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Abstract

Following the success of the pedagogic tool for aabmomatic holography realized for pedagogic angupar science
purposes a few years ago [Th. Voslion and A. Esaedrdeur. J. Phy83, 1803 (2012)], an upgrade has been developed. The
resulting device includes all the necessary equipteeproduce far more spectaculdrx 5” color holograms for science
outreach purposes. Graduate schools are also @fereral experiments such as holographic difftaagratings. Optimized

to be extremely robust to vibrations, particuldsyusing the weight of the object to avoid unwantiations during

hologram exposure, the robustness of this deviderisonstrated through optical microscopy measurésnen

Keywords. Optical holography, physics education, populaesoe
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360°. This is due to the fact that interference ison-local
1. Introduction effect. Each point of the object illuminated by tteherent

. . wave diffuses the information over a wide part bkt
The reproduction and capture of the image has awa . . . .
C o otosensitive plate, giving rise to an interfeenmttern
been a fascinating challenge. Humans began by ipgint o . . )
. . th containing the 3D information. A hologram has high
Then photography was invented in the™1€entury, and . . S L .
) . . redundancy of information, which is why it is pddsito see
constantly improved. The latest phase of this devekent is _ .
. . the whole object using only one part of the plate.
being able to capture the relief of a real scene.

Holography has a particular place in this hist@y,it is Producing a hologram requires at least one briight
y ' source whose coherent beam is divided into twospdainie

the-only way to record the “whole” relief of a seefl]. object and the reference beams. The first calledathiect
While other processes record the 3D effect for @na few - . . .
. . . beam is directed onto the object and retains gfoutof the
points of view, holography records a huge set ahtgoof o ) .
: _ wavefront deformation induced by its relief. Theed, or
view of the scene, some holograms offering a 3Batfbver I :
reference beam, is directed onto the recording umedits



interference with the object beam is recorded i@®akthe guaranteed by the same principle as in the previous

phase deformation induced by the object, and ttsuelief. pedagogic tool [5]: the good horizontal contactwestn the

For light-diffusing objects, this information isc@ded over plate and the glass ensures less vibrations. 8ktsploint is

the whole hologram [2]. verified and the effectiveness of the support stetd by
Anyone looking at a hologram thinks that holograjgg measuring spatial resolution and interferometrbiiity on

“kind of magic”, even though the underlying physio§ the recording plates for different noisy environtsen

interference of coherent light is today well undeosl. This Finally, we illustrate how this holography colorwvit® is

makes holography a very motivating tool for engggirused through two examples: color Denisyuk hologramd

students and teaching them fundamental/applie¢®f3j4]. holography diffraction gratings.

For popular science purposes, realizing a live ¢n@lm has a

strong impact on the audience, opening the way to2. Description of the holography color device

discussions and thereby to sharing the knowledgergpout

of regearch Iaboratqries with the public. ) . containing everything required to produce colorolgoams
This paper details a holography color device tisaam under any noise conditions. The case itself is @sed dual-

upgrade of the pedagogic tool for monpf:hromat'ts:eam diverging light source during exposure. Thaagehas
holography developed a few years ago [5,6]. Thetiaddof oo ontimized to be simple, robust and to allosyegptical
a second, green laser mixed with the red lasewallcolor alignment when necessary.

ho!ogra_ms to be realized, _aff_ording new experimeiots To ensure good mixing of the two laser beams, thenm
university stgd.en.ts and continuing educathn [71. component of the device is an optical setup fixacasmall
Becauge 't_ is light and easy to MOVe, this pewgmlphy (400 x 400 mm) breadboard with three Sorbothane
color device is very practical for use in amphitieeaourses isolating feet fixed to the bottom of the case ufig 1).
demonstrations or for science outreach purposesaritbe Sorbothane was chosen because its high shock atimu
pseq just as effe(?tively in putdopr popular scieev?ents as [8] keeps the dual beam stable during exposure. €hgs
n high level phyS|cs_ teaching. _Slncg the Qegreacmste W.'” consists of a 20mW-632.8nm HeNe laser, a 20mW-582 n
_d|ﬁe_r great_ly accordl.ng to the 5|tuat|qn, this upged device DPSS laser (class lllb), a dichroic mirror to mertpe
IS .f|tted W'Fh two_different plate-ob]ec_t supportqqe for collimated beams, a rotating polarizing filter norit of the
noisy cond|t|on§ and the other for qweter cp_ndﬂ;l.oThe green beam to control the red/green intensity ratimd a
success of the first support under noisy conditisnargely glass convex lens placed in the path of the tweethbeams

The holography color device is a 60cmx40cmx30cne cas

Figure 1: Diagram of the holography color device with theicgd setup inside a case (left) and photograghtyi L1:

20mW 632.8nm HeNe laser (right fig.: black cylingdr2: 20mW 532nm DPSS laser (right fig.: blackteegle); PF:
polarizing filter; DM: dichroic mirror; M: front stiace mirror; O: shutter; L: lens. In the photodrathe exit port and
the lens L are located on the upper left side efdase. A small case contains the supplementamrialaénd is placed
on top of the laser power supply.




just in front of an exit hole perforated in the €a$he front
surface mirror and the dichroic mirror are fixedldnematic
mounts with manual adjusters for easy optical alignt. A
zero aperture iris is placed just in front of teaed, making it
possible to block the laser beams. The short conleas

To upgrade the monochromatic pedagogic tool, thé& PO
support was designed to produce contact reflection
holograms, also called Denisyuk holograr@k Linder noisy
conditions. It is optimized fo#"x5" plates (figure 2): the
reflecting prism has been replaced by a cheaperlagér
(f=20mm) reduces laser hazard: only diverging beames front surface mirror to reflect the laser beamsooatlarge
accessible outside the case. part of the holographic plate. For better stahilithe

The two laser beams are mixed via the dichroic anirr photosensitive h0|ographic p|ate is mounted on &hre
expanded via the lens, and horizontally reach drtheotwo columns with balls at their ends. Beams are dediate

supports described below (figure 2). vertically by the 45° mirror, crossing the transr

Figure 2: Plate/object supports POL1 (left) and PO2 (righi;arrows indicate the orientation of the diveggimser
beams. The plate/object supports are placed farginfsom the lasers so that the maximum surfachest” x 5” plates
is exposed. PO2 is used for single-shot reflectivansmission holograms: a reflection holograrthefelephant and a
transmission hologram of the cat are produced sanebusly.

The HeNe laser has a coherence length of abouhtB0 photosensitive plate and being back-diffused by dbgect
while the green laser is monomode with a much greatvhich is simply placed on top of the plate. Thikes
coherence length. Thus, for Denisyuk single-beartorcoadvantage of gravity to avoid any relative movenuuring
holograms, the maximum distand2 = 75mm between the the realization of the hologram, thus enabling gmdms to
holographic plate and the object is imposed byrételaser be created even in noisy environments like a usityer
(the depth of the object is limited to 75mm). Théssers amphitheater crowded with students or a sciencecaci
cost at least 3800 €, too expensive for a commekifa session with children. This robustness is due ¢éoféltt that
aimed at general public use. But this is what istsoto in holography, it is only after separation of tlesdr beam
realize high quality holograms with 100% success finto two parts, the reference and the object bedinas,any
pedagogic/popular science purposes. Economies coeldmicrometric vibrations need to be prevented [10].our
made by replacing HeNe/DPSS with cheaper laserediodcase, as described in the previous article [Sk thiplies

However, it is well known that they are not stableugh in
terms of frequency, leading to lower-quality hokgus and a
much lower success rate in their realization. Meegpthese
laser diodes are extremely fragile, and particuladinerable
to static electricity. This necessitates great ¢arbandling
them and reduces their lifetime.

Two plate/object supports are included in the cdise:
first support (PO1) is used in noisy environmemtsd the
second (PO2) when there is less noise. During exppshe
chosen support is placed so that the object isnanfieters
away from the hole of the case.

avoiding any vibration of the object with respezthe plate
on which it is placed. As in the first pedagogioliothe
plate/object support is simply placed far enoughnfrthe
case to ensure that the combined red/green divgtggams
deviated by the 45° mirror illuminate the largestface of
the photosensitive plate. Typical exposure times arfew
seconds. This is sufficiently long to precisely es the
plate to the lasers manually by simply opening #eeo
aperture iris and leaving it open, but short enotglavoid
possible perturbing vibrations.



Because with the second plate/object support (RR2) ‘ HeNe laser &
objects are not directly in contact with the plateshould be optical lens
used in quieter environments. This support is digatly _

suited to small groups. It is designed for sindlets
reflection/transmission holograms using the divagglaser
beam coming from the bottom (right side, figure Zhe

holographic plate is vertically fixed onto the soppwith

four screws and plastic washers. Two objects aaeepl on
both sides of the holographic plate and are secwi¢d | Figure 3: Experimental setup used to character|ze
small pieces of modeling clay. The one behind (edep on | Vibrations — the laser beam simultaneously illurtesa
figure 2) is used to create a reflection holograhnilevthe one | the PO1 support and a classic setup. A radio pnogsa
in front (cat) is used to create a transmissiorogx@m. A | running during printing time at various noise levet0,
small mirror can be added at the side to improve { 60 or 70dka.

brightness of the transmission hologram throughtebetfor the reconstruction of the hologram requires thare be

illumination of the object. Due to the divergendéte beam, no vibrations along during recording. This is a limitation:
this mirror is illuminated by a part of the refecerbeam and the planes must not be blurred. For an anglde&tween the

can be oriented so as to illuminate the object. reference beam and the scattered object beam, ex las
All the equipment needed to develop the holographjgayvelengtth, we have:

plates is inside the case: the developing produletgeloper, d= 2 (1)

bleach and wetting agent), the corresponding tools 2 sina

(thermometer to control the temperature of the kipez,  €ré 4 =632.8nm and a = 90°, the Bragg planes are
syringe, measuring beaker, hair dryer to dry theesl after SPaced about d=315nm apart in the medium. Thisatée
development) and a few"s5" silver halide Ultimate 0g €2@Sily séen with an optical microscope. _

color plates [11]. Note that these plates are metspelled,  HOWeVver in the (x,y) plane parallel to the plate fringes

to keep the rendering colors as real as possitdeebdping at the pbjlect_s edge ca.n Ee 0‘; tITe Iarr?eslt: S|zxabller';:;der
an Ultimate plate takes approximately 15min: an optical microscope: they follow the Fresne 'on

- dilute 1:10 in water developer (in darkness) pattern [10.14]. -Thefrefore., in the case o.f.a réitiec
hologram of a point-like object, the constructivindges get

6min at 20°C, | he fii q der i he ed f th
- rinse (in darkness) in running water 1min, closer to the fringe order (zero order is at the edge of the
- bleach until transparent (3-4min), object). In this case, fringe spacingevolves asi, = \/%

- rinse in running water 1min, . ) . ) . .
- soak 1min in water containing a few drops d‘prn >> 1, with D the object-plate distance. Fringe intensity
wetting agent is also decreasing with the increase of orddf the object is

- dry 2 min (with absorbent paper, then with a haflot Iikg a point, -the interference pattern i-s rrmmeqplicated.
dryer). But fringe spacing always decreases with the irsgrezn.
Moreover, if the object is placed at y=0, fringeasing is

3. Plate/object anti-vibration support PO1: decreasing with|y|. Thus, the smallest recorded fringe

qualitative and quantitative proof of robustness spacing will indicate the smallest detail visibla the
reconstruction. If the object has a simple shage,the edge

The brightness of a hologram is defined by: (1) th# a metal ruler, the smallest detail is easien&asure.
intensity of the light diffracted by the hologranmo t When there is noise during plate exposure to tiserla
reconstruct the image, which depends on the nuraberlight, an optical microscopy view of the fringe péacan
Bragg planes constructively reflecting the incomlight and provide information on loss of spatial resolutidiote that
(2) the spatial resolution [12,13], which dependsie finest loss of image intensity is harder to measure becapsical
detail available in the interference pattern reedrdn the microscopy only provides information on the (x,y)
silver halide emulsion of the holographic plateu3lthe size vibrations, along the plane of the hologram.
of the silver grains determines the definition diet Here, we tested the effectiveness of the PO1 suiyor
reconstruction: the smaller the grain, the highée tsimulating a public exhibition. Two holograms ottsame
definition. The grain size of the Ultimate hologh@pplates object (a metal ruler) were realized at the sametione
used for this device is extremely small, 8nm orrage [11]. using PO1 and the other not using PO1 but pladiegtler

In the following, thez axis is perpendicular to the surfacelirectly on the plate (see figure 3). To reprodaceublic
of the holographic platé=or a reflection hologram, the fringeexhibition environment, a radio program was runnimghe
planes, also named Bragg planes [2], are perpdadittiz room: the experiment was repeated under variousenoi
and spaced a distanceapart. Ensuring sufficient intensity



conditions (measured in human ear weighted unis, dt PO1
the recording site): 40, 60 and 7QdB
Pictures of the holograms obtained under theseitionsl Noise (dB,) 40 60 70 70
are shown in figure 4. Note that the hologram nongér
appears in the 70¢gBhoisy condition. Only a small part clos¢ Interferometric
to the mechanical contact point is seen. This ialitative visibility 0.65 | 0.41 0.19 0.91
proof of the robustness of POL1. r
Microscopy measurements provide more quantitativ&mallest detai
insights. Micrographs of the plane (x,y) were oftai with a € (+0.5 pm)
metallographic optical microscope along the edgenefruler
(figure 5). These micrographs were taken in thetevbircles
plotted on the hologram pictures from figure 4. R°9
rotation was performed with respect to the piciarerder to The interferometric visibility is much better witlionoise or
plot the gray level profiles of figure 5 in the samiirection. with PO1. Under very noisy conditions (70gBthe smallest
The gray level profile is a signature of the reeardight detail visible in the plane is three times bettéhwO1.
intensity and is encoded on 8bit. When PO1 is useel, Holograms realized with PO1 were roughly identical
intensity level of the fringes under the 4Qd@o noise) and Whatever the noise conditions. These results aontinat
the 70dB, (noisy) conditions are similar. The intensity leveecording using the weight of the object on theeptiirectly
is decreasing from the edge of the ruler to theraa part to reduce the effect of vibrations is an effectarel relevant
that is clearly visible in the no-noise conditionusing PO1: method of producing holograms under noisy condstion

if the object edge is iry = 0, the intensity is decreasing with Sound vibrations correspond to the mechanical st
ly| of glass, the material of the plate. If the objedirates

Variations in intensity were measured  with thEogether with the glass, t.hen relative oscillatians _damped.
, N _ Imax—Imin The shorter the mechanical loop, the smaller thdlasons
interferometric visibility defined asl" = Tmax+min. They  petween the plate and the object. Therefore, thell stincle
correspond to the intensity modulation perpendictdathe in the 70dB condition without support shown in figure 4
edge of the object. Results on resolution and fetemetric corresponds to the lower part of the ruler wher tidible
visibility with the gray level profile are reportén Table 1.  adds a contact between the ruler and the plate siimal is
quickly lost when the mechanical loop increasesnfbaway
from the table). This suggests that the best wagrsure
optimum reproducibility when making a hologram asuse
the full weight of the object, and thus to place thlate
horizontally.
We did not test the PO2 support since this is exjent to
using the mount without support. Mechanical loopoisg

14 15 2.5 0.8

Table 1: Resolution and interferometric visibility obtained
under the different noise conditions

without PO1 with PO1
40dBa 60dBa 70dBa 70dBa

Figure 4: Pictures ofthe holograms obtained for three controlled nomediions with and without PO1. Even under the
worst acoustic conditions, it is the PO1 suppaat #nables the best hologram to be obtained.

I I Without PO1 I With I because the object and the plate are placed VgrtiP®O?2 is

only intended for use under quieter environments.
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Figure 5: Micrographs taken in the white circles from

profiles plotted on the right are extracted frora thhite rectangular zones. The interferometrichiliy is clearly better
using POL. The size of the smallest visible détaiheasured on the plane of the recording medium.

piesirin figure 4 show the recorded fringes. The deagl

4. Experiments for popular science and pedagogy

The holography color device can be used to real
multiple experiments for outreach purposes, sudhesolor
Denisyuk reflection holograms described below ar Hiagh
level physics courses. For example, the holograpbigr
device was used for experimental projects with sgralups
of Master students at Aix-Marseille University. [hg 6 3-
hours sessions, they worked on the realization #rel
characterization of diffraction gratings. They begay
creating a single-shot transmission/reflection podon (with
plate/object support PO2) to understand the diffezs
between them. Once developed, the distinguishiatiife of
such a hologram is that it contains in the sameaimel a
reflection and a transmission hologram. Dependm@aw it
is observed, with laser by transmission or with latevlight

4.1 Color Denisyuk reflection holograms

izeFor science outreach purposes, color reflectiondraims
are spectacular [17,18].

The main advantage of the device is to allow the
realization of spectacular 4"x5” Denisyuk color bgiams
[19]. For perfect reproducibility of a wide rangé color
shades, at least three lasers with wavelengthesmonding
to three independent primary colors need to be (i2éH
However, the realism of « color » holograms realizising
only red and green lasers is very impressive teen ehough
it is not possible to obtain pure white and putpieg shades
(figure 6). When created during science outrea@ntsy the
impact on the audience of such « two-color4$xs"
holograms is very strong, much greater than theaghpf
small monochromatic holograms. Adding an expentivel

by reflection [15], students can see each of th@ twaser in the blue region does not therefore appesential:

holograms. This experiment has great pedagogicevatu
raises the student’'s awareness of the effect ofrelative
orientation of the object/reference beams with eespo the
plate. They also master the different phases dizedgn of
a hologram: setup mounting, exposure time calatatand
development. The students subsequently created
characterized several diffraction gratings and nedina
complete transmission spectrometer [16].

The reader will find descriptions of different hgtaphy
projects using the holography color device in Aiddial
Information.

the green laser gives the hologram its luminositfile
combining it with the red laser gives a wide ramdecolor
shades. Holograms produced with red and green slaser
represent a good compromise between cost and aedien
impact. As we will see later in the text, the usahe two
aed/green lasers also considerably widens the sdope
experiments illustrating the principles of hologngp The
redesigned PO1 releases the experimentalist froncero
over unwanted disturbing vibrations. The device basn
successfully used to realize holograms in noisyrenments



such as an amphitheater full of students or dudngeach on angled as defined in figure 7. For a collimated beam and
sessions in a museum and in the street with atdatk a laser wavelength, we have:

A
2 sin @ (2)

The number of grooves per millimeter can be colsdol
through the choice of laser wavelengthand angled. For
pedagogic use of color holography, it is possildeobtain
values of up to 2800 mifron a4” x 5” holographic plate.

HP

Figure 7: Experimental setup for the realization of a
holographic diffraction grating with PO1. The lasgeyam L

is coming from the left side. The holographic pl&ate is
leaning against the mirror M, emulsion on the nirsae.
The inclination of HP can be varied by changingbsition

of the rear post.

Once the diffraction grating is realized, the numbé
grooves per millimeter,,, can be experimentally obtained
' by measuring the angle of diffractiof, of an incident
Figure 6: Two-color (red/green) hologram of crystals (Updg|iimated laser beam with an incident angjewith respect
and originals (down). Crystals are, from the toft te the ;j the normal [22]:

bottom right of the image: gold-yellow pyrite, degpeen

. . A
dioptase, red vanadinite, dual-pyramid purple quaand sin(f) + sin(B,) = o Aoy (3)
pale green malachite. Note that if 3, = 0, the measured angle of diffraction
B, = 6 also with respect to eq. (2). A diffraction gratiwas
4.2 Holographic diffraction gratings realized using the green laser and with the minolined at

ian angle of@= 41.5°. The use of relation (3) with two

Holographic diffraction gratings are widely used ;
lasers at 671 nm and 473 nm givgg, = 2513 mm™" and

spectroscopy for research and industrial spectpisco
applications. Such an optical element is obtaindgémtwo 2457 mm™, respectively. This is in very good agreement
coherent equally polarized monochromatic opticarbe of with the value predicted from equation (2py =

equal intensity intersect each other onto a phetwsiive 2491 mm™. The effect of the wavelength on the resulting
plate. A diffraction grating can also be createshfra single value ofi can also be explored. Two diffraction gratings

collimated coherent beam, if it is reflected baq:ioml itself. were Successive]y created with the red and grmga)f the
The use of PO1 allows this configuration: the miris

placed vertically against the rear post, with tledographic ]

plate placed at the original mirror position (figuf) [21]. A @Nd Aexpssz = 2714mm™.  As expected, the ratio

standing wave pattern will be formed, with intepsitaxima @exp 532 / @exp 632nm = 1.19 was equal to the ratio of the

forming planes parallel to the wavefronts. Its iaéetion laser wavelengthg,.q / Agr..n. These two gratings can be

with a photo-sensitive medium yields on its surfage realized at the same time on the same plate, sotwa

sinusoidal varying intensity pattern, whose spacidgpends holographic gratings can coexist with the corresfiumg
resolutions.

device. The use of relation (3) gaagyp 63, = 2254 mm*?



Note that when realizing diffraction gratings withe

excellent source of motivation for students, ad aela very

device, the laser beam is divergent. Thus, the cabtieffective way of capturing the attention of any iznde.

wavefront is spherical and relation (2) is notcilyi valid.

This means that the distance between successingefri
patterns 1) differs from the value for a collimatesam and

2) is not constant over the diffraction gratingfaoe. To

check how important these effects are, we measthed

variation of the number of grooves per millimeteen the
surface of a diffraction grating realized with tlievice:

Aa/a<4%_ Moreover, we realized a diffraction grating

with a collimated beam by adding a second convertgns
after that used to expand the laser. The ensuirigtican was
2.2% lower than that of the diverging beam confidian. It
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Additional information

The holography color device could also be used to

can therefore be concluded that relation (2) is omdg illustrate data storage (Holographic Versatile DPisuith
approximation in our case. An explanation for thesmilts is Wavelength and angle multiplexing. For angle migtng,
that PO1 was positioned far from the laser soureesa PO2 is simply rotated to change the incident arujléhe
distance ofL ~ 4.5m, so that the incoming beam is onlyaSer beam between two laser exposures of tworelite

slightly spherical.

5. Conclusion

objects on the same plate. Once developed, theeimagne
object or the other can be seen, depending on rigke af
observation of the hologram. This experiment can
performed with a transmission or a reflection hodog,

be

Our first monochromatic pedagogic tool for holodmp gepending on the position of the object: in frohbobehind
developed in 2012 has been widely used for teachifig plate. The wavelength multiplexing effect canrealized
purposes at Aix-Marseille University, for contingin with PO1: the same holographic plate is succesgivel

education and for popular science events. Sinc&,20has
been upgraded to a holography color device destiibéhis
publication. This provides more pedagogic oppotiesito
engage an audience, with no particular need f@xpensive
active or passive anti-vibration apparatus. Theiadevs

exposed to the two lasers, and the object is clthhgbveen
the shots. Once developed, the two red and greagemare
superimposed when the hologram is illuminated wittite
light. When it is exposed to red and green lightse
corresponding image can be seen, thus illustratimg

portable and contains a stable dual (red/green)mbegayelength selectivity of the hologram.
diverging light source (the case), an anti-vibmtio \joreover, as with the pedagogic tool for monochriena

plate/object support, a single shot reflexion/traission
support and the developing chemistry.

To test the effectiveness of the anti-vibration s in
controlling vibrations, we used the Fresnel diffraic
recording of a metal ruler. This allowed us to neasthe
smallest detail available on the recording, useiddicate the
hologram’s brightness. Several noise conditionsewiested
and unambiguously showed that noise is not a prollben
using the anti-vibration support. The device carubed for

holography, it is possible to realize experimensdouble-
exposure holographic interferometry (mechanicalesstr
diagnostics) and notch filters (Raman spectroscopypyr
more information on these experiments, the readerrefer
to our previous publication [5]. The experiments anriched
by the presence of two lasers in the holographgrodévice.
For example, a double-notch filter can be realizgdising a
front surface mirror exposed to the red and graserk at the
same time, with two reflection spectral bands aeaten the

outreach purposes, during public exhibitions, smen|zsers’ wavelengths.

festivals, conferences, and for middle and secgndehool
in-service teacher training.

Associated with an additional support included e t

holography color device, it is possible to develowre

complex educational experiments compare to thet firs
¢#] Jeong T.H. 2013. Physics: conf. series 415 012062

pedagogic tool: color holography, comparison
reflection/transmission holograms, Bragg effecgwdar and
wavelength multiplexing principles, diffraction grags with
control of the number of grooves per millimetertaiofilters
with central wavelength control.

Holography offers opportunities to explore a widage
of fundamental principles of optics. At the sammej the
spectacular ability of holography to reproduce itgdbk an
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