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A B S T R A C T   

An optimized wavelength multiplexing procedure for color reflection holograms of diffusing objects recorded in 
Bayfol® HX photopolymer is proposed. It is based on simultaneous initial illumination of all the wavelengths and 
sequential shuttering down of the laser beams involved. Three lasers of 442 nm, 532 nm and 633 nm were 
selected, as a tradeoff solution between setup complexity and color reproduction accuracy. The obtained results 
prove that the presented method improves the simultaneous and sequential exposure methods by increasing the 
mean efficiency and reducing the standard deviation (increasing uniformity) of the involved wavelengths. For a 
Spectralon® diffusing object, the assessed method reports a mean efficiency of 25.0% with a standard deviation 
of 2.9%, while simultaneous and sequential iterative exposures result in mean efficiencies of 12.1% and 20.6% 
with standard deviations of 3.4% and 5.4%, respectively.   

1. Introduction 

Among different applications of holography, color reproduction 
represents one of the most relevant. Several fields such as art [1,2], 
security holography [3], sensors [4,5], displays [6,7] and LEDs [8] 
demonstrate the successful application of color holograms [9]. 
Panchromatic holograms can be either transmission-type or reflection- 
type. The last ones are suitable for color reproduction when recon-
structed with white light and are therefore the most commonly used for 
this kind of application. On the contrary, transmission color holograms 
need to be illuminated with the wavelengths and directions used in the 
recording stage. 

First color reflection holograms were obtained by recording with 
single wavelengths and then stacking them to be reconstructed under 
color conditions. In an analogous way, a sandwich of monochromatic 
sensitive materials before recording was assembled in some cases to 
avoid subsequent stacking. An example of the monochromatic recording 
with subsequent stacking is the one reported by Kubota who combined 
silver halide (red component) and dichromated gelatin (green and blue 
components) holograms to obtain a successful reflection color hologram 

[10]. This methodology reports high-efficiency results since the photo-
sensitive material index modulation is not shared for different wave-
lengths. More recently, Shelkovnikov et al. analyzed the performance of 
a polymer under several sandwich configurations (as it was previously 
indicated, the sandwich is prepared before recording) for two-color 
holograms, obtaining diffraction efficiencies above 70% [11]. Another 
representative study about multiple photosensitive layer architectures 
in photopolymers is the one by Kawabata et al. in which multilayer films 
containing different spectral-sensitive photopolymer layers were 
assessed, achieving efficiencies of 60% at each color [12]. Similarly, 
several configurations of monochromatic grouped layers were studied 
by Mukawa et al. to obtain full color displays using waveguides [13]. 

In the 90s, when panchromatic recording materials were available, 
Bjelkhagen et al. [14] demonstrated the possibility of recording color 
holograms in a single-layer silver halide emulsion by wavelength mul-
tiplexing. The proper multiplexing conditions (exposure times, in-
tensities, etc.) are highly dependent on the photosensitive material 
involved. In this sense, panchromatic photopolymers present important 
advantages such as grain absence and, therefore, avoidance of diffusion 
in the blue region in comparison to silver halides. In the literature about 
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photopolymers, two main multiplexing techniques have been reported: 
simultaneous and sequential exposure. Simultaneous exposure is based 
on illuminating the recording material with different wavelengths at a 
time and during the same time interval. The dosage of the individual 
wavelengths is controlled by the exposure time (the same for all) and the 
intensity of the laser. In the case of simultaneous exposure, several 
problems associated with the lack of accurate control of the recording 
intensity may arise. Lasers with variable power, continuous density fil-
ters or two combined linear polarizers would be needed to obtain the 
required recording intensity values. Resulting efficiencies of the wave-
lengths involved are then difficult to be controlled and, thus, the color 
management [15]. On the other hand, by using sequential exposure, the 
lasers act on the recording material one after the other and during a 
certain time period, depending on the adequate dosage for every 
wavelength employed. Piao et al. [16,17] presented a variation of the 
sequential exposure founded on time-scheduled iterative exposure. This 
means to repeat an illumination sequence for a certain number of cycles 
achieving high diffraction efficiencies (over 50%), but for transmission- 
type multiplexed gratings. 

It should be noted that in the studies described above (from other 
authors) either holographic gratings are recorded or the calibration has 
been carried out using gratings. In none of them the calibration was 
conducted by means of diffusing objects. Diffusing objects perform quite 
differently than gratings or any type of direct beam interference since, in 
that case, the light is scattered in the object and multiple interferences 
are produced between scattered waves. This phenomenon produces 
speckle on the recording material, increasing the mean refractive index 
and, thus, decreasing the effective modulation of the refractive index in 
comparison to plane-wave holograms [18]. 

Besides the multiplexing technique, a key aspect is the number of 
wavelengths necessary for reliable color recording. Bjelkhagen et al. 
[19] stated that, although using four or more wavelengths provides a 
more precise color reconstruction, with three lasers with wavelengths 
around 466, 545 and 610 nm, the error in color reproduction is toler-
able. While increasing the number of lasers improves color reproduc-
tion, it also increases the complexity and cost of the recording set-up. 
Consequently, a trade-off solution should be considered to balance 
complexity and accurate color reproduction. 

Bearing in mind the issues mentioned above, the present research 
proposes an optimized exposure method for registering Denisyuk-type 
reflection holograms [20] of color diffusing objects in photopolymers 
improving the state-of-the-art. The technique is founded on simulta-
neous exposure with different times for the lasers involved, with the goal 
of obtaining uniform and high efficiencies for the wavelengths involved. 
The procedure regards the polychromatic calibration of the photosen-
sitive material by directly including the diffusing object (Spectralon® 
target). To our knowledge, there are no previous works, from other 

authors, performing a polychromatic calibration of the photosensitive 
material with a diffusing object in reflection holograms. The photosen-
sitive recording material utilized is the panchromatic Bayfol® HX 
photopolymer, and the number of lasers selected is three. The manu-
script is divided into five main sections. In the two first parts, the 
recording material and the experimental setup used are described. The 
methodologies of the monochromatic and polychromatic calibrations 
are then explained. The following section includes the results and dis-
cussion. Finally, the main conclusions are stated. 

2. Photosensitive recording material 

As indicated in the introduction, the photosensitive recording ma-
terial utilized is the panchromatic self-processing photopolymer Bay-
fol® HX [21,22]. Fig. 1 illustrates the bandwidth where the polymer is 
more sensitive (minimum transmittance zones) and the transmittances 
at the wavelengths of the lasers used in the present research, which will 
be introduced in the following Section 3. The photopolymer layer lies on 
a flexible plastic substrate and its thickness is 16 μm. 

The minimum transmission appears at approximately 654 nm, thus 
the maximum absorption occurs at this point. The second minimum is 
located at around 502 nm. Contrarily, the transmission of the photo-
polymer is quite high in the yellow region (~68% at ~565 nm), there-
fore the sensitivity is low. Based on this fact, a 590 nm LuxeonRebel 
LT1012 LED security light was used during the experiments, located at a 
distance of at least 50 cm from the material, according to manufacturer’s 
recommendations. 

The material initiates a light-induced polymerization in the 
recording that is considered to finalize in about 5 min. Afterwards, a 
photocuring process is needed for fixing the hologram (polymerization 
of the remaining monomer and bleaching of the dye). This is done by 
illuminating the hologram with a white light led lamp of 50 W for 25 
min [23]. The maximum index modulation attained with this material 
for reflection gratings is Δn ≅ 0.033 [22]. Nonetheless, much smaller 
effective modulation is expected for the recording of diffusing objects 
due to the intermodulation noise produced by the interference between 
the object points. Before recording, the samples were adhered, by direct 
contact, to a 4-mm thick soda-lime glass thanks to the viscosity of the 
photopolymer to avoid bending since the substrate of the photopolymer 

Fig. 1. Spectral transmittance of Bayfol® HX photopolymer and wavelengths of 
the lasers used in the experimental setup. 

Fig. 2. Main characteristics of the lasers and their representation in the 
CIE diagram. 
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was flexible. In addition, the assembly had the rigidity to ease manip-
ulation, holding and fixing in the recording and characterization steps. 

3. Experimental setup 

In the experiments conducted, the number of lasers selected was 
three. As it was pointed out in the introduction, three wavelengths 
balance the complexity of the setup while keeping the error in color 
reproduction at tolerable values. Taking into consideration the sensi-
tivity of the photopolymer, the optimal values indicated in [4] for three- 
laser setup and the available lasers in the laboratory, two gas lasers for 
442 nm and 633 nm(He-Cd and He-Ne respectively) and a Nd:YVO4 
diode-pumped solid-state laser (DPSS) for 532 nm were chosen. In Fig. 2, 
the main parameters of the lasers jointly with their representation in the 
CIE diagram are summed up. The lines marked in black enclose the 
colors that can be reproduced with the three wavelengths used in the 
present investigation. 

Fig. 3 depicts the experimental setup for recording the Denisyuk-type 
volume holograms. The He-Cd laser beam diameter is about one third 
the DPSS and He-Ne ones, and, therefore, a 3x Galileo telescope was 
added to the He-Cd beam to achieve similar illuminated spot for all the 
three lasers (sufficient for covering the entire object). The three beams 
exposure time was controlled by three independent shutters just before 
those beams were combined using two dichroic mirrors. Finally, the 

combined laser beams are spatially filtered (microscope objective lens +
pin-hole) to avoid possible noise due to dust or other effects. The lasers 
had linear polarization in the direction perpendicular to the plane of the 
figure (s-polarization). 

The object used in the calibration stage is a Spectralon® lambertian- 
like diffusing reflector. This is perfectly attached to the glass where the 
photopolymer is fixed. The object and photopolymer are positioned at 
Brewster’s angle (ψB ≅ 56.7◦

) with respect to the reference beam to 
eliminate additional reflections and, thus, minimizing the possibility of 
undesired interferences that may cause spurious holograms. The 
diffusing object scatters isotropically and fully depolarized the incident 
light; hence a big intensity loss in the object beam is experienced 
because only the fraction with the proper polarization interferes with 
the reference beam. In addition, since the photopolymer absorbs part of 
the blue, green and red wavelengths before reaching the object, an extra 
loss occurs (see Fig. 1). Therefore, in the calibration, only the reference 
beam intensity was considered for the exposure time calculation since 
this intensity was at least 10 times higher than the intensity provided by 
the diffusing object beam. The lambertian-like diffusing object repre-
sents the worst possible scenario in terms of efficiency and refractive 
index modulation. Any other less diffusing object would provide better 
efficiency results. 

Fig. 3. Top: Recording setup diagram. GT is the Galileo telescope, M are the broadband mirrors, S1–S3 are the shutters for each laser, DM1 and DM2 are the dichroic 
mirrors, SF is the spatial filtering stage (microscope objective lens + pinhole), HP stands for the photopolymer and DO represents the diffusing object. Bottom: 
photograph of the experimental setup. 
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4. Methodology 

4.1. Monochromatic calibration 

The monochromatic calibration included recording of single- 
wavelength holograms to determine the response of the photosensitive 
material for each of the three selected colors and the recording param-
eters to maximize efficiency. Efficiency dependence on exposure energy 
was examined. 

The holograms were evaluated by measuring their chromatic selec-
tivity through the transmitted spectrum when illuminated with white 
collimated light (Ocean Optics, HL-2000) at the Bragg angle condition 
with a spectrophotometer (Ocean Optics, USB2000). The measurement 
was normalized to an unrecorded cured (bleached) photopolymer 
(Fig. 4-left) spectral transmittance curve in order to eliminate absorption 
and reflection losses. Additional absorption is observed in the blue 
bandwidth when the gratings are recorded in the photopolymer. This 
phenomenon is repeated in all the measurements carried out. 

Fig. 4-rigth shows a typical transmitted spectrum of the holograms 
studied in this work. This spectrum corresponds to the 0 order of 
diffraction and, since it is a volume hologram reconstructed under Bragg 
conditions, only the 0 and the +1 orders of diffraction are presented. 
Therefore, minimum transmittance at the 0 order means maximum 
diffraction at the +1 order. In the same Figure, the expression for 
obtaining diffraction relative efficiency is included. 

Once the efficiency is determined, the index modulation can be 
derived. Typically, the refractive index modulation increases with 
exposure energy above a certain threshold value. In the case of low 
exposure energies, the increase follows a linear pattern. Moreover, it 
saturates for a given exposure energy value [15,16]. This performance is 
theoretically modelled with an exponential function: 

n1 = n1,max
(
1 − e− α(E− E0)

)
, (1)  

where E0 is the minimum exposure energy value for the index modu-
lation to start growing and is determined experimentally, n1,max is the 
maximum achievable index modulation and α is a fitting parameter that 
corresponds to the slope of the linear zone of the curve. 

On the other hand, the relative theoretical efficiency for a volume 
reflection hologram [24] that meets the Bragg condition in the recon-
struction is described in Eq. (2): 

η = tanh2
(

πdn1

λa
̅̅̅̅̅̅̅̅crcs

√

)

(2)  

where d is the thickness of the photopolymer, λa is the reconstruction 
wavelength, cr is the direction cosine of the angle of incidence (cr =

cosφB≅ 0.549)and cs is the direction cosine of the angle of the reflected 
beam (cs = 1). 

Although volume reflection holograms efficiency could achieve a 
relative efficiency of 100%, in the case of diffusing object the maximum 
efficiency is lower since the spherical waves scattered from the different 
object points interfere between them, inducing speckle effect. As re-
ported by Upatnieks et al. [18], this effect decreases the effective 
modulation of the refractive index compared to that obtained in the case 
of holograms with plane waves, and therefore an efficiency of 100% 
cannot be achieved. 

Taking into account the exponential dependence of n1 with the 
exposure energy, Eq. (1), the efficiency can be reformulated to: 

η = tanh2
(

πn1,maxd
λa

̅̅̅̅̅̅̅̅crcs
√

(
1 − e− α(E− E0)

)
)

(3) 

It can be noted that the maximum relative efficiency occurs when the 
exposure energy tends to infinite, describing an asymptote. 

Mechanical or thermal instabilities that may occur during hologram 
recording cause movement of the fringes. This reduces index modulation 
and, as a consequence, there is also a decrease in the efficiency. The 
theoretical curve is considered to correspond to the envelope of the 
points with the highest efficiency. 

4.2. Polychromatic calibration 

The present section deals with the characterization of the photo-
polymer under wavelength multiplexing conditions. In the poly-
chromatic recording, each of the three wavelengths used aims at 
recording an independent hologram. The efficiency of each of these 
holograms is lower than that achieved with monochromatic exposure 
because the effective index modulation is distributed among the 3 
wavelengths. 

The goal of the polychromatic calibration is to accomplish similar 
efficiencies for every wavelength hologram, keeping them at the highest 
possible value. The maximum attainable efficiency value is estimated to 
be that reached in the monochromatic calibration. 

In the introduction section, two main methods for wavelength mul-
tiplexing have been pointed out: simultaneous and sequential exposures. 
Besides, it has been mentioned that polychromatic calibration for 
reflection holograms recorded in photopolymer with diffusing object has 
not been reported in the literature. In this regard, the authors in the 
frame of a previous study reported a comparison of the simultaneous and 
sequential iterative exposure methods, including diffusing object [15]. 
Results indicated that the sequential iterative method was the best, 
reaching efficiencies of 22.5% for 442 nm, 14.5% for 532 nm and 24.7% 
for 633 nm (mean efficiency, η = 20.6%; standard deviation, σ = 5.4%). 

Fig. 4. Determination of the diffraction efficiency in the chromatic selectivity curve. Left: Unexposed bleached sample normalized transmitted intensity; Right: 
chromatic selectivity for a monochromatic green grating. 
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The timings were 8, 2 and 9 s, which corresponded to 3 mJ/cm2, 1 mJ/ 
cm2 and 1 mJ/cm2, for 442 nm, 532 nm and 633 nm, respectively, with 
an optimum number of cycles of 10 to obtain the maximum and more 
uniform efficiency pattern. On the other hand, the reported efficiencies 
for simultaneous exposure were 10.9% at 442 nm, 15.9% at 532 nm and 
9.6% at 633 nm (η = 12.1% and σ = 3.4%). Fig. 5 charts the spectral 
transmittance curves from which the diffraction efficiency for the 
simultaneous and sequential methods can be derived. 

In spite of the fact that sequential iterative method produced better 
results, the uniformity in the efficiency for the different studied wave-
lengths was not considered to be satisfactory. With the aim of improving 
this uniformity and increasing the efficiency values, several method 
variations were analyzed, concluding that the optimal is the simulta-
neous exposure with different times for every wavelength. Neutral 
density filters were included in the setup to control the intensity of the 
laser beams and independent shutters did allow to operate all the beams 
simultaneously but to close each one at the desirable time for achieving 
the adequate exposure energy. 

The measurements performed in this case are the same as those 
described in the previous subsection for the monochromatic calibration, 
but taking into account that the refractive index modulation is shared 
between the tree wavelengths involved, so 

n1,max = n1,max.blue + n1,max.green + n1,max.red . (4) 

Based on Eq. (3), to equalize the efficiency for each wavelength, the 
maximum index modulation values are related as 

n1,max.blue/λblue = n1,max.green/λgreen = n1,max.red/λred. (5)  

5. Results and discussion 

5.1. Monochromatic calibration 

A series of samples were recorded under different exposure energies. 
Each exposure energy is represented by a point in the charts shown in 
Fig. 6. Moreover, the theoretical results are also included, indicating 
very good agreement between model and experiments. 

It can be noted that for all the three wavelengths and by the expo-
nential fitting from Eq. (3) a threshold value (E0) is clearly identified, 
below which the hologram is not efficient. In the case of green and red 
wavelengths, the E0 values are similar and around three times (2.5 and 3 
mJ/cm2, respectively) lower than for the blue one (8.2 mJ/cm2). More 
details about the polymerization process and material properties of 
Bayfol®HX film that could lead to this performance are described in 
[25]. In the case of the blue wavelength, experimental points are 
observed to experience bigger dispersion. This effect is attributed to the 
vibrations produced by the He-Cd laser cooling systems. From the E0 
point, the efficiency increases rapidly till the saturation zone. Since the 
asymptotic value that represents the maximum efficiency is achieved for 
exposure energies tending to infinity, it is assumed as the optimal 
exposure energies the one reporting maximum efficiency values at the 
99% of the theoretical maximum value. In Table 1, these data, jointly 
with maximum efficiency, refractive index modulation and alpha 
parameter of the exponential fitting are included. Measured intensities 
for each wavelength are also shown. 

Fig. 7 shows the chromatic selectivity curves for each of the indi-
vidual holograms recorded with the parameters indicated in Table 1. It 
can be seen that the red hologram is the one achieving less chromatic 
selectivity (12.6 nm FWHM) while the blue and the green ones present 
similar values around 9.5 nm FWHM. A slight shift of the peak wave-
lengths is observed in Fig. 7, with a relative displacement below 1%. 

Fig. 5. Chromatic selectivity curves obtained for simultaneous and sequential 
exposures. The efficiencies can be derived as introduced in Fig. 4. 

Fig. 6. Efficiency vs exposure energy for the three wavelengths of the mono-
chromatic calibration. Blue color corresponds to 442 nm laser and the green 
and red colors to 532 nm and 633 nm, respectively. The lines represent the 
theoretical tendency (Eq. (3)). 

Table 1 
Recording wavelength, measured incident intensity, maximum efficiency, 
exposure energy threshold, exposure energy for achieving 99% of the theoretical 
maximum efficiency, constant of the theoretical exponential function of Eqs. 
(1)–(3) and maximum refractive index modulation obtained in each mono-
chromatic calibration.  

λ(nm) 442 532 633 

Ii(mW/cm2) 0.37 0.52 0.11 

ηmax(%) 60 80 63 

E0 (mJ/cm2) 8.2 2.5 3 

E|0.99ηmax 
(mJ/cm2) 25.6 8.4 8.8 

α  0.22 0.5 0.5 
n1,max  0.0067 0.0113 0.0101  

Fig. 7. Chromatic selectivity curves for the three wavelengths recorded.  

I. Vázquez-Martín et al.                                                                                                                                                                                                                       



Optics and Laser Technology 143 (2021) 107303

6

This effect is attributed to emulsion shrinkage. By using Eq. (2) and the 
values provided in Table 1, the emulsion layer thickness after processing 
is calculated, finding shrinkage values below 0.7% for the three 
wavelengths. 

5.2. Polychromatic calibration 

At the first stage of the polychromatic calibration, several tests were 
performed with different exposure times for every laser, keeping pro-
portionality with the exposure energy values previously found in the 
monochromatic calibration for reaching 99% of the maximum theoret-
ical efficiency (see Table 1). The lasers beam intensities were measured 
in the beginning of the polychromatic calibration experiments resulting 
in 0.33 mW/cm2 for the blue, 0.52 mW/cm2 for the green and 0.12 mW/ 
cm2 for the red. In all the tests performed, chromatic selectivity results 
revealed that the green was clearly dominant over the rest. This occurs 
because the green consumes the major part of the refractive index 
modulation, since the higher intensity promotes a faster polymerization 
and the main part of the monomer is involved. Fig. 8 illustrates this 
effect for exposure times of 57.5, 11.8 and 53.7 s for the blue, green and 
red lasers, respectively, and corresponding exposure energies of 19.0 
mJ/cm2, 6.1 mJ/cm2 and 6.4 mJ/cm2. In the case of the green laser, the 
diffraction efficiency achieved is 64% with respect to 2% for the blue 
and red cases. 

This effect is mitigated by including a neutral density filter in the 
green optical path allowing the blue and red wavelengths to modulate 

the corresponding refractive index properly. After several tests, the 
optimal solution was to add a reflective neutral filter of density 0.7 to the 
green optical path in the experimental setup. Fig. 9 represents the effi-
ciencies as a function of the exposure energy. The exposure times 
achieving the best and most uniform efficiencies were 43.1, 44.3 and 
40.3 s for the blue, green and red (corresponding exposure energies of 
14.2 mJ/cm2, 4.6 mJ/cm2 and 4.8 mJ/cm2, respectively). As mentioned 
in Section 4, it can be seen that since the index modulation is shared 
between the recording wavelengths, the efficiency is also reduced 
accordingly. The figure also contains the modelled efficiency curves, 
demonstrating great agreement. In the embedded table (Fig. 9), the 
index modulation, the constant parameter of the exponential in the 
theoretical model and the exposure energy threshold are included. 

Fig. 10 illustrates the chromatic selectivity of the most efficient 
multiplexed hologram. The efficiencies for the three wavelengths are 
quite similar: 28.1% for the blue, 24.4% for the green and 22.5% for the 
red (η = 25.0% and σ = 2.9%). The index modulation values for each 
wavelength (included in Fig. 9) are found to be very close to the optimal 
ones resulting from Eqs. (4) and (5), taking into account the maximum 
index modulation obtained in monochromatic recording (Table 1). This 
fact indicates that the proposed method performs satisfactory. The 
FWHM (Full Width at Half of the Maximum) for the three wavelengths is 
lower than 10 nm, which is considered enough for adequate color 
reproduction. Similarly to the monochromatic recording, the relative 
displacement in wavelength reported is lower than 1%, with a negligible 
effect on the full-color reproduction. 

The fact that the optimal times (43.1, 44.3 and 40.3 s for blue, green 
and red lasers) are similar confirms that the competition between the 
gratings is a critical aspect to take into account in this type of recording 
panchromatic material. The polymerization begins at the moment when 
the threshold exposure is exceeded, and, as the results of the present 
research demonstrate, the kinetics of polymerization is strongly 
dependent on intensity, even though this dependence is different for 
each wavelength. 

5.3. Example of a color hologram 

Finally, the calibration data obtained in the previous section has 
been assessed recording a hologram of a colored object. A Playmobil® 
clown featuring all the basic colors has been chosen as the object. In this 
case, the object is not a perfect diffuser, which in principle can favor 
registration, but it does not have the same reflectance for all colors, 
which diminishes the relationship between the object and reference 
beams by lowering the contrast. 

Two different methods have been used to record the hologram. 
Firstly, separate holograms for each color have been recorded on 
different Bayfol® HX sheets. All holograms will be recorded using the 
exposure energy necessary to reach 99% of maximum efficiency, data 

Fig. 8. Chromatic selectivity curve of an intermediate stage of the pro-
posed model. 

Fig. 9. Efficiency vs exposure energy for the three multiplexed wavelengths. 
Blue color corresponds to 442 nm laser and the green and red colors to 532 nm 
and 633 nm, respectively. The lines represent the theoretical tendency (Eq. (3)). 
For each wavelength, the optimal exposure energy values are indicated. 

Fig. 10. Chromatic selectivity curve of the three multiplexed wavelengths.  
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given in Section 5.1. Once the individual holograms are made, they are 
overlapped trying to be perfectly aligned, obtaining the result shown in 
Fig. 11. 

The main difficulty of this method is that three holograms need to be 
recorded and fine alignment is required to achieve a correct result. 
Colors appear highly saturated, with an unnatural appearance. 

The hologram has also been recorded using the simultaneous expo-
sure method with different times (Section 5.2). In Fig. 12, the result is 
shown, compared to a photograph of the actual object. 

As it can be seen in Fig. 12, when using the proposed multiplexing 
method the color reproduction of the figure is almost perfect, except for 
a slight reddish tone that can be easily noticed in the clown’s hands. This 
problem could be solved by a finer adjusting of the exposure times of 
each laser. 

Comparing the results obtained, it is verified that with the super-
position method a greater efficiency of the hologram is achieved, but the 
color reproduction is more faithful with the simultaneous exposure 
method. 

6. Conclusions 

An optimized wavelength multiplexing method for recording 
Denisyuk-type color reflection holograms of diffusing objects in Bayfol® 
HX photopolymer has been proposed and assessed. The procedure 
consists in a simultaneous opening of all the shutters but with different 
exposure time, depending on the wavelength, thus sequential shutters’ 

closing. The goal of the method is to maximize efficiencies while keeping 
them as uniform as possible. 

Based on the literature and previous experience from the authors, 
three wavelengths were selected to adequately reproduce color: 442 nm 
(He-Cd laser), 532 nm (DPSS laser) and 633 nm (He-Ne laser). The 
photopolymer has been initially calibrated for monochromatic illumi-
nation and diffusing object (Spectralon® diffuser) resulting in diffrac-
tion efficiencies of 60%, 80% and 63% at 442 nm, 532 nm and 633 nm, 
respectively. 

Once the maximum efficiencies and the associated refractive index 
modulation values were determined, the polychromatic calibration has 
been carried out. After several setup configurations, including neutral 
density reflective filters to adequate intensities to the photopolymer 
absorption characteristics, the best setup configuration was including a 
neutral density filter of 0.7 density in the green optical path and 
recording exposure energies of 14.2, 4.6 and 4.8 mJ/cm2 for the blue, 
green and red colors, respectively. The efficiencies obtained for that 
setting are 28.1% for the blue, 24.4% for the green and 22.5% for the 
red. These values are close to maximum achievable efficiencies for a 
diffusing object and the uniformity between efficiencies is considered to 
be satisfactory. In the case that a better equalization of efficiencies is 
required for a specific application, finer control of exposure time or laser 
intensities would be needed. In addition, the FWHM of the diffracted 
spectra is very low (<10 nm), confirming high chromatic selectivity of 
the used setup and leading to a later reconstruction with negligible 
chromatic aberration. 

Experimental values in the monochromatic and polychromatic cali-
brations have been compared to the corresponding theoretically 
modelled ones, achieving a very good agreement between both. 

The maximum efficiencies obtained, for both monochromatic and 
polychromatic exposures, are centered at wavelength values almost 
identical to those recorded (less than 1% relative displacement). This 
confirms that the Bayfol® HX photopolymer experiences a negligible 
change in thickness during hologram recording. 

Finally, a hologram of a Playmobil® clown has been recorded by the 
proposed method and also with monochromatic recording and subse-
quent stacking of the three holograms. In the case of monochromatic 
recording, the efficiencies obtained are higher but three holograms have 
to be recorded and a fine alignment between them is necessary. On the 
other hand, although the efficiency is lower, the multiplexed hologram 
demonstrates a higher level of color reproduction of the real object. 
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Fig. 11. From left to right, individual monochromatic holograms and stacking of the three.  

Fig. 12. Comparison of the wavelength multiplexed hologram (left) and the 
real object (right). 
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