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ITpospauHble 5KpaHbl y2Ke NPUMEHSAIOTCA B aBTOMOOHJILHON TTPOMBILLIIEHHOCTH JUIst IPOeLIMPOBAHUS MHHPOPMALMU BA2KHOM [J1s1 aBTO-
BoauTe/el. BoJbIIMHCTBO TaKMX 3KPAHOB H3TOTABJNBAIOTCS roslorpaduuecKHMH METOAAMH, C HCIO0Jb30BaHieM (DOTOMOJIUMEPOB B
KauecTBe perucTpupyollieil cpeibl. B pesysbrate cTOUMOCTb NPOU3BOICTBA TAKHX SKPAHOB SIBJSIETCS! BBICOKOM, UTO, B CBOIO OUepe/lb
BbI3bIBAET IPUMEHEHHE TaKHX SKPAHOB TOJILKO B dBTOMOOMJISIX BbICLLErO LIEHOBOIO Mana3oHa. B peayJisTate HOBOIO M0JX01a K pe-
LLIEHHI0 TPOGIEMbI, TPO3paUHbIi roJiorpaduuecKuil 9KpaH OblJ1 H3TOTOBJIEH KK PO3PaUHbIil TOBEPXHOCTHBIH pesibed Ha TPO3pavHOi
NoJI0KKe, 00J1a/1al01IM I CBOHCTBOM HAMpaBJISITh MPOELPyeMoe Ha Hero LBeTHOe H300paxkeHue B yros 0630pa J0CTaTOuHbIH 151 €ro
BOCIIPHSITHSI BOJUTE/IEM aBTOMOOUIIS, U, B TO 2Ke BpeMsi, He MeLlaloLLHi eMy BOCTIPHHUMATb POUCXOfsillee 3a SKPAaHOM. DKpaH Obll
Hanevaran Ha nuoTHoM Opurunarope [eossl Blue Phoenix DIWO-6 na ¢hoTopesucre Kak NOBEPXHOCTHBIH pesibed BOCTPOU3BOJIS -
LI aXpoMaTHUeCKyl0 roJIorpaMMy IJ10CKoro skpaHa. fosorpamMma Obl1a 3anucana pazpadotanHbiM [eosoit metonom Ipsimoit 3a-
nucu Josiorpamm. B cratbe 0GbsicHeH MeTOL [IPOU3BOJCTBA MacTep-ToJIorpaMMbl IPO3PAUHOT0 roJlorpaUuecKoro sKpaHa NpHroaHoi
LISl THPAXKUPOBAHUS METOJ0M THCHEHHSI.
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OpuruHaiust THCHEHBIX roJI0rpaMM, AXpoMaTHueckasi roJlorpamMma.
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Diffractive surface relief structure for the see-through screens mass replication
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The automotive industry is already using see-through screens to project onto them various information important to the drivers.
Majority of such screens are manufactured holographically, employing photopolymers as a medium. As a result, the costs to produce
said screens are rather high which limits their applications to higher priced cars only. A novel approach to produce such a screen as
surface relief hologram was used and the holographic optical element behaving as see-through screen with viewing angle covering
the driver's seat was manufactured. The screen was printed with Geola's Blue Phoenix DIWO-6 pilot hologram originator on pho-
toresist as achromatic surface relief hologram employing direct hologram write method. Article explains said direct hologram write
method and the diffractive see-through surface relief production. Such surface relief then can be mass-replicated by embossed ho-
lography means.

Keywords: Automotive industry, See-through screen, Holographic optical element, Embossed hologram origination,
Achromatic hologram.

Photopolymer layer on photopolymeric medium is
usually protected with polyester film, which shall be re-
moved before the exposure — that makes hologram re-
cording process on this medium more complicated than
that on conventional Silver Halide photomaterials. Nev-
ertheless holograms on photopolymers can have diffrac-
tion efficiency of up to 90 % [5] and, once polymerized,
photopolymer does not change its volume, nor is affected
with direct sunlight. Holograms on panchromatic Silver
Halide photomaterial can reach 38 % diffraction efficiency
[6] but, since this photomaterial is Gelatine-based, are
sensitive to humidity and temperature changes which
make them not really good choice for the outdoor applica-
tions. But there is another medium where diffraction effi-
ciency of the diffractive structures can reach 60 % — this
medium is a high quality embossed holograms [7]. Such
embossed holograms also can be transparent and that
would make them a perfect medium for low-cost see-
through screens for outdoors applications.

Introduction

There are several approaches to produce see-
through displays for car drivers. Some of them employ
holographic methods to produce screens diffracting visual
information towards desired direction [1, 2], others em-
ploys transparent LCD displays, or even transparent me-
dium embedded with nanoparticles that selectively scat-
ter light at the projected wavelength and on which mono-
chromatic images are projected [3]. See-through screens
which are mass-produced employing holographic light di-
recting methods are produced using photopolymers as
photosensitive media. Photopolymers perform well in this
domain, but photopolymeric mediums itself have rather
higher price tags and production of see-through screens
with those photomaterials requires their exposure with la-
ser radiation as well as pre- or post- exposures with non-
coherent visible or UV light; sometimes also additional
heating is required after photopolymer exposure [4].
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a)
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1 — SLM, 2 — SLM pixels, 3 — modulated laser radiation beams (object beam), 4 — not modulated laser radiation beam (reference beam),
5 — Fourier objective, 6 — objective waist, 7 — hogel, 8 — illuminating light, 9 — light diffracted by hogel
Fig. . Hogel recording (a) and replaying (b)

The key point for the embossed holograms manufac-
turing is the origination — 1i. e. creation of the original
diffractive structure as surface relief on a plate coated with
organic [8] orinorganic photoresists[9]. That relief, which
is essentially a White Light Transmission (WLT) holo-
gram, then is duplicated onto nickel shim that is used for
replicating of said relief by embossing on polyester film.
The film with embossed relief is ether coated with thin
metal layer, or left transparent [10]. Embossed holograms
manufacturing is a well-developed industry and this
transparent embossed holograms indeed could be used as
see-through screens, if only the directional and panchro-
matic light-scattering surface reliel would be available.
One of the methods of such relief production is Direct
Write Digital Holography.

1. Direct-write digital holography

Direct-write digital holography or DWDH was de-
veloped at the end of the 1990s and the most frequently
cited article in the field is Yamaguchi et al [11] (1995). But
many other people and research groups participated in
the development of this hologram printing method. As
early as 1990 Steve McGrew had patented a device called
‘Holocomposer’, which was able to produce small format
direct-write holograms for high-security ID cards [12, 13].
In 1991 Stephen Benton had produced probably the first
large direct write stereogram, which he called an ‘Ultra-
gram’ [14]. Even as early as 1987 Kenneth Haines had out-
lined the principles of a direct hologram write technique
[15]. In 1998 Klug et al [16], working at Zebra Imaging, ex-
tended the technique to the manufacture of large format
full color full-parallax reflection holograms. In 1999 Broth-
erton-Ratcliffe et al. [17] demonstrated that the technique
could be made to work much faster and more reliably us-
ing pulse RGB lasers. And finally in 2013 Zacharovas et
al. adapted this technique to embossed holograms origi-
nation employing as coherent radiation source the pulse
laser specially developed for this purpose [18].

Direct-write digital holography is described in de-
tails in the literature [19, 20], so here we will just briefly
mention that DWDH hologram is actually the entirety of

small digital holographic elements called ‘hogels’ or ‘hol-
opixels’. Each hogel acts as pixel on electronic display —
while illuminated by light source it diffracts light of certain
pre-defined intensity and colour. The difference from elec-
tronic display pixel is that hogel projects different pre-de-
fined light intensities into different pre-defined viewing
angles. That enables one to construct from hogels a me-
dium which will act just like classical analogue hologram:
will contain image viewed differently from different view-
ing angles. And if the hogels are small enough and quan-
tity of parallax-related images used to program hogels in-
tensities into different viewing angles is big enough —
observer will not be able to distinguish between digitally
printed hologram and hologram produced with analogue
holography methods.

Hogels are recorded by intersecting two square form
laser radiation beams onto photosensitive layer where
their interference image is recorded. One of the beams is
modulated with Spatial Light Modulator (LCD, LCOS)
i. e. acts as object beam, another beam is not modulated
and acts as reference beam. The modulated object beam
before interaction with reference beam passes a special
objective which has its optical waist outside its body. Each
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1 — 2D parallax-related images of 3D scene,
2 — series of pixels having the same coordinates;,
3 — SLM, 4 — image as displayed on SLM
Fig. 2. Hogel image formation on SLM: (a) for a digital
holographic print with horizontal-only parallax
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HI — master hologram, H2 — photosensitive medium where
White light transmission hologram will be recorded, BE-
spatial filter—cylindrical lens combination, CM — collimating
mirror, VBS — variable beam splitter, M\i—Ms; — mirrors.
Fig. 3. Standard table arrangement for a HI—H2 holographic
image transfer

SLM pixel changes laser light intensity and objective di-
rects modulated laser light towards photosensitive me-
dium under different angles. The holographic optical ele-
ment — hogel, recorded at the place of objective's waist,
while illuminated will diffract light to the direction from
where the laser light came to it during recording and with
intensity defined by SLM pixel (Fig. 1).

2. Pixel swapping

Fig. 2 illustrates the principles of the pixel swap pro-
cess which is described in details in [21]. From the se-
quence of digital parallax-related images all the pixels
with the same coordinates are taken and a new composite
image is combined from them. This image is projected on
the SLM and a hogel with the same coordinates. For ex-
ample, if we have an image sequence with image resolu-
tion of 640 x 480 pixels, we can print a hologram from it
having 640 x 480 hogels too, i. e. if our hogel has a size of
0.l mm, the resulting hologram will be 64 X 48 mm. The
hogel with coordinates (0, 0) will contain all the pixels
with coordinates (0, 0) from all images in sequence. The
hogel with coordinates (0, 1) will contain pixels with coor-
dinates (0, 1) and so on. And when observer will change
his viewpoint in front of the hologram, he will perceive the
pixel with coordinates (0, 1) as it was on the image of the
3D scene taken from this particular angle. Similarly, the
hogel with coordinates (0, 2) will show him all the pixels
with coordinates (0, 2), and so on. Thus the whole direct-
write digital hologram viewed from different angles will
show to observer the images of the 3D scene taken from
different angles.

If the hogel has size 0.1 x 0.1 mm, the final resolution
of the hologram will be 254 dpi, which seams lower than
resolution of desktop photo printers which use for photo-
graphs at least 600 dpi, but that is not exactly true. Each
hogel contains several hundred basic pixels. When we
view the holographic print, our eyes and head perform in-
voluntary movements, so we perceive several views at a
time and our brain integrates them. Each adjoining par-
allax-related image contains only a small variation in the
detail of the scene, so the difference is not perceptible, but
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Fig. 4. For white-light replay the images of the slit are formed
at different heights and distances from the H2 hologram, lying
on a line at the achromatic angle to the horizontal
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Fig. 5. The master hologram H is made at the achromatic
angle, for final reconstruction at 45° (a). The reference beam is
shown as orthogonal to the object beam; The flipped master H

is used to make an image-plane transfer hologram Ha (b);
transfer hologram H_is flipped and illuminated by a white-light

point source (¢)

H, {c)

our brain integrates and notes those details, which would
be lost if this were a 2D print with 254 dpi. Thus a holo-
graphic print with 0.1 x 0.1 mm hogels will be observed as
if it had a resolution of 700—1000 dpi.

3. Pixel swapping for achromatic hologram

Surface relief holograms that can be used for mass-
replication with existing hologram embossing equipment
actually are White-light transmission (WLT) holograms.
When those holograms are produced by classical ana-
logue holography means, first the Hl master-hologram is
produced, and then HI—H2 holographic image transfer is
performed as it is shown on Fig. 3.

HI master hologram for the Rainbow WLT hologram
is just a narrow strip of 4 mm [22]. When H2 transfer hol-
ogram is lit by white light, the holographic image of it is
viewed through the real image of the slit. And when ob-
server moves his head vertically he is looking through the
real image of the slit as formed by a different part of the
spectrum, and as a result, he will see the image in a dif-
ferent color; in fact the whole spectrum is spread out
along a sloping plane tilted to an angle called achro-
matic (Fig. 4) [23].

I the Hl master hologram is recorded while the pho-
toplate is tilted at the same achromatic angle and during
the transfer not the slit, but whole master hologram sur-
face is used — the H2 transfer hologram will disperse the
white light in such a way, that there will be a viewing zone
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HI — master hologram, H2 — transfer hologram, V — views of Hl master hologram
Fig. 6. Images of Hl master hologram as they would be seen from different places on H2 transfer hologram
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| — Laser, 2 — mirrors, 3 — waveplates, 4 — Thin film polarizers, 5 — Object beam shape formation optics, 6 — SLM,
7 — Fourier objective, 8 — Photoresist plate, 9 — Photoresist plate movement, 10 — reference beam shape formation optics

Fig. 7. Schematics of Direct-Write digital holographic printer

where all rainbow colours are mixed into white light. In
this zone the holographic image will be seen as achro-
matic Black & White image (Fig. 5).

To achieve the same achromatic image effect in Di-
rect Write digital holographic printing, images for SLM
shall be prepared mimicking this method of producing the
analogue achromatic WLT hologram. If we will take a rec-
tangular Hl master hologram, will tilt it to achromatic an-
gle and look at it from the place where during analogue
HI1—H2 transfer is positioned H2 photoplate — we will
see not the rectangle but a trapezoid. Moreover, while
looking from the different places of H2 photoplate posi-
tion, said trapezoid will be not symmetrical (Fig. 6).

Since with Direct-Write technique H2 transfer WLT
hologram is produced at once, employing the SLM as
small part of HI master hologram, the image shown on
SLM for each hogel shall also have different shape. The
image for each hogel for Direct-Write WLT achromatic
hologram will have asymmetrical trapezoid shape and pa-
rameters of this trapezoid will depend on the WLT holo-
gram size, its viewing distance and viewing angle, refer-
ence beam angle, wavelength of the laser and Fourier ob-
jective used in the hologram recording system.

4. Materials
The positive photoresist plates were specially man-
ufactured for Geola by coating an analogue of Shipley

photoresist onto glass plates in size of 250 x 200 mm or
300 x 200 mm. For the bigger sizes holograms it is im-
portant that photoresist would be coated uniformly, to as-
sure that, the coating was performed by blade coating
method. Also this coating method produces thicker pho-
toresist layer, which makes it more sensitive for pulse la-
ser radiation.

As photoresist developing agent we have used Mi-
croposit developer AZ303, diluted with deionized water in
proportion 1:9. Developing time was 25—35 seconds. It is
worth to note that photoresist plates are commonly devel-
oped with some KOH or NaOH solutions. However,
those chemicals remain in the developed relief and the
thin layer of them is transparent. As a result, the holo-
graphic image locks great on photoresist, but as soon one
will deposit silver on such a relief — silver enters into re-
action with developer’s remains and the resulting silver
relief is much shallower than the photoresist relief. Since
the surface relief fringes reconstructing deep holographic
image have very fine structure — developer's remains
covering this fine relief highly affect reconstructed holo-
graphic image quality. Most likely Microposit developer
AZ303 has some proprietary surface active ingredients
preventing developer’s remains layer formation and
therefor is advisable to use when fine relief fringes are
needed to be obtzined [24].
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Fig. 9. Photographs of achromatic hologram acting as projection screen. White road sign projected onto the achromatic hologram
front views (a), (b) and side view (c¢). Colour image projected onto the achromatic hologram front view (¢) and side view (d).

5. Equipment

For achromatic WLT holograms recording on photo-
resist we have used Geola’s pilot Blue Phoenix series
WLT holograms printer DIWO-6. Principal scheme of the
printer is shown on the Fig. 7.

In DIWO-6 holographic printer is employed Geola's
BlueBird series pulse laser (40 ns pulse duration, 440 nm
emitting radiation wavelength, 30 Hz repetition rate, ImJ
pulse energy). Because of the pulse laser employment
there is no need to stop photoplate for its stabilization be-
fore each hogel recording. The laser is flashing continu-
ously, the photoresist plate is moving continuously and
one hologram line is recorded. Then the photoresist plate
is shifted for the distance of 0.1 mm (size of the hogel) and
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next hologram line is recorded. Before the hologram
printing, the photoplate distance from objective is ad-
justed in such a way that object and reference beams
would be overlapping at the photoresist layer. During the
printing this distance is kept automatically by shifting the
photoresist plate in y direction.

Hogels produced by this printer have size
0.1 x 0.1 mm. Maximum size of photoresist plate handled
is 200 x 300 mm and the maximum hologram size is
152 x 152 mm (6”%6"). Printing speed is = 7 minutes for
one square centimeter and it takes only 25 hours to print
this maximum size hologram which makes this printer the
fastest one amongst master-originals Originators in em-
bossed holography domain.
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Pixel-swap process in this Originator is separated
from hologram printing process. The sequence of paral-
lax-related images is submitted to PC with Windows 7
operating system running proprietary Geola's software
which performs pixel-swap and stores images for each ho-
gel. Parallax-related images for the screen were 124 iden-
tical images of white rectangle in size of 1000 x 1500 pix-
els. Pixel-swap process took two minutes and then in 18
hours hologram of the screen in size of 100 x 150 mm was
printed.

For the image projection on the printed screen hol-
ogram we have used LED projector LG HS 102.

6. Results

The exposed and processed photoplate with achro-
matic hologram of white screen was placed vertically in a
universal plate holder. The video projector connected to
the laptop was placed on a tripod in such a way that light
from it would be coming to the hologram at an angle sim-
ilar to the reference beam angle used in DIWO-6 origina-
tor for its recording. Images that were showed on a laptop
screen were white image of a turn side on a black back-
ground and colour photograph of one of our poster-sized

colour volume hologram printed on our other DWDH
printer (Fig. 8).

On the Fig. 9 are shown photographs of the screen
with projected image. Since the hologram acting as
screen is achromatic — all projector's LED wavelengths
are replayed correctly with right intensity and into the
viewing angle defined by printers hardware and software.

As it is seen from photographs above, the achro-
matic hologram of white screen imprinted at the image
plane indeed can act as see-through screen. And since it
is surface relief hologram — it can be easily replicated
and become a cheaper alternative to the photopolymer
see-through screens.

Conclusions

— Achromatic surface relief hologram of the white
screen was produced employing Direct-Write Digital
Holographic printing technique.

— This hologram can be used as a master-hologram
for the see-through screens manufactured with embossed
holography methods.

— Producing the see-through screens employing
embossed holography methods shall significantly reduce
costs of their production.
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