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Holography is a broad field of research that interacts with a wide range of disciplines, from physics and chemistry to 
art through engineering, as shown by the large number of publications that can be found on the subject. Holography is 
integrated into our daily lives, often associated with the rainbow-like effect on banknotes, credit cards, and ID cards. Let 
us also consider that holography involves many optical phenomena (coherence, diffraction, interference, analogue and 
digital recording devices, lasers, materials, etc.). Therefore, holography is an extraordinarily productive and attractive 
field as a research area. Furthermore, holographic devices facilitate the development of many applications, some of 
which are reviewed in the present paper.  © Anita Publications. All rights reserved.

Keywords: Holography, Hologram, Holography Applications

“Today across the globe holography is a very active area of research. There is simply no way to even 
briefly outline the breadth of research and engineering activity inspired by Gabor’s wonderful inven-
tion. Gabor would recognize the dilemma having himself been inspired by his fellow Nobel Laureates 
Lippmann, the Braggs, Raman (and many others), whose work his own complements. While Gabor 
foresaw some promising applications, no one could have anticipated how holography would develop 
and how it could be used to address so many technical problems. We can only wonder at what is yet 
to come.”                                                                                                     John T Sheridan (1964-2022)

1 Introduction   

 The year 2023 marks the 75th anniversary of the publication of Dennis Gabor’s paper entitled “A 
new microscopic principle” [1]. This short article -just over one page- appeared in Nature on 15 May 1948 
and is the first published article on holography. In those years, Dennis Gabor (1900-1979) [2-6], a Hungarian 
engineer based in England, was working on improving the quality of the images obtained with the electron 
microscope, as the systems were imperfect. Its limitation was related to the spherical aberration of the 
microscopes’ magnetic lenses. Gabor wondered how to improve these images and asked himself: “Why not 
take a bad electronic picture, but one that contains the whole information, and correct it by optical methods?” 
[7]. The answer to this question occurred to him while he was waiting for a tennis court on an Easter day 
in 1947 [8] and was to consider a two-step process called registration and reconstruction. Holography had 
just been born. However, the original idea of Dennis Gabor would have remained a white elephant [9], a 
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superfluous object without any application, had it not been for the contributions of Yuri Denisyuk (1927-
2006) in the former Soviet Union and mainly Emmett Leith (1927-2006) and Juris Upatnieks (1934-) in 
the United States [3]. It was only with the invention of the laser −one of the most important and versatile 
scientific instruments of all time− in 1960 and its commercialisation in 1962 that holography proved to be a 
very productive and attractive field of research. Gabor was awarded the Nobel Prize in Physics in 1971 “for 
his invention and development of the holographic method”. 
 Over the last seventy-five years, the many applications of holography in many different scientific 
and technical areas have given rise to “hot topics” [10-12]. The basic principles involved in hologram re-
cording and reconstruction continue to give rise to exciting innovations in a wide range of areas: three-di-
mensional imaging, holographic interferometry, pattern recognition, image processing, holographic portraits, 
communications, optical elements, head-up displays, acoustic holography, particle detection, optical storage, 
solar energy conversion, optical encoding, digital holography, security, packaging, sensing, etc.

2 What is a hologram?

 Photography is the traditional way of producing and storing permanent images of objects that emit 
or diffuse light. The first photographic images in history were made two centuries ago by Joseph-Nicéphore 
Niépce (1765-1833), although Louis Daguerre (1787-1851) perfected Niépce’s method from 1839 onwards. 
It is well known that the three-dimensional character of the photographed object is lost in a photograph 
because what we see on paper or on a computer screen is a two-dimensional version of a three-dimensional 
object. However, as mentioned above, Gabor’s research initiated in 1947 led to the birth of a technique for 
storing images in three dimensions, holography, whose development and applications continue today.
 But, what is a hologram? To a physicist a hologram is the recording of the interaction of two coher-
ent waves in the form of a microscopic pattern of interference fringes on a suitable photosensitive medium. 
To a layman, but well-informed physicist, it is a photographic film or plate of other photosensitive mate-
rial that has been exposed to laser light and processed in such a way that when conveniently illuminated it 
produces a three-dimensional image [13]. For someone who is less informed, holography is a kind of three-
dimensional photography. However, photography and holography produce the image in a completely differ-
ent way, and it is not possible to describe in the same terms how the two types of images, photographic and 
holographic, are formed. It is easy to show how the objective lens of a camera forms the image of an object on 
the CCD sensor by simply using ray tracing and basic concepts of geometrical optics. To record this image, 
photographic cameras initially used photosensitive emulsions, although digital CCD sensors have been used 
for some years now. 
 Because the photographic technique has been known for so long, we are used to seeing the three-
dimensional world compressed into the two-dimensionality of a photo album page, a magazine or the cinema 
or television screen. They all share the limitation of being only representations of the intensity of light waves. 
In other words, when the image of a scene is reproduced photographically, what is finally observed is not a 
precise reproduction of the light wave that flooded the object, characterised by its amplitude and phase, but 
rather a point-by-point recording of the square of the amplitude of this wave. The light reflected in a pho-
tograph carries with it information about the amplitude, but nothing about the phase of the wave that came 
from the original object. However, if both the amplitude and phase of the original wave could somehow be 
reconstructed, the resulting wave would be indistinguishable from the original. This is easy to understand if 
we consider that when we look at an object, what comes to our eyes is the wave emitted or diffused by the 
object. Therefore, if we somehow managed to reproduce that wave, and it reached our eyes, it would appear 
to us as coming from the original object. We would then be able to see the image formed in perfect three-
dimensionality, exactly as if the object were actually in front of us. 
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 This is what can be achieved by holography, a method of obtaining three-dimensional images, 
which consists of two stages called recording and reconstruction. The registration process stores the informa-
tion in certain photosensitive materials, in the form of an interference pattern, in order to later reconstruct a 
wavefront almost identical to the one that gave rise to that information. The impressed and processed photo-
sensitive material, the carrier of this information, constitutes the hologram, from the Greek “holos” meaning 
totality. A fundamental difference with photography is that now, instead of storing the two-dimensional image 
of the object, sufficient information is stored to be able to reproduce the object wave itself. It is as if with 
holography it is possible to “freeze” the wave from the object and then “set it in motion again”. In this sense 
a hologram is like a “window with memory” [14].

(a)

(b)

Fig 1. (a) Recording and (b) reconstruction of a transmission off-axis hologram from a diffusing 
object (Leith and Upatnieks’ hologram).  Looking through the hologram we can see a virtual image 
of the three-dimensional object, giving a sense of relief. Credits: A Beléndez.



A4 Augusto Beléndez et al

The production of a hologram requires the recording and reconstruction of light waves and a hologram 
is said to contain the encoded recording of an object wave. To explain the formation of the holographic 
image it is necessary to resort to the concepts of interference and diffraction, both of which are characteristic 
of wave phenomena. In the recording stage, the wave emitted or diffused by an object is interfered with 
a known reference wave (Fig 1). The “holographic code” consists of “mixing” the object wave with the 
reference wave and recording its interferential pattern on a photosensitive material such as photographic 
film, resulting in the hologram [11]. The hologram contains encoded information on both the amplitude and 
phase of the object wave. To decode the information stored in the hologram and thus reconstruct a replica of 
the original object wave, in the reconstruction stage the hologram is illuminated with a wave analogous to 
the reference wave used in the recording stage. This wave is diffracted by the complex fringe structure stored 
in the hologram, generating an image wave with similar characteristics to the original object wave. Thus, if 
you look through the hologram, you will see a three-dimensional image of the object, even if it is no longer 
there, because its wave is available and it is this that reaches your eyes. This reconstructed image wavefront 
is virtually indistinguishable from the original wave from the object and can produce all the visual effects of 
the primitive beam.

 For interference to occur, the light must be coherent like a laser. In the simplest hologram (Fig 2), 
both the object and reference waves are plane waves. If the angle between the directions of propagation of 
the two plane waves is 40º, and the light comes from a He-Ne laser whose wavelength is 633 nm, the dis-
tance stored between the interference fringes is 0.001 mm. This means that there are a thousand fringes for 
every millimetre of the hologram’s surface. To successfully store this number of fringes per millimetre, the 
photosensitive material must have a high enough resolution. Furthermore, it is essential to ensure that the 
experimental system is not subjected to any vibration during hologram recording. All these requirements 
have conditioned the advancement of holography in two areas. On the one hand the provision of sufficiently 
coherent light sources and on the other the development of new recording materials to produce holograms. 
[15]. The development of the laser from 1960 onwards solved the first of these difficulties while using differ-
ent photosensitive materials suitable for hologram recording overcame the second. As a result, holography 
and its countless applications have been developed.

Fig 2. Transmission holographic recording stage using a He-Ne laser. Credits: A Beléndez.

The hologram shown in Fig 1 is called a transmission hologram. Its distinguishing feature is that the 
reference and object beams are located on the same side of the photosensitive material plate. To record and 
reconstruct this type of hologram, laser light must be used, which forms a real and a virtual image at the site 
of the original object. The object can be seen in three dimensions by looking through the hologram. Another 
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type of hologram is the reflection hologram (Fig 3), which was first developed by Yuri Denisyuk in 1962 [3].

(a)                                                                                    (b)

Fig 3. (a) Recording and (b) reconstruction of a reflection hologram (Denisyuk’s hologram) using a mercury lamp 
and white light, respectively. Credits: A Beléndez. 

In this case, the object and reference beams are each incident on one side of the photosensitive plate. 
After passing through the plate, the light wave is reflected by the object and interferes with the incident 
wave, giving rise to a standing wave pattern that can be recorded on the photographic plate. This plate, once 
developed, is illuminated with white light, and the object appears in its original position and in the colour of 
the light used in the recording. This type of hologram, the reflection hologram, played a significant role in 
the future evolution of holography, and it is the technique commonly used for recording holograms of three-
dimensional objects (Fig 4).

Fig 4. Reflection hologram of an ancient camera. Deutsches Museum (Munich). Credits: A Beléndez.

3 What can be achieved with holography?

Although reconstructing a three-dimensional image, which appears to be in perfect relief, is undoubt-
edly one of the most spectacular and well-known achievements of holography, many other applications exist 
in very diverse fields. One of the first scientific and technological applications of holography was holographic 
interferometry, a compelling non-destructive analysis method. This technique was discovered accidentally by 
Kart Stetson and Robert Powell in December 1964 [16], although Leith and Upatnieks had already realised 
the possibilities of holography in interferometry at the end of 1963. Using this technique, it was possible 
to visualize the vibratory modes of musical instruments, study the deformation of objects under tension or 
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analyze the temperature distribution, for example that which occurs inside a light bulb. Along the lines that 
appear on the interferogram of the image, the temperature was constant. This technique may be applied to 
study transport phenomena, visualise fluid flow, measure components in hostile or corrosive environments 
and perform non-destructive testing. It may even be applied in other fields, such as orthopaedics, to study 
bone deformations and prostheses or in studies concerning the conservation and restoration of works of art. 
Figure 5 shows a real-time holographic interferometric study of the temperature distribution inside a light 
bulb. Along the lines shown in the interferogram, the temperature is constant.

Fig 5. Study by means of holographic interferometry of the temperature distribution inside a light 
bulb. Credits: University of Alicante (1984).

 Analysis of microscopic particles distributed in a specific volume is another field in which holog-
raphy has proven very useful [17]. In this case, both on-axis and off-axis configurations may be used, and 
a pulse laser is usually employed. This technique allows us to analyze the size, position, displacement and 
speed of the particles [18] and allows us to study everything from aerosols to systems such as marine plank-
ton. It has even been used to analyse the dynamics of microscopic particles and growth of crystals in condi-
tions of microgravity in experiments carried out on board the Space Shuttle Discovery in the mid-1990s [19], 
in which over a thousand holograms were recorded, thereby providing a true “virtual” space laboratory on 
Earth.  
 Holographic techniques are used to manufacture holographic optical elements (HOE) such as         
diffraction gratings, mirrors and other more complex devices [20] such as optical fibre interconnectors [21] 
or solar concentrators [22,23] using holographic mirrors or lenses (Fig 6). Then there are holographic scan-
ners [24] used to read bar codes, which consist of a disk divided into sectors, each of which is a holographic 
lens that deflects the incident light in a specific direction (Fig 7).
 HOEs can also be found in holographic displays, known as head-up displays (HUD) [25]. In these 
systems, the HOEs allow the observer to see an image with an infinite amount of information displayed on a 
screen and superimpose it on the outside scene. HUDs have been incorporated in fighter-pilot helmets and in-
side aircrafts. This technology has crossed the border from military to civilian applications, and HUDs can be 
found in other types of aircraft and even in some cars. In the latter case, these devices – known as automotive 
head-up displays [26] – allow the driver to see information such as the speed of the vehicle on the windshield 
without having to take their eyes off the road. 
 HOE can also be found in optical information processing devices, laser beam focusers in CDs and 
DVD player heads, and systems to correct aberrations of conventional lenses such as those in telescopes, 
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laser protective glasses, etc. [20].

Fig 6. HOEs used as fibre optic interconnectors using both holographic lenses and mirrors (left) and solar concen-
trators (right). Credits: A Beléndez.

 Another vital application of HOEs is in the field of astronomy. For example, Volume Phase Ho-
lographic Gratings (VPHGs) are dispersing elements widely used in astronomical spectrographs. They are 
considered the baseline for future instruments thanks to their high efficiency and easy efficiency customisa-
tion [27].

Fig 7. HOE used in the 1990s as scanner for barcode reading. Credits: A Beléndez.

Currently, technologies related to augmented reality, 3D imaging, mixed reality and see-through appli-
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cations are proving to have great potential as well as being very attractive. For example, augmented reality allows 
users to observe computer-generated virtual perceptions in real-world environments, and HOEs can provide 
exciting solutions for injecting and extracting images into waveguides that are part of see-through devices [28]. 

 The possibilities that offer HOEs for photovoltaic and see-through display applications open new 
possibilities for holographic recording materials. In this sense, some specific characteristics are required for 
each particular application. Waveguides are one of the key elements for these applications, and photopoly-
mers are one of the most competitive candidates for waveguide fabrication [29,30].
 Neutron optics experiments and neutron spectroscopy are critical techniques for condensed matter 
physics as well as fundamental physics, and HOEs have been fabricated for use with neutron beams [31,32].
HOEs can also be applied to multiplex and de-multiplex signals, implement permutations and perform 
shuffling. In addition, the use of Spatial Light Modulators (SLMs) and Micro-Electro-Mechanical Systems 
(MEMs) has opened the door to programmable illumination in imaging systems, adaptive neural networks 
that learn and can be trained [33]. 
 Computer-generated holograms (CGH) can also be produced, in which the interference pattern is 
calculated with a computer and projected onto the surface of the hologram using, for example, an SLM. The 
possibility of producing smaller pixels has increased the quality and possibilities of these holograms. CGHs 
allow the possibilities of classical holography to be generalised and were first produced in 1966 by Lohm-
ann and Paris [34]. Adolf Lohmann, one of the first who had become interested in Gabor’s technique in the 
1950s, had been working since the early 1960s in the Optical Signal Processing Department of IBM in San 
Jose, California (USA), and was the only member of the team who had a deep knowledge of optics, both 
theoretical and experimental, as well as of computer programming [2]. It is important to note that in a CGH, 
it is not necessary for the object, from which the hologram is made, to have a real existence. Any object can 
be defined by giving the coordinates and intensities of its points, and the hologram obtained allows the object 
to be visualized in three dimensions. It is possible to create geometric figures in space or to represent objects 
in the process of being manufactured without having to build models. These holograms also provide original 
solutions for optical filtering procedures, information storage and, in general, optical information processing.
Further, these holograms are just one part of a broader field known as digital holography [35]. 

Fig 8. Hologram on a 5-euro banknote. Credits: Wikipedia.

 In our society, dominated by information technologies, using holography to store information is cur-
rently one of its most exciting applications [36]. Multiplexing allows a large number of holograms to be re-
corded on the same plate, and the individual holograms are subsequently recovered [37]. This is the principle 
of holographic memories in which a great amount of information may be stored in a small space. However, the 
greatest technical difficulties in implementing this technique concerned finding suitable recording material.
 Security hologram [38] is the most commercially significant application of holography (Fig 8). 



Holography: more than three-dimensional images A9

 

The technical difficulty of making holograms and the fact that only complex and sophisticated means can 
mass-produce copies of an original hologram have made holography suitable for security systems such as 
those used for credit cards, banknotes, identity cards or labels on commercial products, including some 
pharmaceutical products marketed in Southeast Asia, where the sale of illegal medicines is widespread [39]. 
In all these cases, the use of holograms is intended to prevent or at least make it much more challenging 
to counterfeit [40]. Holographic methods are also starting to be used for fingerprint authentication [41].

In 2014, a paper was published in Advanced Optical Materials [42] that demonstrated the possibility 
of using holographic sensors based on the properties of reflection holograms, in particular Bragg’s law, since 
when illuminated with white light, the colour of the reflected light depends on variations in the thickness of 
the hologram as the separation between the stored interference fringes changes. This type of sensor has been 
proposed for applications such as pH measurement and even medical diagnostics. Nowadays, the develop-
ment of holographic biosensors for biomedical applications is an emerging application in the field of holog-
raphy [43]. Recent studies show the possibility of using holographic gratings as sensors with high sensitivity, 
easy manufacturing, low cost, disposable, and easy to market [4]. 

The principle of holography is also applied to longitudinal waves, such as acoustic waves, giving rise 
to acoustic holography [45]. In this case, two sound waves are interfered with to realise the acoustic holo-
gram, while laser light is used to illuminate this hologram and obtain a recognisable image. 

It is also possible to obtain holographic portraits. The first was taken on Halloween night, 1967, and 
was a self-portrait of Lawrence Siebert [46] of the Conductron Company in Ann Arbor, Michigan (USA). 
Making holograms of people presents two significant problems. Firstly, people should be completely still 
during the exposure. Secondly, people tend to close their eyes when exposed to the laser light. Even if the 
person tries to be completely still, they cannot stop breathing, their muscles are not stiff, and their heart is 
still beating. Breathing, muscle movement and heartbeat give rise to movements that prevent the creation of a 
hologram with continuous lasers, Siebert solved this problem using pulsed lasers whose short light pulses last 
only a few nanoseconds. By using such lasers, holographic portraits are possible, as the alteration of the scene 
to be recorded is practically nil for the duration of the pulse. A historical holographic portrait is the transmis-
sion hologram of Dennis Gabor, made in 1971 to celebrate the awarding of the Nobel Prize in Physics [47].

 Museums have used holography to substitute particular valuable, delicate objects with holograms 
[48]. This was the case of Lindow Man, Iron Age man, a mummy over 2,300 years old found in Cheshire 
(England) in 1984. The Lindow Man hologram is a white light reflection hologram made by Richmond Ho-
lographic Studios Ltd. in 1987. The original is kept at constant temperature and humidity in a vault in the 
British Museum in London. In contrast, a hologram of the mummy was made and exhibited so that it could 
be seen by the general public and studied by various researchers. Making holograms of valuable pieces al-
lows the latter to be viewed in places other than where they are actually kept. Denisyuk-type holograms were 
used in the former Soviet Union and other countries within the framework of a vast programme of collabora-
tion between physicists and museologists to conserve works of art considered archaeological treasures. The 
Denisyuk technique often substitutes the original objects with holograms in travelling exhibitions. In 1984, a 
series of holograms reflecting the Tesoro de Villena (Fig 9) were recorded at the University of Alicante, and 
holograms of this type have been used in several countries for the conservation of works of art considered 
archaeological treasures through a vast programme of collaboration between physicists and museologists.  
 The problem with transmission holograms recorded with the light of a single laser is that when re-
constructed, they appear in that colour. The same happens for reflection holograms when they are recorded 
using a single laser. When reconstructing the holograms with white light, the image appears in the colour of 
the laser light used during the recording stage. However, colour holograms can be obtained by using three 
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Fig 9. Reflection holograms of the Treasure of Villena made by J A Quintana at the University of Alicante (Spain) in 
1984. Credits: A Beléndez.

 lasers with wavelengths in the areas of the three primary colours (Fig 10) [49], Denisyuk’s technique 
allows the recording and reconstruction of colour images with an unthinkable quality. The fidelity in the re-
production of shapes, colours and brightness is so spectacular that it is difficult to tell whether what one sees 
is the object itself behind a glass window or a holographic reproduction [50]. 

 The problem with transmission holograms recorded with the light of a single laser is that when re-
constructed, they appear in that colour. The same happens for reflection holograms when they are recorded 
using a single laser. When reconstructing the holograms with white light, the image appears in the colour of 
the laser light used during the recording stage. However, colour holograms can be obtained by using three 
lasers with wavelengths in the areas of the three primary colours (Fig 10) [49], Denisyuk’s technique allows 
the recording and reconstruction of colour images with an unthinkable quality. The fidelity in the reproduc-
tion of shapes, colours and brightness is so spectacular that it is difficult to tell whether what one sees is the 
object itself behind a glass window or a holographic reproduction [50]. 

Fig 10. Recording of a colour reflection hologram using three lasers [50]. Credits: A Beléndez. 

 Recording material plays a critical role in enabling the development of new applications of holog-
raphy. Fully understanding and characterizing holographic recording materials as well as the optoelectronic 
systems and devices used in holography provides improvements in both the development and commercializa-
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tion of modern technology related to holography [5]. It is clear, therefore, that the recording medium plays 
an essential role in holography, and numerous recording materials have been tested, used and evaluated as 
recording media for the manufacturing of different types of holograms. A large body of literature describes 
holographic recording materials and their development according to the wide variety of applications in which 
the materials are to be used [15,51,52]. These recording materials include photographic emulsions, pho-
toresists, dichromate gelatin, photochromics, photorefractive crystals, thermoplastics, photorefractive and 
thermoplastic crystals, photopolymers, etc. However, in many holographic applications, photopolymers are 
preferred because of being self-development along with a high resolution [53]. Photopolymers have proven 
to be useful for different holographic applications such as holographic data storage, HOEs or holographic 
sensors [43,54,55], and some commercial photopolymers such as Bayfol® HX films (Covestro AG, Leverku-
sen, Germany) [56] are being used with great success in numerous holographic applications.

4 Holography: art with light

“It’s the intersection of art, science, and technology that makes holography so interesting”, [57] stated 
Stephen Benton (1941-2003), a key figure in the development of modern holography not only on account of 
his scientific achievements (such as the holograms on credit cards) but also for his artistic talent. In addition 
to countless scientific and technological applications, holography is one of the few scientific fields that have 
provided a medium for art. Stephen Benton first saw a hologram in 1964 and since then he always said that 
it was the most fantastic thing he had ever seen in his life.

 In 1966 Leith and Upatnieks made a hologram in collaboration with the photographer and artist 
Fritz Goro (1901-1968) for the journal Life, and in 1968 the article “Holography: A New Scientific Technique 
of Possible Use to Artists” [58] was published in the journal Leonardo. This article discussed the possibility 
of using holography as a new art form, and several artists began to experiment in this field. One of the most 
important was the artist Margaret Benyon (1940-2016) [59], who made her first hologram in 1968. Also in 
that year, the first exhibition of artistic holography was held in Michigan –the world centre of holography at 
that time– and the second in New York in 1970. In 1971 a school of holography opened in San Francisco, 
where scientists, engineers and artists could learn this new technique. Holography thus became an unusual 
example of a scientific field whose development involved groups of people from very different backgrounds. 
Anybody who has seen a hologram will agree that holography is one of the most interesting revolutionary 
techniques for creating three-dimensional images and its capacity to fascinate is unquestionable. As opposed 
to the static, constant nature of paintings or photography, holography implies movement of the observer and 
variation of the image since different angles of vision are produced during the dynamic perception of a holo-
graphic image (Fig 11).

Fig 11. Views from different angles of the image reconstructed by a hologram, showing changes in perspec-
tive. The hologram is on display at the Deutsches Museum (Munich). Credits: A Beléndez.
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 Salvador Dalí (1904-1989), surrealist artist and eccentric genius, also dabbled into holography as a 
medium for his art. Between 1971 and 1976 Salvador Dalí and the South-African artist Selwyn Lyssack [60] 
collaborated to produce seven holograms. The artists received technical assistance from Conductron Engi-
neers to produce holograms with pulsed laser and the Multiplex Company to make holographic stereograms 
[2]. Dalí exhibited his holograms in the Knoedler Gallery in New York in 1972 and 1973 and Gabor himself 
attended [2]. One of the holograms made in 1973 was entitled “Brain of Alice Cooper” and was a holographic 
stereogram of Alice Cooper, hard rock and heavy metal singer, a true rock icon, born in 1948 [2]. Another of 
the holograms conceived by Dalí in 1975 entitled “Melting clock” was not actually made up until 2003 when 
Selwyn Lyssack did so from Dalí’s original sketch. Both Dalí’s sketch and the hologram were auctioned in 
2014 at Sotheby’s. The auction estimate for the lot was between 100,000 and 150,000 US dollars. In fact it 
was sold for 269,000 US dollars.
  The Swedish painter and sculptor Carl Fredrik Reuterswärd (1934-) is another established artist 
who entered the world of lasers and holography [61]. He began to study the possibilities of holography as an 
art form in 1969 and received technical assistance from scientists at the University of Uppsala, Sweden, and 
the Royal Institute of Technology (RIT) in Stockholm, Sweden, such as Hans Bjelkhagen [62]. Like Dalí, 
Reuterswärd also made several truly unique holograms. "Kilroy" was the main work of this artist, which is 
composed of several individual holograms titled “The Hand”, “The Seal”, “The Dog's Bone” or “The Heart”. 
Another example is a reflection hologram entitled “Cross Reference” in which Reuterswärd poses as none 
other than Dalí himself.
 Between 2004 and 2005, the Japanese artist Hiro Yamagata exhibited his work entitled “Quantum 
Field-X3” outside the Guggenheim Museum in Bilbao (Spain) [63]. It consisted of two huge structures cov-
ered with holographic panels, onto which laser beams were projected to create a vibrant composition. Visitors 
entering the structures were given a stunning experience of light and colour that their unaided senses would 
find almost impossible to perceive. Overcoming the natural limits of human perception, the hologram made 
light beams give rise to a fascinating play of light and shapes.
 In summary, holography is of undeniable interest as one of the most revolutionary techniques for 
creating three-dimensional images, and its enormous capacity for attraction-fascination. Holographic space 
involves the movement of the viewer, which gives rise to a variation in the image that the viewer perceives, 
since different viewing angles occur in the dynamic perception of the holographic image.

5 Conclusions

 Although the reconstruction of a three-dimensional image giving the sensation of relief is undoubt-
edly one of the most spectacular and well-known achievements of holography, there are many other applica-
tions in very different fields. The manufacturing of security holograms has become a big business. This type 
of holograms can be found on credit cards, bank notes, and there are even holograms on the labels of certain 
products, such as sports clothing. All this is to guarantee the authenticity of the products and distinguish them 
from imitations. Holographic interferometry is a technique applied in many different areas. Holographic 
optical elements are used in a wide variety of optical systems, and holography is also used for optical infor-
mation storage and the manufacturing of sensors. Holography has given rise to many applications and has 
provided techniques that can be used in almost any area of pure or applied research. It is, therefore, difficult 
to find a scientific or technical field in which holographic methods cannot be applied and it is difficult to find 
a research activity in which holographic techniques are not used for some of its developments, including such 
seemingly distant areas as archaeology or palaeontology. Finally, it should be noted that holography could 
be applied using a large part of the electromagnetic spectrum, from microwave and radar imaging, through 
infrared, visible spectrum and ultraviolet radiation, to X-rays. Electron or neutron beams and even sound 
waves can also be used to record holograms.
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 There is no better way to end this brief overview of some applications of holography, in memory of 
our colleague and friend John (Séan) T Sheridan, than with some words of the holographic pioneer Emmett 
Leith, who in 1986 stated [64]: “Holography by itself is somewhat narrow field, but combine it with others 
and it makes an area big enough to spend a lifetime in.” 

Acknowledgments

 This work was supported by the Generalitat Valenciana of Spain (projects PROMETEO/2021/006, 
IDIFEDER/2021/014, potential FEDER funding, and INVES/2022/419, financed by Next Generation EU), 
and by the Ministerio de Ciencia e Innovación of Spain (projects PID2019-106601RB-I00 and PID2021-
123124OB-I00).

References
 1. Gabor D, A new microscopic principle, Nature, 161(1948)777–778.
 2. Johnston S F, Holographic Visions. A History of New Science, (Oxford University Press, Oxford), 2006.
 3. Beléndez A, Sheridan J T, Pascual I, Creating holography: 75th anniversary of Gabor’s invention, Asian J Phys, 

31(2022)651–662.
 4. Beléndez A, Sheridan J T, Pascual I, Holography: 50th anniversary of Dennis Gabor’s Nobel Prize: Part I. A 

historical perspective, Proc SPIE, 12297(2022)122970O; doi.org/10.1117/12.2635525.
 5. Beléndez A, Sheridan J T, Pascual I, Celebrating holography anniversaries: a historical perspective, Proc SPIE, 

12151(2022)1215102; doi: 10.1117/12.2626920.
 6. Beléndez A, Where is the train?: An approximation to the origins of holography, (in Spanish), Opt Pura Apl, 40 

(2007)281–288.
 7. Dennis Gabor – Nobel Lecture. NobelPrize.org. Nobel Prize Outreach AB 2022. Fri. 21 Jan 2022. <https://www.

nobelprize.org/prizes/physics/1971/gabor/lecture/>
 8. Benton S, doi: 10.1117/12.2626920 Holography Reinvented” in The Art and Science of Holography. A Tribute to 

Emmett Leith and Yuri Denisyuk, Caulfield HJ, Ed. (SPIE Press, Bellingham) 2003, p1.
 9. Johnston S F, “From white elephant to Nobel Prize: Dennis’ Gabor wavefront reconstruction”, Hist Stud Phys Biol, 

36(2005)35–70.
 10. Sheridan J T, Kostuk R K, Gil A F, Wang Y, Lu W, Zhong H, Tomita Y, Neipp C, Francés J,  Gallego S, Pascual 

I, Marinova V,  Lin S-H,  Hsu K-Y, Bruder F, Hansen S,  Manecke C,  Meisenheimer R,  Rewitz C,  Rölle T, 
Odinokov S, Matoba O, Kumar M, Quan X, Awatsuji Y, Wachulak P W,  Gorelaya A V, Sevryugin A A, Shalymov 
E V,  Venediktov V Y, Chmelik R, Ferrara M A, Coppola G, Márquez A, Beléndez A, Yang W, Yuste R,  Bianco 
A,  Zanutta A,  Falldorf C,  Healy J J,  Fan X ,  Hennelly B M,  Zhurminsky I,  Schnieper M, Ferrini R,  Fricke 
S, Situ G, Wang H,  Abdurashitov A S, Tuchin V V,  Petrov N V, Nomura T, Morim D R, Saravanamuttu K, 
“Roadmap on holography”, J Opt, 22(2020)123002; 10.1088/2040-8986/abb3a4.

 11. Kostuk R K, Holography Principles and Applications, (CRC Press: Boca Raton, FL, USA), 2019.
 12. Beléndez A, Holography: science, art and technology, Rev Bras Ensino Fís, 31(2009)1602; doi.org/10.1590/S1806-

11172009000100011.
 13. Saxby G, Practical Holography, (Institute of Physics Publishing, Bristol), 2004.
 14. Abramson N, The Making and Evaluation of Holograms, (Academia Press, Londres), 1981, p 70.
 15. Bjelkhagen H I, (Ed), Selected Papers on Holographic Recording Materials, SPIE Milestone Series Vol. MS 130 

(SPIE Optical Engineering Press, Bellingham), 1996.
 16. Stetson K A, Powell R L, Interferometric hologram evaluation and real-time vibration analysis of diffuse objects, 

J Opt Soc Am, 55(1965)1694–1695.
 17. Vikram C S, Particle Field Holography (Cambridge University Press, Cambridge) 1992.
 18.  Wormald S A, Coupland J, Particle image identification and correlation analysis in microscopic holographic particle 

image velocimetry, App Opt, 48(2009)6400–6407.



A14 Augusto Beléndez et al

 19.  Trolinger J D, Lal R B, McIntosh D, Witherow W K, Holographic particle-image velocimetry in the First International 
Microgravity Laboratory aboard the Space Shuttle Discovery, Appl Opt, 35(1996)681–689.

 20.  Stone T W, Thompson B J (eds), Selected papers on Holographic and Diffractive Lenses and Mirrors, SPIE 
Milestone Series Vol MS 34, (SPIE Optical Engineering Press, Bellingham), 1991.

 21.  Reutov  A T, Excitation of the optical fiber by a holographic interconnection, J Commun Technol Electron, 52 
(2007)706–708.

 22.  Zhao J, Chrysler B, Kostuk R K, Holographic low concentration optical system increasing light collection efficiency 
of regular solar panels, J Photon Energy, 11(2021)027002; doi.org/10.1117/1.JPE.11.027002.

 23.  Morales-Vidal M, Lloret T, Ramírez M, Beléndez A, Pascual I, Green and wide acceptance angle solar concentrators, 
Opt Exp, 30(2022)25366–25379.

 24.  Dickson L D, Sincerbox G T, Holographic scanners for bar code readers, in Optical Scanning, Marshall G E (ed), 
(Marcel Dekker, New York), 1991.

 25.  Fisher R L, Design methods for a holographic head-up display curved combiner, Opt Eng, 28(1989)616–621.
 26.  Skirnewskaja J, Wilkinson T D, Automotive holographic head-up displays, Adv Mat, 34(2022)2110463; doi.

org/10.1002/adma.202110463.
 27.  Zanutta A, Landoni M, Riva M, Bianco A, Compact spectral multiplexing VPHGs using stacked photopolymeric 

layers, Proc SPIE, 10558(2018)1055805; doi.org/10.1117/12.2291918.
 28.  Fernández R, Bleda S, Gallego S, Neipp C, Márquez A, Tomita Y, Pascual I, Beléndez A, Holographic waveguides 

in photopolymers, Opt Express, 27(2019)827–840.
 29.  Gallego S, Puerto D, Morales-Vidal M, Ramírez M G, Taleb S I, Hernández A, Ortuño M, Neipp C, Tunable 

Waveguides Couplers Based on HPDLC for See-Through Applications, Polymers, 13(2021)1858; doi.org/10.3390/
polym13111858.

 30.  Malallah R, Cassidy D, Muniraj I, Ryle J P, Healy J J, Sheridan J T, Self-written waveguides in photopolymer, 
Appl Opt, 57(2018)E80-E88.

 31.  Fally M, Klepp J, Tomita Y, Nakamura T, Pruner C, Ellabban M A, Rupp R A, Bichler M, Drevenšek Olenik I, 
Kohlbrecher J, Eckerlebe H, Lemmel H, Rauch H, Neutron optical beam splitter from holographically structured 
nanoparticle-polymer composites, Phys Rev Lett, 105(2010)123904; doi.org/10.1103/PhysRevLett.105.123904.

 32  Klepp J, Pruner C, Tomita Y, Geltenbort P, Drevenšek-Olenik I, Gyergyek S, Kohlbrecher J, Fally M, Holographic 
Gratings for Slow-Neutron Optics, Materials, 5(2012)2788–2815.

 33  Sheridan J T, Beléndez A, Pascual I, Holography: 50th anniversary of Dennis Gabor’s Nobel Prize: Part II. An 
engineering perspective, Proc SPIE, 12297(2022)122970P; doi.org/10.1364/ETOP.2021.F2B.2.

 34.  Lohmann A W, Paris D, Binary Fraunhofer holograms generated by computer, Appl Opt, 6(1967)1739–1748.
 35. Yaroslavsky L, Digital Holography and Digital Image Processing: Principles, Methods, Algorithms, (Springer 

Science+Business Media, New York), 2004.
 36.  Coufal H J, Psaltis D, Sincerbox G T (Eds), Holographic Data Storage, (Springer-Verlag, Berlin), 2000.  
 37.  Fernández E, Ortuño M, Gallego S, García C, Beléndez A, Pascual I, Comparison of peristrophic multiplexing 

and a combination of angular and peristrophic holographic multiplexing in a thick PVA/acrylamide photopolymer 
for data storage, Appl Opt, 46(2007)5368–5373.

 38.  Bjelkhagen H I, Improved Optical Document Security Techniques Based on Volume Holography and Lippmann 
Photography,  in Optical Imaging Sensors and Systems for Homeland Security Applications, Javidi B (ed), (Springer-
Verlag, New York), 2006.

 39. Aldhous P, Murder by medicine, Nature, 434(2005)132–134.
 40.  Hopwood H I, New holographic overlay, Proc SPIE, 1509(1991)26–35.
 41.  Larkin K G, Fletcher P A, A coherent framework for fingerprint analysis: are fingerprints holograms?, Opt Exp, 

15(2007)8667–8677.
 42.  Yetisen A K, Butt H, Da Cruz Vasconcellos F, Montelongo Y, Davidson C A B, Blyth J, Chan L, Carmody J B, 

Vignolini S, Steiner U, Baumberg J J, Wilkinson T D, Lowe C R, Light-Directed Writing of Chemically Tunable 
Narrow-Band Holographic Sensors, Adv Opt Mat, 2(2014)250–254.



Holography: more than three-dimensional images A15

 

 43.  Naydenova I, Holographic sensors, In Optical Holography, Blanche P A (ed), (Elsevier Inc, Amsterdam), 2020.
 44.  Zawadzka M, Mikulchyk T, Cody D, Martin S, Yetisen A, Hurtado J, Butt H, Mihaylova E, Awala H, Mintova 

S, Hyun Yun S, Naydenova I, Photonic Materials for Holographic Sensing, In Photonic Materials for Sensing, 
Biosensing and Display Devices; Serpe M J, Kang Y, Zhang Q M, (eds), (Springer International Publishing, New 
York), 2016, 315–319.

 45. Hildebrand B P, Progress in acoustical holography, Proc SPIE, 532(1983)63–88.
 46.  Siebert L D, Large-scene front-lighted hologram of an human subject, Proc IEEE, 56(1968)1242–1243.
 47.  Bjelkhagen H I, Holographic portraits made by pulse lasers, Leonardo, 25(1992)443–448.
 48.  Sarakinos A, Lembessis A, Color Holography for the Documentation and Dissemination of Cultural Heritage: 

OptoClonesTM from Four Museums in Two Countries, J Imaging, 5(2019)59; doi.org/10.3390/jimaging5060059.
 49.  Bjelkhagen H I, Display holography: From Lippmann Photography to Color Holography, in The Art and Science 

of Holography: A Tribute to Emmett Leith and Yuri Denisyuk, Caulfield H J (ed), (SPIE Press, Bellingham), 2004.
 50. Bjelkhagen H I, Mirlis E, Color holography to produce highly realistic three-dimensional images, Appl Opt, 47 

(2008)A123–A133.
 51.  Bjelkhagen H I, Silver-Halide Recording Materials for Holography and Their Processing, (Springer-Verlag, Berlin), 

1995.
 52.  Colburn W S, Review of Materials for Holographic Optics, J Imaging Sci Technol, 41(1997)443–456.
 53.  Kumar S, Rao P, Joseph J, Photopolymer Holography, Asian J Phys, 24(2015)1449–1464.
 54.  Ortuño M, Gallego S, Márquez A, Neipp C, Pascual I, Beléndez A, Biophotopol: A Sustainible Photopolymers for 

Holographic Data Storage Applications, Materials, 5(2012)772–783.
 55.  Guo J, Gleeson M R, Sheridan J T, A Review of the Optimisation of Photopolymers Materials for Holographic 

Data Storage, Phys Res Int, 2012(2012)803439; doi:10.1155/2012/803439.
 56.  Bruder F-K, Fäcke T, The Chemistry and Physics of Bayfol® HX Film Holographic Photopolymer, Polymers, 9 

(2017)472; doi.org/10.3390/polym9100472.
 57.  Downing E, Holographic images – The intersection of art, science, and technology, Spectrum MIT, Winter 1999. 

Tues. 3 May 2023. <https://spectrum.mit.edu/winter-1999/holographic-images/>. 
 58.  Wilhelmsson H, Holography: A New Scientific Technique of Possible Use to Artists, Leonardo, 1(1968)161–169.
 59.  Benyon M, Holography as an art medium, Leonardo, 6(1973)1–9.
 60.  Lissack S, Dali in Holographic Space – SPIE.  Monday, 1 May 2023. <https://spie.org/news/spie-professional-

magazine-archive/2014-january/dali-in-holographic-space/>.
 61.  Bjelkhagen H I, Swedish Artist’s: Early Art Holograms, SPIE Professional, July-September 2014, 31.  Mon. 1 May 

2023.  <https://spie.org/documents/SPIEProfessional/2014%20July.pdf/>.
  62. Bjelkhagen H I, "The early art holograms of Carl Fredrik Reuterswärd, SPIE Professional, July 2014, p. 31
 63.  Hiro Yamagata – Quantum Field X3 installation project at the Guggenheim Museum Bilbao (08.13.2004-04.30.2005). 

Mon. 1 May 2023. <https://www.guggenheim-bilbao.eus/en/exhibitions/quantum-field-x3/>. 
  64. Johnston S F, From science to subcultures, Opt Photonics News, 15(2004)36–41.

[Received: 15.8.2023; accepted: 30.8.2023]



A16 Augusto Beléndez et al


