) 
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words, by changing the reading wavelength, the position of the dark crescent in the 

output plane shifts as shown in Figure 2.5. 

To make the output patterns even more diverse, several SBVHs can be 

multiplexed by rotation multiplexing using the experimental setup shown in Figure 2.1. 

Figure 2.6 illustrates the output pattern for the case of 8 rotation-multiplexed SBVHs 

obtained on the CCD camera in the reading setup of Figure 2.4 with the incident 

wavelength λ = 780 nm.  

 

 

 

 

 

 

 

Figure 2.6. Output pattern of a complex volume hologram (formed by rotation multiplexing of 
eight SBVHs) illuminated by a collimated monochromatic beam with wavelength λ = 780 nm. 

 

In performing rotation multiplexing, the rotation angle of the recording material 

between two successive recordings is 45°. Similar to the result we obtained in Figure 2.5, 

the output pattern in Figure 2.6 (composed of eight crescents each corresponding to the 

diffraction from one SBVH) has different spatial distributions for different reading 

wavelengths. Thus, the spectral diversity for rotation multiplexed SBVH is better than 

that for a single SBVH due to more sophisticated output pattern. Note that the dynamic 

range parameter (or the M/# [44]) of the recording material limits the number of 
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holograms that can be multiplexed. To obtain considerable dark crescent, large 

diffraction efficiency for all holograms is required. This diffraction efficiency is given by 

η = (M# / M)2, with M being the number of multiplexed holograms [44, 45]. The material 

used in our experiment has M/# = 5. That is why we used a maximum of M = 8 

holograms in this experiment to have η close to 40%.  

The results presented in Figures 2.5-2.6 demonstrate the potential of SBVHs for 

designing SDFs. However, all these results were obtained with collimated incident beams. 

In other words, these SBVHs might be used to separate the information of different 

wavelength channels of a collimated incident beam. For practical applications, it is 

important to understand the spectral diversity properties of the SBVHs under a diffuse 

source illumination (or at least a beam with reasonably large divergence angle). 

For evaluating the spectral diversity of SBVHs for non-collimated reading beams, 

the single SBVH used to demonstrate the results in Figure 2.5 is read both with spherical 

(i.e., non-collimated with finite divergence angle) and diffuse beams. For the spherical 

beam case, the reading experiments were performed using the experimental setup shown 

in Figure 2.4 with an additional lens placed in front of the hologram to generate a 

spherical beam. The results for a collimated beam (with no additional lens) and a beam 

with reasonable divergence angle (full angle θ = 20° measured in air) are shown in 

Figures 2.7(a) and 2.7(b). It is clear that the dark crescent becomes wider and the contrast 

becomes worse as the divergence angle increases. 

To study more extreme cases, we put a diffuser in the reading setup shown in 

Figure 2.4, in front of the hologram. Figures 2.7(c) and 2.7(d) show the output of the 

CCD camera when the distance between the diffuser and the hologram is 27.5 cm and 
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2.5 cm, respectively. The latter implements the worst case by approximating a fully 

diffuse source. The smaller the distance between the hologram and the diffuser, the larger 

the divergence angle of the reading beam and the lower the spectral diversity in the 

output plane will be. 

 

   
 

 

   

 
Figure 2.7. Effect of the divergence angle of the reading beam on the spectral diversity of the 
SBVHs. A single SBVH is read at λ = 532 nm with (a) a collimated monochromatic beam , (b) 
spherical beam with divergence angle of 20° (full angle in air), (c) diffuse light where the diffuser 
is 27.5 cm far from the hologram in the setup of Figure 2.4, (d) diffuse light where the diffuser is 
2.5 cm far from the hologram in the setup of Figure 2.4. 
 

 Figure 2.7 clearly demonstrates the trade-off between the spectral diversity and 

the divergence angle of the incident beam (or the number of spatial modes that are 

included in the spectrometer). It is expected that limiting the divergence angle of the 

(a) (b) 

(c) (d) 
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incident beam to θ = 40° would allow for a reasonable diversity in the output plane. 

Furthermore, by recording more complex holograms (For example between a plane wave 

and a modulated beam through a spatial light modulator) better diversity for a given 

divergence angle can be obtained. Note that the first demonstration of MMS [16] using a 

3D photonic crystal was done using an incident beam with θ = 20° divergence angle. 

In summary, the results show in this section have demonstrated qualitatively that 

a SBVH formed by the interference pattern of a plane wave and a spherical beam can act 

as a spherical diversity filter. By multiplexing several spherical beam holograms using 

rotation multiplexing, a better output spectral diversity can be obtained. There is a trade-

off between the spectral diversity and the number of spatial modes (or the divergence 

angle or the power) of the input beam that is allowed to pass through the hologram. The 

more collimated beam results in a better spectral diversity. 

2.2. The Trade-off between Spectral Diversity and Incident Spatial Modes [46] 

As shown in Section 2.1, there is a trade-off between the spectral diversity and the 

number of incident spatial mode. In this section, this issue will be investigated in detail 

by analyzing the transmitted spectrum of the SBVH. Moreover, the role of recording 

geometry (i.e., transmission geometry holograms and reflection geometry holograms) in 

this trade-off will also be discussed.  

2.2.1. The Transmitted Spectrum of Spherical Beam Volume Holograms 

The SBVHs studied in this section are recorded by a plane wave and a spherical 

wave generated by focusing another plane wave using a lens with numerical aperture 

N.A.=0.25. The recording setup for transmission geometry SBVH is shown in Figure 2.1. 
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For reflection geometry SBVH, the recording plane wave is illuminating from the other 

side of the recording material, as shown in Figure 2.8. The recording material used in this 

section is a L = 200 µm thick sample of Aprilis photopolymer. The recording wavelength 

is 532 nm, and the hologram covers an 3.5 mm × 3.5 mm area of the recording material.  

 

 

 

 

 

 

 

Figure 2.8. Basic schematic of recoding reflection geometry SBVH. d1 = 16 mm, f = 2.5 cm, L = 
200 µm, θ1 = 10°, θ2 = 46°, λ = 532 nm. The angles are measured in air. The size of the hologram 
is 8 mm by 8 mm.  

 

After recording, the transmitted spectrum of SBVHs is measured by using the 

experimental setup shown in Figure 2.9. 

 

 

 

 

 

Figure 2.9. The setup for measuring the transmitted spectrum of the SBVH. 
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The white light source is a 50W Halogen bulb, and objective lens (NA= 0.65) is 

used to produce a point source with an effective divergence angle θ  which can be 

adjusted by changing the distance (D) between the point source and the hologram due to 

the limited size of the hologram compared to the size of the incident spherical beam. The 

lamp and the objective lens are both mounted on an x-y stage so that the position of the 

point source can be shifted in both in-plane (x) and out-of-plane (y) directions, where the 

“plane” is formed by the two recording beams. This setup is used for the measurement of 

both transmission geometry SBVHs and reflection geometry SBVHs. A diffuser can be 

added to the system for investigating the performance of the SBVHs for diffuse incident 

sources. The size of the diffuser and the distance between the diffuser and the hologram 

(d) can also be controlled. A fiber tip (SMA 905 to single-strand optical fiber (NA=0.22)) 

connected to an Ocean Optics USB2000 spectrometer is located at 1mm behind the 

hologram to measure the transmitted spectrum at different locations in the output plane. 

Figure 2.10 shows the transmitted spectrum at three different locations (specified by A, B, 

and C in Figure 1(b)) in the output plane of a transmission geometry hologram. The 

transmission dip (corresponding to an absorption peak) at each location is the result of the 

diffraction of the incident light by the hologram. The bandwidth of the transmission dip 

(which is defined by the difference between the wavelengths corresponding to the two 

edges of the dip) corresponds to the wavelength selectivity of the hologram. Figure 2.10 

shows that when the fiber tip moves from point A to point C, the center wavelength of the 

transmission dip moves from 515 nm to 673 nm. This dependence of transmitted 

wavelength on the location in the output plane shows that good spectral diversity can be 
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obtained from SBVHs. Note that the results shown in Figure 2.10 are obtained without 

putting the diffuser into the system. 

 

 

 

 

 

 

 

Figure 2.10. The transmitted spectrum at three different locations A, B, and C (specified in Figure 
2.9 with D = 8 cm (which is chosen arbitrarily), α = β = 1.2 mm and no diffuser present) on the 
output plane of the transmission geometry hologram. 

 

2.2.2. The Role of the Recording Geometry 

The performance of the SBVH under diffuse light can be studied by putting a 

diffuser (which is a sand-blasted plastic plate) into the setup in Figure 2.9. After adding 

the diffuser at a distance d = 15.5 cm from the hologram, these measurements are 

repeated for both transmission and reflection geometry SBVHs, and the results are shown 

in Figures 2.11(a) and (b), respectively. For the transmission geometry hologram, as 

shown in Figure 2.11(a), the bandwidth of the transmission dip becomes larger and the 

strength of this dip becomes considerably smaller when the diffuser is put at 15.5 cm in 

front of the hologram. This implies weaker spectral diversity of the filter for diffuse light. 

On the other hand, as shown in Figure 2.11(b), much smaller bandwidth of the 

transmission dip is obtained for the reflection geometry hologram. Moreover, both the 
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bandwidth and the strength of the transmission dip are almost not affected by the diffuse 

light. Therefore, the reflection geometry can not only provide much better wavelength 

selectivity (which agrees with the conventional theory of holograms [19]) but also holds 

excellent spectral diversity even under diffuse light illumination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. The effect of the diffuser on the transmitted spectrum for (a) transmission geometry 
holograms and (b) reflection geometry holograms both measured between point B and C in 
Figure 2.9 with D = 16 cm. The diffuser is located at d = 15.5 cm in front of the holograms. D 
and d are chosen large enough to clearly show the effect of the diffuser. The difference between 
the strengths and the widths of the transmission dips for the two recording geometries is clear. 
Similar behavior exists at other output points like B and C. 

 

(a) 

(b) 
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To further investigate the effect of the spatial coherence of the reading beam, an 

iris is used in front of the diffuser to change the area of the diffuse light source. The 

diffuser for this experiment was placed at a distance of d = 4.7 cm from the hologram. 

Figure 2.12(a) shows the variation of the bandwidth of the transmission dip with the area 

of the diffuse light.  

 

 

 

 

 

 

Figure 2.12. The effect of (a) illuminated area of diffuser and (b) incident beam divergence angle 
on the bandwidth of the transmission dip. The distance between the diffuser and the hologram in 
part (a) is d = 4.7 cm (which is chosen arbitrarily). In part (b), the diffuser is removed and the 
divergence angle of the incident beam is modified by changing D in Figure 2.9. The measurement 
is made at point C shown in Figure 2.9. 

 

It is seen from Figure 2.12(a) that the dip bandwidth in transmission geometry 

increases considerably (almost by a factor of 2) and very fast with the initial increase in 

the area of the source, and becomes much less dependent on the area after this initial 

increase because of the limited size of the hologram compared to the size of the diffuser. 

While a similar pattern of initial increase exists for the reflection geometry hologram, this 

increase is much smaller than that in transmission geometry. Thus, Figure 2.12(a) shows 

that reflection geometry SBVHs are much less sensitive to the degree of spatial 

coherence of the incident beam than transmission geometry SBVHs. The reading 

(a) (b) 
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illumination becomes more spatially incoherent with the initial (small) increase of the 

diffuser area. Beyond this initial step, further increase in the area of the diffuser has a 

small effect on the spatial coherence of the reading beam. To investigate the effect of the 

spatial coherence of the reading beam more quantitatively, the holograms are read with a 

diverging beam (generated by focusing a plane wave) with different divergence angles 

(the diffuser is taken out of the setup in Figure 2.9). The variation of the transmission dip 

bandwidth with the divergence angle of the incident beam is shown in Figure 2.12(b). 

Figure 2.12(b) shows that by increasing the divergence angle in the transmission 

geometry, the dip bandwidth becomes larger (i.e. less wavelength selectivity), and it 

increases by 30% for o45=θ . While a similar behavior is seen for the reflection 

geometry hologram, much less increase in the dip bandwidth is observed. The strength of 

the transmission dip is also studied. And it is shown that for the transmission geometry 

hologram, the strength of the dip decreases by 25% as the divergence angle (θ ) is 

increased to 45 degree while the dip strength is almost unaffected (less than 5% decrease) 

for the reflection geometry hologram as θ  is increased to 45 degree. Note that by limiting 

the divergence angle of an arbitrary incoherent source, the total optical power that 

illuminates the hologram is limited. Thus, the results shown in Figure 2.12(b) suggest that 

there is a trade-off between the available optical power for illumination (or the degree of 

spatial coherence) and the spectral diversity of the SBVHs. This trade-off is much 

stronger in transmission geometry, in which a o45  divergence angle might be a 

reasonable upper bound (see Figure 2.12(b)). The results shown in Figure 2.12 suggest 

that (when the design criteria allows) reflection geometry holograms are better candidates 

for the implementation of spectral diversity filters. Besides the larger wavelength 



 26

selectivity [19] of these holograms (compared to transmission geometry), their lower shift 

selectivity [27] is another reason for their excellent spectral diversity. This is shown in 

Figure 2.13, which depicts the variation of the center wavelength of the transmission dip 

(for both recording geometries) with the in-plane shift (x) of the reading point source. It 

is clear from Figure 2.13 that the transmission dip from different input point occurs at 

different wavelengths in transmission geometry. Thus, for a spatially incoherent source 

(which can be considered as a combination of an array of incoherent point source in the 

input plane), the combination of all these dips results in a wide and weak transmission dip 

as seen in Figure 2.11. On the other hand, the transmission dip wavelength is not 

modified considerably with the in-plane shift (x) in reflection geometry. As a result, the 

properties of the transmission dip are not strongly affected by using a spatially incoherent 

source as Figures 2.11 and 2.12 suggest. While not shown here, out-of-plane shift (y) 

results in a similar variation for the transmission dip wavelength with the position of the 

input source. 

 

 

 

 

 

Figure 2.13. The effect of in-plane (x) shift on the transmission dip wavelength for transmission 
geometry holograms and reflection geometry holograms. The distance between the point source 
and hologram D = 0.93 cm, and the diffuser is removed from the setup in Figure 2.9. D is chosen 
small enough to obtain a practical range for in-plane (x) shift. The measurement is made at point 
C shown in Figure 2.9. 
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In summary, the experimental results in this section show the feasibility of using 

SBVHs as spectral diversity filters for multimodal multiplex spectroscopy. The trade-off 

between the degree of the spatial coherence (or the number of the spatial modes) of the 

source and the spectral diversity of the SBVHs is observed and investigated. Finally, the 

results indicate that reflection geometry holograms have better spectral diversity and less 

sensitivity to the spatial coherence of the source than the transmission geometry 

holograms.  

2.3. Theoretical Modeling for Spectral Diversity Filters [47] 

While results demonstrated in previous two sections show qualitatively the 

feasibility of using SBVH for SDFs, much effort is needed to optimize the performance 

of these filters, most probably by multiplexing several holograms with optimal patterns. 

Such an optimization procedure will be more efficient if accurate theoretical models for 

the performance of these SDFs are available. Therefore, in this section, I will introduce 

an efficient model for the design and analysis of general volume holograms for SDFs. By 

using this model, the formation and the properties of the dark crescent on the back face of 

the SBVH can be analyzed quantitatively. Finally, I will show that this theoretical model 

agrees very well with the experiments results. 

2.3.1. Analysis of Spherical Beam Volume Holograms using Multi-grating Approach 

In this section, a new approach to analyze the holographic SDFs is introduced and 

implemented. Generally, this approach can be used for any hologram recorded by the 

interference pattern of an arbitrary coherent beam and a plane wave or even two arbitrary 

beams. This approach can be used for finding the diffracted beam from the hologram 
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when read by a plane wave at any wavelength. The model can be further extended to 

analyze the case for an arbitrary reading beam. For the spectral diversity filters 

demonstrated in this chapter, this method is used for diffraction analysis of a SBVH. 

Figure 2.14 shows general recording and reading setups for SBVHs. The 

interference pattern of a plane wave and a spherical beam (from a point source) records a 

SBVH as shown in Figure 2.14(a).  

 

 

 

 

 

 

 
 
Figure 2.14. (a) Recording geometry for a spherical beam volume hologram. The point source is 
at distance d from the center of the crystal. The reference beam incident angle is θr. A line from 
the coordinate origin to the point source makes angle θs with the z-axis. (b) Reading configuration. 
A collimated beam reads the hologram with θ′s incident angle. Note that the direction of the 
reading beam corresponds to the direction of the signal beam in recording configuration. The 
diffracted beam propagates in a direction that makes angle θ′r with the z-axis. The thickness of 
the holographic material is L in both cases. 
 

The recording medium has a thickness of L in the z-direction. It is assumed that 

the transverse dimensions of the recording material are very large compare to L. The 

point source located at r0 = (-a, 0, -d) is formed using a lens with high numerical aperture 

(NA). The vector r0 makes an angle θs with the z-axis. Therefore, a is equal to d⋅sin(θs) in 

Figure 2.14(a). The reference beam is a plane wave with an incident angle θr with respect 
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to z-axis. Both recording beams are at wavelength λ with TE polarization (i.e. electric 

field normal to the incident x-z plane). 

To analyze the SBVH recorded in the medium, the spherical beam is first 

expanded at distance r = ( x, y, z) from the point source at r0 = ( -a, 0, -d) as a set of plane 

waves [48]:  
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where kx, ky, and kz are the x-, y-, and the z-components of the wave vector k, respectively. 

The magnitude of the wave vector is shown by k. In the expansion of Equation (2.1), each 

component is a plane wave propagating in the direction of unit vector âp given by 
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where, in general, û indicates the unit vector in the u-direction. The constant amplitude 

and phase of each plane wave component is given by 
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Note that in Equation (2.1), the integrations are, in general, over all the possible 

values of kx and ky. However, for the values of |kx| > k or |ky| > k, the z-component of the 

propagating vector becomes imaginary which represents an evanescent wave. The 

evanescent wave whose amplitude decades rapidly with z, can be neglected in the 

estimation of the integral. Thus, the integrals in Equation (2.1) essentially take the same 

values whether they are performed over a circle of radius k (i.e., kx
2 + ky

2 ≤ k2) or over the 

entire kx-ky plane (i.e. from -∞ to +∞). Therefore, the range of the integrals is omitted 

through this section. 
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The interference of each plane wave component (traveling in the direction âp) 

with the reference plane wave records a hologram inside the medium. If the wave vector 

components of the spherical beam is represented as (kx, ky, kz) and the incident plane 

wave is represented as (krx, 0, krz) = (k sin(θr), 0, k cos(θr)), the effect of the interference 

pattern on the dielectric constant of the medium can be represented as  

 ( ) c.c.),(0 +ε∆+ε=ε
⋅rK gj

yx ekkr ,  (2.4) 

where the grating vector Kg is given by: 

 zyxK ˆ)(ˆ)(ˆ)( zrzyxrxg kkkkk −+−+−= . (2.5) 

The modulation term, ∆ε, is proportional to the amplitudes of the two recording 

plane waves (the reference beam and a plane wave component of the signal beam) and, 

therefore, it is proportional to A(kx, ky). Note that in this analysis, the absorption of the 

reading beam is assumed very weak. 

 Figure 2.14(b) shows the reading geometry that is used for holographic SDFs. 

Note that the reading beam replaces the spherical beam (and not the plane wave reference 

beam). It is assumed that during readout the hologram is illuminated with an 

approximately collimated beam at wavelength λ′. The direction of propagation of the 

reading beam makes an angle θ′s with the z-axis as shown in Figure 2.14(b). Reading a 

hologram usually results in both a diffracted beam and a transmitted beam in the output. 

The main direction of propagation of the diffracted beam makes an angle θ′r with the z-

axis. In case λ = λ′ and θs = θ′s (i.e., Bragg-matched readout) the diffracted beam is in the 

direction of the reference beam as shown in Figure 2.14(b), i.e., θ′r = θr.  
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The diffracted beam can also be expanded as a sum of plane waves, each 

corresponding to diffraction of the reading beam by a plane wave hologram formed by 

the reference beam and one of the plane wave components of the recording signal beam 

described above. Thus, the total diffracted beam from a SBVH can be represented by 

adding the diffracted beams from all different gratings. Since the wavelength of the 

reading beam is, in general, different from the recording wavelength, the dual wavelength 

method [49] should be used to analyze the diffraction from each grating. The k-space 

representations of the recording and reading configurations are shown in Figures 2.15(a) 

and 2.15(b), respectively. The relations between the Bragg-matched angles (θ′r and θ′s) 

and the recording angles (θr and θs) are [49]: 
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and 

 srsr θ′−θ′=θ−θ . (2.7) 

Knowing θr and θ′s in Equations (2.6) and (2.7), the unknowns are θs (the signal 

beam component whose corresponding grating is Bragg-matched by the reading beam at 

θ′s) and θ′r, the angle of the diffracted beam. By solving Equations (2.6) and (2.7), θs is 

found and, therefore, the specific grating that is exactly Bragg-matched to the collimated 

reading beam is identified. Other hologram components with grating vectors different 

from the Bragg-matched one are partially Bragg-matched by the reading beam at θ′s. All 

these diffractions must be considered in finding the complete diffracted beam.  
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Figure 2.15. (a) Recording configuration represented in the k-domain. The major angular extent 
of the spherical beam is indicated by ∆θ in the k-domain. (b) Reading configuration in the k-
domain. In general, the reading wavelength is different from the recording one. ∆k′z is a measure 
of partial Brag-matched condition. All other parameters are the same as those in Figure 2.14. 

 

The amplitude of each diffracted beam component is found using Born’s 

approximation as in Ref. [50] with reading wavelength (in general) different from the 

recording wavelength. The validity of Born’s approximation for these calculations is 
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justified since each plane wave component causes a low index modulation. Different 

components of the diffracted beam will be added to find the total output beam. Using 

Born’s approximation, the electric field of the diffracted beam from each hologram 

component is [50] 

 ( ) ( )⎥⎦
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⎡ ′−′+
π′ε
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dzszgz
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  (2.8) 

where the propagation vector of the reading beam is assumed to be (k′sx, k′sy, k′sz) with 

magnitude k′, and sinc(u) ≡ sin(πu)/(πu). In the configuration shown in Figure 2.15(b), 

the reading beam has a propagation vector of (k′sin(θ′s), 0, k′cos(θ′s). Note that in general 

k′ = 2π/λ′ is different from k = 2π/λ, where λ and λ′ are recording and reading 

wavelengths, respectively. The z-component of the diffracted beam, k′dz, can be found 

from: 

 222 )()( sygysxgxdz kKkKkk ′+−′+−′=′ . (2.9) 

Substituting for Kgx from Equation (2.5) results: 

 222 )()( ysyxsxrxdz kkkkkkk −′−−′+−′=′ . (2.10) 

Note that each hologram component is represented by one set of (kx, ky) in the plane-wave 

expansion of the recording signal beam.  

Combining all the diffraction beam components, the output (diffracted beam) is given by 

 ( )∫∫= yxyxdd dkdkzkkEzyxE ,,~),,( . (2.11) 

By defining ),,(~ zkkE yxd′  as   
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then the integral in Equation (2.11) can be represented as the inverse Fourier transform of 

E′d(kx, ky, z) as: 
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where F  -1 represents the inverse Fourier operation. 

2.3.2. Analysis of Spherical Beam Volume Holograms as Spectral Diversity Filters 

When a SBVH is read by a collimated beam with angle θ′s with respect to the z-

axis, the diffracted beam can be found by combing Equations (2.12) and (2.14). Note that 

the recorded hologram is represented by the change in the dielectric constant, ∆ε. Thus,  

∆ε is substituted for the SBVH in Equation (2.12) and kz and k′dz are expanded in term of 

small x- and y-components of k and kd using binomial expansion (paraxial 

approximation). It is also assumed that z << d and the small variations is neglected for the 

amplitude due to 1/k′dz term in Equation (2.12). All these assumptions are valid for 

practical implementation of SDFs using SBVHs. Using these approximations, the output-

diffracted beam can be simplified as 
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where C1 is a complex constant that includes all term that do not depend on kx, ky, x, or y. 

The phase factor outside the integral in Equation (2.15) (the phase of C1) does not affect 

the spatial intensity distribution of the diffracted beam right after the hologram. Thus, it is 

not considered in the rest of our derivation (i.e., they are still included in C1). This closed 

form inverse Fourier transform can be found approximately by using the properties of 

Fresnel transform [51]. For simplicity, the approach for the case considers that the 

reading beam is normal to the hologram (i.e., θ′s = 0 or k′sx = k′sy = 0). For more general 

case, the approach is the same but more algebraic manipulations are needed. 

  By rewriting Equation (2.15) in terms of the inverse Fourier transform integral 

and representing every parameter in terms of kx and ky, the Ed can be written as 

    

( ) ,
2

sinc

2
exp),,(

22

2

k
dk

k
dkLkkK

d
y

k
k

d
ax

k
kkdjCzyxE

yx
dzgz

yx
d

⎥⎦
⎤

⎢⎣
⎡

π
′−′+

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟

⎠

⎞
⎜
⎝

⎛ −
−−= ∫∫

 (2.16) 

where C2 is another complex constant. The integral in Equation (2.16) is the Fresnel 

transform with parameter α = kd/2 [51]. For α with very large absolute value (i.e., |α| → 

∞), the Fresnel transform of a function becomes the function itself with proper change of 

variable. In Equation (2.16), the integrand has non-zero value for |kx/k| ≤ 1 and |ky/k| ≤ 1 

and rapidly goes to zero for |kx/k| > 1 or |ky/k| > 1 as we discussed before. Therefore, α is 

very large (typically d >> λ in Figure 2.14(a)) compare to the integration variables. 

Therefore, as an approximate solution, the result of the integral in Equation (2.16) is the 

sinc function with integration variables kx/k and ky/k replaced by (x - a)/d and y/d, 

respectively, i.e.: 
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where again C3 is another complex constant and the function f(u, v) is: 
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For the simple case of λ = λ′, and for u ≤ 1 and v ≤ 1 we have 
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Note that in Equation (2.19), krx = k sin(θr) and krz = k cos(θr) are used. 

It is clear from Equation (2.17) that the diffracted beam intensity is maximum when the 

argument of the sinc function (and thus, f(u,v)) is zero. The minimum intensity is zero 

and it occurs when 
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with m being a non-zero integer. 

From the definition of the function f(u, v), given by Equation (2.18), it is clear that 

the location of the points with a constant diffracted intensity (for example maximum or 

zero) is a circle. If only the diffracted signal in the main lobe of the sinc function is 

considered in Equation (2.17), the diffracted beam will resemble an annulus whose 

intensity is maximum at the center and goes to zero at the edges at which Equation (2.20) 

holds for m = ±1.  
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Figure 2.16(a) shows the theoretical calculations of the pattern of the diffracted beam of a 

spherical beam hologram recorded using the set up in Figure 2.14 with d = 1.6 cm, 

λ = 532 nm.  

 

 

 

 

 

 

 

 

 

 

Figure 2.16.  (a) Theoretical calculations of the pattern of the diffracted beam of a spherical beam 
volume hologram recorded using the set up in Figure 2.14 with d = 1.6 cm and λ = 532 nm. The 
angles θr and θs are chosen to be 45º and 0º, respectively. The holographic material is assumed to 
have a refractive index of 1.5 and a thickness of 100 µm. For these calculations, the dimensions 
of the holograms in x and y directions are assumed as 1.5 cm and 1.5 cm, respectively. The 
hologram is read using a beam with normal incident (i.e. propagation along z-axis) at wavelength 
700 nm. The origin of the coordinate system is shown by O. (b) The diffracted beam pattern of 
the same spherical beam volume hologram as in (a) but with lateral dimensions of 
3.5 mm × 3.5 mm. The corresponding hologram is shown by dashed line in (a). 
 

The holographic material is assumed to have a refractive index of 1.5 and a 

thickness of 100 µm. The angles θr and θs are chosen to be 45º and 0º, respectively. For 

these calculations, it is assumed that the dimensions of the holograms in x and y 

directions are 1.5 cm and 1.5 cm, respectively. A normal incident-beam at 700 nm 

wavelength reads the hologram. The coordinate origin is shown by O in Figure 2.16. 
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Dashed lines represent corresponding output region for a hologram with practical 

dimensions of 3.5 mm × 3.5 mm. The diffracted pattern from this smaller size SBVH is 

shown in Figure 2.16(b). It is clear that due to the smaller size of the hologram, only a 

portion of the diffracted annulus (which we call a crescent) appears in the output. The 

existence and some properties of these crescents were experimentally demonstrated in 

Section 2.1. 

By using Equations (2.17) and (2.20), several properties of the diffracted crescent 

can be determined. For example, the width of the crescent can be calculating by putting 

y = 0 and finding the distance between the zeros of the main lobe of the sinc function in 

Equation (2.17). For the case of identical recording and reading wavelengths, the result is   

 ( )rL
dw θ
λ

= cot2 . (2.21) 

If the refractive index of the holographic recording material is considered to be n, the 

width of the crescent can be written as 

  ( )insider

a

a L
n

Ld
w ,cot

11
2

2
θ

λ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −−

= , (2.22) 

where subscript a means the parameter measured in the air. The reference angle (θr) 

should be measured inside the material for Equation (2.22). 

The location of the center of the crescent (maximum intensity) also depends on 

the reading wavelength, λ′. For example, at y = 0 plane, the crescent is located at  
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Note that k′ and k′r are functions of reading wavelength, λ′. This wavelength dependence 

of the location of the crescent is the main factor in SBVHs for making spectral diversity 

filters. Figure 2.17 shows the diffracted crescent calculated using different reading 

wavelengths of 532, 630, and 700 nm with normal incident angle. All other parameters 

are the same as those used for Figure 2.16. The wavelength dependency of the location of 

the crescent is clearly seen in Figure 2.17. 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Different crescents for reading with different wavelengths of 532, 630, and 700 nm. 
All other parameters are the same as those described in the caption of Figure 2.16(b). 
 

The transmitted beam field pattern (Et) can be also calculated by subtracting the 

diffracted field pattern (Ed) from the incident beam pattern (Es′), i.e., 

 dst EEE −= ′ . (2.24) 

In order to calculate the exact value of the field, the inverse Fourier transform in 

Equation (2.14) is computed numerically. The two-dimensional inverse fast Fourier 
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Transform (IFFT) in Matlab® with adequate sampling rate is also used to verify the 

approximated approach. It is shown that the exact numerical results agree very well with 

the approximate results derived earlier by simplifying Equation (2.14). Even using the 

numerical computation, the method used for finding the diffracted signal is more efficient 

than the conventional Born approximation [27] from computational point of view. The 

method demonstrated in this section gives the diffracted beam all over the desired output 

plane by getting only one integral which can be easily implemented using efficient 

inverse Fourier transform techniques such as IFFT.   

2.3.3. Quantitative Measurements of Properties of Spectral Diversity Patterns 

To investigate the properties of the SBVHs for spectroscopy and to check the 

validity of theoretical results obtained using the proposed method, several transmission 

geometry SBVHs are recorded using the setup in Figure 2.14(a). The recording material 

is Aprilis photopolymer. The thicknesses of the samples used are 100, 200, or 300 µm. 

The recording wavelength is 532 nm. The values of θs and θr are –9.6º and 44º, 

respectively. These angles are selected to allow the operation of the SDF with the normal 

incident angle at a reading wavelength around λ′ = 800 nm. The distance of the point 

source to the hologram (d) varied in the range from 1.6 cm to 12 cm for different 

holograms. The polarization of both recording beams is TE. 

 To investigate the performance of SBVHs as spectral diversity filters, each 

hologram are read with reading beams at different wavelengths, using the setup in 

Figure 2.14(b). For each reading beam, both the diffracted beam (diffracted at an angle 

θ′r and focused on a screen) and the transmitted beam (at the back-face of the hologram 

using a zoomed CCD camera) are monitored in the experiment.  
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Figure 2.18(a) shows the transmitted beam through a SBVH when illuminated by 

a collimated beam at λ′ = 700 nm at normal incident angle (θ′s = 0º), which is similar to 

that demonstrated in Figure 2.5(a).  

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.18 (a) The transmitted beam through the spherical beam volume hologram when 
illuminated by a collimated beam at λ = 700 nm at normal incident angle (θ′s = 0º). The reading 
light is obtained by passing a white light beam through a monochromator with output aperture 
size of 0.45 mm. The full-width half-maximum of the output spectrum of the monochromator at 
700 nm wavelength is about 3 nm. The output of the monochromator is collimated using a 
collimating lens. The dark crescent in the transmitted beam is clearly seen. The dots in the figure 
correspond to the imperfection in the material. (b) The transmitted beam through the spherical 
beam volume hologram when read by an approximately collimated white light beam from the 
direction of the spherical recording beam. The hologram used in this figure is recorded using the 
set up in Figure 2.14 with d = 1.6 cm and λ = 532 nm. The holographic material is Aprilis 
photopolymer with refractive index of 1.5 and a thickness of 100 µm. The angles θs and θr in the 
recording setup are –9.6º and 44º, respectively. 

 

The incident light is obtained by passing a white light beam through a 

monochromator with aperture size of 0.45 mm. The full-width half-maximum of the 

output spectrum of the monochromator at 700 nm wavelength is about 3 nm. The output 

(a) (b) 
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beam of monochromator is collimated using a collimating lens. The dark crescent in the 

transmitted beam resembles the diffracted crescent discussed in Section 2.3.2. The shape 

of this dark crescent is defined by Bragg selectivity of the SBVH in the x-direction in 

Figure 2.14(b). The position of the crescent depends on the incident wavelength and on 

the incident angle. By reading the hologram with a collimated white light source, several 

color crescents appear in the transmitted beam. This is shown in Figure 2.18(b). The 

color of each crescent corresponds to the reduction of a diffracted crescent at a specific 

wavelength from the incident white light.   

For quantitative measurements, two of the properties of the dark crescent are 

investigated on the output plane. The first measure is the width of the crescent, which is 

defined as the distance between the edges of the dark crescent at the back face of the 

hologram in the x-direction at y = 0. This measure is directly related to the resolution of 

the spectrometer. The thinner the crescent, the finer the wavelength resolution of the 

spectrometer will be. The other measure is the curvature of the crescent. This measure 

helps us to characterize the expected shape of the detecting signal. It also gives us the 

information that is useful for designing rotation-multiplexed spherical beam holograms 

mentioned in Section 2.1.2. 

Figure 2.19 shows the variation of the crescent width with the distance between 

the point source and the recording material during recording (i.e., d). The experimental 

results were obtained by recording 5 holograms at λ = 532 nm for 5 different values of d 

and reading them at both λ′ = λ = 532 nm (squares) and λ′ = 830 nm (diamonds). The 

variations associated with the measurements are also shown as the corresponding error-

bars. The error-bars represent the range of crescent widths measured at different heights 
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of each crescent (i.e., different value of y in Figure 2.17) close to the crescent center 

(y = 0).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19. The variation of the crescent width with the distance between the point source and 
the recording material during recording (i.e., d in Figure 2.14(a)). Five different holograms are 
recorded at λ = 532 nm each with a different value of d. All other recording parameters are the 
same as those described in the caption of Figure 2.18. The hologram is read at both λ′ = 532 nm 
and λ′ = 830 nm. In the figure the squares and diamonds with the error bars show the 
experimental results for reading at 532 nm and 830 nm wavelengths, respectively. The solid lines 
show the corresponding theoretical results based on the model described in Section 2.3.2. The 
error-bars represent the range of crescent widths measured at different heights of each crescent 
(i.e., different value of y in Figure 2.17) close to the crescent center (y = 0). 

 

As shown in Figure 2.19, the theoretical variations of the crescent width change 

with d. The difference between theory and experiment is less than 7%. The limited 

bandwidth of the reading incident beam (about 3 nm FWHM) is the main source of this 

error. Considering this bandwidth, the theoretical result will be increased about 8%, 

reducing the total difference between the theory and experiment to less than 5%. Since a 

0 2 4 6 8 10 12 14

0.5 

1.0

1.5

2.0

2.5

3.0

Point Source Distance, d (cm)

C
re

sc
en

t W
id

th
 (m

m
)

λ ' = 830 nm 

λ ' = 532 nm 



 44

lens is used to form the point source of the spherical recording beam, the size of the 

resulting beam at focus is finite (non-zero). This is another important reason for the 

difference between theoretical and experimental results in Figure 2.19.  

 As it is clear in Figure 2.19, the dark crescent becomes wider as d increases. To 

understand this variation, a ray-optics approach [52] can be used to relate the coordinates 

of each point in the hologram to the incident k-vectors in the recording spherical beam 

that originate from the point source. By increasing d, the difference between the k-vectors 

of two fixed points in the hologram plane becomes smaller. On the other hand, Bragg 

condition of the hologram allows for a fixed range of ∆k of the original grating vectors to 

Bragg-match an incident collimated beam. Thus, by increasing d, the Bragg-matching 

region in the k-domain (i.e., ∆k) corresponds to a larger range in the space-domain, 

resulting in a wider crescent. In the extreme case as d → ∞, the spherical beam becomes a 

plane wave and the Bragg-matched diffracted beam becomes a plane-wave as well, 

resulting in an infinitely wide dark crescent in the transmitted beam for 100% diffraction 

efficiency.  

Figure 2.20 shows the variation of the crescent width with hologram thickness. 

Again, the experimental results for reading at λ′ = 532 nm and λ′ = 830 nm are shown 

with squares and diamonds, respectively, for three different thicknesses. The 

corresponding error-bars as well as the theoretical variations of the width of the crescent 

as a function of the hologram thickness for reading at 532 nm and 830 nm wavelengths 

are also shown in this figure. The error-bars represent the range of crescent widths 

measured at different heights of each crescent close to the crescent center (y = 0). The 
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finite bandwidth (about 3 nm) of the reading beam is taken into account for these 

calculations.  
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Figure 2.20. Experimental and theoretical variation of the crescent width with hologram thickness 
for 100, 200, and 300 µm thick samples. The recording point source is at a distance of d = 1.6 cm 
from the hologram for all the cases. All other recording and reading parameters are the same as 
those described in the caption of Figure 2.19.  

 

The agreement between theory and experiment is good and in average, the 

theoretical results are within 10% of the experimental ones. More accurate results can be 

obtained using numerical inverse Fourier transformation as described before. Again, the 

finite size of the experimental point source mainly contributes to the difference between 

theoretical and experimental results. Figure 2.20 shows that thicker holograms result in 

narrower crescents (i.e., better spectral diversity) with all other parameters fixed. This is 

explained by noting that thicker holograms have better wavelength and angular 

selectivity. Thus, the range of grating vectors (i.e., ∆k) that diffract the incident 
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collimated beam becomes smaller as the hologram becomes thicker resulting in a smaller 

diffracted crescent.  

The theoretical and experimental shape of the dark crescent read at λ′ = 532 nm 

and λ′ = 830 nm are depicted in Figures 2.21(a) and 2.21(b), respectively.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.21. Theoretical (white dashed line) and experimental (dark crescent) shape of the dark 
crescent in the transmitted beam when the SBVH is read at (a) λ′ = 532 nm and (b) λ′ = 830 nm. 
All the parameters are the same as those described in the caption of Figure 2.18. 
 

The reading beam incident angle is about 13º for λ′ = 532 nm. The hologram 

thickness is 300 µm. All other parameters are the same as those described in the caption 
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of Figure 2.18. The agreement between theory (white dashed line) and experiment (dark 

crescent) in both cases is good. Note that we assumed a spherical beam originated from a 

true point source in our theoretical analysis, which is different from the actual 

experimental condition. Again, the finite size of the point source in the experiments is the 

main reason of the difference between theoretical and experimental results.  

As discussed in this chapter, the mapping of different wavelengths to different 

crescents by SBVHs (as shown in Figures 2.5 and 2.17) is useful for designing compact 

spectrometers. For these SBVHs, the output signal can be detected at the back face of the 

hologram, which allows for compact designs. A main limitation of such holographic 

spectrometers for using with incoherent light is caused by the ambiguity between the 

wavelength and the angle of the incident beam in Bragg condition, as shown in Section 

2.1. For example, the size of the crescent in Figure 2.18(a) becomes larger when the 

divergence angle of the incident beam increases since the crescents corresponding to 

different reading plane waves of the same wavelength but different angles of incident 

occur at different (but close to each other) locations. The same behavior is observed if the 

incident angle remains constant but the wavelength range of the reading beam is 

increased. It is shown in Section 2.2 that the acceptable divergence angle for a SBVH 

spectrometer that can still resolve a dark crescent is 45º in transmission geometry. One 

interesting feature of the SBVH is the Fresnel transform relation between k-domain and 

space domain in these holograms. In conventional plane wave holograms used in 

spectroscopy, this relation (k-domain to space domain) is governed by a Fourier 

transformation. Thus, decreasing the size of the diffracted beam in one domain results in 

increasing the size of that in the other domain. In Fresnel transform, on the other hand, 
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the quadratic phase factor caused by spherical recording beam allows for similar 

variations of size in the two domains. The limitation on this relation is imposed by the 

distance of the point source to the hologram (d) and the plane that the dark crescent is 

observed (L in Figure 2.14).   

As the summary of this chapter, spectral diversity filters (SDFs) are successfully 

demonstrated by using spherical beam volume holograms (SBVHs). A better output 

spectral diversity is obtained by using more sophisticated volume holograms recorded via 

rotation multiplexing technique. A new approach for analyzing general holographic SDFs 

is proposed. It is shown that this method can predict the experimental results with good 

accuracy. Thus, this theoretical model is very useful for the design of the volume 

holograms for holographic spectrometers. However, a trade-off between the spectral 

diversity and the number of spatial modes of the reading beam is also observed. Although 

it is shown that an acceptable spectral diversity still can be obtained for transmission 

geometry SBVHs under the reading beam with 45º diverging angle, this trade-off is 

needed to be solved for making holographic spectrometers for diffuse source 

spectroscopy.  
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CHAPTER 3 

SLITLESS VOLUME HOLOGRAPHIC SPECTROMETERS 

 

  

 To detect diffuse light sources, a spatial filter (e.g., a narrow slit) and a collimator 

(e.g., a lens) are required in conventional spectrometers to avoid the ambiguity between 

the incident wavelength and the incident angle. Since most of the input power is blocked 

by the narrow slit and an additional space is needed to add the lens, conventional 

spectrometers are inefficient and bulky. To improve the efficiency of the spectrometer, 

the idea of multimodal multiplex spectroscopy (MMS) using three-dimensional 

inhomogeneous photonic crystal structures as spectral diversity filters (SDFs) has been 

proposed and demonstrated [16]. However, since the spatial filter mask and the 

collimator are still essential in MMS, this spectrometer is not compact and has the same 

issues (such as sensitive to input coupling and system alignment) as conventional 

spectrometers. 

Based on the theoretical modeling and experimental results shown in Chapter 2, 

the spherical beam volume hologram (SBVH) can perform excellent spectral diversity 

and it is a great candidate for SDF. When the SBVH is read by a plane wave from the 

direction of the recording spherical beam, the diffracted beam has a crescent shape due to 

partial Bragg matching. However, the position of the crescent at the back face of the 

volume hologram depends both on the reading wavelength and on the direction of the 

reading plane wave. As a result, when the reading beam is diffuse beam (i.e., several 

incident angles) with multiple wavelengths present, the crescents corresponding to 
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different wavelengths and different incident angles will overlap resulting in considerable 

crosstalk between different incident wavelength channels. It is shown in Chapter 2 that a 

trade-off exists between the spectral diversity and the number of the spatial mode in the 

input signal. Therefore, it is impractical to use only the SBVHs described in Chapter 2 for 

diffuse source spectroscopy.  

In this chapter, I will demonstrate a simple and practical technique to solve this 

ambiguity by using a Fourier transforming lens behind the SBVH. Thus, this slitless 

Fourier transform volume holographic (FTVH) spectrometer is more compact, 

inexpensive, less sensitive to the input alignment, as well as potentially high optical 

throughput compared to conventional spectrometers. As an extension of Section 2.3, the 

theoretical modeling for FTVH spectrometer will also be presented in this chapter. 

3.1. Demonstration of Slitless Volume Holographic Spectrometers [53] 

The volume hologram used for the demonstration in this chapter is a single SBVH 

recorded by a spherical beam and a plane wave. Figure 3.1(a) shows the experimental 

setup for recording this SBVH. Figure 3.1(b) shows a general setup for the reading 

experiments used throughout this section. Different from monitoring the spectral 

diversity pattern in the transmitted direction (which has the trade-off issue between the 

spectral diversity and incident spatial modes), the diffracted beam is monitored and 

investigated in detail in this section. The same as that in Chapter 2, the SBVH is read 

from the direction of the recording spherical beam and the diffracted beam is in the 

direction of the recording plane wave (when read-out is performed at the recording 

wavelength). The Fourier transform of the diffracted beam pattern is obtained by the lens, 
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and the CCD is placed at the Fourier plane. The SBVH is recorded at λ = 532 nm in a 

100-µm-thick sample of Aprilis photopolymer [39].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. The schematics of (a) recording and (b) reading setups for a spherical beam volume 
holographic spectrometer using Fourier transform. The recording material is a sample of Aprilis 
photopolymer with thickness L. The spherical beam is formed by focusing a plane wave with a 
lens with focal length of f1 = 4.0 cm. The distance between the hologram and the point source is d. 
The angle between the plane wave direction and normal to the medium is θ . The focal length of 
the Fourier transforming lens in the reading setup is f2. 
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(a) (b) (c) 

3.1.1. Solving the Ambiguity between Incident Wavelength and Incident Spatial Mode 

After recording, the SBVH is first read by using a collimated monochromatic 

beam (generated by passing the white light source through the monochromator with a 

resolution of 8 nm) at the wavelength of λ = 532 nm without putting a diffuser in the 

reading setup Figure 3.1(b). The diffracted beam both at the output face of the hologram 

and at the Fourier plane (i.e., on the CCD camera in Figure 3.1(b)) has a crescent shape, 

as shown in Figure 3.2(a). When the hologram is read by a monochromatic diffuse beam 

(by adding a diffuser in Figure 3.1(b)), the diffracted pattern at the output face of the 

hologram (shown in Figure 3.2(b)) is a diffuse light which can be considered as the 

overlapping of many consecutive crescents (thus, no single crescent is visible.). However, 

the beam pattern at the Fourier plane (as shown in Figure 3.2(c)) has the same crescent 

shape as that in Figure 3.2(a). The crescent in the Fourier plane moves to a different 

location when the wavelength of the diffuse reading beam is changed. Thus, the 

ambiguity between the incident wavelength and the incident spatial mode (i.e., incident 

angle) is disappeared in Figure 3.2. 

 

 

 

 

 

Figure 3.2. Diffracted pattern measured (a) at the back face of the SBVH when read by a 
collimated monochromatic light (λ = 532 nm), (b) at the back face of the SBVH when read by a 
diffuse monochromatic light (λ = 532 nm), and (c) at the Fourier plane when the SBVH is read by 
a diffuse monochromatic light (λ = 532 nm). 
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 Figure 3.2 suggests that a SBVH with a Fourier transforming lens can be used as a 

spectrometer even for a diffuse input signal. In order to explain this observation, we 

model the SBVH based on the theory established in Section 2.3. The general shape of the 

diffracted crescent at the output face of the SBVH when it is read by a plane wave with 

wavelength 1λ  and incident angle 1θ  (between the direction of plane wave and normal to 

the hologram in air) can be represented as   

 )])((exp[)),(()( 1111, 11
φλθλθλ +∆−= xkjxfxg x , (3.1) 

where )(xf  represents the shape of the crescent, )( 1λxk  is the component of the 

propagation vector )( 1λk
r

 in the x direction in Figure 3.1, ),( 11 θλ∆ is the location of the 

center of the crescent (and it depends on both 1λ  and 1θ ), and 1φ  is a constant phase. 

Equation (3.1) can be used to explain the location of all crescents corresponding to the 

results presented in Figure 3.2. For example, when the SBVH is read by a diffuse beam at 

wavelength 1λ , the crescents corresponding to different spatial modes (or incident plane 

wave anglesθ ) exist at different locations ∆ . As a result, the diffracted beam has a 

diffuse pattern resulted from the combination of all these crescents as shown in Figure 

3.2(b). We can approximately represent the diffracted beam in this case (i.e., diffuse 

monochromatic incident beam) by  

 )])((exp[)),(()( 1
1

11 mx

N

m
m xkjxfxg φλθλλ +∆−= ∑

=

, (3.2) 

where N is the number of different incident angles mθ  (or the number of spatial modes) 

of the incident beam. Note that the direction of propagation of all crescents (i.e., )( 1λxk ) 

only depends on the incident wavelength and not on the incident angle θ , which will be 
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explained in detail in Section 3.2. A more accurate form of Equation (3.2) can be 

obtained by replacing ∑
=

N

m 1

with ∫ θd  and ),( 1 mθλ∆  with ),( θλ∆ . Taking the Fourier 

transform of both sides of Equation (3.2) and calculating the intensity of both sides 

results in  

 
2

1

22 )]),((exp[))(()( ∑
=

−∆−−=
N

m
mxmxxx jkFG φωθλλωωλ , (3.3) 

where xω  represents the spatial frequency variable. 

In Equation (3.3), the ambiguity term ),( mθλ∆  has been transferred into the phase term 

and the Fourier spectrum of a crescent is shifted by an amount of )(λxk  which only 

depends on the incident wavelength and the plane wave used for recording the hologram 

(see Figure 3.1(a)). The value of the sum of the complex phase terms in Equation (3.3) 

depends strongly on the degree of spatial coherence of the incident light source. For 

spatially coherent light illumination, this term is a complicated function of xω  because all 

phase constant terms mφ  are correlated. Thus, the Fourier spectrum 2)( xG ωλ is in 

general different from a crescent. On the other hand, all phase constant terms mφ  are 

uncorrelated under spatially incoherent light illumination simplifying Equation (3.3) to 

 22 ))(()( λωωλ xxx kFNG −=  (3.4) 

By using fxx λω /= for the Fourier transforming lens with focal length f [54], the output 

intensity at the Fourier plane (where the CCD camera is placed) in Figure 3.1(b) can be 

written as 
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λλλλ xk

f
xFN

f
xGxH −==  (3.5) 

Equations (3.4) and (3.5) show that all crescents diffracted by different spatial modes of a 

monochromatic diffuse input source appear at the same location in the output plane, and 

these crescents are incoherently added together. Furthermore, the location of the final 

crescent at the Fourier plane depends only on the incident wavelength λ  and can be used 

for diffuse source spectroscopy. 

Equations (3.3)-(3.5) clearly explain the results shown in Figure 3.2. To examine these 

theoretical conclusions further, another experiment is performed with the setup in Figure 

3.1(b) using a SBVH recorded in a 100-µm-thick Aprilis photopolymer using the setup in 

Figure 3.1(a) with o64.35=θ  and d = 4.0 cm. In the reading setup (Figure 3.1(b)), the 

focal length of the lens is 6.5 cm and the CCD pixel size is 9 µm by 9 µm. To investigate 

the performance of the system for a spatially coherent input, the SBVH is first 

illuminated by a divergent laser beam (which can be extended into several plane wave 

components) at λ = 532 nm instead of the white light source and the monochromator 

without putting the diffuser in front of the SBVH in Figure 3.1(b). The output pattern (at 

the CCD camera) for this case, which is shown in Figure 3.3(a), is not in the form of a 

crescent due to multiplication by a complicated speckle-like function resulting from the 

coherent phase term in Equation (3.3). This effect can be alleviated by randomizing the 

phase term mφ  and increasing the number of spatial modes (N) in Equation (3.3) by 

adding a stationary diffuser in front of the SBVH, as shown in Figure 3.3(b). The output 

for this case is closer to a crescent. Finally, the closest Fourier spectrum to a single 

crescent can be obtained by using a diffuse reading beam by rotating the diffuser, as 
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(a) (b) (c) 

shown in Figure 3.3(c). Figure 3.3 confirms the theoretical prediction and affirms that the 

Fourier transform volume holographic spectrometer works best for incoherent input 

signals (or diffuse incident source). This important property makes this spectrometer 

suitable for diffuse source spectroscopy. 

 

 

 

 

 

Figure 3.3. Measured output intensity on the CCD in Figure 3.1(b) when a SBVH is illuminated 
by a divergent laser beam with λ = 532 nm (formed by focusing the output light of a solid state 
laser using a lens with numerical aperture N.A. = 0.25) (a) without diffuser, (b) with a static 
diffuser, and (c) with a rotating diffuser. 

 

3.1.2. Spatial-Spectral Mapping of the Slitless Volume Holographic Spectrometer 

 To investigate the effect of the incident wavelength on the performance of this 

slitless holographic spectrometer, the experimental setup in Figure 3.1(b) is used and the 

input wavelength is scanned from λ = 482 nm to λ = 587 nm with 5 nm spacing using the 

monochromator with full width at half maximum (FWHM) resolution equal to 8 nm. The 

light intensity at all points in the output plane for each incident wavelength is captured by 

the CCD camera. The normalized output intensity (i.e., the output intensity divided by the 

input intensity) with respect to the location in the horizontal axis (i.e., x) on the CCD 

camera is show in Figure 3.4. Each curve in Figure 3.4 corresponds to one incident 

wavelength.  
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Figure 3.4. Normalized intensity versus the location along the horizontal axis (x) on the CCD in 
Figure 3.1(b) for the SBVH described in the text. The hologram is read by a diffuse light (using 
the rotating diffuser) with single wavelength at each time. The reading wavelength is scanned 
from λ = 482 nm (the far right curve) to λ = 587 nm (the far left curve) with 5 nm spacing. 

 

Figure 3.4 clearly shows that the output spatial intensity pattern is a function of 

the incident wavelength under diffuse light illumination. Note that the peak of the 

normalized intensity is slightly different for different wavelengths because the efficiency 

of partial Bragg matching from the SBVH depends on the wavelength. By rotating the 

SBVH slightly, the relative strengths of different wavelength channels can be modified. 

Figure 3.4 also suggests that this SBVH has a 102 nm spectrum analyzing range (which 

can be controlled by the focal length of the Fourier-transform lens) without rotating the 

SBVH. However, the operation spectrum (as well as resolution) can be modified by 
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changing the design parameters such as material thickness and the divergence angle of 

the recording spherical wave. Further increase in the range of wavelength can be 

achieved by simply rotating the SBVH. The detail performance (including the spectrum 

estimation of unknown light sources) of slitless holographic spectrometers will be 

discussed in Chapter 6.  

By comparing to conventional spectrometers, the slitless FTVH spectrometer 

demonstrated in this section has several advantages. First, it does not require any slit and 

input lens allowing for simpler, lighter, and possibly more compact design. Secondly, it is 

not sensitive to the input alignment as it works best with diffuse input signals. 

Furthermore, by using holograms with more sophisticated design, the sensitivity of the 

spectrometer can be further improved. Also, no moving part (i.e., rotation of the 

hologram) is required for limited operation bandwidth (a few hundred nanometers). 

As a brief summary of this section, a slitless volume holographic spectrometer 

based on Fourier-transform technique using a SBVH is demonstrated for the first time in 

history. It is shown that the ambiguity between incident angle and incident wavelength in 

a holographic spectrometer can be eliminated by taking the Fourier-transform of the 

diffracted beam. The resulting spectrometer works optimally under spatially incoherent 

light illumination which is useful for diffuse source spectroscopy, especially in biological 

and environmental sensing applications. Furthermore, by integrating the spatial filter, 

collimator, and the thin grating into one volume hologram, this slitless holographic 

spectrometer is less bulky, low-cost, less sensitive to input alignment, and potentially 

more appropriate for the implementation of highly sensitive spectrometers compared to 

conventional spectrometers. 
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3.2. Theoretical modeling for Slitless Volume Holographic Spectrometers [55] 

In Section 3.1, a slitless volume holographic spectrometer has been successfully 

demonstrated based on a single SBVH for diffuse source spectroscopy. To understanding 

the main features and limitations of slitless holographic spectrometers, an exact analysis 

tool has to be developed. As an extension of the theoretical model established in Section 

2.3, the transfer function of the slitless volume holographic spectrometer can be derived 

by calculating the Fourier spectrum of the diffracted beam from the back-face of the 

hologram. The comparison between the theoretical simulation and the experimental 

results will also be discussed in this section. 

3.2.1. Transfer Function of the Slitless Volume Holographic Spectrometer 

The slitless volume holographic spectrometer is based on a SBVH as a diffractive 

element. The SBVH is recorded in a holographic medium with thickness L using a point 

source and a plane wave as shown in Figure 2.14(a). For convenience, the same figure is 

shown again in Figure 3.5(a). The hologram thickness (L), the incident angle of the plane 

wave (θr), the location of the point source (-a, 0, -d), and the wavelength of the recording 

beams (λ) are the design parameters for the recording. The hologram is recorded in the 

transmission geometry as shown in Figure 3.5(a).  

The hologram is then used in the spectrometer arrangement shown in Figure 

3.5(b). The reading beam illuminates the hologram primarily in the direction of the 

recording spherical beam. Therefore, the diffracted beam, for the desired range of 

wavelength, diffracts mainly in the direction of the recording plane wave as indicated in 

Figure 3.5(b). The Fourier transforming lens is placed in the main direction of the 

diffracted beam and the output is captured in the focal (or Fourier) plane of the lens using 
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(a)

(b)

a CCD camera. The focal length of the lens (f) is another design parameter of the 

spectrometer.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.5. (a) Recording geometry of a spherical beam volume hologram. The point source is 
located at (-a, 0, -d). The reference beam (plane wave) incident angle is θr. A line from the 
coordinate origin to the point source makes an angle θs with the z-axis. The thickness of the 
holographic material is L. (b) Slitless spectrometer configuration. The reading beam is the input 
to the spectrometer having the incident angle of θ′si. The focal length of the lens is f. The CCD 
camera is located at the back focal plane of the lens. 
 

d

θ r

Point 
Source

Plane 
Wave

L

θ s

x

zya

kr

d

θ r

Point 
Source

Plane 
Wave

L

θ s

x

zya

d

θ r

Point 
Source

Plane 
Wave

L

θ s

x

zya

kr

Reading 
Beam

Hologram
FT Lens

f

CCD

f

θ´si

Reading 
Beam

Hologram
FT Lens

f

CCD

f

θ´si



 61

The SBVH in this arrangement can be directly read with non-collimated beam and 

there is no need to use a slit in the input of the spectrometer as demonstrated in Section 

3.1. Therefore, the SBVH is positioned at the very beginning of the system (i.e., the 

unknown light source is placed right in front of the SBVH). 

To analyze the slitless spectrometer, the optical transfer function of the system 

shown in Figure 3.5(b) is first needed to be derived. The transfer function is defined as 

the output of the system (i.e., at the CCD plane in Figure 3.5(b)) to an arbitrary input 

plane wave (i.e., with arbitrary propagation direction) at an arbitrary wavelength λ′. In 

general, any input beam at wavelength λ′ can be represented as a summation of several 

plane waves at that wavelength. Therefore, using the transfer function, the output of the 

system to an arbitrary beam can be found at any wavelength. As a result, the output 

corresponding to any input beam can be found by the analysis of different wavelength 

components of the beam.  

Based on the theoretical model in Section 2.3, the spherical beam was 

decomposed into several plane wave components. Each plane wave was assumed to form 

a hologram with the reference beam. To estimate the diffracted beam, the superposition 

of the diffracted plane waves was found from the corresponding holograms when read by 

a collimated beam at wavelength λ′. All the diffraction components were calculated using 

Born approximation. The same approach (as shown in Section 2.3) is used in this section 

to study the properties of the slitless volume holographic spectrometer, under diffuse 

light illumination at wavelength λ′. The output is calculated by adding output 

components (i.e., the output from a specific input plane wave at wavelength λ′ calculated 

using the transfer function) corresponding to different plane wave components of the 
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input beam incoherently. It is assumed that the reading beam consists of several plane 

waves propagating in different directions and with independent random phases with 

uniform probability distribution. Throughout the analysis, it is also assumed that both 

recording and reading beams have TE polarization (i.e. electric field normal to the 

incident x-z plane in Figure 3.5(a)). Calculation for the TM polarization (i.e. magnetic 

field normal to the incident x-z plane) can be found in a similar way. 

To find the transfer function, assume that the electric field of a reading plane 

wave propagating in the direction k′i = k′ix âx + k′iy ây + k′iz âz with amplitude Ai and the 

phase ϕi, is represented by 

 ( ) iiziyix zkykxkj
iiziyixi eAkkkE ϕ+′+′+′

=′′′ ),,( .  (3.6) 

From the Equation (2.13), the electric field of the diffracted beam (Eid) from a SBVH can 

be written as 
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where krx represent the x-component of the recording plane wave in Figure 3.5(a) and the 

diffracted field in the spatial-spectral domain [i.e., ),,(~ zkkE yxid ] is represented by 
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In Equation (3.8), ε is the permittivity of the holographic recording material, ∆ε is the 

amplitude of the modulated permittivity, k′ is the wave number at wavelength λ′, and Kgz 

and kidz are given by 

 222
yxrzgz kkkkK −−−=  (3.9) 
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 222 )()( iygyixgxidz kKkKkk ′+−′+−′=′ . (3.10) 

with k being the wave number at wavelength λ, Kgx = Krx – kx, Kgy = - ky, and kr = krx âx + 

krz âz being the propagation vector of the recording plane wave. 

It is also assumed that the Fourier transforming lens is located at a distance f from 

the hologram as shown in Figure 3.5(b). Although this is not a necessary assumption for 

the operation of the spectrometer (i.e., the Fourier transform can be obtained by other 

arrangements of the lens), it simplifies the calculations by eliminating the quadratic phase 

term resulted from the Fourier transform operation of the lens. In this configuration, the 

CCD camera is located exactly at the back focal plane (or Fourier plane) of the lens. 

Assuming the lens is very large compare to the size of the hologram and using the 

paraxial approximation, the electric field of the output beam in the Fourier plane of the 

lens can be written as 
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where u and v are the output coordinates in the focal plane, fx and fy are the frequency 

variables of the two-dimensional Fourier transform operator F{·} defined as 
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From Equation (3.7) it is clear that the diffracted beam (Eid) can be also represented as a 

Fourier transform. Therefore, Equation (3.11) can be written as 
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Substituting ( )zkkE yxid ,,~  from Equation (3.8) and replacing kx and ky by the its 

corresponding arguments according to Equation (3.13), the transfer function (the output 

electric field) can be written as  
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As seen from Equation (3.14), the amplitude of the transfer function (the electric field in 

the output, Eio) is a function of output coordinate (u, v). Note that the maximum of H 

occurs at the output coordinates for which the argument of the sinc function in Equation 

(3.14) is zero. The locus of the maximum electric field is also a function of the reading 

beam direction represented by k′ix and k′iy in Equation (3.14). However, the effect of the 

direction of the reading beam on the location of the diffracted beam in the output is 

minimal for the practical range of angles as examined below. 

The output to an incoherent beam is calculated by adding the output intensity of 

all of the input plane wave components (each one is a plane wave in Equation (3.6) with a 

random phase). Thus, the total output intensity is  

 ( ) ( )∫∫ ′′=′′λ′=′′= yxioyxiyixo kdkdfvuEkdkdfzvuHkkAfvuI
i
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where the integration is over all the spatial frequency components (k′ix and k′iy) of the 

input reading beam.  

Figure 3.6 shows the intensity distribution in the output for the region 

corresponding to the CCD area (6.9 mm × 4.6 mm) when a typical hologram is read with 

a spatially incoherent beam.  

 

 

 

 

 

 

 

 

 

Figure 3.6. Theoretical intensity distribution in the output of the slitless holographic spectrometer 
estimated for the region corresponding to the CCD area when the hologram is read with a 
spatially incoherent reading beam. The incident angle of the reading beam is assumed to be 
from –5º to 5º measured in the air in both x- and y-direction. The hologram is assumed to be 
recorded using the set up in Figure 3.5(a) with d = 4 cm, L = 300 µm, θr = 46º and θs = -9º. The 
reading wavelength is 532 nm, which is equal to the recording wavelength. The refractive index 
of the recording material is assumed to be 1.5. 
 

In this calculation, the reading beam is modeled as a series of plane wave 

components with equal amplitudes and independent random phases for the incident 

angles in the range from –θ′s to θ′s with 2θ′s being the actual divergence angle of the 

input beam in the actual experiments in both x- and y-direction. The hologram is assumed 

to be recorded using the set up in Figure 3.5(a) with d = 4 cm, L = 300 µm, θr = 46º, and 
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θs = -9º. The reading wavelength is λ′ = 532 nm and is equal to the recording wavelength 

(λ). The refractive index of the recording material is assumed to be 1.5. The results in 

Figure 3.6 are calculated using θ′s = 5º. As it is seen from Figure 3.6, the output is a 

single crescent, which is very similar to the output when a single collimated beam reads 

the hologram (as shown in Figure 3.2(c)). Therefore, the outputs of different plane wave 

components (or directions) of the reading beam at a single wavelength almost overlap at 

the same location in the output plane. 

Note that for the experimental measurements, the Fourier transforming lens is 

mounted perpendicular to the direction of the diffracted beam as shown in Figure 3.7. 

 

 

 

 

 

 

 

Figure 3.7. The experimental arrangement of the slitless spectrometer. All the parameters are the 
same as those in the caption of Figure 3.5(b). 
 

Compared to the arrangement shown in Figure 3.5(b), the experimental 

configuration is rotated and also shifted in the space domain. The rotation of the lens is 

equivalent to the rotation (or a phase shift) of the incident beam in paraxial 

approximation. Therefore, the effect is equivalent to a shift in the Fourier domain or a 

shift in the position of the diffracted crescent in the Fourier plane of the lens. Also, the 

shifts in the lens coordinate, as it is seen in Figure 3.7 compared to Figure 3.5(b), results 
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in a shift in the Fourier coordinates. Therefore, the difference in the theoretical 

configuration with the experimental setup is a shift in the Fourier plane and can be 

compensated with a constant shift. The theoretical configuration reduces complicated 

conversions between rotated coordinates and is easier to analyze. On the other hand, the 

main benefit of mounting the lens in the direction of the diffracted beam in the 

experimental setup is to reduce the vignetting effect caused by the limited size of the lens. 

Also, the aberration introduced by the lens is minimal in this configuration. 

3.2.2. Qualitative Analysis for the Slitless Volume Holographic Spectrometer  

In this section, the theoretical results are compared with the experimental results 

for the slitless volume holographic spectrometer. For all the experiments, the holograms 

were recorded in Aprilis photopolymer with a refractive index of 1.5. The recording 

wavelength is 532 nm. The polarization of the recording beams is TE and the holograms 

are recorded in transmission geometry. 

 The SBVH is recorded using the setup in Figure 3.5(a) with d = 4 cm, θr = 46º (in 

air), θs = 9º (in air), and L = 300 µm. The cross-section of the hologram is 1 cm by 1 cm. 

The reading configuration for the SBVH is shown in Figure 3.7. A beam from a 

monochromator reads the SBVH after passing through a rotating diffuser. The full-width 

half-maximum (FWHM) of the output of the monochromator is about 7.5 nm for the 

range of wavelength used in the experiment. The rotating diffuser is placed adjacent to 

the hologram (not shown in Figure 3.7) to generate a spatially incoherent reading beam 

that reads the hologram from almost every direction. The focal length (f) of the Fourier 

transform lens is 10 cm. The diffracted beam is monitored using a cooled CCD camera 

with 9 µm × 9 µm pixels mounted at the focal plane of the lens. The experimental result 
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(a)

(b)

for the reading beam having three wavelength components at 492 nm, 532 nm and 562 

nm is shown in Figure 3.8(a). The output corresponding to each wavelength was obtained 

separately and the results were added to obtain this figure. The theoretical results 

corresponding to the experimental ones are shown in Figure 3.8(b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.8. The output of the slitless spectrometer for an input beam having wavelength 
components at 492 nm, 532 nm and 562 nm obtained from (a) experiment and (b) theory. The 
SBVH is recorded using in Figure 3.5(a) with d = 4 cm, θr = 46º (in air), θs = 9º (in air), L = 300 
µm, and f = 10 cm. The recording wavelength is 532 nm. The pixel size of the CCD camera is 9 
µm × 9 µm. Note that the side lobes in the experimental results looks stronger that those in the 
theoretical results. This is mainly because the hologram is too strong. The side lobe effect can be 
minimized by recording appropriate strength of hologram through the optimization of the 
recording process. 
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 The theoretical results are obtained from the analysis presented in Section 3.2.1 

using the actual experimental parameters. Figure 3.8 shows good agreement between the 

theoretical and the experimental results. Note that the side lobes in the experimental 

results looks stronger that those in the theoretical results. This is mainly because the 

hologram is too strong. The side lobe effect can be minimized by recording appropriate 

strength of hologram through the optimization of the recording process. 

3.2.3. Performance Comparison between Slitless Volume Holographic Spectrometers and 

Conventional Spectrometers 

 It is assumed that the input to the conventional spectrometer, shown in Figure 3.9, 

is an incoherent beam at wavelength λ′, consisting of several plane wave components 

with random relative phases.  

 

 

 

 

 

 

 

 

 

 
Figure 3.9. A basic arrangement of a spectrometer using a plane wave hologram as the diffractive 
element. The hologram dimensions are shown in the figure. The hologram height (the dimension 
in the y-direction) is assumed to be L2 (not shown in the figure). The focal length of both lenses is 
f. The input object is usually a slit in the yi-direction. 
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 A slit of the width sw is placed in the object plane in Figure 3.9 that allows a small 

portion of each plane wave component to enter the spectrometer. For each 

monochromatic plane wave, the conventional spectrometer is equal to a 4f imaging 

system with the point-spread function h. Therefore, the output is a slit with the width sw 

that is blurred with the point-spread function h. The effect of the change in the direction 

of the input plane wave does not change the location of the output since the 4f system 

images the input slit into the same output image at each wavelength. Therefore, the total 

output for the incoherent input is equal to the incoherent (or intensity) summation of the 

outputs of all plane wave components. Note that the performance of the 4f system is 

precise in to the paraxial regime and is limited to vignetting effect of the first Fourier 

transforming lens (i.e., the lens before the hologram).  

 On the other hand, the output of the slitless spectrometer to an incoherent input is 

derived in Section 3.2.1. It is shown that the output is a portion of a ring (or a crescent) as 

shown in Figure 3.6. It is assumed that the monochromatic incoherent input beam is a 

summation of several plane wave components with random phases. The output of each 

plane wave is a crescent in the output. The crescents for different plane wave components 

overlap in the output at a location that is a function of input wavelength. Therefore, the 

total output is the incoherent (or intensity) summation of the individual crescents at the 

output plane.   

 Comparing the operating principles of the two spectrometers, several similarities 

can be observed. The output corresponding to a monochromatic input plane wave does 

not change with the incident angle of the plane wave. Therefore, the output to a 

monochromatic incoherent beam can be found by adding the output intensities of 
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individual plane wave components. Also, the spatial intensity pattern of the spectrometer 

output is a function of the input wavelength in both cases. In the conventional 

spectrometer the output is a narrow slit while in slitless spectrometer it is a narrow 

crescent for each monochromatic input beam. Since the output of the conventional 

spectrometer is almost the image of the input slit, we can substitute the rectangular input 

slit with a crescent shape slit (i.e., a transparency function similar to the beam shape in 

Figure 3.6) and the results of the conventional spectrometer would be the same as that of 

the slitless spectrometer. It suggests that the two systems operate similarly. By comparing 

the configuration of the slitless spectrometer (Figure 3.7) with the conventional 

spectrometer (Figure 3.9), it is obviously that the role of the SBVH is to implement three 

elements of the conventional spectrometer (i.e., integrating the input slit, the input lens, 

and the dispersive medium (plane wave hologram) into one element, which is the 

SBVH.). To be more specific, the input lens is implemented with a volume grating 

formed by a spherical beam and a plane wave in the slitless spectrometer. Also, the role 

of the slit in the conventional spectrometer is implemented by the Bragg selectivity of the 

volume hologram in the slitless spectrometer. 

 To further compare the two systems, some practical limitations such as the 

numerical aperture (N.A.) of the lenses are considered. For example, the N.A. of the lens 

used to form the point source for recording the SBVH is the key parameter that specifies 

the range of the incident angle of the input beam of the spectrometer (i.e., the reading 

beam), which by itself defines the optical throughput. Similarly, the N.A. of the first lens 

in the arrangement of the conventional implementation is the important parameter in 

finding the range of the incident angle of the input beam to the system. For example, if 



 72

the input source is a fully incoherent source that emits light in all the directions, only a 

portion of the energy that is distributed over 4π steradian solid angle goes into the system. 

Therefore, a limitation exists on the acceptance input power due to limited N.A. of the 

practical lenses in both cases. Lenses with high N.A. are hard and costly to make. For 

conventional spectrometer the lens is a part of the actual system. However, in slitless 

spectrometer, the lens is used to record the hologram that is installed in the system. 

Therefore, the cost per device of the slitless spectrometer with a lens with high N.A. is 

much less than that of the conventional spectrometer with a similar input lens 

performance.  Furthermore, with the excellent design flexibility of the hologram, the 

slitless spectrometer can perform ultra large acceptance angle by using a more 

sophisticated hologram, which will be discussed in Chapter 7. 

 For the dispersive element that should be used in each system, both the diffraction 

efficiency and the wavelength selectivity of the holograms are important. In the 

conventional spectrometer, the grating should be thin (thickness in the range of a few 

microns) to diffract a large range of wavelength with high diffraction efficiency. On the 

other hand, the diffraction efficiency of the hologram reduces by decreasing the material 

thickness [56, 57]. The main challenge in fabricating the holograms for conventional 

spectrometers is maximizing the diffraction efficiency for the thin material. In contrast to 

the conventional spectrometer, the range of the diffracted wavelength is limited by the 

diverging angle of the recording point source in the slitless spectrometer. The wider the 

angle, the larger the operating wavelength range is. Therefore, there is not direct relation 

(or trade-off) between the operating range of wavelength and the thickness of the material. 

However, the hologram thickness defines the width of the crescent and, therefore, the 



 73

wavelength resolution. The thicker the hologram, the narrower the crescent is and the 

higher the resolution. The role of the thickness of the crystal in slitless spectrometer is 

similar to the width of the slit in the conventional spectrometer. As we mentioned before, 

increasing the material thickness results in a higher dynamic range for holographic 

recording. In the slitless spectrometer, increasing the material thickness improves the 

peak diffraction efficiency of the crescent. Therefore, the peak diffraction efficiency and 

the wavelength resolution can be improved simultaneously by using a thicker hologram. 

This makes the fabrication of the SBVH very easy for the slitless spectrometer. 

Furthermore, multiplexed SBVHs can be recorded to obtain multiple (thin) crescents for 

each wavelength to avoid loosing the throughput of the spectrometer. Finally, the 

detection parts of both devices are almost the same and we do not consider the effects of 

the CCD camera in our analysis.    

 Implementing three different elements of the conventional spectrometer into one 

element in the slitless spectrometer makes it more compact. Also, the Fourier transform 

lens can be placed very close to the hologram that further reduces the total size of the 

device. Since the slitless spectrometer uses fewer optical elements, it is less sensitive to 

the alignment. Moreover, removing the input slit and lens reduces the total cost of the 

device. The SBVH is placed at the very beginning of the device and the coupling of the 

input light source to the device is very easy. All these features make the slitless 

spectrometer a very good candidate for low-cost portable spectrometers.  Furthermore, 

replacing the input slit and lens with a volume hologram provides more design flexibility, 

especially for application-specific spectrometers, through optimization of the volume 

hologram. Some possibilities are multiplexing several SBVHs to develop more complex 
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spatial-spectral pattern in the spectrometer output (compared to a simple crescent) to 

implement multimode-multiplex spectroscopy. Such sophisticated (and in the ideal case, 

optimal) volume holograms in the slitless architecture have similar functionality to 

implement complex slits in conventional architecture that are more expensive and more 

alignment sensitive. 

 As the summary of this chapter, a slitless volume holographic spectrometer is 

demonstrated for the first time. It is shown that this spectrometer is a good candidate for 

diffuse source spectroscopy. A complete analysis of the slitless spectrometer based on 

spherical beam volume hologram is also established. The theoretical results agree well 

with the experimental data, indicating that the theoretical model is a reliable tool to 

analyze and design the hologram for slitless holographic spectrometers. Since three 

elements (the spatial filter (e.g., a narrow slit), collimator (e.g., a lens), and the thin 

grating) in the conventional spectrometer are integrated into one volume hologram, this 

slitless holographic spectrometer is less bulky, low-cost, and less sensitive to input 

alignment compared to conventional spectrometers. Finally, with the excellent design 

flexibility of the volume hologram, it is possible to design optimal spectrometer by 

simply recording an optimal volume hologram, which does not add the hardware 

complexity to the spectrometer. 
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CHAPTER 4 

LENSLESS AND SLITLESS VOLUME HOLOGRAPHIC    

SPECTROMETERS 

 

 

 Although the slitless volume holographic spectrometer introduced in Chapter 3 is 

more compact than the conventional ones, the Fourier-transform lens behind the 

hologram is still essential. To make the system even more compact, I will demonstrate a 

new lensless and slitless volume holographic spectrometer [58] in this chapter. I will 

show that the Fourier-transform lens can be further integrated into the SBVH as a 

holographic lens [59], and therefore, the actual Fourier-transform lens can be eliminated. 

Thus, only a hologram and a CCD camera are required for this lensless and slitless 

volume holographic spectrometer. The spatial-spectral mapping, system optimization, 

and the comparison between the lensless spectrometer and the spectrometer with external 

lens will also be discussed in this chapter. 

4.1. The Design of the Hologram for Lensless Spectrometer 

To realize the holographic lens, the plane wave reference in recording the original 

SBVH (as shown in the recording setup in Figure 3.1) is substituted with a converging 

spherical beam. Figure 4.1(a) shows the experimental setup for recording such SBVHs by 

use of two diverging and converging spherical beams. The converging recording beam 

(instead of a plane wave in original demonstration of the slitless holographic 

spectrometer in Figure 3.1) is used to add a quadratic phase term to the diffracted signal 
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for performing Fourier-transformation without an external lens. Figure 4.1(b) shows a 

general reading setup used for all the measurements in this chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. The schematics of (a) recording and (b) reading setups for a lensless volume 
holographic spectrometer. The recording material is a sample of Aprilis photopolymer with 
thickness L = 300 µm. The size of the hologram is 0.49 cm2. The diverging spherical beam is 
formed by focusing a plane wave in front of the recording medium with a lens with focal length 
f1 = 4.0 cm and numerical aperture (N.A.) of 0.25 (corresponding to about 29º acceptance angle 
for the spectrometer in (b)). The distance between the recording medium and the focal point is 
d1 = 4.0 cm. The converging spherical beam is formed by focusing a plane wave behind the 
recording medium with a lens with focal length f2 = 6.5 cm and numerical aperture (N.A.) of 0.25. 
The distance between the recording medium and the focal point is d2 = 4.0 cm. The angle between 
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the direction of the converging spherical beam and normal to the medium is o64.35=θ . The 
distance between the CCD camera and the hologram in (b) is 3d , and the angle between the 

direction of the diffracted beam and normal to the CCD camera isφ . Both 3d  and φ  are tunable 
for the calibration of this spectrometer. 

 

The hologram is read from the direction of the diverging recording spherical beam 

and the diffracted beam is in the direction of the converging recording spherical beam. 

Assuming that read-out is performed at the recording wavelength, the Fourier transform 

of the diffracted beam pattern (i.e., the crescent) is obtained at the focus of the reference 

beam, where the CCD camera is placed to capture the output signal. Since no lens or any 

optical device other than a volume hologram and a CCD camera is required, this 

spectrometer is more compact, less costly, less sensitive to input coupling alignment, and 

potentially more efficient compared to holographic spectrometers with lens and 

conventional spectrometers. 

The hologram used in this paper is a SBVH recorded at λ = 532 nm in a 300-µm-

thick sample of Aprilis photopolymer using the setup shown in Figure 4.1(a) with f1 = d1 

= d2 = 4.0 cm and f2 = 6.5 cm. More details on the experimental parameters are specified 

in the captions of Figure 4.1. This SBVH is first read by a monochromatic collimated 

beam at λ = 532 nm obtained by passing white light through the monochromator shown 

as in Figure 4.1(b) without the presence of the diffuser. The CCD camera (with 765 × 510 

pixels and a pixel size of 9 µm × 9 µm) is located at d3 = 4.0 cm (i.e., at the Fourier plane) 

and is perpendicular to the diffracted beam (i.e., φ = 0°) in this case.  
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(a) (b) (c) 

4.2. Spectral Diversity Properties of the Hologram in the Lensless Spectrometer 

The diffracted beam both at the output face of the hologram and on the CCD 

camera has a crescent shape (similar to that in the slitless volume holographic 

spectrometer introduced in Chapter 2 and Chapter 3) as shown in Figure 4.2(a). When the 

hologram is read by a monochromatic diffuse beam at λ = 532 nm with the presence of 

the rotating diffuser in Figure 4.1(b), the diffracted pattern at the output face of the 

hologram is a diffuse light consisting of many overlapping crescents as shown in Figure 

4.2(b). However, the diffracted beam pattern on the CCD camera has the crescent shape 

shown in Figure 4.2(c) which is similar to that shown in Figure 4.2(a) except at the edge 

portion.  

 

 

 

 

 

Figure 4.2. Diffracted pattern measured (a) at the focal point of the recording converging 
spherical beam when read by a collimated monochromatic beam (λ = 532 nm), (b) at the back 
face of the SBVH when read by a diffuse monochromatic beam (λ = 532 nm), and (c) at the focal 
point of the recording converging spherical beam when read by a diffuse monochromatic beam (λ 
= 532 nm). The hologram was recorded using the setup in Figure 4.1(a). 

 

It is clear that the location of the diffracted crescent at the CCD camera plane is 

independent of the reading incident angle (since only one crescent is obtained on the 

CCD camera). Moreover, the position of the crescent on the CCD camera depends only 

on the incident wavelength of the diffuse reading beam. Thus, this simple system acts 
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similar to the slitless holographic spectrometer demonstrated in Chapter 3 without any 

external Fourier-transforming lens required. 

4.3. The Effect of the Diffuse Source on the Spatial-Spectral Mapping 

Assuming the paraxial approximation is applicable (i.e., first order 

approximation), it is shown that the longitudinal magnification ratio of a holographic 

imaging system scales by the ratio of the recording wavelength to the reading wavelength 

[60], which is not the case in refractive imaging (i.e., imaging with a lens). Therefore, it 

is expected that the Fourier transform of the diffuse crescents at the output of the 

hologram is produced at different distances from the hologram for different reading 

wavelengths. At larger numerical apertures, the diffracted beam at a shifted wavelength 

will no longer be a perfect spherical beam [60]. This causes aberration that can degrade 

the resolution of the spectrometer. To investigate these effects, the reading wavelength is 

changed to λ = 590 nm (which is far enough from the recording wavelength λ = 532 nm) 

and the same experiment (shown in Section 4.2) is repeated using the setup in Figure 

4.1(b) with d3 = 4.0 cm and φ = 0°. The SBVH is first read without the presence of the 

diffuser. The diffracted beam pattern on the CCD camera has a crescent shape (shown in 

Figure 4.3(a)) located at a different position compared to that in Figure 4.2(a) (obtained at 

the reading wavelength of λ = 532 nm). This clear crescent shape of the diffracted beam 

is always obtained within the wavelength detecting range (~100 nm) for this specific 

hologram of the spectrometer. However, the diffracted beam pattern at the CCD camera 

becomes blurred after adding a rotating diffuser in front of the hologram, as shown in 

Figure 4.3(b). By changing the position of the CCD camera along the direction of the 
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(a) (b) (c) 

diffracted beam to d3 = 3.4 cm, the clear crescent shape of the diffracted beam pattern is 

retrieved (as shown in Figure 4.3(c)) because the CCD camera is located at the correct 

position of the Fourier plane corresponding to λ = 590 nm. It is inferred from Figure 4.3 

that the position of the Fourier plane changes with the incident wavelength and further 

optimization of the spectrometer is necessary to obtain the best resolution (i.e., smallest 

width of the crescent) for all wavelengths within the detection range. 

 

 

 

 

 

Figure 4.3. Diffracted pattern measured (using the setup in Figure 4.1(b)) at the focal point of the 
recording converging spherical beam when read at λ = 590 nm by (a) a collimated 
monochromatic beam with CCD camera at d3 = 4.0 cm, (b) a diffuse monochromatic beam with 
CCD camera at d3 = 4.0 cm, and (c) a diffuse monochromatic beam with CCD camera at d3 = 3.4 
cm. The hologram was recorded using the setup in Figure 4.1(a) with recording wavelength of λ 
= 532 nm. 

 

To measure the wavelength dependence of the position of the Fourier plane of the 

SBVH (which is required for the optimization of the lensless spectrometer), the SBVH is 

read by a monochromatic diffuse light using the experimental setup in Figure 4.1(b) with 

φ = 0°. For each reading wavelength, the CCD camera is moved along the direction of the 

diffracted beam and the full width at half maximum (FWHM) of the diffracted beam 

pattern (crescent) is measured on the CCD camera at each position. Figure 4.4(a) shows 

the variation of the FWHM of the crescent with the CCD camera position (i.e., d3 in 

Figure 4.1(b)) for different wavelengths in the range of 442 nm to 552 nm. For each 
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(a)

(b)

wavelength, the CCD camera position corresponding to the crescent with the minimum 

FWHM is the position of the optimal Fourier plane. Based on the data in Figure 4.4(a), 

the variation of the position of the Fourier plane (i.e., the location of the minimum 

FWHM of crescent in Figure 4.4(a)) with the incident wavelength is shown in Figure 

4.4(b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. (a) The effect of the incident wavelength on the position of the Fourier plane and the 
full width half maximum (FWHM) of the diffracted beam pattern (crescent) in the lensless 
spectrometer. Each curve represents the variation of the FWHM of the crescent at the CCD 
camera plane with the position of the CCD camera ( 3d  in Figure 4.1(b)) at a single wavelength. 
(b) The variation of the optimal position of the CCD camera (i.e., the Fourier plane) with the 
incident wavelength in the lensless spectrometer. Error bars show the spatial range for which the 
FWHM of the crescent on the CCD camera differs from the minimum value by less than 10%. 
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The error bars shown in Figure 4.4(b) represent the range of the position of the 

Fourier plane with less than 10% broadening of the minimum FWHM of the crescent. 

The variation of the position of the optimal Fourier plane with wavelength (i.e., the solid 

curve in Figure 4.4(b)) can be approximated to a linear function (i.e., the dashed line in 

Figure 4.4(b)) with minimum error (less than 5%) in the entire wavelength range. Thus, 

the optimal CCD camera positions for all wavelengths can be satisfied with a small error 

by carefully adjusting the tilt angle (φ) of the CCD camera according to the slope of the 

dashed line in Figure 4.4(b). 

4.4. System Calibration and Performance Comparison 

To demonstrate the effect of the incident wavelength on the resolution of the 

lensless spectrometer, the experimental setup in Figure 4.1(b) (with the monochromator 

and the rotating diffuser present) is used with CCD camera tilted by φ = 50° and the input 

wavelength is scanned from λ = 482 nm to λ = 582 nm with 5 nm spacing which is 

controlled by the monochromator with full width at half maximum (FWHM) resolution 

equal to 8 nm. The light intensity at all points in the output plane for each incident 

wavelength is captured using the CCD camera. Note that the optimal tilt angle calculated 

using the results in Figure 4.4(b) is φ = 79°. However, due to the properties of our CCD 

camera and the setup in Figure 4.1(b), φ = 50° is chosen, which is not too far from 

optimum. The normalized output intensity (i.e., the output intensity divided by the input 

intensity) with respect to the location in the horizontal axis on the CCD camera is show in 

Figure 4.5. Each curve in Figure 4.5 corresponds to one incident wavelength. Figure 4.5 

clearly shows that the output spatial intensity pattern is a function of the incident 
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wavelength under spatially incoherent light illumination. Note that the peak of the 

normalized intensity is different for different wavelengths because the efficiency of 

partial Bragg matching from the SBVH depends on the wavelength. These curves can be 

made more similar by optimizing the recorded hologram, and such optimization is 

currently being studied.  

 

 

 

 

 

 

 

 

Figure 4.5. Normalized intensity versus the location along the horizontal axis on the CCD camera 
with o50=φ  and d3 = 4.0 cm in Figure 4.1(b). The hologram is read by a diffuse light (using the 
rotating diffuser) with single wavelength at each time. The hologram was recorded using the 
setup in Figure 4.1(a). 

 

Nevertheless, Figure 4.5 shows that: 1) the lensless spectrometer is capable of 

separating wavelength channels of a diffuse input signal without requiring a Fourier 

transforming lens, and 2) by tilting the CCD camera appropriately, the dependence of the 

resolution on the incident wavelength (i.e., the widths of the peak at different wavelength) 

can be minimized. The operation spectrum range which depends on the properties of the 

recording material and the recording beams can be further extended by changing the 
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design parameters such as the divergence angle of the recording spherical wave. Further 

increase in this range can be achieved by simply rotating the SBVH. 

For the lensless spectrometer demonstrated in Figure 4.5, the overall efficiency 

(i.e., the diffracted power in a crescent divided by the total incident power) depends on 

the spatial profile of the incident beam (e.g., the degree of spatial coherence). In the 

worse case scenario (i.e., a fully diffuse incident beam), this value is in the range of 1%, 

which is similar (if not better) to that in conventional spectrometers. The efficiency can 

be improved by multiplexing a few holograms to encode each input wavelength channel 

into a series of output crescents as mentioned before. Moreover, the acceptance angle of 

this lensless holographic spectrometer is limited by the numerical aperture (N.A.) of the 

recording lens which used to generate the diverging spherical beam (i.e., the Lens 1 

shown in Figure 4.1(a)). Based on the theory model developed in Chapter 2 and Chapter 

3, the hologram recorded by a certain diverging angle of the recording spherical beam 

allows the same range of reading spatial mode (i.e., the acceptance angle) to be partially 

Bragg matched. Thus, the acceptance angle of the holographic spectrometer can be 

improved by using larger diverging angle of the recording spherical beam originated by 

the recording lens with higher numerical aperture. For the hologram used in this chapter, 

since the diverging spherical beam is originated by the lens with numerical aperture 

(N.A.) of 0.25, the acceptance angle of this spectrometer is 29 degree. The detail 

regarding to the acceptance angle of the holographic spectrometer will be discussed in 

Chapter 6. 

Generally, recording the interference pattern of spherical beams made by regular 

lenses is the simplest method for realization of a holographic lens. In fact, there are a few 
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effects that can potentially degrade the quality of a holographic lens versus a similar 

normal refractive lens in terms of the aberration and wavelength dependence (i.e., 

dispersion). To evaluate these effects on the lensless spectrometer, the resolution 

deterioration rate ( DR ) is defined as, 
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where )(λFWHMw  is the FWHM of the crescent for one specific wavelength, and 

λλ ∆∆ /)(peakx  is the movement of the center of the crescent with respect to the change of 

the incident wavelength. The resolution defined in this section is the same as that used in 

commercial spectrometers. Both )(λFWHMw  and λλ ∆∆ /)(peakx  can be obtained from 

Figure 4.5, and the resolution deterioration rate ( DR ) is 100289.0 −nm  which can be 

calculated by using Equations (4.1) and (4.2). By comparing the resolution deterioration 

rate between the lensless spectrometer and the slitless holographic spectrometer with 

external Fourier transforming lens (shown in Chapter 3), the former one is only 2.5% 

larger (i.e., worse) than the later one. Thus, a competitive performance can still be 

achieved by integrating the lens function (i.e., quadratic phase term) into the SBVH in the 

lensless spectrometer demonstrated in this chapter, even if a holographic lens cannot 
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perform perfectly as a normal refractive lens in many aspects. In fact, since this hologram 

primarily does the job of Fourier transformation for the spatial-spectral mapping but not 

the imaging, some of the imperfections can be tolerated and they actually appear as part 

of the spatial-spectral mapping which will be automatically taken care of during system 

calibrations. 

With the data provided, it is shown that the lensless spectrometer performs as well 

as the slitless holographic spectrometer with the external lens. Furthermore, with a more 

sophisticated recording configuration (e.g., exploiting computer generated holograms as 

pre-distorting elements [61] or by using an optimally designed diffractive optical element 

instead of two spherical beams to record the hologram [62]), it is shown that the 

aberration of the thin holographic lenses can be minimized. Since the effect of the Bragg-

selectivity of the volume hologram is equivalent to filtering a range of the diffracted 

plane wave components (i.e., deleting several plane waves propagating in non-Bragg-

matched direction and diffracting only the ones in a narrow range of spatial frequencies), 

a similar procedure [62] can be used to minimized the effect of aberrations for the 

volume holograms used in the lensless spectrometers. Moreover, it facilitates designing 

dispersive elements having more spatial-spectral diversity to improve the resolution 

and/or the throughput. 

It should also be noted that the properties of the lensless spectrometer is mainly 

obtained from the phase distribution of the recorded volume hologram. The small spatial 

variation of the diffraction efficiency of the hologram has minimal effect on the results. 

However, these variations can be compensated during the recording to obtain a hologram 

with uniform diffraction efficiency. 
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 As a summary of this chapter, I have successfully demonstrated a lensless 

spectrometer for diffuse source spectroscopy using a SBVH recorded by one converging 

spherical beam and one diverging spherical beam. In particular, it is shown that all the 

optical components of the conventional spectrometer can be implemented in a single 

volume hologram that is designed properly for the spectrometer. It is also shown that the 

resolution of the spectrometer at different wavelengths is similar by choosing the tilt 

angle of the CCD camera appropriately. Since only a hologram and a CCD camera are 

required for this spectrometer, it can be made very compact and inexpensive with less 

alignment sensitivity compared to the conventional spectrometers. Finally, since any 

complex hologram with desired properties can be recorded without adding complexity to 

the spectrometer (i.e., a hologram and a CCD camera), this lensless spectrometer can be 

used for designing special purpose spectrometers with considerable design flexibility. 
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CHAPTER 5 

HOLOGRAPHIC SPECTROMETERS USING CYLINDRICAL 

BEAM VOLUME HOLOGRAMS AS SPECTRAL DIVERSITY 

FILTERS 

 

 

In principle, a spectrometer maps different wavelength channels of the input beam 

into different locations in the output plane (i.e., a detector) using a dispersive element. 

Because of the scalar nature of the spectrum, the dispersive elements, such as gratings 

and prisms, provide the mapping between the wavelength components of the input beam 

and the output spatial locations along a line (usually, it is called dispersion direction). For 

example, for the case of a simple sinusoidal grating, the dispersion is obtained on a line in 

the direction parallel to the grating vector. Therefore, in the direction perpendicular to the 

dispersion direction, the light distribution at the output is similar to that at the input 

without carrying any additional information. Recent advances in the detector technology 

provide two-dimensional arrays of detectors (for example, CCD chips) widely available. 

Thus, by proper modification of the beam in the direction normal to the dispersion 

direction, further information can be obtained on the detector at the output. For example, 

different horizontal rows can be used to map different wavelength ranges and provide 

spectral wrapping at the output. As another example, using proper coding in different 

horizontal rows results in a Hadamard spectrometer that has better signal to noise ratio 

compared to the conventional spectrometer [63, 64]. 
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 The compact slitless volume holographic spectrometers demonstrated and 

discussed from Chapter 2 to Chapter 4 are all based on spherical beam volume holograms 

(SBVHs). The partial Bragg-matching of the SBVH during diffraction causes the output 

beam to have a crescent shape with the location of the output crescent being only a 

function of the input wavelength. Similar to the conventional spectrometers, the 

dispersive property of the volume hologram is observed in only one direction at the 

output plane. The other direction is the direction of the degeneracy of Bragg condition of 

the SBVH and does not provide any spectral information. In other words, although the 

SBVH separates different wavelength channels in the dispersion direction (e.g., the x-

direction in Figure 3.1) as different crescents, it acts like an imaging lens in the 

degeneracy direction (e.g., the y-direction in Figure 3.1) of the hologram. As a result, for 

SBVH-based holographic spectrometers, only the dispersion direction on the output plane 

is useful to determine the spectral properties of the unknown input light source. The 

degenerate direction on the output plane doesn’t carry any spectral information which 

reduces the power efficiency of the spectrometer. If the curvature of the crescent is small 

and uniform throughout the entire spectral bandwidth of the spectrometer, the extra 

power in the degenerate direction is useful to improve the performance. However, 

according to the theoretical simulation and experimental results shown in Section 2.3.3, 

the curvature of the crescent is not small enough and changes with the wavelength in 

SBVH-based holographic spectrometers. Therefore, due to above properties and issues of 

SBVHs, it is even more difficult to design a two-dimensional coded output pattern and 

use the optical power in the degenerate direction in SBVH-based spectrometers than that 

in conventional spectrometers as mentioned before (such as using Hadamard coded 

mask). 

 In this chapter, I will demonstrate a new class of slitless spectrometer using 

cylindrical beam volume holograms (CBVHs) [65]. These holograms disperse an input 

beam in one direction in an output plane while they do not affect the beam in the 
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perpendicular direction. I will also show that the spectral mapping of the input beam can 

be obtained in one direction and the beam can be independently modified in the 

perpendicular direction. Using this unique property, I will further demonstrate a spectral 

wrapping technique to considerably increase the spectral bandwidth of the slitless 

spectrometers, without sacrificing their resolution. Two-dimensional spatial-spectral 

output patterns are designed and illustrated in large spectral bandwidth slitless 

spectrometers using spatially multiplexed CBVHs. The feasibility study of lensless 

spectrometers based on spatially multiplexed CBVHs is also discussed in this chapter.  

5.1. Design of the Cylindrical Beam Volume Hologram 

The CBVH-based spectrometers have the same properties as those of the SBVH-

based spectrometers in the dispersion direction while independent functionalities can be 

implemented in the degenerate direction. The recording geometry of a CBVH is shown in 

Figure 5.1(a). The hologram is recorded by interfering one plane wave and one 

cylindrical beam inside the recording medium. The cylindrical beam is formed by passing 

a plane wave through a cylindrical lens. The cylindrical lens focuses the beam in the x-

direction (at a distance d1 from the lens and d2 from the hologram), but it does not affect 

the beam in the y-direction. The resulting cylindrical beam has almost the same properties 

as a spherical beam in the x-z plane while it does not affect the beam in the y-direction. 

Therefore, the dispersion properties of the CBVH are the same as those of the SBVH in 

the x-z plane. Furthermore, the CBVH recorded in the arrangement of Figure 5.1(a) does 

not have any grating component in the y-direction and does not affect the input beam in 

that direction.  

To demonstrate the properties of the CBVH, several different holograms are 

recorded inside an L = 400 µm sample of Aprilis photopolymer using the arrangement 
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(a)

(b)

shown in Figure 5.1(a) with d1 = 2.5 cm and d2 = 2.7 cm. The angle of incident of the 

plane wave in the air is 36° and the cylindrical beam propagates normal to the hologram. 

The wavelength of both recording beams is λ = 532 nm. The performance of the recorded 

CBVHs for spectroscopy is tested using the spectrometer setup shown in Figure 5.1(b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. (a) Recording geometry for cylindrical beam volume hologram. The hologram is 
recorded in a holographic material with thickness L using a plane wave and a beam focused by a 
cylindrical lens. The focus of the cylindrical beam is at distance d1 and d2 from the lens and the 
hologram, respectively. (b) The arrangement of the slitless spectrometer based on a CBVH. A 
cylindrical lens with focal length of f1 obtains the Fourier transform in the x-direction.  
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 The input beam illuminates the hologram primarily in the direction of the 

recording cylindrical beam. The diffracted beam from the hologram is Fourier 

transformed using a lens with a focal length of f1. In general, this lens can be either a 

spherical lens or a cylindrical lens depending on the application.  

5.2. Spectral Diversity Properties of Cylindrical Beam Volume Holograms 

As mentioned in last section, the CBVH has almost the same spectral diversity 

properties as the SBVH in the x-direction while it does not affect the beam in the y-

direction. This can be realized from the plane wave expansion of both the spherical beam 

and the cylindrical beam. The expansion of a spherical beam at distance r = ( x, y, z) from 

the point source at r0 = ( 0, 0, -d) as a set of plane waves is (from Equation (2.1)) 
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where kx, ky, and kz are the x-, y-, and the z-components of the wave vector k. The 

amplitude of the wave vector k is the wave number k = 2π/λ. Similarly, the cylindrical 

beam, with the axis parallel to y-axis, originated from a line source at r0 = ( 0, y, -d) and 

monitored at r = ( x, y, z) can be represented by its Fourier transform as 
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Note that in Equation (5.2) ky = 0 and, therefore, kx
2 + kz

2 = k2, where k is the wave 

number. Also, note that the relation in Equation (5.2) is valid for all values of y. By 

assuming the paraxial approximation for the beam propagating primarily in the z-

direction (i.e., kz >> kx), the Fourier transform relation in Equation (5.2) can be written as 
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From the analysis of the SBVH introduced in Chapter 2, the quadratic phase in 

the x-direction that is recorded as a hologram provides the desired dispersion properties. 

From Equation (5.3) it is clear that the hologram recorded using a plane wave and a 

cylindrical beam shows the quadratic phase behavior in the x-direction (i.e., 

]2/)(exp[ 2 kdzjkx +− term in the Fourier domain). For the SBVH the quadratic phase is 

observed in both x- and y-direction, while in the case of the CBVH, it is only observed in 

the x-direction. In the y-direction, however, the signal is not affected by the hologram.  

In the experiments illustrated in this section, a cylindrical lens with f1 = 5 cm is 

used to perform Fourier transformation in the x-direction (while keeping the beam intact 

in the y-direction). A white light beam is passed through a monochromator and is used as 

the input to the spectrometer. The output of the system is measured using a CCD camera 

located at the focal plane of the lens. The outputs on the CCD corresponding to the inputs 

at wavelengths λ = 482 nm and λ = 532 nm are shown in Fig. 5.2(a) and 5.2(b), 

respectively. Figure 5.2 shows that the output pattern of the CBVH spectrometer at each 

wavelength (within the operating range) has a strip shape (in contrast to the crescent 

shape obtained in SBVH-based holographic spectrometers introduced from Chapter 2 to 

Chapter 4). This is consistent with our expectation described earlier that the CBVH does 

not affect the input beam in the y-direction. Furthermore, the locations of the output strips 

change in the x-direction as the wavelength changes.  

The limited size in the y-direction of the output in Figure 5.2(a) and 5.2(b) is 

because of the limited divergence angle of the input beams in the y-direction. To increase 
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(a) (b) 

(c) (d) 

the divergence angle of the input (corresponding to an incoherent input beam), a rotating 

diffuser is used after the monochromator and located right before the CBVH. The outputs 

corresponding to the diffuse input beams at wavelength λ = 482 nm and λ = 532 nm are 

shown in Figure 5.2(c) and 5.2(d), respectively. In the x-direction, the intensity profile is 

not changed considerably compared to the previous case (without the diffuser), but the 

size of the output in the y-direction is increased corresponding to the wider range of the 

incident angles of the input beam.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. The outputs on the CCD for the spectrometer shown in Figure 5.1(b) corresponding to 
the inputs at (a) wavelength λ = 482 nm and at (b) wavelength λ = 532 nm with the input being 
the light from a monochromator directly coupled to the spectrometer. A cylindrical lens with the 
focal length of f1 = 5 cm is used in the spectrometer. To increase the divergence angle of the input 
(corresponding to an incoherent input beam), a rotating diffuser is used after the monochromator 
and right in front of the hologram. The outputs corresponding to such diffuse input beams at 
wavelength λ = 482 nm and λ = 532 nm are shown in (c) and (d), respectively. 
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From these results, it is clear that the CBVH-based spectrometer performs spectral 

separation in the x-direction for non-diffuse or diffuse input beam, while the hologram 

itself does not affect the beam in the y-direction. This is an important observation and 

shows the capability of the CBVH-based spectrometer for diffuse source spectroscopy 

without requiring spatial filtering and collimation optics (e.g., an input slit and a 

collimating lens).  

The independence between the effects on the input beam in the x- and y-directions 

is an advantage of the CBVH-based spectrometers over the SBVH-based spectrometers 

for which no design freedom in the y-direction exists. As an example, by adding a second 

cylindrical lens to the experimental setup of Figure 5.1(b) perpendicular to the Fourier 

transforming lens, the diffracted beam in the y-direction can be modified independently. 

This lens can be used to provide the tight focusing of the beam in the y-direction to 

collect more light onto the detection area. Note that the increase in the intensity by tightly 

collecting the light in the y-direction is limited by the Lagrange invariant of the system or 

in general by the constant radiance theorem [37]. However, using the arrangement in 

Figure 5.1(b) the maximum output intensity for partially incoherent sources can be 

achieved, which are the most practical sources of interest.  

5.3. Trade-off between Spectral Bandwidth and Spectral Resolution 

In conventional spectrometer, better resolution results in smaller operating 

spectral bandwidth. However, in volume holographic spectrometers which based on 

different structure and concept, the trade-off between spectral bandwidth and spectral 

resolution can be solved by the design of more sophisticated holograms. Using the design 

flexibility of the CBVH spectrometer in the y-direction, its operating spectral bandwidth 
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can be extended without sacrificing the resolution. For this purpose, the second 

cylindrical lens is added in the setup of Figure 5.1(b) to image the hologram onto the 

CCD in the y-direction, and the new setup is shown in Figure 5.3. In this case, the 

combination of the CBVH and the two cylindrical lenses provides the spectral diversity 

in the x-direction while it maps the hologram over the CCD in the y-direction.  

 

 

 

 

 

 

 
 
 
 
 
Figure 5.3. A CBVH-based spectrometer to map different wavelength ranges into different 
segments in the y-direction over the output plane. The hologram is divided into different 
segments in the y-direction and each segment is designed to diffract only a specific range of input 
wavelength. A cylindrical lens with focal length of f1 obtains the Fourier transform in the x-
direction. In the y-direction the beam is modified independently (e.g., imaged) using another 
cylindrical lens with focal length of f2, and the distance between this cylindrical lens and the CCD 
camera is d3. This distance is various and can be adjusted until imaging the diffracted strip to an 
appropriate size on the CCD camera.  
 

The desired hologram for above application can be recorded by dividing the 

dimension of the hologram in the y-direction into several segments and different CBVHs 

are recorded in different segments. A CBVH in each segment is properly designed to map 

a certain range of wavelength onto its corresponding spatial range on the CCD camera. 

Thus, the operating spectral range of the spectrometer is considerably increased as it is 

wrapped into two dimensions in the output (i.e., two-dimensional spectral-spatial 
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mapping). However, since the width of each diffracted strip in the x-direction on the CCD 

camera (see Figure 5.2) is not affected by the design in the y-direction, the resolution of 

the spectrometer remains unchanged.    

To experimentally demonstrate this spectral wrapping idea, the recording 

configuration in Figure 5.1(a) is used to record the desired hologram --- spatially 

multiplexed CBVH. The holographic material is first divided into three equal segments in 

the y-direction. The middle segment is used as buffer and two holograms are recorded in 

the top and bottom segments. During the recording of each hologram, the other regions of 

the material are covered to prevent recording unwanted holograms. The incident angles 

of the recording plane wave are 36º and 41º (controlled by flip mirrors) for the top and 

bottom holograms, respectively, and are designed for the corresponding ranges of 

spectrum. The cylindrical recording beam is the same for both holograms. All other 

parameters are the same as those used in recording the CBVH for the experiment in 

Figure 5.2. The hologram is then put in the spectrometer setup of Figure 5.3 with f1 = 5 

cm and the focal length of the other cylindrical lens (shown by dots) is f2 = 2.5 cm.  

The output beam on the CCD for a monochromatic beam at wavelengths of 450 

nm, 560 nm, 620 nm, and 800 nm are shown in Figure 5.4. In this figure, the top and 

bottom portion of the CCD camera receives the diffraction from the bottom and top 

holograms, respectively. It is clear that a two-dimensional spatial-spectral diversity 

pattern is obtained in Figure 5.4, and the output pattern changes with the incident 

wavelength. In this experiment, an overlapping of the spectral range of each multiplexed 

hologram is intentionally designed. Thus, in Figure 5.4(c), the strip shape of output 

pattern can be observed at both top and bottom portion of the CCD camera. Moreover, 
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(a) (b) 

(c) (d) 

the intensity of the strip at the top portion is higher than that at the bottom portion. This 

result suggests that the CBVH at the top portion has higher efficiency at the incident 

wavelength of 620 nm than that at the bottom portion. It also provides evidence that the 

spectral range of multiplexed CBVHs (i.e., top and bottom CBVHs) is shifted with 

respect to each other. 

 

 

 

 

 

                                                                                                                                                            

 

 

 

 

 
 
 
 
 
 
 
Figure 5.4. The output on the CCD for a monochromatic beam at wavelengths of (a) 450 nm (b) 
560 nm (c) 620 nm (d) 800 nm in the spectrometer of Figure 5.1(b) with a spatially multiplexed 
CBVH. 
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method can be more than two and it is only limited by the size of the CCD camera and 

the F/# of the second cylindrical lens.  

The normalized output intensity profiles on the CCD at different wavelengths 

corresponding to the bottom and top holograms are shown in the top and the bottom plots 

of Figure 5.5, respectively.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.5. The normalized intensity profile in the x-direction on the CCD camera for the 
operating range of wavelengths from 450 nm to 800 nm with steps of 10 nm (controlled by the 
monochromator). The top and bottom plots correspond to the top and bottom regions of the CCD, 
respectively. 
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from 450 nm to 800 nm with steps of 10 nm. The output intensity measured on the CCD 

camera is normalized to the intensity of the monochromatic input beam for each 

measurement. The large spectral range feature of this CBVH spectrometer is evident 

from Figure 5.5. The spectral mapping obtained by the two spatially multiplexed 

holograms is the main source for this feature. 

The results of in this section clearly show the advantages of using CBVH for 

spectroscopy. It is important to note that the use of the design flexibility in the y-direction 

is not limited to the cases presented here. One can use the spectral wrapping technique in 

conjunction with thicker recording material to improve both resolution and spectral range. 

While there is some trade-off between the ultimate resolution and operating spectral 

range in every spectrometer, the optimal use of the spectral wrapping property of CBVH 

spectrometer can minimize this trade-off.  

 

 

 

 

 

 

 

 
 
 
Figure 5.6. Schematic of a segmented CBVH-based spectrometer to code the mapping from the 
input spectrum to two-dimensional output locations. The output on the CCD corresponding to an 
input wavelength component is shown as the inset for three angular multiplexed holograms in 
each segment. 
 

Lens 

CCD x

z

y
Input 
Beam 



 101

Depending on different applications, more sophisticated output pattern can be 

designed (shown in Figure 5.6 as an example). These issues will be discussed in detail in 

Chapter 6. 

Additionally, note that the segmented hologram can be easily recorded in one step 

(for example, by incorporating a spatial light modulator or a mask in the recording setup) 

or in sequential steps depending on the recording setup. Furthermore, since the holograms 

are recorded in different regions of the recording material, the full dynamic range of the 

material can be used for recording each hologram to obtain high diffraction efficiency. 

This configuration is not possible for SBVH-based spectrometers.   

5.4. The Feasibility Study of Lensless Holographic Spectrometers Based on Spatially 

Multiplexed CBVHs 

 As demonstrated in Section 5.3, the operating spectral bandwidth is considerably 

increased by using spatially multiplexed CBVHs (compared to single CBVH). However, 

since two cylindrical lenses are required for this type of holographic spectrometer, it is 

less compact compared to single-hologram-based holographic spectrometers. Therefore, 

it is essential to study the feasibility of the implementation of lensless holographic 

spectrometers using spatially multiplexed CBVHs. As illustrated in Figure 5.4, the cross-

talk between top and bottom channel is minimized due to the imaging done by the second 

cylindrical lens. This cross-talk is determined by the dimension of the diffracted strip in 

the y-direction corresponding to a certain incident source. Therefore, I will analyze the 

effect of the diffuse incident source on the dimension of the diffracted strip in the y-

direction experimentally by using several single CBVHs (note that it is not necessary to 

use a spatially multiplexed CBVH to study this effect) recorded under different 

configurations.  
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5.4.1. The Recording Configuration for Making the Hologram for Lensless CBVH-based 

Spectrometers 

 In Chapter 4, the SBVH used in the lensless SBVH-based spectrometer is 

recorded by using one converging spherical beam and one diverging spherical beam. 

Similarly, the CBVH used in the lensless CBVH-based spectrometer also can be recorded 

by using one converging cylindrical beam and one diverging cylindrical beam. The 

recording setup for the SBVH is shown in Figure 4.1(a) with two spherical lenses tightly 

arranged in a small space. However, it is more difficult to make the same arrangement for 

two cylindrical lenses. Because the size and the lens holder of the cylindrical lens are 

bigger than that of the spherical lens with the same focal length, the diverging cylindrical 

beam will be blocked by the cylindrical lens which is used to generate the converging 

cylindrical beam. Moreover, it is almost impossible to record spatially multiplexed 

CBVHs for lensless spectrometers by using the original recording configuration (i.e., in 

Figure 4.1(a)) since the chief angle of the converging cylindrical beam cannot be easily 

adjusted (i.e., it cannot be achieved by simply putting the cylindrical lens behind the 4-f 

imaging system). To solve these practical limitations in the experiment, the recording 

configuration used to record the CBVH in this section is modified and shown in Figure 

5.7. In this new recording configuration, the CBVH is recorded by one diverging 

cylindrical beam and one converging cylindrical beam. The diverging cylindrical beam is 

originated by the cylindrical lens 1 with a focal length of f1 = 2.5 cm. On the other 

recording arm, a 4-f imaging system (which is especially used in angular multiplexing 

technique in holographic data storage [22]) is arranged by using two identical spherical 

lenses (spherical lens 1 and spherical lens 2 in Figure 5.7) with a focal length of 10 cm, 

and the recording medium (Aprilis photopolymer) is located at the back focal plane of the 

spherical lens 2. The cylindrical lens 2 which is used to generate the converging 
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cylindrical beam is located at one stage before the 4-f imaging system (instead of one 

stage before the recording material in Figure 4.1(a)).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. The recording configuration for the CBVH used in lenless CBVH-based 
spectrometers.  The cylindrical lens 1 with a focal length of f1 is used to form the diverging 
cylindrical beam, and the cylindrical lens 2 with a focal length of f2 is used to generate the 
converging cylindrical beam. The 4-f system is used for recording multiplexed CBVHs. The 
parameters of f1 = 2.5 cm, f2 = 5.0 cm, d2 = 4.0 cm are used for the CBVH presented in Section 
5.4.2. 
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line and the recording medium (d2) can be tuned in a wide range without blocking the 

diverging cylindrical beam. For the CBVH presented in Section 5.4.2, the focal length of 

the cylindrical lens 2 is f2 = 5.0 cm, and the distance between the focusing line and the 

recording medium is d2 = 4.0 cm. The angle between the chief angles of two cylindrical 
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beams in the air is 36° and the converging cylindrical beam propagates normal to the 

hologram. The wavelength of the recording beams is λ = 532 nm. The hologram is 

recorded on 400-µm-thick Aprilis photopolymer. 

5.4.2. Spatial-Spectral Mapping in Lensless CBVH-Based Spectrometers 

 The CBVH recorded in Section 5.4.1 (using the recording setup and parameters in 

Figure 5.7) is then put in the lensless holographic spectrometer setup (as shown in Figure 

4.1(b) by replacing the SBVH with CBVH) to first observe its spectral diversity property. 

The hologram is read by a diffuse monochromatic light from the direction of the 

recording diverging cylindrical beam. The reading wavelength is scanned from 450 nm to 

650 nm, and the output pattern is captured by a CCD camera (located at the focus line of 

the recording converging cylindrical beam) with a tilt angle of 40º to alleviate the 

chromatic problem. Figure 5.8 shows the output patterns associated to three sample 

wavelengths of 650 nm, 550 nm, and 450 nm.  

 

 

 

 

 

 

Figure 5.8. The output pattern of the lensless CBVH-based spectrometer at the wavelength of (a) 
650 nm (b) 550 nm (c) 450 nm.  
 

 In Figure 5.8, it is clear that the position of the strip is wavelength sensitive. Thus, 

similar to lensless SBVH-based spectrometer, the lensless CBVH-based spectrometer 

also works well under diffuse source illumination. Furthermore, the spatial-spectral 

mapping of the lensless CBVH-based spectrometer is shown in Figure 5.9 by plotting the 

intensity profile of the diffracted strip along the dispersion direction (i.e., x-direction). 
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Each curve in Figure 5.9 represents one incident wavelength, and the sampling spacing 

between each curve is 10 nm.  

 

 

 

 

 

 

 

 

 

Figure 5.9. The spatial-spectral mapping of the lensless CBVH-based spectrometer. The CCD 
camera is tilted by 40º to alleviate the chromatic problem. 
 

 From Figure 5.9, a reliable spatial-spectral mapping can be obtained over a 200 

nm spectral bandwidth (except the resolution deteriorates around the edge portion of the 

spectral bandwidth). The results indicate that similar performance can be demonstrated 

using lensless CBVH-based spectrometer compared to lensless SBVH-based 

spectrometer. 

5.4.3. The Effect of the Diffuse Incident Source on the Dimension of the Diffracted Strip 

 For the lensless holographic spectrometer based on spatially multiplexed CBVHs, 

the property of the output pattern in dispersion direction (i.e., x-direction in Figure 5.3) is 

as important as that in the degenerate direction (i.e., y-direction in Figure 5.3) due to the 

potential cross-talk issue. To evaluate the effect of the diffuse incident source on the 

dimension of the diffracted strip in the y-direction, the hologram is read by a 

monochromatic light at the wavelength of 532 nm from the direction of the recording 
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(a) (b) 

diverging cylindrical beam. The intensity profile along the y-direction of the diffracted 

strip is shown in Figure 5.10 for both diffuse and non-diffuse source reading. 

 

 

 

 

 

 

 

 
Figure 5.10. The intensity profile along the y-direction of the diffracted strip for (a) non-diffuse 
source reading (b) diffuse source reading. The CBVH is recorded by one diverging cylindrical 
beam and one converging cylindrical beam using the recording configuration in Figure 5.7. 
 

 In Figure 5.10, it is clear that the dimension in the y-direction of the diffracted 

strip is around three times longer under diffuse source reading than non-diffuse source 

reading. This broadening effect in the y-direction results in huge cross-talk noise while 

using spatially multiplexed CBVHs in a lensless spectroscopy configuration. Similar 

problem is not observed in the two cylindrical lenses reading system (shown in Section 

5.3) because the second cylindrical lens (the one doing the imaging in the y-direction) 

can physically collect the diffuse output beam in the y-direction and image it to a small 

size which is independent of the properties of the input source. However, since the 

converging cylindrical beam used to record the hologram in this section does not have the 

quadratic phase term in the y-direction, the diffracted strip may not be imaged efficiently 

in this direction. Therefore, to further confirm this point, the CBVH is recorded by one 

diverging cylindrical beam and one converging spherical beam (which has the quadratic 

phase term in both direction). The recording configuration in Figure 5.7 is used to record 

this CBVH by replacing the cylindrical lens 2 with a spherical lens. The same experiment 
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(a) (b) 

is repeated using this CBVH, and the intensity profile along the y-direction of the 

diffracted strip is shown in Figure 5.11 for both diffuse and non-diffuse source reading. 

 

 

 

 

 

 

 

 

Figure 5.11. The intensity profile along the y-direction of the diffracted strip for (a) non-diffuse 
source reading (b) diffuse source reading. The CBVH is recorded by one diverging cylindrical 
beam and one spherical beam using the recording configuration in Figure 5.7. 
 

 From Figure 5.11, the broadening effect in the y-direction is still obvious under 

diffuse source reading, and it is only slightly better compared to Figure 5.10. The results 

indicate that the imaging in the y-direction of the diffracted strip cannot be achieved 

efficiently by recording the hologram with the same quadratic phase term in both x-

direction and y-direction (i.e., using a converging spherical beam). 

 Therefore, to further design the hologram for the lensless CBVH-based 

spectrometer, two cylindrical lenses are used to generate a sophisticated converging beam. 

 

 

 

 

 

Figure 5.12. The recording configuration using two cylindrical lenses to form a sophisticated 
converging beam. FLX2 represents the focal line for the cylindrical lens 2 (focusing in the x-
direction). FLY3 represents the focal line for the cylindrical lens 3 (focusing in the y-direction). 
D2 is the distance between these two focal lines. 
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 The hologram is recorded using the modified recording configuration in Figure 

5.7 by adding cylindrical lens 3 (with a focal length of 7.5 cm) to provide the quadratic 

phase term in the y-direction (i.e., focusing in y-direction). The design of the position of 

focal line for cylindrical lens 2 and cylindrical lens 3 is shown in Figure 5.12. FLX2 

represents the focal line for the cylindrical lens 2 (focusing in the x-direction). FLY3 

represents the focal line for the cylindrical lens 3 (focusing in the y-direction). The 

distance between focal line of the cylindrical lens 2 and cylindrical lens 3 is D2. To study 

the effect of D2 on the output signal, several different CBVHs are recorded with different 

D2. Note that positive value of D2 means that FLY3 is away from the photopolymer than 

FLX2. After recording, the same measurements discussed in this section are repeated for 

different CBVHs, and the relation between the dimension in the y-direction of the 

diffracted strip on the CCD camera and the value of D2 is plotted in Figure 5.13.  

 

 

 

 

 

 

 

 

 

 

Figure 5.13. The relation between the dimension in the y-direction of the diffracted strip on the 
CCD camera and the value of D2 in Figure 5.12. Positive value of D2 means that FLY3 is away 
from the photopolymer than FLX2 in Figure 5.12. 
 

 Figure 5.13 shows that the dimension in the y-direction of the diffracted strip 
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data agrees that the dimension in the y-direction of the diffracted strip should not change 

for different CBVHs under non-diffuse source reading. When read the CBVHs by diffuse 

source, the dimension in the y-direction of the diffracted strip becomes smaller for the 

CBVH recorded with smaller D2 (shown as the diamond dots in the Figure). The results 

indicate that by designing a phase delay between the quadratic phase term in the y-

direction and x-direction, it is possible to reduce the dimension in the y-direction of the 

diffracted strip. However, since the dimension in the y-direction under diffuse source 

reading is still around 2.5 times larger than that under non-diffuse source reading in the 

best case (i.e., D2 = -1 in Figure 5.13), the cross-talk noise cannot be efficiently reduced 

by moving the focal line of recording cylindrical lens 3 closer to the recording medium. 

Although the improvement is not considerable, the results in Figure 5.13 still confirm the 

feature of independent control (i.e., control the property in x-direction and y-direction 

independently) in the CBVH. 

 According to the experimental results shown in this section, the truly lensless 

holographic spectrometer based on spatially multiplexed CBVHs is not easy to 

implement due to huge cross-talk noise (broadening effect of the diffracted strip in the y-

direction) under diffuse source reading. Therefore, I believe that using one cylindrical 

lens in the system may be more practical for this type of spectrometer (e.g., large spectral 

bandwidth spectrometer based on spatially multiplexed CBVHs) unless further 

optimization method for the CBVH is proposed and developed.  

 As a summary of this chapter, a new platform for designing slitless holographic 

spectrometers with considerable design flexibility using CBVHs is demonstrated. It is 

shown that the spectral contents of an arbitrary beam (collimated or diffuse) can be 

successfully mapped into different spatial locations along one direction using a CBVH. 

The CBVH can provide the spectral diversity in one direction without affecting the beam 

in the normal direction. Thus, independent functionalities can be added to the CBVH 

spectrometer by designing the system to manipulate the beam in the second direction. For 
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example, the operating spectral rang of the spectrometer can be considerably increased 

using several spatially multiplexed CBVHs. However, it is also shown that the 

implementation of true lensless spectrometer based on spatially multiplexed CBVHs is 

not as straight forward as demonstrated in Chapter 4. Using at least one cylindrical lens in 

this type of spectrometer may be more practical for diffuse source spectroscopy. 
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CHAPTER 6 

PERFORMANCE EVALUATION AND IMPROVEMENT IN 

HOLOGRAPHIC SPECTROMETERS 

 

 

 From Chapter 2 to Chapter 5, I have introduced the design of several different 

holographic spectral diversity filters and different platform of holographic spectrometers 

(including SBVH-based, lensless SBVH-based, CBVH-based, and lensless CBVH-based). 

The qualitative and quantitative analysis also show strong potential using holographic 

spectrometers toward diffuse source spectroscopy in biological and environmental 

sensing applications. 

 In this chapter, I will take one more step and focus on the performance evaluation 

and improvement in holographic spectrometers. The discussion will be started at the 

spectrum estimation using holographic spectrometers. The typical performance of the 

holographic spectrometer includes spectral resolution, optical throughput, spectral 

bandwidth, and acceptance angle. Except the spectral bandwidth which has been 

discussed in Section 5.3, other performance will be evaluated in detail and the 

corresponding improvement idea will be proposed. Furthermore, the development of the 

holographic spectrometer prototype will be illustrated, and more industrial level 

performance, such as stray light, will also be evaluated. 

6.1. Spectrum Estimation in Holographic Spectrometers 

 The quality of a spectrometer is always judged by how accurate of the spectrum it 

can estimate for an unknown light source. In commercial conventional spectrometers, 

since the incident spatial mode is highly limited by the spatial filtering system (i.e., a 
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narrow slit), the spatial-spectral mapping has well-defined one-wavelength-to-one-

location relation, which is quite independent of the characteristics of the input light 

source. Thus, the spectrum calibration of the conventional spectrometer can be done 

through regular mapping method using calibration light sources. To improve the optical 

throughput of the spectrometer, the narrow slit is replaced with a two-dimensional coded 

aperture mask (usually, a Hadamard mask) in the multimodal multiplex spectroscopy 

(MMS) [64]. However, the spatial-spectral mapping in MMS is no longer as simple as 

conventional spectrometers, and the non-negative least square method is used to solve the 

de-convolution problem to retrieve the spectrum of the unknown light source. The 

drawbacks of post processing are high noise sensitivity and long calculation (i.e., 

processing) time. For volume holographic spectrometers, although no spatial filtering 

system is required, their spatial-spectral mapping (for single-hologram-based 

spectrometers) is very similar to that of conventional spectrometers. Therefore, the 

spatial-spectral mapping method is also used to perform the spectrum estimation in 

volume holographic spectrometers. 

6.1.1. The Spatial-Spectral Mapping Method 

 The spatial-spectral mapping method uses spatial-spectral map to estimate the 

spectrum of the unknown light source. By comparing the spatial-spectral output pattern 

of the unknown light source to the location and the strength of each wavelength channel 

on the spatial-spectral map, the spectrum of the unknown light source can be retrieved. 

Usually, the spatial-spectral map can be generated by using calibration light sources. For 

holographic spectrometers demonstrated in this thesis, the spatial-spectral map is built by 

using a monochromator. As shown in Figure 3.4, an example of the spatial-spectral map 

for a single SBVH-based spectrometer is obtained by scanning the reading wavelength. 

However, the number of the sampling data point is determined by the resolution and the 

spectral bandwidth of the holographic spectrometer. For a holographic spectrometer with 
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(a) (b) 

a resolution of 3 nm and a spectral bandwidth of 300 nm, three hundred sampling data 

points are needed to make an accurate spatial-spectral map. Therefore, it is very time 

consuming for this calibration process. To enhance its efficiency, curve fitting 

technologies are used in the calibration process. In the new process, only ten to twenty 

data points (i.e., the output pattern corresponding to ten to twenty monochromatic light 

sources) are measured. The incident wavelength versus the position of the output signal, 

and the system response (i.e., the normalized output intensity including the response of 

the hologram and the monochromator) versus incident wavelength are plotted in two 

separated mapping figures. Assuming that the variation of the data points in these two 

figures is small and continued, a polynomial function covering data points in each figure 

can be obtained by doing the polynomial curve fitting (which can be done in MATLAB), 

respectively. Thus, the wavelength components of the unknown light source can be 

written as a function of the position of its corresponding output signal, and the relative 

strength of each wavelength component can be calculated by dividing the intensity profile 

of the corresponding output signal to the function of the system response. Figure 6.1 

shows an example of these two polynomial functions for a certain SBVH with a spectral 

bandwidth around 200 nm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Two main mapping functions to make the spatial-spectral map for spectrum 
estimation: (a) the incident wavelength versus the position of the output signal (fitted by 2nd order 
polynomial function) (b) the system response versus the incident wavelength (fitted by 9th order 
polynomial function).  
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(a) (b) 

 
 From Figure 6.1(a), usually the relation between the incident wavelength and the 

position of the output signal can be fitted by a lower order of polynomial function (e.g., 

2nd order polynomial function shown in the figure). However, as shown in Figure 6.1(b), 

the relation between the system response and the incident wavelength is needed to be 

fitted by a higher order of polynomial function (e.g., 9th order polynomial function shown 

in the figure).  

6.1.2. Spectrum Estimation of the Unknown Light Source using Holographic 

Spectrometers 

 Using two mapping functions (note that each holographic spectrometer has its 

unique mapping functions) calculated in Section 6.1.1, the spectrum of an unknown light 

source can be retrieve by this specific holographic spectrometer. 

 Figure 6.2(a) shows an example of the spectrum estimation for an Hg-Ar 

calibration light source using slitless volume holographic spectrometer. 

 

 

 

 

 

 

 

Figure 6.2. The spectrum estimation for an Hg-Ar calibration light source using (a) slitless 
volume holographic spectrometer (b) commercial Ocean Optics USB2000 spectrometer. The 
SBVH used in the slitless volume holographic spectrometer is recorded using the recording setup 
in Figure 3.1 with parameters of f1 = d = 2.5 cm and θ = 36º. The recording medium is a 2-mm-
thick LiNbO3:Fe:Mn crystal. 
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The SBVH used in the slitless volume holographic spectrometer is recorded using 

the recording setup in Figure 3.1 with parameters of f1 = d = 2.5 cm and θ = 36º. The 

recording medium is a 2-mm-thick LiNbO3:Fe:Mn crystal. Figure 6.2(a) shows that the 

resolution of this spectrometer is better than 2 nm since two close peaks at the 

wavelength of 577 nm and 579 nm can be resolved. The spectrum of the Hg-Ar 

calibration light source is also measured by a commercial Ocean Optics USB2000 

spectrometer, as shown in Figure 6.2(b). By comparing Figure 6.2(a) to Figure 6.2(b) and 

the data sheet of the Hg-Ar calibration light source, it is shown that the slitless volume 

holographic spectrometer can accurately estimate the spectrum of the unknown light 

source with a good spectral resolution of 2 nm. Furthermore, similar spectrum estimation 

experiment is repeated by using lensless and slitless volume holographic spectrometer.  

 

 

  

 
 
 
 
 
 
 
 
 
Figure 6.3. The spectrum estimation for an Hg-Ar calibration light source using lensless and 
slitless volume holographic spectrometer. The SBVH used in this spectrometer is recorded using 
the recording setup in Figure 4.1 with parameters of f1 = d1 = 2.5 cm, f2 = 6.5 cm, d2 = 4.0 cm, and 
θ = 36º. The recording medium is a 2-mm-thick LiNbO3:Fe:Mn crystal. 
 

 The SBVH used in this lensless spectrometer is recorded using the recording 

setup in Figure 4.1 with parameters of f1 = d1 = 2.5 cm, f2 = 6.5 cm, d2 = 4.0 cm, and θ = 

36º. The recording medium is a 2-mm-thick LiNbO3:Fe:Mn crystal. From Figure 6.3, a 
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resolution of 2 nm is also observed and this lensless spectrometer operates well within 

100 nm spectral bandwidth.  

 The demonstration of the spectrum estimation in this section proves the feasibility 

of using volume holographic spectrometers in practical applications. To develop it to the 

next level toward commercialization, the typical performance has to be evaluated and the 

corresponding improvement ideas are need to be proposed.  

6.2. Resolution in Holographic Spectrometers 

 The resolution is among one of the most important performance in spectrometers. 

Although the definition of the resolution is based on the same principle, it can be written 

as different formula in different categories of the spectrometer.  

 The resolution of the Monochromator is given by the change of the transmitted 

wavelength as a result of the smallest possible grating rotation [66]. Taking CVI 

Monochromator as an example, the smallest angle through which the grating can be 

rotated is o000252.0=δρ . For this small rotation, the smallest λ∆ can be determined and 

the corresponding input/output slit width can be set to match with this smallest λ∆ . 

Therefore, the resolution of the Monochromator (which refers to the smallest λ∆  

mentioned above) depends on how accurate the grating can be rotated mechanically. On 

the other hand, the resolution of general commercial grating spectrometers, such as 

Ocean Optics spectrometer, is defined as Dispersion (nm/pixel) ×  Pixel Resolution (pixel) 

[67].  The dispersion is determined by the grating and the pixel resolution is calculated 

based on the width of input slit. 

 Similar to Monochromator and commercial grating spectrometer, the resolution of 

single-hologram-based holographic spectrometers can be defined by following the same 

principle. Table 6.1 shows the comparison of the resolution formula among three types of 
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spectrometer. In holographic spectrometers, the term )/(/ pixelnmx∆∆λ  refers to the 

displacement of the crescent or strip on the CCD camera with respect to the change of the 

incident wavelength. It is analogous to the Dispersion in commercial grating 

spectrometers. The term FWHMw  (pixel) refers to the full-width-at-half-maximum of the 

crescent or strip on the CCD camera corresponding to a certain incident wavelength. It is 

also analogous to the Pixel Resolution in commercial grating spectrometers. Therefore, 

the resolution of holographic spectrometers can be defined by )/(/ pixelnmx∆∆λ  ×  

FWHMw  (pixel). Both terms can be directly measured from the experiment. Thus, the 

resolution can usually be calculated from the spatial-spectral map of the holographic 

spectrometer (e.g., Figure 3.4). The only difference between the commercial grating 

spectrometers and holographic spectrometers is that the term FWHMw  is slightly 

wavelength sensitive while the Pixel Resolution (i.e., the width of the slit) is independent 

of the incident wavelength.  

 
Table 6.1. The comparison of the resolution formula among three types of spectrometer 

Monochromator Commercial Grating 
Spectrometer 

Holographic Spectrometer 
(single crescent case) 

δρλ smallest∆  Dispersion (nm/pixel) )/(/ pixelnmx∆∆λ  

matching width of slit Pixel resolution (pixel) FWHMw of crescent (pixel) 
λ∆= smallestR  R=Dispersion x Pixel resolution FWHMwxR ×∆∆= )/( λ  

 
 

6.2.1. Theoretical Analysis of the Resolution in Holographic Spectrometers 

 In this section, the theoretical analysis of the resolution is started at the case of the 

dark crescent on the back face of the SBVH. By using resolution formula introduced 
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above and the dark crescent formula described in Chapter 3, the resolution (R) 

considering the dark crescent can be derived as 
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 Assuming that λλ →′  (i.e., the reading wavelength approaches to the recording 

wavelength), Equation (6.1) can be simplified as 
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 where λ′  is the reading wavelength, L is the thickness of the recording medium, 

rθ  is the recording angle in the air, and 
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where the definitions of all parameters are the same as that in Chapter 3. 
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 Equation (6.2) represents the approximately analytic solution of the resolution for 

the dark crescent case, because the term 
1−

⎟
⎠
⎞

⎜
⎝
⎛

′∂
∂
λ
u is a constant for a certain set of 

parameters in the recording configuration.  

 Furthermore, by using the diffracted crescent formula in Chapter 4, the resolution 

of the slitless volume holographic spectrometer can be derived as 
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( )[ ]2/121 4
4
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where the definitions of all parameters are the same as that in Chapter 4. 

 Equation (6.3) also represents the analytic solution of the resolution for slitless 

volume holographic spectrometer. Although this analytic solution is very complicated, 

some physical meanings can still be observed. In the expressions of the position of 

crescent u  and its derivation 
λ′∂
∂u , the focal length (f) of the Fourier transforming lens is 

extracted as a multiplication factor. Besides, all the coefficients (A~E) are independent of 

the focal length (f) if only the intensity distribution in the x direction is considered (i.e., if 

the position of the crescent in y direction (v) equals to zero, the coefficient E is 

independent of f). As a result, the focal length (f) is cancelled out in the resolution 

formula (Equation (6.3)). Therefore, resolution of the spectrometer is independent of the 

focal length of the Fourier transforming lens. This important result can be easily 

understood since the focal length of the Fourier transformation lens only affects the 

scaling on the Fourier spectrum. 

6.2.2. The Effect of the Recording Material Thickness on the Resolution 

 In volume holographic data storage, the thickness of the recording material is 

always one of the most important parameters because it determines the selectivity and the 

dynamic range (i.e., the number of holograms can be recorded) of the system. Similarly, 

the thickness of the recording material (L) also plays a key role in volume holographic 

spectrometers. By examining each term in the analytic solution in Equation 6.1, it is 

found that ⎟
⎠
⎞

⎜
⎝
⎛
∂
′∂

u
λ  is independent of the thickness of the material. As a result, the relation 
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(a) (b) 

between the resolution and the thickness of the material can be directly associated to the 

effect of the thickness of the material on the width of the crescent FWHMw . By using the 

assumption in Chapter 4, the formula of the width of the crescent can be approximately 

written as  
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 Thus, for a certain set of parameters in the recording setup, the relation between 

the width of the crescent and the thickness of the material is plotted in Figure 6.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. (a) the width of the crescent versus the thickness of the recording material (b) the 
width of the crescent versus the inverse of the thickness of the recording material. 
 
 Figure 6.4 clearly shows that the width of the crescent is proportional to 1/L. 

Hence, it is indicated that the higher resolution can be obtained by using thicker 

recording materials. 

 The simulation results in Figure 6.4 can be further evaluated in the experiment. 

To investigate the relation between the thickness of the recording material and the 

resolution of the holographic spectrometer experimentally, identical SBVHs are recorded 



 122

in the photopolymer media with seven different thicknesses. The resolution is measured 

and calculated based on the definition in Table 6.1, and the resolution versus the 

thickness of the recording material is plotted in Figure 6.5.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. The relation between the resolution and the thickness of the photopolymer media. 

 
In the region of the photopolymer media thickness smaller than 500 µm, the 

resolution is improved along the increasing of the thickness and the trend is agreed with 

that in Figure 6.4(a). However, due to strong bulk scattering and shrinkage problems in 

the thick photopolymer medium, the resolution of the holographic spectrometer becomes 

even worse in the region of the thickness larger than 500 µm. Therefore, the experimental 

results in Figure 6.5 can only verify a portion of the theoretical simulation. Moreover, the 

results from Figure 6.5 also imply that the resolution will be saturated at a certain value 

and a calibration term (which is a constant related to the physical limitation in the system) 

is necessary to be added in Equation (6.3) to define the limitation of the resolution. 

To further investigate and improve the resolution, it is also clear that a more 

reliable thick holographic recording material is required for the holographic 

spectrometers introduced from Chapter 3 to Chapter 5. Although a resolution of 2 nm is 



 123

successfully demonstrated by recording the SBVH on 2-mm-thick LiNbO3:Fe:Mn crystal, 

the small cross-section (which is directly related to the spectral bandwidth of the 

spectrometer), the life time of the hologram, and the cost of the material are main issues 

of using LiNbO3 crystal to record the hologram for holographic spectrometers.  

6.2.3. Resolution Improvement using Thick Photo-Thermo-Refractive Glass Material 

As mentioned in Section 6.2.2, selecting a reliable thick holographic recording 

material to record the hologram is critical in obtaining high resolution for the holographic 

spectrometer. To search better recording material for holographic spectrometers, the 

photo-thermo-refractive (PTR) doped glass materials [68-70] (manufactured by Dr. L. 

Glebov at University of Central Florida) is used to record the hologram, and the quality 

of the hologram is evaluated in this section. Figure 6.6 shows the picture of a PTR doped 

glass material before recording any hologram.  

 

 

 

 

 

 

Figure 6.6. The picture of a PTR doped glass material before recording any hologram. 
 

This material is transparent as a normal glass under room light because it almost 

does not absorb light in the visible range. Since this material is sensitive to the UV region, 

the hologram used in this section is recorded by a UV laser with a wavelength of 325 nm. 

After recording, a two hours thermal treatment at 520ºC is required to develop the 
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(a) (b) 

refractive index change in this doped glass material. However, this post processing needs 

very high accuracy (±1ºC) for the target temperature 520ºC and very slow cooling rate 

(around 1~2ºC/min). If the damping of the target temperature excesses 521ºC or the 

cooling rate is too fast, the milky diffuse pattern will be formed inside the glass as shown 

in Figure 6.7(a), which completely destroys the recorded hologram. With a correct post 

processing, the recorded hologram presents light brown color inside the material as 

shown in Figure 6.7(b). 

 

 

 

 

 

 

 
 
Figure 6.7. (a) an over-heated PTR doped glass material with milky diffuse pattern in it. (b) A 
successfully developed hologram in the PTR doped glass material. 

 

To investigate the resolution of the holographic spectrometer using the hologram 

recorded in PTR doped glass material, a single SBVH is recorded by using the recording 

setup shown in Figure 3.1(a) with the parameters of f1 = d = 2.5 cm and θ = 36º. The 

recording wavelength is 325 nm. The thickness of the material is 2 mm. After recording 

and post processing, the SBVH is read by a monochromatic light using the spectrometer 

setup as shown in Figure 3.1(b), and the output pattern is captured by CCD camera. In 

Figure 6.8, a very thin and nice crescent is observed (compared to Figure 3.2(a) for the 
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(a) (b) 

SBVH recorded in 100-µm-thick photopolymer) with respect to a large shift in the 

position of the crescents corresponding to reading wavelengths of 532 nm and 520 nm 

(shown in Figure 6.8(a) and Figure 6.8(b), respectively). Please note that the bright spots 

in the right portion of the figures are the scattering light from the components in the 

system. 

 

 

 

 

 

 

Figure 6.8. The picture of the diffracted crescent corresponding to the reading wavelength of (a) 
532 nm and (b) 520 nm. 
 

 From Figure 6.8, an ultra high resolution is observed by using this SBVH. To 

calculate the resolution of the spectrometer, the intensity profile of the diffracted crescent 

along the dispersion direction (i.e., the horizontal axis on CCD camera) is plotted in 

Figure 6.9 for the reading wavelengths of 532 nm and 531 nm, respectively. 

 

 

 

 

 

 

Figure 6.9. The intensity profile of the diffracted crescent along the dispersion direction for the 
reading wavelength at 531 nm and 532 nm. 
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(a) (b) 

 From Figure 6.9, it is clear that two curves are well resolved and a resolution of 

0.7 nm can be calculated by using the definition introduced in Section 6.2.1.  

 However, when the SBVH is read by a diffuse monochromatic light with 

wavelengths in the range above 500 nm, the width of the diffracted crescent becomes 

considerably wider resulting in around five times worse resolution. This serious 

broadening effect is because the reading wavelength (i.e., > 500 nm) is far from the 

recording wavelength (i.e., 325 nm). Based on the recording configuration and 

parameters used for the SBVH presented in Figure 6.8, the corresponding theoretical 

simulation of the profile (in the x-z plane) of the diffracted crescent under diffuse source 

reading is shown in Figure 6.10. For the case of reading wavelength at 325 nm (which is 

the same as the recording wavelength), the system aberration is almost negligible and all 

crescents associated to different incident spatial modes can be overlapped perfectly at the 

same location as shown in Figure 6.10(a). However, if the reading is shifted to 500 nm, 

all crescents cannot be overlapped at the same position because of extra phase 

mismatching between 500 nm and 325 nm. Therefore, a 4 nm of system aberration is 

observed in Figure 6.10(b).  

 

 

 

 

 

 

 

 

Figure 6.10. The beam profile of the diffracted crescent in x-z plane (dispersion direction – 
propagation direction plane) under diffuse source reading at the wavelength of (a) 325 nm and (b) 
500 nm. The SBVH is recorded at 325 nm using the recording setup in Figure 3.1(a). The 
dispersion direction (x) and the propagation direction (z) are defined in Figure 3.1(b). 
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 This broadening effect is more serious especially for the high resolution 

holographic spectrometer since the width diffracted crescent is thinner and becomes more 

compatible to this aberration. 

 In a short summary, it is shown that a less than 1 nm resolution can be obtained 

under non-diffuse reading beam by using the SBVH recorded in a 2-mm-thick PTR 

doped glass material. Since the doped glass material can be made as thick as centimetre, 

it would be very useful to make high resolution single SBVH-based spectrometer. The 

experimental results also show that the quality of the hologram is good compared to that 

recorded in photopolymer because the doped glass material does not have bulk scattering 

and shrinkage problem. Moreover, the cost of the doped glass material is lower than 

photopolymer (which is sandwiched between two glass substrates). This will be a big 

advantage in mass manufacturing of the volume holographic spectrometer. However, the 

doped glass material requires an accurate post processing which adding the complexity of 

making the hologram. Additionally, since the hologram is recorded at 325 nm, the design 

of an optimal hologram (e.g., a pre-distorted hologram) is necessary to reduce the 

broadening issue in long wavelength applications. 

6.2.4. Fabry-Perot-CBVH Tandem Spectrometer 

 Although the resolution of the holographic spectrometer can be improved by 

using thicker material to record the hologram, it is very difficult to further push the 

resolution down to the order of Ångström (i.e., 0.1 nm) due to some physical limitations. 

Therefore, to further improve the resolution, a new class of spectrometer which combines 

the Fabry-Perot (FP) interferometer and the slitless CBVH-based holographic 

spectrometer [71] is demonstrated in this section. 

 Figure 6.11 shows the schematic of the proposed spectrometer, named Fabry-

Perot-CBVH (FP-CBVH) tandem spectrometer, which is composed of a FP etalon 

cascaded with a single CBVH. The key advantage of this spectrometer is the combination 
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of the high resolution (but small spectral bandwidth) in interferometers with the large 

spectral bandwidth (but low resolution) of the volume holographic spectrometers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11. Schematic of the tandem FP-CBVH spectrometer. The spectral information of the 
input diffuse beam is mapped into a 2D spatial-spectral pattern at the co-Fourier plane of both 
cylindrical lenses (L1 with focal length of f1 and L2 with focal length of f2) on the CCD. 
 
 The FP interferometer is composed of two dielectric mirrors with a fixed 50 µm 

air gap between them. When illuminated by a diffuse light source, the output of the FP 

structure is a circularly symmetric spatial-spectral pattern with very high resolution as 

shown in Figure 6.12. However, there are two drawbacks attributed to the spectral 

response of the FP etalon. First, its spectral operating range is limited to its free spectral 

range (FSR) which is practically small (about 3 nm for the FP used in these experiments). 

                     

 
 
 
 
 
 
 
 
 
 
 
Figure 6.12. Schematic of the Fabry-Perot etalon composed of two dielectric mirrors with a fixed 
50 µm air gap between them. The spectral information of the input diffuse beam is mapped into a 
2D circularly symmetric spatial pattern on the CCD camera. 

50 µm 

Dielectric mirrors 



 129

 As shown in Figure 6.13, the FP is a high resolution spectrometer as excellent 

separation of wavelength channels in the output plane is obtained for signals with only 1 

nm wavelength difference.  

 

 

 

 

 

 

 

Figure 6.13. Periodic spectral transmission response of a Fabry-Perot with FSR = 3 nm along the 
radial direction. The spectrum of the Fabry-Perot is degenerate beyond its FSR as evidenced by 
the overlap of the transmission response at λ = 553 nm and that at λ = 550 nm. 
 
 However, it is clear shown in Figure 6.13 that the outputs at λ = 550 nm (solid 

blue curve) and  λ = 553 nm (red dashed curve) completely overlap and thus cannot be 

distinguished.  

 Moreover, the circularly symmetric spatial pattern has only one-dimensional (1D) 

spatial-spectral diversity (i.e., along the radial direction in Figure 6.12). The scalar nature 

of the spectrum requires the separation of the wavelength components in only one 

direction in the spatial domain; however, the two-dimensional (2D) nature of the output 

of most of the optical detectors can potentially be used to improve the performance of the 

spectrometer, if the input spectral information is converted into a truly 2D spatial-spectral 

pattern in the output. For this purpose, the spectrum of the input beam should be mapped 

independently in the orthogonal directions at the output plane, which is not the case for 
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the simple FP spectrometer shown in Figure 6.12. In summary, the FP etalon is a high-

resolution small-bandwidth spectrometer with a 1D spatial-spectral response. 

 As demonstrated and discussed in Chapter 5, the CBVH typically separates the 

wavelength channel in the dispersion direction with lower resolution but large spectral 

bandwidth. In contrast, as shown in Figure 6.12, the FP etalon separates the wavelength 

channel in any radius direction with ultra-high resolution but small spectral bandwidth. 

Therefore, by combining these two elements, the full spectral operation bandwidth will 

be coarsely divided into stripes in the dispersion direction by the CBVH, and then finely 

chopped into spots in the degenerate direction by the FP etalon. As a result, for a tandem 

spectrometer composed of a CBVH and a FP etalon, the resolution is primarily defined 

by the FP etalon while the operation spectral bandwidth is primarily determined by the 

volume holographic spectrometer. 

 The CBVH used in this tandem spectrometer is recorded using the setup in Figure 

5.1(a) with d1 = 2.5 cm and d2 = 2.7 cm. The angle of incident of the plane wave in the air 

is 36° and the cylindrical beam propagates normal to the hologram. The recording 

material is a 2-mm-thick LiNbO3:Fe:Mn crystal and the recording wavelength is λ = 532 

nm. During the recording the crystal is sensitized using a beam at λ = 404 nm from a UV 

diode laser. In the spectrometer setup, the FP is placed in front of the CBVH, and the 

distance between the FP and the CBVH is not very sensitive to the output pattern. The 

CCD camera is placed in the simultaneous focal planes of the two lenses L1 (with focal 

length f1 = 2.5 cm) and L2 (with focal length f2 = 5.1 cm) as seen in Figure 6.11. The 

lenses L1 and L2 perform the spatial Fourier transformation on the output beam of the 

CBVH in the x- and y-directions, respectively.  
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 Figure 6.14 shows the output pattern of the CCD when the input to the tandem 

spectrometer is diffuse light from a Hg-Ar lamp with three distinct sharp peaks at 546 nm, 

577 nm, and 579 nm.  

 

 

 

 

 

 

 

Figure 6.14. The image formed on the CCD corresponding to the diffuse light from an Hg-Ar 
lamp. It clearly shows a 2D spatial-spectral diversity. Each spot is a signature of a different 
wavelength in the source spectrum. 
 
 The 2D spatial-spectral mapping is evident from Figure 6.14. It is interesting to 

note that the 546 nm line is separated horizontally (i.e., by the CBVH) from the other two 

lines as its wavelength difference with those is larger than the resolution of the CBVH. 

However, the two lines at 577 nm and 579 nm are separated vertically (by the FP) in the 

output as they fall within the same stripe by the CBVH. 

 To demonstrate the performance of the FP-CBVH tandem spectrometer, the 

spectrum estimation for the Hg-Ar lamp is shown in Figure 6.15. The spectrum measured 

by using an Ocean Optics USB2000 spectrometer is also shown for comparison. The 

results of the estimation by FP-CBVH tandem spectrometer agree very well with the 

lamp data sheet. It is clear that this spectrometer is capable of measuring the fine features 

of the input light with FWHM of 0.2 nm. Since the resolution of the monochromator 

(which is used to calibrate the FP-CBVH tandem spectrometer) is 0.2 nm, the resolution 
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of FP-CBVH tandem spectrometer is limited by this number. According to the 

specifications of the FP, the FP-CBVH tandem spectrometer should perform a resolution 

of 1 Å. 

 

 

 

 

 

 

 

Figure 6.15. The estimated spectrum of the Hg-Ar lamp measured by (a) the FP-CBVH tandem 
spectrometer (solid curve) and (b) the Ocean Optics USB2000 spectrometer (dashed curve). 
 

 From the results shown in this section, it is possible to achieve high resolution 

(better than 0.2 nm) over a large operation bandwidth (a few 100 nm) for FP-CBVH 

tandem spectrometer. Based on excellent design flexibility of the hologram, more 

functionalities (such as large spectral bandwidth demonstrated in Section 5.3) can be 

added into the spectrometer by recording sophisticated CBVHs.  

6.3. Optical Throughput in Holographic Spectrometers 

 In conventional spectrometers, higher optical throughput results in worse 

resolution. This resolution throughput trade-off makes the conventional spectrometer 

inefficient for diffuse source spectroscopy. In holographic spectrometers that rely on only 

a single SBVH, the resolution throughput trade-off is similar to that in conventional 

spectrometers. For example, using thicker volume hologram results in better resolution 

(i.e., a thinner crescent) due to the sharper Bragg selectivity of the volume hologram. At 
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the same time, the thinner crescent results in smaller output power, which reduces the 

optical throughput. This is similar to using a narrow slit in conventional spectrometers. 

However, several SBVHs can be multiplexed in the thicker material (due to the larger 

dynamic range) to encode each input wavelength channel into a series of narrow output 

crescents (i.e., using a more sophisticated spatial-spectral mapping). This enables 

multimodal multiplex spectroscopy [16, 72] that is recently implemented for throughput 

improvement in conventional spectrometers. Thus, using thicker holographic materials 

with holographic multiplexing technique in holographic spectrometers results in better 

resolution without sacrificing the optical throughput. In following sections, shift 

multiplexing and angular multiplexing will be discussed separately and used to solve the 

resolution throughput trade-off. 

6.3.1. Throughput Improvement using Shift Multiplexed Holograms 

 The shift multiplexed SBVH is recorded by one plane wave and one diverging 

spherical beam with shifting its position along x-direction as shown in Figure 6.16(a). For 

the demonstration in this section, a three-shift-multiplexed SBVH is recorded with 

shifting the position of the point source by 1 mm spacing. The recording material is a 

300-µm-thick Aprilis photopolymer. After recording, this shift multiplexed SBVH is then 

put into the spectrometer setup (as shown in Figure 6.16(b)) for evaluation. 

 The hologram is first illuminated by a collimated monochromatic light (originated 

by passing a white light source through a monochromator) from the direction of the 

recording spherical beam (mainly associated to the middle one of the multiplexed 

holograms). The diffracted signal is captured by a CCD camera either right behind the 

holograms or at the Fourier plane. The diffracted signal behind the holograms has three 

crescents shape as shown in Figure 6.17(a) without the present of diffuser. 
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(a)

(b)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16. (a) Experimental setup for recording shift multiplexed holograms. The angle 
between two recording beams is θ = 35.64∘. The size of the hologram is A = 0.7 cm × 0.7 cm. 
The distance between the point source and the photopolymer is d = 3.4 cm. The effective 
diverging angle of the point source with respect to the size of the hologram is θeff = 11.75∘. (b) 
The spectrometer setup. The focal lens of the lens is f = 10 cm. The diffuser can be added in front 
of the hologram to form a diffuse light source. 
 
 Each crescent corresponds to one spherical beam hologram and is diffracted from 

different location at the back surface of the holograms. (Note that the intensities of three 

diffracted crescents are not identical because three multiplexed holograms are not 

recorded equally.) All three crescents propagate along the same direction since the 

multiplexed holograms are recorded by the same plane wave and read by the same 

wavelength. Therefore, all three crescents will be overlapped on the Fourier plane. As 

shown in Figure 6.17(b), even with the present of the diffuser, only one crescent is 
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(a) (b) 

obtained on the Fourier plane and the intensity of the diffracted signal is the summation 

of three diffracted crescents. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.17. The diffracted signal of a three-shift-multiplexed hologram (a) right behind the 
hologram (b) on the Fourier plane. 
 
 While the throughput of the spectrometer is improved by using shift multiplexed 

holograms, the effect on the resolution (which is mainly related to the width of the 

diffracted crescent) has to be further investigated. To study on this issue, a single SBVH 

and a two-shift-multiplexed SBVH are recorded under the same recording configuration 

using Figure 6.16(a). The width of the crescent is then monitored along the x-direction by 

using the spectrometer setup shown in Figure 6.16(b). For reading by a monochromatic 

light with a wavelength of 532 nm, the crescent shapes in the x-direction between single 

and multiplexed holograms are agreed very well by normalizing the peak intensity with 

each other as shown in Figure 6.18(a). Furthermore, the values of the FWHM of the 

crescent for single SBVH and multiplexed SBVH are similar over a 90 nm range of 

reading wavelength as shown in Figure 6.18(b). As a result, Figure 6.18 clearly indicates 

that the width of the crescent is not affected by recording shift-multiplexed holograms 

and it implies that the throughput of the spectrometer can be improved by using shift-

multiplexed holograms without deteriorating the resolution.  
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(a) (b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.18. The comparison of the width of the crescent between single SBVH and two-shift-
multiplexed SBVH (a) at reading wavelength 532 nm with the normalization of the peak intensity 
of two curves (b) within a reading wavelength range from 490 nm to 580 nm. 
 
 Moreover, the capability of improving the throughput by using shift-multiplexed 

holograms is another important issue and has to be studied. Assuming the diffraction 

efficiency of the crescent is proportional to that of the hologram and each hologram has 

equal diffraction efficiency, the improvement factor (F) based on the shift-multiplexed 

technique can be written as  

 ⎟
⎠
⎞

⎜
⎝
⎛=

M
MMF /#sin 2 ,                          (6.5) 

Where M is number of multiplexed holograms and M/# is the dynamic range of the 

recording material. 

 Equation (6.5) clearly indicates that F exists an optimized value by correctly 

choosing the number of multiplexed holograms for one specific recording material with a 

fixed value of the dynamic range. Based on the material (300-µm-thick Aprilis 

photopolymer, which has the M/# = 4.0) used in the experiment, the optimal 

improvement factor is 2.834 for recording a three-shift-multiplexed hologram. In other 

Single 
2 Mux 0.5mm
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words, the total optical throughput can be increased by 2.834 times by use three-shift-

multiplexed holograms compared to single hologram.  

 For a shift-multiplexed hologram, the crescents corresponding to different 

multiplexed holograms are diffracted from different locations on the hologram for a 

certain set of incident angle and incident wavelength. It is suggested that the total 

diffraction efficiency of crescents could be close to 100% if large enough amount of 

strong holograms can be recorded. However, since it requires the overlap of all crescents 

on the Fourier plane, the maximum efficiency (or total output intensity) is physically 

limited by the constant radiance theorem [37]. Although using shift-multiplexed 

holograms can push the efficiency to the physical limit, other technique has to be 

proposed to avoid the confliction of the constant radiance theorem. As shown in Section 

6.3.2, the solution may be found in angular multiplexing. 

6.3.2. Throughput Improvement using Angular Multiplexed Holograms 

 The experimental setup for recording angular multiplexed SBVHs is shown in 

Figure 6.19. Each hologram is recorded by one plan wave and one diverging spherical 

beam. The spherical beam is kept the same, and the angle of the plane wave is changed 

while recording multiplexed holograms. 

 
 
 
 
 
 
 
 
 
 
Figure 6.19. Experimental setup for recording angular multiplexed holograms. All parameters are 
the same as that in Figure 6.16. 
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For the first demonstration, two holograms are angular multiplexed in the 

photopolymer with a 0.4∘of angular separation of the recording plane waves. Other 

parameters are o64.35=θ , A = 0.7 cm × 0.7 cm, d = 3.4 cm, and θeff = 11.75∘. 

The holograms are then read by using the same setup as shown in Figure 6.16(b) 

except the focal length of the lens changes to 3.8 cm. Because two multiplexed 

holograms are recorded by different angles of the plane waves, the crescents associated to 

the two holograms are diffracted into different directions and two crescents are obtained 

on the Fourier plane as shown in Figure 6.20. 

 

 

 

 

 

 

Figure 6.20. The diffracted signal of the angular-multiplexed holograms at the Fourier plane. 
 

 Clearly, the spectral diversity is improved and the throughput is increased 

comparing with the single hologram case. However, the ambiguity is increased as well, 

and the post processing (i.e., de-convolution) is required to retrieve the spectrum of the 

unknown input source. This can be easily done in software using the known optimization 

techniques such as non-negative least square method. Note that the width of the crescents 

is the same as the single hologram experiments, which means that the resolution will not 

be sacrificed for the increase in throughput if proper post processing is done.  
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However, while capturing the image on the back face of the hologram (i.e., the 

dark crescent in the transmitted direction as discussed in the Chapter 2), only one dark 

crescent is observed no matter how many angular multiplexed holograms are recorded. It 

means that all crescents associated to the angular multiplexed holograms are diffracted 

from the same location on the hologram; hence, they share the same portion of the 

incident power. Although using angular multiplexed hologram can avoid the confliction 

of the constant radiance theorem (or physical limitation) because no overlap of the 

crescent is required, it cannot efficiently increase the optical throughput.  

As a result, to really improve the optical throughput, a sophisticated SBVH has to 

be recorded by using the combination of shift multiplexing technique and angular 

multiplexing technique. Apparently, a shift-multiplexed hologram has the capability to 

fully diffract the incident power (i.e., has the crescent diffracted from all possible 

locations corresponding to a certain wavelength) while an angular-multiplexed hologram 

has the capability to diffracted each set of crescent to different location (i.e., avoid the 

confliction with the constant radiance theorem). Therefore, the optical throughput can be 

improved by using an angular-shift-multiplexed hologram recorded by simultaneously 

rotating the angle of the plane wave and shifting the recording material for recording each 

multiplexed hologram. 

6.4. Acceptance Angle in Holographic Spectrometers 

 Although no lens and no slit are required at the entrance port of the holographic 

spectrometer, similar to conventional spectrometers, the acceptance angle of the device is 

still limited by the characteristics of the first element in the input (i.e., the SBVH or 

CBVH in this case). According to our theoretical analysis and experimental study, the 
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acceptance angle of the holographic spectrometer is determined by the numerical aperture 

of the lens that used to record the hologram. Thus, the most intuitive method to improve 

the acceptance angle is to use the lens with a higher numerical aperture. However, the 

improvement of the acceptance angle is still limited by the numerical aperture of the best 

available lens. Moreover, other limitations are imposed on the holographic recording 

setup when a lens with a large NA is used. Therefore, a new method to design the optimal 

hologram to provide large acceptance angle has to be introduced. In this section, instead 

of integrating of only one set of slit and lens into the SBVH (i.e., recording a single 

SBVH), a new design to integrate more sets of slit and lens into the SBVH to accept a 

much larger range of the incident angle is proposed [73]. In the following sections, 

conventional shift multiplexing technique is first mentioned and used to record this 

sophisticated hologram. However, the corresponding results show that the acceptance 

angle is not improved using the conventional shift multiplexing. By modifying the 

recording arrangement of the shift multiplexing, the surrounding multiplexing technique 

is then proposed for the first time to record the desired hologram. The acceptance angle is 

considerably improved without sacrificing the throughput and the resolution of the 

spectrometer by using surrounding multiplexed holograms.  

6.4.1. Acceptance Angle Improvement using Shift Multiplexed Holograms 

 Among all multiplexing techniques proposed in holographic data storage 

applications, shift multiplexing technique is best suitable for recording multiplexed 

SBVHs because of the usage of the point source. Since the holographic spectrometer is 

based on SBVHs or CBVHs, the shift multiplexing technique is the first candidate (since 

the recording configuration involves a point source or line source) to be used to record 
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desired holograms. To study the acceptance angle of the holographic spectrometer, a two-

shift-multiplexed hologram is recorded by using the experimental setup shown in Figure 

6.21.  

 

 

 

 

 

 

Figure 6.21. The schematics of the experimental setup for recording the shift-multiplexed SBVH. 
The SBVH is recorded by using a plane wave and a spherical beam originated by the recording 
lens with the focal length f1 = 2.5 cm, and the f/# = 1. The recording plane wave and the spherical 
beam are arranged symmetrically at the angle of θ = 17∘with respect to the normal direction of 
the recording medium. The distance between the recording point source and the recording 
medium is d1 = 3.1 cm. The x-dimension of the hologram is Dx = 1 cm resulting in an effective 
diverging angle of the recording spherical beam θeff = 18.32∘. The recording medium is a 500-
µm-thick InPhase photopolymer, and the recording wavelength is λ = 532 nm. The two-shift-
multiplexed hologram is recorded by shifting the recording material in the x-direction with the 
amount of ∆x = 2 mm. 
 

 The recording lens is featured by the focal length f1 = 2.5 cm, and the F number 

f/# = 1. The recording plane wave and the spherical beam are arranged symmetrically at 

the angle of θ = 17∘with respect to the normal direction of the recording medium. The 

distance between the recording point source and the recording medium is d1 = 3.1 cm. The 

x-dimension of the hologram is Dx = 1 cm resulting in an effective diverging angle of the 

recording spherical beam θeff = 18.32∘(which is defined by ⎟⎟
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the recording material in the x-direction with the amount of ∆x = 2 mm, which is much 

larger than the shift selectivity of the hologram [73]. The diffraction efficiency of two 

multiplexed holograms is 57% and 42%, respectively. 

 The output pattern of the holographic spectrometer based on this multiplexed 

hologram can be observed by using the reading setup shown in Figure 6.22.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.22. The schematics of the experimental setup for reading the hologram. The reading 
light source is a collimated monochromatic light generated by passing the white light source 
through a monochromator with FWHM of 2 nm. The incident angle of the reading beam with 
respect to the normal direction of the hologram is φ , which is various with different 
measurements. The focal length of the Fourier transformation lens placed behind the hologram is 
f2 = 3.8 cm. The output pattern at the Fourier plane is captured by the CCD camera featured by 
the pixel size of 9 µm × 9 µm. The dash square shows the structure of the SBVH spectrometer. 
The profiles of diffracted crescents behind the hologram and at the Fourier plane are shown in the 
figure respectively. 
 

 To study only the effect of the multiplexed hologram on the diffracted beam, a 

collimated monochromatic light (i.e., the diffuser is not used in the setup to exclude the 
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effect of the multiple incident spatial modes on the diffracted beam) is used to read the 

hologram from the direction of the recording spherical beam. As shown in Figure 6.22, 

two crescents corresponding to two multiplexed holograms are diffracted into the 

direction of the recording plane wave from different locations on the hologram (in the x-

direction). This is because these two multiplexed holograms are recorded by a shift in x-

direction in the shift multiplexing technique. The strength of these two diffracted 

crescents is slightly different due to the difference in the diffraction efficiency of the 

holograms. Since the direction of the plane wave is kept the same during the multiplexing 

recording process, both crescents propagate along the same direction although they are 

diffracted from different locations on the hologram. Therefore, by adding a Fourier 

transformation lens behind the hologram, both crescents are overlapped on the Fourier 

plane, and only one crescent is obtained as shown in Figure 6.22. Similar to the single-

SBVH-based holographic spectrometer, one incident wavelength is mapped to a unique 

output pattern (i.e., one crescent at the certain position) indicating that the shift-

multiplexed SBVH can be also used to form a holographic spectrometer. 

 To study the characteristics of the output spectral pattern of the shift-multiplexed-

SBVH-based spectrometer, the two-shift-multiplexed SBVH is read by a collimated 

monochromatic beam using the setup in Figure 6.22, and the full-width-half-maximum 

(FWHM) of the crescent at the Fourier plane is measured. As a reference, the FWHM of 

the crescent diffracted from a single-SBVH is also measured at the Fourier plane under 

the same recording and reading conditions. By changing the incident angle (φ ) of the 

reading beam in Figure 6.22, the FWHM of the crescent is monitored for different 
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incident angles in both two-shift-multiplexed SBVH and single SBVH cases, and the 

corresponding data is plotted in Figure 6.23.  

 

 

 

 

 

 

 

Figure 6.23. The full-width-half-maximum (FWHM) of the crescent at the Fourier plane 
associated to a certain range of the incident angle. The measurements are repeated for the single 
SBVH (triangle data points) and the two-shift-multiplexed SBVH (square data points) by 
changing the incident angleφ  in the reading setup shown in Figure 6.22. 
 
 It is shown in Figure 6.23 that the FWHM of the crescent diffracted from the two-

shift-multiplexed SBVH is almost flat (considering the measurement error) over the 

certain range of the incident angle. It is indicated that the overlapping of two diffracted 

crescents (associated to two multiplexed holograms) at the Fourier plane can be 

consistently obtained for different incident spatial modes. It is also implied that this 

overlapping behavior is valid for diffuse source illumination (i.e., multiple incident 

spatial modes). Moreover, as shown in Figure 6.23, the values of the FWHM of the 

crescent are similar in both shift-multiplexed SBVH and single SBVH cases. Since the 

resolution of the spectrometer is related to the FWHM of the crescent at the Fourier plane, 

it is suggested in Figure 6.23 that the resolution of the spectrometer is not sacrificed if the 

single SBVH is replaced by the shift-multiplexed SBVH in the holographic spectrometer.  
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 To further evaluate the improvement of the acceptance angle of the spectroscopic 

system, the shift-multiplexed SBVH and the single SBVH are read by the collimated 

monochromatic beam using the setup in Figure 6.22 respectively, and the peak intensity 

of the crescent at the Fourier plane is monitored in both cases while changing the incident 

angle (φ ). The relation between the peak intensity of the crescent and the incident angle 

can be considered as the angular response of the spectrometer, and the results are plotted 

in Figure 6.24.  

 

 

 

 

 

 

 

 

 

Figure 6.24. The angular response curve (i.e., the intensity of the diffracted crescent at the Fourier 
plane versus the incident angle) for single SBVH (triangle data points and dot curve), two-shift-
multiplexed SBVH (square data points and dashed curve), and two-surrounding-multiplexed 
SBVH (circle data points and solid curve). The measurements are done by changing the incident 
angleφ  in the reading setup shown in Figure 6.22. 
 

 The normalized crescent intensity shown in the vertical axis is the crescent 

intensity normalized to the peak value of the angular response curve of the single SBVH. 

As shown in Figure 6.24, due to the overlapping of the two crescents, the crescent 

intensity at the Fourier plane is higher for two-shift-multiplexed SBVH (i.e., the dashed 
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curve) than single SBVH (i.e., the dot curve). The peak value of the dashed curve is not 

exactly twice of the dot curve because of the difference in the diffraction efficiency of 

two multiplexed holograms. However, the bandwidths of these two curves are similar 

indicating that the acceptance angle is not improved by using the two-shift-multiplexed 

SBVH than the single SBVH. As mentioned previously, larger acceptance angles can be 

achieved by using the SBVH recorded by the lens with larger numerical aperture (which 

can form a spherical beam with larger effective diverging angle). Nevertheless, by using 

the shift multiplexing technique, we can only record multiplexed holograms with a phase 

shift in the multiplexing direction (i.e., corresponding to shift in the x-direction in Figure 

6.22), but each multiplexed hologram is recorded by identical spherical beam and plane 

wave resulting in the acceptance angle of the shift-multiplexed hologram to remain the 

same as that of the single SBVH.  

6.4.2. Acceptance Angle Improvement using Surrounding Multiplexed Holograms 

 To further improve the acceptance angle of the spectroscopic system, a 

complicated hologram has to be recorded to simulate a single SBVH recorded by a 

spherical beam with a large effective diverging angle. The idea of design of this 

sophisticated hologram can be explained easily using the k-diagram illustrated in Figure 

6.25. To record the hologram by a spherical beam with a large effective diverging angle, 

a large effective diverging angle is divided into several smaller components and record 

all the interference patterns (formed by fixed plane wave and each spherical beam with a 

smaller diverging angle) as the desired hologram.  
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Figure 6.25. (a) The k-domain representation of recording the two-surrounding-multiplexed 
SBVH. The solid line represents the recording plane wave. The dashed and dashed-dot lines 
represent two recording spherical beams to record two different multiplexed holograms. The bold 
dash and dash-dot lines represent the range of the grating in k-space recorded in two different 
multiplexed holograms. The angular difference of the chief ray between two recording spherical 
beams is θ∆ , which can be optimized based on the characteristics of the hologram. (b) The 
schematics of the experimental setup for recording the surrounding multiplexed hologram. All the 
basic parameters to record each surrounding-multiplexed hologram are the same and described as 
in the caption of Figure 6.21. The surrounding-multiplexed hologram is recorded by moving the 
recording point source along the dash circle centered by the recording material. The definition of 
θ∆  is the same as the one in Figure 6.25(a). 

 

 For a simple example shown in Figure 6.25(a), a large diverging angle of a 

spherical beam is divided into two smaller ones marked by the dashed line and the 

dashed-dot line respectively. The angular separation between the chief rays of these two 

spherical beams is θ∆ , which can be optimized to maintain a smooth angular response 

for the hologram. To record the desired hologram, the surrounding multiplexing 

technique is proposed and used for the first time.  
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 The recording arrangement of the surrounding multiplexing is designed based on 

following criteria. To obtain similar characteristics for each multiplexed hologram, the 

distance between the recording point source and the recording material has to be fixed 

during the multiplexing process. Moreover, the recording spherical beam has to always 

cover the same entire region of the recording material to maximize the acceptance angle 

for each multiplexed hologram. Therefore, by modifying the shift multiplexing technique, 

the surrounding multiplexed hologram is recorded by one fixed plane wave and one 

spherical wave moved along the dot circle centered at the middle of the recording 

material with an amount of θ∆  for each multiplexed hologram, as shown in Figure 

6.25(b). The direction of the chief ray of the recording spherical beam is always toward 

to the center of the recording material during the entire multiplexing process. For the first 

demonstration, a two-surrounding-multiplexed hologram is recorded. To perform a 

smooth angular response for this multiplexed hologram, the amount of θ∆  is chosen to 

be o9 , which is half of the effective diverging angle ( o18 ) of the recording spherical 

beam. The angle of the recording plane wave is fixed at o17  (with respect to the normal 

direction of the recording material) during the whole process of the surrounding 

multiplexing. The spherical beams to record two surrounding multiplexed holograms are 

originated by two identical lenses (with the focal length 5.21 =f  cm, and the 1/#=f ) 

located on the optical paths of two pre-aligned plane waves with the angular separation of 

o9 . A flip-mount and two mirrors are used to select one of the spherical beams to record 

the SBVH with the fixed plane wave. The recording material used in this experiment is 

500-µm-thick InPhase photopolymer. The diffraction efficiency of two multiplexed 

holograms is 53% and 49% respectively. To evaluate its characteristics, the two-
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surrounding-multiplexed hologram is read by a collimated monochromatic light using the 

setup shown in Figure 6.22. Similar to the results obtained in Figure 6.22, two crescents 

are diffracted corresponding to two multiplexed holograms in some range of the incident 

angle due to the angular overlapping of the recording spherical beam. Because the 

direction of the recording plane wave is fixed in the process of multiplexing, two 

crescents propagate along the direction of the recording plane wave and are overlapped 

on the Fourier plane. For other range of the incident angle, only one crescent is diffracted 

contributed by either one or the other multiplexed hologram. Thus, for the entire range of 

the incident angle, only one crescent is obtained and the width of the overlapped crescent 

is the same as two-shift-multiplexed hologram case (and single hologram case) shown in 

Figure 6.22. Therefore, the resolution is not sacrificed while using the surrounding-

multiplexed hologram. The main difference between the two-shift-multiplexed hologram 

and the two-surrounding-multiplexed hologram can be observed in the angular response. 

By monitoring the peak intensity of the crescent at the Fourier plane while changing the 

incident angle φ  in Figure 6.22, the angular response curve for two-surrounding-

multiplexed hologram is also plotted in Figure 6.24 (i.e., the solid curve). It is clearly 

shown that the bandwidth of the solid curve is around o9 larger than that of dashed curve 

and dot curve. Moreover, the peak value of the solid curve is close to that of the dot curve 

and a smoother angular response is also obtained in the solid curve. Therefore, it is clear 

that the acceptance angle is considerably improved by using the two-surrounding-

multiplexed hologram compared to the single hologram and the two-shift-multiplexed 

hologram without sacrificing the resolution and the throughput.  Further improvement 

can be realized by recording more surrounding multiplexed holograms in a holographic 
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recording material with a large dynamic range. For recording more than two multiplexed 

holograms, the surrounding multiplexing process can be easily performed by rotating the 

recording medium and the recording plane wave simultaneously, while the spherical 

beam is kept fixed. However, to ensure the perfect overlapping of all diffracted crescents 

at the Fourier plane, the angle between the recording plane wave and the recording 

medium has to be identical during the whole multiplexing process. Therefore, a high 

accuracy is required to control each rotation stage in this recording setup. However, the 

achievement that can be easily obtained by using only two multiplexed holograms 

explained above is very important for the performance of the spectrometer.  

 To further investigate the effect of the reading wavelength on the surrounding-

multiplexed-SBVH-based spectrometer, the hologram is read by a diffuse monochromatic 

light with scanning the wavelength from 530 nm to 730 nm and the intensity profile of 

the crescent at the Fourier plane versus the reading wavelength is obtained and plotted in 

Figure 6.26.  

 

 

 

 

 

 

 
Figure 6.26. The intensity profile of the diffracted crescent at the Fourier plane along the 
horizontal axis on the CCD camera. The surrounding-multiplexed hologram is read by 
monochromatic beam using the setup in Figure 6.22, and the experiments are repeated by using a 
diffuse monochromatic light source at different incident wavelength from λ = 530 nm (the far 
right curve) to λ = 730 nm (the far left curve) with 4 nm spacing. Each curve in this figure 
corresponds to different incident wavelength. 
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 Each curve in Figure 6.26 represents the intensity profile of the crescent 

associated to one certain incident wavelength. In Figure 6.26, each curve is well 

separated by choosing the incremental of the wavelength as 4 nm, and the FWHM of 

each curve is similar over the spectral operating range. It is clear that the characteristics 

(such as the resolution and the throughput) of the spectrometer using two-surrounding-

multiplexed hologram can be obtained consistently over the entire spectral operating 

range of the hologram. (Note that the strength of each curve in Figure 6.26 is slightly 

different because the diffraction efficiency of the crescent is sensitive to the reading 

wavelength.) Therefore, by combining the results shown in Figure 6.24 and 6.26, the 

surrounding-multiplexed-SBVH-based spectrometer can be operated in the same way as 

the single-SBVH-based spectrometer with the improvement of the acceptance angle but 

without sacrificing the throughput and the resolution. In other words, by using the 

surrounding multiplexing method, a SBVH with larger acceptance angle can be 

implemented while other properties of the hologram are not affected. To further show the 

performance of the spectrometer, the spectrum estimation of the Hg-Ar lamp is also 

demonstrated in Figure 6.27.  

 

 

 

 

 

 

 
Figure 6.27. The spectrum estimation for a Hg-Ar lamp by using the surrounding-multiplexed-
SBVH-based spectrometer. 
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As shown in the figure, all signature peaks are successfully resolved which 

confirms the capability of making a spectrometer using the surrounding-multiplexed 

hologram. (Note that two close peaks at 577 nm and 579 nm cannot be well separated 

since the resolution of this spectrometer is about 4 nm which is expected for the thickness 

of the photopolymer (500 µm) used in these experiments.) 

 From the results shown in this section, the surrounding multiplexing is a practical 

technique to considerably improve the acceptance angle of the spectrometer compared to 

that for the shift multiplexing and the single hologram case. It is also shown that the 

resolution and the throughput are not sacrificed while the acceptance angle is improved 

by using the surrounding-multiplexed hologram to form the spectrometer. In contrast to 

integrate only one set of a slit and a lens into the hologram in the single-SBVH-based 

spectrometer case, an array of these sets (located along the dash circle line in Figure 

6.25(b)) is now possible to be integrated into the hologram by using the surrounding 

multiplexing technique. Each multiplexed hologram in this case act as an input slit and a 

collimating lens in a particular direction selected by the direction of the chief ray of the 

corresponding spherical beam used to record the hologram. Because each set of slit and 

lens covers a different range of incident spatial mode (i.e., incident angle), it is easy to 

understand that a much larger acceptance angle can be achieved by using an array of this 

set of slits and lenses. On the other hand, in conventional spectroscopic systems, it is very 

difficult (or even impossible) to arrange this kind of complicated slit and lens array in 

front of the dispersive medium, and still expect to eliminate the ambiguity between the 

incident wavelength and the incident spatial mode. However, in our holographic 

spectrometers, many elements are possible (under the limitation of the dynamic range of 
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the recording material) to be integrated into the hologram to perform special functions 

(such as the acceptance angle improvement presented in this section). It should be noted 

that increasing the acceptance angle of the spectrometer is extremely important for the 

diffuse source spectroscopy that is one of the important applications of holographic based 

spectrometers. This implementation of several sets of slits and lenses into a volume 

hologram also provides the evidence that special functions can be realized through the 

design and the optimization of the sophisticated hologram without adding the complexity 

of the spectroscopic system. 

6.5. Development of Holographic Spectrometer Prototype 

 As shown in previous chapters and sections, different types of volume 

holographic spectrometers are successfully demonstrated and their performance is 

evaluated in the laboratory. While all research works are done on the optics table in the 

dark room, some practical issues may not easy to be observed and investigated. This is a 

well-known gap between the academic achievements and commercial products, and this 

is also the challenge in commercialization process. Because most of the practical 

problems result from the packaging, it would be helpful to study all issues by building a 

prototype of the system. Therefore, at the end of my PhD research work, I would like to 

take my academic contributions to the next level toward commercial products through the 

study on the development of holographic spectrometer prototype. In this section, I will 

demonstrate one lensless and slitless SBVH-based spectrometer and one slitless SBVH-

based spectrometer. The stray light issue is also investigated and discussed for the 

SBVH-based spectrometer. 
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6.5.1. Lensless and Slitless SBVH-based Spectrometer Prototype 

 The lensless and slitless SBVH-based spectrometer prototype is the first one built 

in this project. Since only two elements (one hologram and one detector array or CCD 

camera) are required and no alignment issue between optical elements (because no lenses 

or mirrors in the prototype), it is easy and economic to begin with. The SBVH used in 

this prototype is recorded by using recording setup in Figure 4.1(a) with f1 = d1 = 2.5 cm 

and f2 = 6.5 cm on a 500-µm-thick InPhase (2 cm × 2 cm small-cut) photopolymer. To 

keep the cost of this first prototype as low as possible, the CCD chip of a cheap Webcam 

(~20 dollars) is used as the detector array. The housing of the prototype is designed by 

using Solid Edge graphic software and is manufactured in MaRC using rapid prototyping 

technology. Figure 6.28 shows the picture of this lensless and slitless SBVH-based 

spectrometer prototype. 

 

 

 

 

 

 

Figure 6.28. The picture of lensless and slitless SBVH-based spectrometer prototype. It is 
composed of only two elements: a hologram (located at the input port on the right-end of the 
prototype) and a Webcam (located at the output port on the left-end of the prototype). The size of 
the prototype is around 2.5 cm × 2.5 cm × 4.0 cm, and its weight is around 3 oz. 
 

 As shown in Figure 6.28, the SBVH is located at the input port on the right-end of 

the prototype and a Webcam is located at the output port on the left-end of the prototype. 

Since the size of the prototype is around 2.5 cm × 2.5 cm × 4.0 cm and its weight is 
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around 3 oz., this spectrometer is ultra compact and light weight. The only alignment 

issue is the angle and the distance between the SBVH and the CCD chip. Because no 

moving flexibility for both elements in this prototype, the alignment is done by recording 

the SBVH inside the prototype (i.e., align the recording setup with the prototype present 

and then record the hologram inside the prototype). However, this spectrometer prototype 

is not good for practical applications because the spectral bandwidth is only around 50 

nm which is limited by the size of the CCD chip (the active region is less than 3 mm in 

the dispersion direction). Moreover, the alignment between the hologram and the detector 

is still not perfect although a coarse alignment has been done during recording. Therefore, 

to make a working spectrometer prototype, the tuning capability of the position of 

elements and the quality of the detector are both critical. 

6.5.2. Slitless SBVH-based Spectrometer Prototype 

 Based on the experience of building prototype in Section 6.5.1, several 

improvements and modifications are made in the second prototype (which is a slitless 

SBVH-based spectrometer prototype) demonstrated in this section. The SBVH used in 

this prototype is recorded by using a new recording configuration shown in Figure 6.29. 

The main difference in this new recording setup compared to previous ones is the 

recording angle between two recording beams. As shown in Figure 6.29, the two 

recording beams are perpendicular with respect to each other. The purpose of making this 

modification is to have the diffracted beam and the transmitted beam well separated in 

the spectrometer system. Thus, the stray light from the transmitted beam can be 

minimized. 
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Figure 6.29. The schematics of recording setups for a spherical beam volume holographic 
spectrometer using Fourier transforming lens. The recording material is a sample of Aprilis 
photopolymer with thickness L = 400 µm. The spherical beam is formed by focusing a plane 
wave with a lens with focal length of f1 = 2.5 cm. The distance between the hologram and the 
point source is d = 2.5 cm. The angle between the plane wave direction and normal to the 
medium is θ  = 90∘. 
 

 The SBVH used in this prototype is recorded with f1 = d1 = 2.5 cm on a 400-µm-

thick Aprilis (2 cm × 2 cm small-cut) photopolymer. A doublet lens with the focal length 

of 2.5 cm is placed behind the hologram to perform the Fourier transformation. To have 

larger detection area and better signal-to-noise ratio, a Hamamatsu S3904-1024Q one-

dimensional detector array (with pixel size of 25µm) is used as the detection device in 

this prototype. The housing of the prototype is designed by using SolidWorks graphic 

software and is manufactured in GTRI with metal material. Figure 6.30 shows the 

exterior and the interior of this slitless SBVH-base spectrometer prototype. The size of 

the prototype is 7 cm × 5 cm × 5cm, which is mainly limited by the size of the circuit 

board of the detector array.  
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Figure 6.30. The picture of (a) exterior and (b) interior of the slitless SBVH-based spectrometer 
prototype. It is composed of three elements: a hologram (located at the input port behind the 
window), a Fourier transforming lens (located behind the hologram), and a detector array (located 
at the Fourier plane of the lens). The baffle inner structure is used to block the scattered light 
inside the prototype. The size of the prototype is around 7 cm × 5 cm × 5 cm.  
 

 The baffle inner structure shown in Figure 6.30(b) is used to block the scattered 

light inside the prototype. Moreover, the positions of all three elements are tunable that 

provides necessary freedoms of the alignment. 
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6.5.3. Stray Light Analysis in Volume Holographic Spectrometer Prototype 

 As the definition in conventional grating spectrometers, stray light is radiation of 

false wavelength which strikes a pixel. It might be cause by imperfection of the grating, 

dust, reflection of the spectrometer housing or errors of other optical elements. This 

parameter influences the precision of a spectroscopic measuring system in a decisive way. 

It can be measured in experiment by using a broad band light source passing through a 

long pass color filter as the input source for the spectrometer. The stray light S (which 

can be described in Equation (6.6)) is the ratio of the transmission in the blocked 

wavelength region below the filter edge IB to the transmission in the transmitted region IT. 

 %100×=
T

B

I
IS  (6.6) 

 In volume holographic spectrometers, the impact of the imperfection of the 

grating is not applicable because the quality of holograms is much higher and the 

scattering is much lower than a thin grating. Besides, volume holographic spectrometers 

use less optical elements which can minimize the chance of the error of the elements. If 

only consider these two points, the stray light of volume holographic spectrometers 

should be much better than conventional grating spectrometers. However, as shown in 

Figure 6.30, it is clear that there is a big window (usually close to the size of the 

hologram, which is around 3 cm2 in this prototype) at the input port in the volume 

holographic spectrometer. This is a big advantage because it will allow much more 

incident optical power and incident spatial modes passing into system which increasing 

the optical throughput. But it also raises a big problem because the reflection of 

spectrometer housing is much larger if the inner structure is not designed well. Therefore, 
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the reflection of spectrometer housing will be the main stray light source for volume 

holographic spectrometers.  

 To investigate this issue, a monochromatic light source is used as an input source 

to the volume holographic spectrometer. Figure 6.31 shows the output intensity 

corresponding to a monochromatic input source at wavelength of 560 nm (originated by a 

monochromator with the slit width of 1000 µm). Each curve in the figure represents 

different incident power, where I5 represents the highest input power and I1 represents 

the lowest input power. 

 

 

 

 

 

 

 
 
 
Figure 6.31. The output intensity of the volume holographic spectrometer corresponding to a 
monochromatic input source at wavelength of 560 nm. Each curve in the figure represents 
different incident power, where I5 represents the highest input power and I1 represents the lowest 
input power. 
 
 As shown in Figure 6.31, the intensity ratio of the peak value to the averaging 

noise level is around 2.4% and it is independent of incident intensity. Although it is not 

the stray light defined above, this value is a good reference to predict and investigate the 

source of the stray light in the system. For a typical commercial spectrometer, the stray 

light is in a range of 0.1%. Thus, 2.4% is already one order larger than the standard value. 

Moreover, this ratio becomes larger when more spectral components are allowed to get 
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(a) (b) 

into the spectrometer. Figure 6.32 shows the output intensity corresponding to two 

different monochromatic light sources generated by a monochromator with different slit 

widths. (Note that using larger slit width in the monochromator will generate the 

monochromatic light with more spectral components (or larger spectral bandwidth)). 

 

 

 

 

 

 

 
Figure 6.32. The output intensity corresponding to (a) the monochromatic input light originated 
from the monochromator with the slit width of 500 µm (b) the monochromatic input light 
originated from the monochromator with the slit width of 2500 µm. 
 

 By calculating the ratio for these two cases, it is shown that the ratio in Figure 

6.32(a) is 1.3% while the ratio in Figure 6.32(b) is 3.6%. Based on the results obtained in 

Figure 6.31 and Figure 6.32, it can be anticipated that the stray light measured by a broad 

band source and a long pass filter will be very bad for volume holographic spectrometers. 

The result of standard stray light measurement using a white light source (not really a 

broad band source) with a 600 nm long pass filter is shown in Figure 6.33. According to 

the definition of the stray light, the value is close to 80% for the volume holographic 

spectrometer because the reflection of the spectrometer housing is almost everywhere on 

the detector. As a result, to reduce the stray light to the industrial standard level, the 

design of the inner structure and/or the design of the holographic recording configuration 

are needed to be re-evaluated and further optimization is required. 
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Figure 6.33. The stray light measurement using a white light source with a 600 nm long pass filter. 
The solid curve refers to the output intensity without the long pass filter presents while the dashed 
curve refers to the output intensity with the long pass filter presents. 
 
 As a summary of this chapter, the spatial-spectral mapping method is first 

introduced to estimate the spectrum of unknown light sources using volume holographic 

spectrometers. The spectrum estimation for an Hg-Ar calibration light source is 

demonstrated using both slitless and lensless volume holographic spectrometers. The 

results are compatible to that obtained by commercial Ocean Optics USB2000 

spectrometer. The performance (including resolution, optical throughput, and acceptance 

angle) of the volume holographic spectrometer is evaluated in detail and some 

improvement ideas are proposed.  

 It is shown that resolution can be improved by recording the hologram in thicker 

holographic materials. The best record of the resolution for single hologram-based 

spectrometer is 1 nm which is obtained by recording the hologram in 2-mm-thick PTR 

doped glass materials. The resolution can be further reduce down to 1 Å by using FP-
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CBVH tandem spectrometer which is composed of a Fabry-Perot and a CBVH. It is also 

shown that the resolution throughput trade-off can be solved and the optical throughput 

can be improved by using shift and angular multiplexed holograms in the volume 

holographic spectrometer. Furthermore, the acceptance angle of the spectrometer can be 

increased considerably by recording surrounding multiplexed holograms for the volume 

holographic spectrometer. Finally, the prototype of lensless and slitless volume 

holographic spectrometer are developed and demonstrated, respectively. It is shown that 

the stray light is mainly due to the reflection of the spectrometer housing, and further 

design of the inner structure and/or the hologram are required to reduce the stray light 

down to the standard industrial level. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



 163

CHAPTER 7 

FUTURE DIRECTIONS AND APPLICATIONS 

 

 

 This thesis is focused on developing a new class of spectrometer for biological 

and environmental sensing applications. With appropriated design, several components 

(including entrance slit, collimation lens, thin gratings, and collection lens) in 

conventional spectrometers can be integrated into one volume hologram. Thus, the 

volume holographic spectrometer is more compact, low-cost, less sensitive to alignment, 

and potentially more sensitive. For many applications that portability, cost, alignment, 

and sensitivity are top concerns, this new technology provides revolutionary solution 

which can take the sensing instruments to the next level. For example, I will introduce in 

the following section that a compact, low-cost Raman spectroscopy sensor can be 

developed based on the technology established in this thesis. Moreover, the concepts and 

ideas illustrated in this thesis not only can be applied in sensor and spectrometer but also 

can be applied in general optical instrumentation. The lensless imaging system is one of 

the examples I will mention in this chapter. Furthermore, the research works presented in 

this thesis open a new research filed in spectrometer and sensor. With the existing 

knowledge and experience, the optimization of the volume hologram for specific sensing 

applications can be done easier by following a more efficient pathway. Finally, although 

the volume holographic spectrometers show a promising performance for diffuse source 

spectroscopy, there are still many problems and practical issues needed to be solved 

before making commercial products in the future. 
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7.1. Low Resolution Raman Spectroscopy System 

 A Raman system consists of laser, collection optics, and spectrometer subsystems 

as shown schematically in Figure 7.1. In the laser excitation subsystem, the output of the 

laser is bandpass filtered. Almost all the lasers have additional non-lasing emission lines 

that need to be optically filtered to reduce and eliminate the light power at the 

wavelengths other than the lasing wavelength. The bandpass filter has to be very sharp to 

pass the laser output and reject all the adjacent illuminations. Thin-film filters and 

holographic filters are the main filters that have the required specifications for such 

applications. The holographic filters have narrow band and can withstand higher power 

densities compared to the thin-film (dielectric) filters.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Components layout of a typical Raman system. 
 
 The collection optics collects and filters the scattering light from the sample.  The 

objective is to collect the scattered light as much as possible and pass all the collected 

light to the spectrometer. Different configurations based on reflective and refractive 

collection optics have been used in Raman systems. Another important role of this 

subsystem is to block the Rayleigh scattering light. Thin-film notch filters and 

holographic notch filters are the best candidates for this purpose, too. Since these filters 

are directional, the light scattered from the sample needs to be collimated and then 
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filtered as shown in Figure 7.1. After that, the filtered light is focused to the entrance slit 

of the spectrometer to obtain maximum coupling. 

The spectrometer subsystem can be implemented using different techniques. The 

main parameters for the successful operation of the spectrometer are resolution, 

throughput, and stray light rejection. The resolution is the minimum difference between 

the wavelengths of two adjacent peaks in the spectrum that can be resolved by the 

spectrometer. The resolution should be high enough to distinguish different Raman 

features in the spectrum of the scattered light. The resolution of the conventional 

spectrometers is mainly limited by the size of the input slit or aperture. The throughput of 

the system defines the amount of the light that can be usefully collected for measurement. 

The size of the slit and the numerical aperture (NA) of the input collection lens (or mirror) 

of the conventional spectrometer limits the throughput. The stray light is the unwanted 

interfering light at the location of desired signal measurement. Since each optical element 

is not ideal, a portion of the signal is reflected or scattered as it passes through the 

spectrometer. The imperfection of each optical element adds to the amount of the stray 

light in the system. It should be noted that the Raman signal is very weak (orders of 

magnitude weaker than the pump), thus, the stray light should be completely suppressed 

in the spectrometer. Therefore, the design of a spectrometer that can efficiently work with 

diffuse light, has a good resolution, and has very low stray light, is very important for 

Raman spectroscopy. 

The slitless volume holographic spectrometer developed in this thesis is more 

compact, low-cost, and less sensitive to alignment compared to conventional 

spectrometers. With a reasonable good resolution (~1 nm, shown in the Section 6.2.3) 
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and competitive performance for diffuse source spectroscopy, this new class of 

spectrometer is a perfect candidate to replace the conventional spectrometers in low 

resolution Raman spectroscopy system (LRRSs). The challenging part in construction of 

a Raman system based on this new technology is the complete alteration of the relation 

between the design parameters and the performance measures compared to that in the 

conventional systems. Therefore, the research should focus on discovering and utilizing 

this new relation and enabling basic improvements in the system that makes it very 

efficient for practical applications.  

To reduce the size and the cost of the LRRSs, special attention should be given to 

the sample excitation part. The proposed new LRRSs based on slitless volume 

holographic spectrometer are shown in Figure 7.2. A diode laser module will be used for 

the excitation. The operating wavelength will be in the near infrared region (at or around 

785 nm), where several low cost diode lasers with considerable power (100 mW and 

more) are available in the market from different vendors. Since the wavelength of the 

laser diodes varies with the temperature, the diode temperature should be controlled 

electronically with minimal variations. The output of the laser is filtered using a bandpass 

filter to eliminate the unwanted radiations in the wavelengths other than the lasing 

wavelength. Initially, a commercially available dielectric thin-film filter will be used to 

build a testbed for the Raman system. After filtering, the laser beam is deflected using a 

very small beam splitter (BS) that is located in front of the hologram (as shown in Figure 

7.2(a)). This beam splitter is small enough that it does not block the reflected Raman 

signal while it can deflect the laser and also block a portion of the reflected Rayleigh light 

from the sample.  
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Figure 7.2. Schematic of the proposed Raman system based on the slitless spectrometer using (a) 
a bandpass filter and a beam splitter (BS) and (b) a bandpass holographic filter (HF). The 
spherical beam volume hologram and the light absorber are marked as SBVH and LA, 
respectively. The distance between the lens and the CCD is equal to the focal length of the lens (f). 
The angle between the filter and the SBVH is γ. 

 

It should be noted that since a slitless volume holographic spectrometer is used in 

the proposed system, there is no need to focus the laser beam on a small spot (a few tens 

of microns as explained earlier) on the sample as it is required in conventional Raman 

systems. The spot size of the laser can be as large as 1 mm; therefore, more laser power 

can be delivered to the sample without damaging it to obtain more generated Raman 

power from the sample. The advantage in delivering higher laser power for measurement 

that can be obtained in the proposed system is very important in most sensing 

applications, in which the intensity should be limited to avoid damaging or affecting the 

sample. 

The sample excitation subsystem explained above (and shown In Figure 7.2(a)) 

will be used initially to investigate the performance of the other parts of the Raman 
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system. In addition to the initial sample excitation subsystem, it is also possible to replace 

the expensive thin-film filter and the beam splitter with an optimally designed volume 

holographic filter as shown in Figure 7.2(b). Successful development of such volume 

holographic filters will have a major effect in development of compact, low cost, and 

robust Raman spectrometer with comparable (and potentially better) performance 

compared to existing LRRSs.  

7.2. Lensless Imaging System 

Other than applying this new technology in existing spectroscopy system, its 

applications in other optical instrumentation are not trivial. One example is to use the 

lensless spectrometer technology developed in Chapter 4 to make a lensless imaging 

system.  

The imaging systems using volume holograms have been studied for several years 

[74-77]. However, the lenses are still essential and the imaging system is not compact. 

Therefore, there is a potential that an ultra compact lensless imaging system can be 

developed by using the lensless spectrometer technology. The hologram used in proposed 

lensless imaging system is recorded in a 500-µm-thick InPhase photopolymer using the 

recording setup in Figure 4.1(a) with d1 = 4.0 cm and d2 = 3.0 cm. This lensless imaging 

system is the same as the lensless spectrometer system shown in Figure 4.1(b). The CCD 

camera is placed at the location of the recording converging spherical beam. The only 

difference between the lensless imaging system and lensless spectroscopy system is that 

the object has to be located around the location of the recording diverging point source in 

the lensless imaging system (while this location is the bad area for the lensless 

spectroscopy system). For the initial demonstration, a monochromatic light with a 
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(a) (b) (c) 

wavelength of 532 nm illuminates through three objects respectively, and the output 

pattern is captured by the CCD camera. These testing objects are some small feature 

words (with font size of 2 in Microsoft Word) and chase boards produced by the inkjet 

printer on transparent slides. The images of these objects using proposed lensless imaging 

system are shown in Figure 7.3. 

 
 
 
 
 
 
 
 
 
 
Figure 7.3. The imaging of objects (a) “h” (b) “R” (c) Chase boards pattern with different feature 
sizes obtained by using lensless volume holographic imaging system.  
 
 From Figure 7.3, the image is observed as the reversed version of the object 

which is similar to the conventional imaging system. The clear image can be obtained by 

putting the object within several millimeter around the location of the recording diverging 

point source. The image becomes vague or even disappears while the object goes out of 

this region. The imaging quality in this initial demonstration can be considered good 

because the images of these objects can be clearly obtained on the CCD camera. 

Although this new imaging technology looks attractive, its performance is still far from 

the conventional imaging system and many problems are needed to be solved.   

 The first issue is that the size of the object which can be imaged is small and 

limited to the width of the diffracted crescent. Therefore, using a white light source 

(which is broad band source) to illuminate the object is the next thing needed to be tested. 

I will expect that a series crescents can be diffracted corresponding to each wavelength 
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component. Thus, the total imaging area can be considerably increased. Moreover, using 

multiplexed holograms may also be helpful to increase the total imaging area. The second 

issue is the image distortion. This problem mainly results from the curvature of the 

diffracted crescent. When the size of the object is small such as “h” and “R” (shown in 

Figure 7.3(a) and (b)), the image is formed around the center of the diffracted crescent 

(i.e., the region without curvature). Thus, the distortion is minimized in these two cases. 

However, when the size of the object is large (especially in the y-direction) such as the 

chase board pattern (shown in Figure 7.3(c)), the image is formed in the full range of the 

diffracted crescent. As a result, severe distortion is observed along the y-direction. 

Currently, I do not have any good idea to solve this problem but I believe that it should 

be resolved through the design of the optimal volume hologram.    

7.3. Optimization of the Holograms for Holographic Spectrometer and General 

Optical Instrumentation Applications 

 The volume hologram is the most important element in volume holographic 

spectrometers. As discussed in this thesis, the volume holograms used for the 

spectrometer system can be recorded by the interference pattern of plane waves and 

spherical beams (or cylindrical beams). More sophisticated holograms can also be 

recorded by using different multiplexing technique. Although the performance of the 

volume holographic spectrometers is competitive to conventional spectrometers, there are 

still plenty of things can be improved. However, those improvements may not be able to 

achieve using the holograms recorded by current simple recording configurations, and 

eventually an optimal hologram is needed to be developed and recorded by using 

diffractive optical element (DOE). With the knowledge and experience accumulated in 

this thesis, I believe that the optimization process (usually solving inverse problems) 

should not be very difficult. Once the optimization tool is established, customized 
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spectrometers for different requirements and applications can be made by using the 

corresponding optimal holograms. Moreover, a multi-functional spectrometer (or sensor) 

can also be developed by selecting and changing different holograms in the system (for 

example, this is just like changing different gratings in conventional monochromator to 

detect different spectral range). Finally, I believe that the volume holographic modules 

(e.g., using one volume hologram to perform the functions of slits, lenses, and gratings) 

developed in this thesis not only can be applied to make better sensor and spectrometer 

but also can be used to simplify the structure of general optical instrumentations such as 

laser systems or imaging systems. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 172

CHAPTER 8 

CONCLUSIONS 

 

 

 The main focus of this thesis has been on the development of a new class of 

spectrometer for biological and environmental sensing applications. To achieve this goal, 

spectral diversity filters (SDFs) are first demonstrated by using spherical beam volume 

holograms (SBVHs) successfully. A better output spectral diversity can be obtained by 

using more sophisticated volume holograms recorded via rotation multiplexing technique. 

To have better understanding of the holographic spectral diversity filter, a new approach 

for analyzing general holographic SDFs is proposed. It is shown that this method can 

predict the experimental results with good accuracy. Thus, this theoretical model is very 

useful for the design of the volume holograms for holographic spectrometers. However, a 

trade-off between the spectral diversity and the number of spatial modes of the reading 

beam is also observed. Although it is shown that an acceptable spectral diversity still can 

be obtained for transmission geometry SBVHs under the reading beam with 45º 

diverging angle, this trade-off is needed to be solved for making holographic 

spectrometers for diffuse source spectroscopy. 

 By adding a Fourier transforming lens behind the SBVH, the ambiguity problem 

is solved and a slitless volume holographic spectrometer is demonstrated for the first time. 

It is shown that this spectrometer is a good candidate for diffuse source spectroscopy. A 

complete analysis of the slitless spectrometer based on SBVHs is also established. The 

theoretical results agree well with the experimental data, indicating that the theoretical 

model is a reliable tool to analyze and design the hologram for the slitless spectrometer. 

Since three elements (the spatial filter (e.g., a narrow slit), collimator (e.g., a lens), and 

the thin grating) in the conventional spectrometer are integrated into one volume 
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hologram, this slitless holographic spectrometer is less bulky, low-cost, and less sensitive 

to input alignment compared to conventional spectrometers. 

 To make the volume holographic spectrometer more compact, a lensless 

spectrometer for diffuse source spectroscopy is successfully demonstrated using a SBVH 

recorded by one converging spherical beam and one diverging spherical beam. In 

particular, it is shown that all the optical components of the conventional spectrometer 

can be implemented in a single volume hologram that is designed properly for the 

spectrometer. It is also shown that the resolution of the spectrometer at different 

wavelengths is similar by choosing the tilt angle of the CCD camera appropriately. Since 

only a hologram and a CCD camera are required for this spectrometer, it is ultra compact 

and inexpensive with less alignment sensitivity compared to the conventional 

spectrometers. Finally, since any sophisticated hologram with desired properties can be 

recorded without adding complexity to the spectrometer (i.e., a hologram and a CCD 

camera), this lensless spectrometer can be used for designing special purpose 

spectrometers with considerable design flexibility. 

 Moreover, a new platform for designing slitless holographic spectrometers with 

considerable design flexibility using CBVHs is demonstrated. It is shown that the spectral 

contents of an arbitrary beam (collimated or diffuse) can be successfully mapped into 

different spatial locations along one direction using a CBVH. The CBVH can provide the 

spectral diversity in one direction (i.e., the dispersion direction) without affecting the 

beam in the normal direction (i.e., the degenerate direction). Thus, independent 

functionalities can be added to the CBVH spectrometer by designing the system to 

manipulate the beam in the second direction. For example, the operating spectral 

bandwidth of the spectrometer can be considerably increased using several spatially 

multiplexed CBVHs. However, it is also shown that the implementation of true lensless 

spectrometer based on spatially multiplexed CBVHs is not straight forward. Thus, using 
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at least one cylindrical lens in this type of spectrometer may be more practical for diffuse 

source spectroscopy. 

 Furthermore, the spectrum estimation method (spatial-spectral mapping) is 

established and the spectrum estimation for an unknown light source (e.g., a Hg-Ar 

calibration lamp) is demonstrated. It is shown that the accuracy of the volume 

holographic spectrometer is compatible to the commercial Ocean Optics USB2000 

spectrometer. It is also shown that the resolution of the volume holographic spectrometer 

can be improved to 1 nm by using 2-mm-thick PTR doped glass material to record the 

hologram. The resolution can be further improved down to 0.1 nm by combining a Fabry-

Perot with a CBVH. On the other hand, it is shown that the optical throughput can be 

improved by recording shift multiplexed holograms and angular multiplexed holograms. 

The resolution throughput trade-off can be solved by recording multiplexed holograms in 

thicker holographic materials. Moreover, it is also shown that the acceptance angle of the 

spectrometer can be considerably increased by recording surrounding multiplexed 

holograms. Finally, to investigate more practical issues, two holographic spectrometer 

prototypes are developed. However, due to the reflection of the spectrometer housing, the 

stray light of the spectrometer is huge. This practical issue deserves further design of the 

inner structure of the housing and/or design of the hologram. 

 With the excellent design flexibility of the volume hologram, it is possible to 

design optimal spectrometer by simply recording an optimal volume hologram, which 

does not add the hardware complexity of the spectrometer. By using the technology 

developed in this thesis, the structure of several conventional optical instruments such as 

low resolution Raman spectroscopy system and imaging system can be further simplify 

(i.e., becomes more compact, low-cost, and less sensitive to alignment) without 

sacrificing their performance.    

A brief summary of main contributions of this research follows: 

• Development of holographic spectral diversity filters for spectrometers. 
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• Development of the slitless volume holographic spectrometer. 

• Development of the lensless and slitless volume holographic spectrometer. 

• Development of new platform of the slitless volume holographic spectrometer 

based on cylindrical beam volume holograms. This enables the two-dimensional 

coded output pattern design capability in holographic spectrometers. 

• Solving the resolution-throughput trade-off using shift and angular multiplexed 

holograms in holographic spectrometers. 

• Solving the resolution-spectral bandwidth trade-off using surrounding 

multiplexed holograms in holographic spectrometers. 

• The volume holographic modules (e.g., using one volume hologram to perform 

the functionalities of slits, lenses, and gratings) developed in this thesis open the 

avenue to further simplify the structure of general optical instrumentations such as 

sensor systems, laser systems, and imaging systems. 
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