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ABSTRACT

Recent improvements in solid state CW lasers, recording materials and light sources (such as LED lights) for displaying
color holograms are described. Full-color analogue holograms can now be created with substantially better image
characteristics than previously possible. To record ultra-realistic images depends on selecting the optimal recording laser
wavelengths and employing ultra-fine-grain, silver-halide materials. The image quality is improved by using LED
display light with improved spatial coherence. Recording museum artifacts using mobile holographic equipment is
described. The most recent recorded such holograms (referred to as OptoClonesTM) are the Fabergé Eggs at the Fabergé
Museum in St. Petersburg, Russia.
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1. INTRODUCTION
Analogue color holograms of the Denisyuk type are the ones which really create the illusion of viewing a real object behind
the plate rather than an image of it. The possibility to record ultra-realistic holographic color images1 depends on selecting the
optimal recording laser wavelengths. Three (RGB) wavelengths are a minimum, but four or five are required for better color
rendering.2 It is necessary to use extremely low-light-scattering panchromatic recording materials, which means the use of
ultra-fine-grain, silver-halide emulsions. The third factor is the light source used to display the recorded color holograms.
Progress in illumination technology, by employing the new LED lights, is leading to a further major reduction in display
noise and to a significant increase of the clear image depth and brightness of the holograms. The light and the illumination
arrangement (source size, distance and angle of illumination) play a very important part in creating ultra-realistic 3D images.
The new RGB-LED lights have contributed to the progress in displaying color holograms. What do we mean by an ultrarealistic image?
–
–
–
–
–
–
–
–
–

It looks “identical” to the real object observed by eye
Very accurate color rendition
Same scale – no magnification
Image resolution corresponds to the eye resolution
No detectable image blur
No field of view limitations
Image light reflections move like they do on the object
In principle – recording light waves reflected off an object, store and recreate them later
ONLY DENISYUK HOLOGRAPHY can accomplish this

The early monochrome large-format Denisyuk holograms recorded in the former USSR were very impressive. The
bright, high-contrast holograms were recorded using red-wavelength lasers on ultra-fine-grain, silver-halide emulsions.
Such holographic materials were not produced by Agfa, Ilford or Kodak, which made it difficult to record such
holograms in other parts of the world. Because of the high-quality of the Denisyuk reflection holograms in the former
USSR; museums in these countries were keener than western museums to study and test holography. 3-5 A selection of
these holograms was brought to the West at the 1985 exhibition ‘Holography – Treasures of the USSR’ at the Trocadero
Centre in London. One rare museum monochrome hologram recorded in the West was the Lindow Man who died
sometime in the first century AD. It was made in 1987 for British Museum in London.6-7 These early monochrome
holograms looked very realistic, but not being able to reproduce the artifact’s color was unacceptable for most museum
applications. In addition, museums hesitated because of the expense and the need for special recording laboratories.
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Figure 1. Setup for recording analogue color reflection holograms

2. COLOR HOLOGRAPHY
The principle of recording analogue color holograms of the Denisyuk type is shown in Fig. 1. In the setup, only three lasers
are indicated, but it is possible to add one or two more lasers using additional beam combiners. This is the setup which have
been used in holographic laboratories equipped with large, often water-cooled argon-ion and krypton-ion lasers. The
analogue color holograms of the Denisyuk type have been coined by the Hellenic Institute of Holography (HiH) as
OptoClonesTM partly caused by the incorrect use of the word “hologram” in modern versions of Pepper’s Ghost display
technique and similar so called “hologram” applications. In addition an OptoCloneTM needs to be displayed in a fixed
installation, using a new type of LED illumination as explained in the following, which guarantee that a distortion-free,
ultra-realistic image will be on display.

3. PANCHROMATIC RECORDING MATERIALS
The main key to succeed in recording color holograms is to have a suitable panchromatic, low-light-scattering materials.
Currently, the main two material types are silver-halide emulsions and photopolymer materials.
3.1. Silver Halide Materials
There are only a few companies producing ultra-fine-grain emulsions for holography, Slavich8 located in Russia, has a
panchromatic emulsion for color holography. Sfera-S 9 is another Russian company manufacturing large-format
panchromatic rolls of film and glass plates for color holograms. The UK-based Colour Holographic Ltd 10 is a
manufacturer of panchromatic ultra-fine-grain emulsions. The company also records color holograms of museum
artifacts under the name TruLife™. Recently Yves Gentet of Ultimate Holography demonstrated that it is possible to
produce a panchromatic emulsion with a grain size of 4 nm.11 This new Ultimate material has been introduced on the
market. Commercial silver-halide materials are listed in Table 1.
3.2. Photopolymer Materials
The panchromatic photopolymer materials from Covestro (former Bayer MaterialScience),12,13 DuPont 14,15 and Polygrama
16
are alternative recording material for color holograms. Although, being less sensitive than the ultra-fine-grain, silverhalide emulsions, the photopolymer materials have their special advantages of easy handling and dry processing (only UVcuring and baking.) However, the photopolymer materials are more suitable for copying color holograms rather than using
them for recording an object.. The photopolymer materials are of high quality and can be supplied in large quantities on
film. DAI Nippon Printing Co., Ltd. (DNP)17 in Japan was the first company with mass-produced color holograms recorded
in DuPont's panchromatic photopolymer material. Today DAI Nippon manufactures its own photopolymer material for their
holograms. They make decorative holograms called TRUE IMAGETM and security color holograms, marketed under the
name of SECURE IMAGE.TM Bowater Holographics Ltd 18 in UK is in the process of developing security color reflection
holograms on Covestro photopolymer materials.
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Table 1: Commercial panchromaticc silver-halidee holographic recording
r
matterials
___________________________________________
___________________________________
_
Materiall
Spectrall
Resolving
Grain
Substrate
size
sensitiviity
pow
wer
[nm]
[linee pairs/mm] [nm]
___________________________________________
___________________________________
__
Colour Holographic
H
440-650
600
10
Glass
RGB: BB
B-PAN
00
Slavich
450-700
10
Glass/Film
Pan: PFG
600
G-03C
00
Sfera-S
435-665
9
Glass/Film
Pan: PFG
600
G-03CN
00
Ultimate
460-650
8
Glass/Film
Pan: 08-C
COLOR
100
000
460-650
4
Glass/Film
Pan: 04-C
COLOR
150
000
___________________________________________
___________________________________
___

4.2. Recordiing Hologram
ms in a Musseum
Considering security
s
probllems when briinging artifactts to a holographic lab, perrsonnel needed for transporrtation and thee
need to be preesent during the
t recording, it was clear thhat mobile reccording equipm
ment was neccessary. The only possibilityy
to make displlay holographhy accepted ass a new imagiing techniquee, popular andd safe; the recording has to be performedd
inside museum
m buildings. The
T first desccribed mobile equipment for recording coolor hologram
ms was presentted in 2009 byy
Gentet and Shhevtsov.19 Thhe system was equipped withh a red (λ= 63
39 nm) semicoonductor laser and two solid
d-state lasers, a
green (λ = 5332 nm) and a blue (λ = 4773 nm). In 20013 Colour Holographic
H
L recorded ccolor holograams of severaal
Ltd
specimens froom the Grant Museum
M
of Zoology
Z
in Lonndon using theeir newly deveeloped mobilee equipment.
HiH has deveeloped the ZZZ
ZyclopsTM equuipment 20 which is shown in
n the principlee drawing of thhe recording setup
s
shown inn
Fig. 1, with an inside vieew. Two DP
PSS lasers (C
Cobolt lasers))21 and one stabilized
s
DL system (dev
veloped by A.
A
Sarakinos) arre currently used in the equuipment with TEM00 emisssions and cohherence lengthhs of more thaan five meterss
each. The threee lasers:
•
•
•

Red laser: 638 nm
m at output pow
wer 90 mW (H
Hellenic Instittute of Hologrraphy HiH-R1100 DL laser);
n at output power
p
100 mW
W (Cobolt Sam
mba DPSS lasser);
Greeen laser: 532 nm
Bluee laser: 457 nm
m at output poower 50 mW (Colbolt Twisst DPSS laser)).

Figure 2. Setup for recordding OptoCloneesTM in a museuum

Figure 3. The RGB
R
lasers insidde the ZZZyclop
psTM
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Figure 4. Im
mage blurring in
i a reflection hologram
h
when illuminated witth an extended light source

3. DISPLAY
D
O COLOR HOLOGRA
OF
H
AMS
Often the term
m "reconstrucction" is used to describe thhe display of a hologram. This
T refers to tthe fact that iff the referencee
beam, which was used to record the hoologram, is ussed to also illluminate the processed
p
hologram plate, the wavefronnt
emitted from
m the object during
d
recordding, will be faithfully reconstructed generating
g
thee holographicc image. Thiss
underlines thhe critical factt that in orderr to obtain a faithful holog
graphic reconsstruction, the properties off the referencee
recording andd reconstructiion beams muust usually bee identical. The
T illuminatioon of holograams is neverttheless a topicc
which is selddom included in books on holography;
h
but it is as imp
portant as techhniques to reccord hologram
ms. Rememberr
that holography is a two-paart process whhere the hologgraphic plate, with its recorrded interferennce pattern, co
onstitutes onlyy
one of the tw
wo parts needded to create the
t holographhic image. Th
he second partt is the refereence light wh
hich is used too
display the hologram.
h
Thee characteristics of this refeerence light fundamentally
fu
control the ddisplay processs. Only if thee
properties off the referencee and replay lights are ideentical (spatiaal coherence, ray divergennce, angle of incidence andd
wavelength) will
w a distortion-free, correect holographiic image be geenerated. In most
m practical situations it is
i rare that thee
replay light is
i absolutely identical
i
to thhe recording light.
l
In particular conventtional broadbaand white-ligh
ht sources aree
frequently ussed to illuminate reflection holograms. Here
H
one usess the wavelenngth selective properties off the reflectionn
hologram to filter out lighht having a diifferent waveelength to thatt of the recorrding light. Illlumination by
y a broadbandd
source will brring with it chhromatic blurrring and in geeneral the cleaar image deptth of the hologgram will be compromisedd.
One of the most
m
importannt properties of
o any light soource used to
o illuminate a hologram is spatial coherrence. When a
hologram is recorded,
r
the reference
r
laseer light emanaates from a spaatial filter havving a diameteer of between 10 and 25µm
m.
This is severaal orders of magnitude
m
sm
maller than thee source size of
o current poppular illuminaation sources. For examplee,
halogen spotllights commonnly used to display reflectioon holograms,, have source sizes from onne to several centimetres. A
finite spatial coherence in the reconstruuction source leads to sourcce-size blurrinng (see Figure 4), which liimits the clearr
image depth of the holograam. For ultra--realistic holoographic imag
ging a rough rule
r
is that thee reconstructio
on source sizee
must be less than 1mm in diameter for every 1m of diagonal distance which seeparates the illumination so
ource and anyy
point on the hologram. Thhis ensures thhat any residuual source-sizze blurring wiill be below the perception
n level of thee
standard hum
man observer - as the averagge human eyee can resolve image details of about onee millimetre att a distance of
1m. Many appplications of color holograaphy require thhat the display
y and illuminaation techniquues are carefu
ully consideredd
to display ultrra-realistic im
mages. The new
w LED lights make it possiible to reduce the image souurce-size blurrring as well ass
to improve coolor renderingg.
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Figure 5. The
T HoLoFoS model
m
(λ) RGB LED
L
spotlight and
a the 2 mm diameter
d
light-em
mitting area

3.1. Light-E
Emitting Dioodes (LEDs))
The past few decades havee seen a continnuing and rapiidly developin
ng race amongg manufactureers of LEDs to
o produce everr
cheaper and ever
e
more effiicient illuminaants. This rapiid progress in solid-state LED
D lighting hass opened up neew possibilitiess
to illuminate color
c
reflectionn holograms. A significant advantage
a
of LEDs
L
is that they possess a m
much smaller bandwidth
b
thann
broadband whhite-light sourcces. Although typical bandw
widths are much
h larger than those
th
commonnly associated with
w lasers andd
laser diodes, LED light souurces should nevertheless be
b matched to
o the recordingg laser waveleengths (or vicce versa). Thiss
guarantees thaat only the whiite light from the
t LED sourcce (which is a mixture
m
of thee primary LED
D wavelengths)) contributes too
creating the hoolographic image. Using a halogen
h
spotligght, a large parrt of the light spectrum
s
emittted illuminatess the surface of
the plate withhout having anyy impact on thhe intensity off the image. Instead this lightt is scattered, lowering the image
i
contrastt.
The lack of thhis scattered light
l
in LED illumination
i
can lead to sig
gnificantly higgher image fiddelity. In addittion LED lighht
sources have considerable advantages over
o
halogen and
a other trad
ditional lightinng sources, suuch as long liife, small sizee,
small étenduee, high durabiility and robusstness to therm
mal and vibraation shocks, low
l
energy ussage/high enerrgy efficiencyy,
no IR or UV in beam outpuut, directional light output, and digital dy
ynamic colourr control – whiite point tuneaable.

3.2. LED Sp
potlights forr Color Holoograms

HiH has deveeloped a special LED spotllight22 for the display of Op
ptoClonesTM as
a shown in F
Fig 5. The Ho
oLoFoS modeel
(λ) LED spottlight is based on Cree LED
Ds. The illuminnating head contains the RG
GB LEDs, miixing optics an
nd lenses. Thee
optics incorporated in the unit provide for
f an axial mixing
m
of the LED
L
beams resulting
r
in a homogeneouss color mixingg
over the full extent of thee projected beeam. The smaall footprint of
o each LED die (approx. 2 mm) is sm
mall enough too
produce clearr and deep hollographic imaages even at sm
mall illuminatting distances.. The illuminaating head can
n be fitted withh
a variety of LEDs
L
at selectted wavelengtths and more than three diffferent LEDs can be fitted to match variious recordingg
wavelengths. The current product HoL
LoFoS model (λ) uses threee aligned LE
EDs with speectral characteristics whichh
correspond too the lasers off the ZZZycloppsTM recordingg equipment. The
T dominant wavelengths for the LEDs are 620 – 6300
nm, 520 – 5335 nm, and 450 – 465 nm. The new LE
ED lights hav
ve been incorpporated in a ccustom-made,, free-standingg
display cabinnet, as shown in Fig. 6. It is important thhat there is a fixed installattion of the ligght source in relation to thee
plate to guarantee a distorrtion-free, shaarp and color-correct 3D im
mage. The diisplay cases hhave a window
w on the sidee
showing that there is no reaal object insidde.
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Figure 6. The display case with integrated RGB LED light

4. RECORDING MUSEUM ARTIFACTS WITH COLOR HOLOGRAPHY
Holography now offers the possibility to essentially duplicate valuable and rare artifacts - and to a point where an
observer practically cannot tell whether he is looking at the real exhibit or at a holographic recording. Although such
holographic reproduction can never match the value of actually possessing the real artifact, it can allow the museum to
fulfil one of its most important functions - to maintain display of the exhibits. Analogue holography does offer a means
to preserving a faithful visual recording of unprecedented microscopic detail. Holography can also help museums with
travelling exhibitions. It is difficult for some people to travel to museums and as a result there is pressure on museums to
take exhibits to the people. But transporting priceless artifacts is both hazardous and expensive. Transporting
OptoClonesTM on the other hand is not. A reason why ultra-realistic color holograms are useful to museums is related to
insurance costs of even exhibiting within a museum. Most museums have large collections "downstairs" which they do
not exhibit. The reason is that it generally costs more to exhibit something than to securely store it - as the risk of damage
or loss is greater when an exhibit is on display. Again holography can help solve this problem. If the OptoCloneTM is
indistinguishable from the real exhibit, why not just securely store the real item and display the OptoCloneTM?

4.1. Holographic Laboratory Recordings

The first museum project, employing color holograms, was the 'Bringing the Artifacts Back to the People' project.23 For
the first time holograms were used to provide 3D color images which were so realistic that they can stand in for the real
thing in places where museum facilities are non-existent. The project involved collaboration with a number of major UK
museums. The holograms of the artifacts were recorded at the Centre for Modern Optics located in OpTIC Technicum in
Wales, UK. The color holograms were on display in a travelling exhibition that was touring around north Wales and the
borders. One of the recorded artifacts was the 14,000-year-old decorated horse jaw bone kept at British Museum in
London.24

4.2. Holographic Museum Recordings
HiH has recorded artifacts in the Athens Byzantine and Christian Museum as well as the Thessaloniki Museum of
Byzantine Culture, using their mobile equipment.25 The most ambitious HiH project was the recording of the Fabergé Eggs
in 2015 at the Fabergé Museum in St. Petersburg, Russia.26 The recording of thirteen Faberge Eggs was performed by
Andreas Sarakinos, Chief Holographer and Scientific Director of HiH. He spent long hours every day recording a total of
about sixty-five OptoClonesTM, which included several recordings of each Egg. Depicted in Fig. 7 is the recording setup of
the 1911 Bay Tree Easter Egg. This beautiful Egg with leaves of the tree crown shaped like an egg is made of Sayan
nephrite. The bright leaves are covered with amethysts, citrines, pink diamonds as well as white small white enamel flowers.
A bird with iridescent feathers is hidden inside the tree and when pressing a lever it appears and starts singing. Museum
curator Alexey Pomigalov and Andreas Sarakinos are working on the setup in the tent. In Fig. 8 is a photo of the recorded
OptoCloneTM in the display case window and in Fig. 9, a viewer is admiring it in the display case as exhibited in the Fabergé
Museum.
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Figure 7. The
T artifact posiitioned in the reccording
box insidee the tent by Pom
migalov and Sarrakinos

Figure 8. The
T 1911 Bay T
Tree Egg OptoC
CloneTM

Figure 9. The OptoCloneTM inn the display case

7. CONCLUSI
C
ION
The virtual coolor image beehind an OptooCloneTM reprresents the mo
ost realistic-looking 3D imaage of an objeect that can bee
recorded todaay. The extenssive field of view
v
adds to the
t illusion off beholding a real object ratther than porttraying a meree
image. Good color renderinng can be achhieved throughh choosing thee optimum recoording laser w
wavelengths witthin the visiblee
spectrum. Thee application of
o OptoCloneesTM in museum
ms and the to
ourist industry alike could exploit this new
w 3D imagingg
technique. Thhe mobile recording equippment is a necessity
n
for recording
r
artiifacts like thee Fabergé Eg
ggs. Recordedd
museum OpttoClonesTM allows the image of an objeect to leave a museum, inccreasing the nnumber of peeople who cann
experience thhe history of the
t object andd its place witthin our cultu
ure. For exam
mple, since alll of the still existing
e
Easterr
Eggs are not in the Faberggé Museum but
b located in other museum
ms and in privvate collections, it should be possible too
exhibit all off the Easter Eggs
E
in one place as OptoC
ClonesTM. In addition it woould be easy to send such an exhibitionn
around the world without any
a worry aboout the artifaccts themselvess, being lost, damaged
d
or stolen. It could be mentionedd
27
that another important
i
appplication woulld be the recording of oil paintings.
p
Evven if an oil ppainting is a 2D
2 picture thee
ultra-realisticc image will provide
p
detailss about the micro
m
structuree of the paintiing such as brrush strokes, signature, etcc.
Often in musseums today, an oil paintiing is protectted with a gllass plate to prevent
p
any ppotential dam
mage to it. Ann
M
OptoCloneTM
on glass off a painting loooks identicaal to the pain
nting itself, prrovided that more or less perfect colorr
rendering is obtained,
o
requuiring four or five
f recordingg laser wavelen
ngths.
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