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bstract. Holograms were formed on a silver halide
hotothermographic material without carrying out wet treatment.
mplitude holograms whose gratings consist of rows of developed
ilver grains were formed, and the maximum diffraction efficiency of
he gratings was almost 1.5%. When the amplitude holograms were
leached using bromine gas, they were converted to phase holo-
rams, and the diffraction efficiency increased to a maximum of 6%.
ll areas turned yellow in color because of the formation of silver
romide. The mechanism of formation of gratings after bleaching
as not yet been established. The authors propose that stripes of
ilver bromide, developer, toner, or other components may be
ormed by thermal development and subsequent bleaching. These
tripes are transparent but have different diffraction indices, and this

eads to the formation of gratings. © 2011 Society for Imaging Sci-
nce and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2011.55.2.020510�

NTRODUCTION
xposure of a photosensitive material to an optical interfer-
nce pattern during hologram recording results in the for-
ation of diffraction gratings. As the interval between the

ratings is almost equal to the wavelength of visible light, the
aterials used for hologram recording must have high res-

lution. There are several kinds of materials that have a high
esolution, such as silver halide photographic materials, pho-
opolymers, photoresists, and dichromated gelatin.1 Among
hese materials, silver halide photographic materials have a
ar higher sensitivity than other materials, especially to light
f longer wavelengths. However, these materials have some
isadvantages; for example, wet treatment is necessary in the
evelopment process, and a significant amount of the devel-
per is wasted after the development.

There is a kind of silver halide photographic material in
hich these disadvantages are overcome, however.
hotothermography is a process in which development is
arried out by heating.2 This process is a dry process that
oes not involve the use of water, and no waste developer
emains. Hereafter, we refer to photographic materials which
se developer solutions as wet-type materials.
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The size of silver halide grains used for
hotothermographic materials is several tens of nanometers;

his size is similar to the size of grains in a wet-type photo-
raphic material used for hologram recording.3 Therefore,
hotothermographic materials might be expected to have
ufficiently high resolution for recording holograms. Thus,
e tried to prepare holograms in photothermographic
aterials.

Holograms that are recorded on silver halide photo-
raphic materials are generally thick holograms because the
ratings are formed in a thick emulsion layer. There are two
ypes of thick holograms: amplitude and phase holograms.4

n the former type of hologram, light is diffracted because of
he difference in the absorption by the diffraction gratings,
nd in the latter type of hologram, light is diffracted because
f the difference in the refractive indices of the gratings.
mplitude holograms suffer from a limitation on the
iffraction efficiency because the gratings absorb a part of

he incident light. On the other hand, theoretical results have
hown that phase holograms should have much higher
iffraction efficiency than amplitude holograms.

In general, when a hologram is recorded on a silver
alide photographic material, an amplitude hologram in
hich diffraction gratings are formed by parallel rows of
eveloped silver grains is obtained. In order to obtain higher
iffraction efficiency, these amplitude holograms are often
reated so that they are converted into phase holograms.
here are some reports on bleaching treatments in which

ilver grains are converted to silver halide grains, and addi-
ional fixing treatments are sometimes carried out after
leaching.5 After bleaching treatments, diffraction gratings
re formed because of the difference in the refractive indices
f the clear gelatin layer with ultrafine transparent silver ha-

ide grains and that without the grains, and, after additional
xation, the gratings are formed because of a variation in

he refractive index within the gelatin layer.
Since holograms have not generally been recorded on

hotothermographic materials, there are no reports on the
onversion of amplitude holograms to phase holograms in
hese media. Therefore, we tried to convert an amplitude
ologram formed on the photothermographic material into
phase hologram by bleaching treatments. Because in many

hotothermographic materials, hydrophobic polymers are
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sed as a binder rather than gelatin, bleaching treatment is
ifficult insofar as aqueous solutions cannot penetrate the

ayer.
Vapor bleaching may also be carried out as the bleach-

ng treatment,6 and it is appropriate for materials in which
ydrophobic polymers are used as binders. As halogen va-
ors are hydrophobic, they can penetrate hydrophobic poly-
ers and bleach silver grains to silver halide grains. We

herefore tried to convert amplitude holograms recorded in
hotothermographic materials to phase holograms using
romine or iodine vapors, and we investigated the improve-
ent in the diffraction efficiency of the hologram thereby.

XPERIMENTAL
e used a photothermographic film, Dry-Pro™ SD-P

Konica-Minolta), as the photographic material; in this film,
hydrophobic polymer is used as the binder. For compari-

on, we used a photographic glass plate (Konica-Minolta,
5600) for hologram recording. The P5600 plate is of the
et type and is developed in an aqueous developer solution.

Interference fringes were generated using the optical
ystem shown in Figure 1, with a 633 nm He-Ne laser. The
aser beam was divided into two beams, each of which en-
ered from the same side of the film at the same angle. The
ross angle of the light beams was 36°, and gratings with
000 lines/mm perpendicular to the film surface were re-
orded. The total light intensity was 600–840 �W/cm2,
nd the intensities of both light beams were set such that
hey were equal. The exposure times were 0.2–3.0 s, and
ence the exposure value was altered from 136 to
010 �J /cm2.

Sensitometry was carried out using a JIS III type pho-
ographic sensitometer. The material was exposed to white
ight or monochromatic light (wavelength: 633 nm) gener-
ted by an interference filter in the sensitometer. When the
aterial was exposed to 633 nm light, the intensity was mea-

ured using a power meter in order to calculate the exposure
alue. The spectral sensitivity was measured using a spectro-
hotometer (Narumi, GR-II).

A hot plate was used for the thermal development. The
xposed films were placed on the hot plate and covered im-
ediately with a glass plate that had been heated to the same

emperature on the hot plate. The development time ranged
rom 5 to 80 s. The standard development temperature for
his photothermographic material is 120°C. However, since

Figure 1. Optical system used to record diffraction gratings.
he development proceeded very fast at this temperature and (

. Imaging Sci. Technol. 020510-
t was difficult to heat the film uniformly in operating by
and, we developed the films at 110°C in order to reduce

he development speed. Because we used such a simple
ethod, uneven heating was unavoidable. We developed the

5600 photographic plate in diluted D72 developer solution
t 20°C for 5 min. Optical density was measured using a
hotographic densitometer. We observed the diffraction
ratings recorded on the film using an optical microscope.

Bleaching treatment for converting a developed silver
rain into a silver halide grain was carried out using bro-
ine or iodine gas. For this bleaching, we used a desiccator

n which bromine water saturated with bromine was placed
t the bottom. A thermally developed film was placed in the
pper part of the desiccator and left for 10–24 h at room

emperature. In the case of iodine bleaching, iodine powder
as placed at the bottom of the desiccator.

For measuring the diffraction efficiency, the prepared
ratings were irradiated with a 633 nm laser beam at an
ncident angle of 18°. Both the intensity of the incident light

0 and that of the transmitted diffraction light IDT were
easured using a power meter, and the diffraction efficiency
as calculated as the ratio, IDT/ I0.

XPERIMENTAL RESULTS
ologram Recorded on a Photothermographic Material
hotographic characteristic curves obtained when the
hotothermographic film was exposed to 633 nm light are
hown in Figure 2. The exposure value is represented as the
nergy of the 633 nm light. For comparison, the character-
stic curve for the P5600 silver halide photographic plate

-6 -5 -4 -3
0

1

2

3

4

: 80s
: 100s
: 120s
: P5600

log(E/J cm-2)

O
D

igure 2. Photographic characteristic curves obtained for the
hotothermographic film at different development times and those ob-

ained for the wet-type hologram-recording plate �P5600�. The film and
he plate were exposed to monochromatic light with wavelengths of 633
nd 488 nm, respectively. The exposure value is represented as the en-
rgy of the monochromatic light. Development time for
hotothermographic film: open circles with solid line, 80 s; closed circles
ith dashed line, 100 s; and open triangles with dashed-dotted line,
20 s. Closed inverted triangles with double-dotted-dashed line: P5600.
used for hologram recording) that was exposed to 488 nm

Mar.-Apr. 20112
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ight and developed using a wet developer is also shown.
lthough the wavelength of light to which the
hotothermographic film was exposed differs from that of

ight to which the photographic plate was exposed, it appears
hat the sensitivity of the film is lower than that of P5600 by
pproximately one order of magnitude.

A spectrogram of the photothermographic film is
hown in Figure 3. The film is sensitive to blue light with
avelengths of 380–550 nm and to red light with wave-

engths greater than 600 nm. It is therefore also sensitive to
he 633 nm He-Ne laser light, although sensitivity is not very
igh for this wavelength. Because this photographic material

s usually exposed to laser light in the infrared region, it is
esigned such that it is most sensitive to light whose wave-

ength is around 800 nm. By appropriate spectral sensitiza-
ion, the sensitivity of the film to 633 nm light could be
ncreased. Nevertheless, this material has higher sensitivity
han other photosensitive materials used for hologram re-
ording. Moreover, since this film is not sensitive to green
ight with wavelengths of around 550–600 nm, it is possible
o use green light as a safe light, which makes easy handling
f the films in the darkroom.

The optical density increased with increasing develop-
ent time. However, the prolonged development results in

he formation of a significant amount of fog rather than in
ncreased sensitivity. The relationships between diffraction
fficiency and exposure value for each development time are
hown in Figure 4 for both light intensities, namely, 680 and
40 �W/cm2. The exposure value was adjusted by adjust-

ng the exposure time. The change in the development time
ed to a change not only in the optical density but also in the
iffraction efficiency. At the optimum exposure value, a
aximum efficiency of a little under 1% was obtained.

The relationships between the diffraction efficiency of
he amplitude hologram and the optical density are shown
n Figure 5 for each exposure value. The optical density was
ltered by altering the development time. A maximum dif-
raction efficiency of 1.5% was obtained; maximum diffrac-
ion efficiencies were attained for optical densities of 0.5–1,
n spite of the difference between the exposure values.

Optical micrographs of diffraction gratings prepared at
ifferent exposure times and development times are shown

n Figure 6. The diffraction efficiency corresponding to each
gure is different. The efficiencies vary as follows: [Fig. 6(a)]
.84%; [Fig. 6(b)] 0.18%; and [Fig. 6(c)] 0.60%. The figures
how that the gratings consist of rows of silver grains, and
he grains in a row are not continuous. As shown in

800 750 700 650 600 550 500 450 400 350

Wavelength / nm

800 750 700 650 600 550 500 450 400 350

Wavelength / nm

Figure 3. Spectrogram of the photothermographic film.
ig. 6(a), which corresponds to a high diffraction efficiency, w

. Imaging Sci. Technol. 020510-
ilver grains are located close to each other and the gratings
re well defined. When the exposure value is small, the
rains are separated by larger intervals, and the gratings had
any open spaces, as shown in Fig. 6(b), which causes

ecreases both in the optical density and in the diffraction
fficiency. On the other hand, when the development time
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igure 4. Relationship between diffraction efficiency and exposure value
t different development times. Light intensity: �a� 680 �W/cm2 and �b�
40 �W/cm2.
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igure 5. Relationship between diffraction efficiency of the amplitude
ologram and the optical density at each exposure value. The optical
ensity was altered by altering the development time.
as prolonged, the optical density increased. This is partly
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ue to an increase in the size of silver grains, as shown in
ig. 6(c). However, at the same time, the amount of fog in
he unexposed area increased, which may be due to the uni-
orm generation of silver atoms by overheating. This forma-
ion is the main reason for the increase in optical density,
nd it also results in a decrease in the diffraction efficiency.

Moreover, as the heating for thermal development was
arried out by hand on the hot plate, a large amount of fog
hat was unevenly distributed appeared occasionally. An
xample of an optical microphotograph of the diffraction
ratings with high optical density is shown in Figure 7. The
evelopment proceeded in an uneven manner and resulted

n the formation of a large amount of fog. There are many
lack areas in which fog obscures the gratings. The presence
f these black areas also decreases the diffraction efficiency.

onversion of Amplitude Hologram into Phase
ologram
y carrying out a bleaching treatment using bromine gas,

he black images of developed silver grains were made trans-
arent. Every area turned lemon yellow in color. When

odine was used for bleaching, a dark brown coloration
ppeared because of the deposition of iodine. As the gratings
ere not well defined, bleaching by iodine was not pursued

5�m5�m5�m

(a) (b) (c)

igure 6. Optical micrograph of the diffraction gratings formed on the
mplitude hologram, as obtained at different exposure times and devel-
pment times. Exposure value and development time: �a� 408 �J/cm2

nd 40 s, �b� 136 �J/cm2 and 40 s, and �c� 272 �J/cm2 and 60 s.
iffraction efficiencies: �a� 0.84%, �b� 0.18%, and �c� 0.60%.

��µ���µ�

igure 7. Example of optical microphotograph of the diffraction gratings
ormed on the amplitude hologram with high optical density.
urther. O

. Imaging Sci. Technol. 020510-
Characteristic curves obtained before and after bleach-
ng by bromine gas are shown in Figure 8. The film was
xposed to white light. The optical density decreased signifi-
antly, which suggests that the developed silver grains
isappeared.

The absorption spectra of the film before and after the
leaching are shown in Figure 9 for both exposed and
nexposed areas. Before the bleaching was carried out, the
bsorption in the exposed area was higher than that in the
nexposed area at all wavelengths. The absorption spectrum
as flat, and this indicates that the film was black in color.

0 1 2 3
0

1

2

3

4

log rel.E

O
.D
.

igure 8. Photographic characteristic curves obtained for
hotothermographic film before and after bleaching were carried out us-

ng bromine gas. The films were exposed to white light. Open circles with
olid line: before bleaching; closed circles with dashed line: after
leaching.

400 500 600 700
0

1

2

3

Wavelength /nm

A

igure 9. Absorption spectra of the images recorded on a
hotothermographic film before and after bleaching were carried out us-

ng bromine gas. Solid line: exposed area after bleaching; dashed line:
nexposed area after bleaching; dashed-dotted line: exposed area be-
ore bleaching; and double-dotted-dashed line: unexposed area before
leaching.
n the other hand, after the bleaching was carried out, the

Mar.-Apr. 20114
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pectra for the exposed and unexposed areas overlapped and
he absorption of blue light became relatively strong. After
leaching, all areas were uniformly yellow in color and the
ratings could not be recognized under an optical micro-
cope. As these absorption spectra are identical to the spec-
rum of silver bromide, the formation of silver bromide was
nferred.

Figure 10 shows the change in the diffraction efficiency
esulting from the conversion of the amplitude holograms to
hase holograms by bleaching treatment at each optical
ensity before the bleaching and for four different exposure
alues. The diffraction efficiency increased significantly as a
esult of the bleaching treatment. We obtained a maximum
iffraction efficiency of 6%. A hologram with high diffrac-
ion efficiency was obtained by converting an amplitude
ologram into a phase hologram. Moreover, the efficiency

ncreased continuously with increasing optical density. In the
mplitude hologram, the diffraction efficiency in a region
orresponding to higher optical density was not very high,
ut when the amplitude hologram was converted into a
hase hologram, the efficiency in this region increased
ignificantly.

ISCUSSION
mplitude Holograms
hotothermographic materials had a sufficiently high reso-

ution for recording holograms, and amplitude holograms
ere recorded by gratings that comprised developed silver
rains. However, the diffraction efficiency was not very high,
s indicated by the maximum of 1.5%. The diffraction effi-
iency decreased when the development time was increased,
nd hence, the optical density increased. This change may be
ainly due to the increase in the absorption of transmitted

ight by silver grains that make up diffraction gratings, as
hown in Fig. 6.

Furthermore, the distribution of grains was discontinu-
us and there were many openings between the grains in a
ow. This is another reason for the low diffraction efficiency.

D
iff
ra
ct
io
n
Ef
fic
ie
nc
y
(%
)

0 1 21 2 3

2

4

6

0

(a) (b)

Figure 10. Relationship between diffraction efficien
ing was carried out using bromine gas, as recorde
values. Open circles with solid line: after bleachin
dashed line: immediately after thermal development
rolonged development resulted in a continuous row of sil-

. Imaging Sci. Technol. 020510-
er grains. However, this decreased the diffraction efficiency,
s developed silver grains also appeared in the unexposed
rea and blurred the gratings.

In this study, we simply carried out the thermal devel-
pment on a hot plate. Although this is a simple and easy
ethod, it does not facilitate accurate temperature control

nd inevitably results in uneven heating which resulted in
ormation of a large amount of fog that was distributed
nevenly, as shown in Fig. 7. This may contribute to a
ecrease in the diffraction efficiency. The diffraction effi-
iency could therefore be increased by precisely controlling
he development and carrying out uniform heating. A
ecrease in the amount of fog and a decrease in the open
paces between the gratings should lead to an increase in the
iffraction efficiency.

onversion to the Phase Hologram
he diffraction efficiency increased drastically when the
mplitude hologram was converted into the phase holo-
ram. After the bromine bleaching, by which silver atoms are
onverted to transparent silver bromide, more light will be
ransmitted and gratings with different refractive indices
ould be formed. In an area that has high optical density
ut low diffraction efficiency in the amplitude hologram, the
fficiency becomes larger after the conversion to a phase
ologram. The gratings in the area having higher optical
ensity may become more definite after the conversion, and

his leads to an increase in the diffraction efficiency.
As there is no process of fixation in the

hotothermographic materials, silver halide grains still
emain in the unexposed area. As silver was converted to
ilver bromide by the bromine bleaching, silver bromide
xists in both the exposed and unexposed areas. After the
leaching, no visible grating could be observed in an optical
icroscope. We expect, however, that the structure of the

ratings in the phase hologram after bleaching should be
ifferent from that of the gratings formed in wet-type
aterials by bleaching.

0 1 2 31 2 3

(c) (d)

optical density of the exposed area before bleach-
photothermographic material for several exposure

carried out using bromine gas; closed circles with
fore bleaching was carried out using bromine gas.
0

OD

3

cy and
d on a
g was
What is the main factor responsible for the formation of
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iffraction gratings? One factor may be the formation of
ilver bromide. In photothermographic materials, there is a
arge amount of silver carboxylate that serves as a source of
ilver ions, and this silver carboxylate is consumed as the
evelopment proceeds. It has been reported that there is an
rea in which there is no silver carboxylate; this area lies in
he vicinity of the developed silver grains and is called the
sphere of influence.”7 In the case of photothermographic
aterials, the gratings in areas with and without silver car-

oxylate will be formed after development. After bleaching,
he entire film becomes yellow in color with no difference
etween the absorption spectra of the exposed and unex-
osed areas, as shown in Fig. 8. This indicates that silver
arboxylate was converted into silver bromide. Since the sil-
er carboxylate near the exposed silver halide grains is con-
umed in the course of development, silver bromide is not
ormed within the sphere of influence. However, the devel-
ped silver grains at the center of this area will be converted
o silver bromide grains. Therefore, silver bromide exists in
oth the exposed and unexposed areas. As a result, the entire
lm shows the same color, even though it is probable that

he refractive index of silver bromide converted from silver
rain may be different from that converted from silver car-
oxylate.

Photothermographic materials also contain other
eagents such as developers, toners, or silver-ion complexing
gents. These reagents migrate to the exposed silver halide
rains and are consumed on thermal development; on the
ther hand, in the unexposed area, the reagents are left
ehind. The presence or absence of these reagents would not
esult in a difference in the optical density since these
eagents are almost transparent. However, the presence or
bsence of them might be responsible for formation of the
ratings because these reagents may cause a difference in the
efractive index.

Relationships between diffraction efficiency and expo-
ure shown in Fig. 4 show a peak, and in the case of the
mplitude hologram, the efficiency decreased with increasing
xposure. This decrease may be due to the decrease in the
mount of transmitted light. After bleaching, the samples
ith low initial diffraction efficiency exhibit significantly
igher diffraction efficiency. In such samples, the gratings
ould become more definite as the gratings change from

hose comprising rows of silver grains with large open spaces
o those comprising stripes of a combination of the afore-

entioned components.
Although the main factors responsible for the formation

f diffraction gratings have not yet been fully established,
ome transparent materials form gratings because of differ-
. Imaging Sci. Technol. 020510-
nce in refractive indices. In future work it may be possible
o increase the diffraction efficiency using reagents that help
o create a greater difference in the refractive index. Also, in
hese experiments we used bromine gas for the bleaching.

owever, bromine gas is harmful and difficult to handle.
ne possible solution to this problem is to use a reagent that

eleases halogen atoms during thermal development. The
eleased halogen atoms/molecules will diffuse into the melt-
ng layer and react with the silver grains or with the residual
ilver carboxylate to convert the amplitude hologram to a
hase hologram.

ONCLUSIONS

1. The use of photothermographic materials enables us
to record holograms in a silver halide photographic
material without carrying out the wet-treatment
process.

2. Amplitude holograms whose gratings consist of rows
of developed silver grains are formed in
photothermographic materials, although the diffrac-
tion efficiency is not very high (about 1.5%).

3. Bleaching can be carried out using bromine gas in
order to convert amplitude holograms to phase ho-
lograms. By this process, the diffraction efficiency
increases to about 6%.

4. Both the exposed and unexposed areas turn yellow
in color on bleaching because of the formation of
silver bromide. Both silver grains in the exposed area
and silver carboxylate molecules in the unexposed
area are converted to silver bromide.

5. The main factor responsible for the formation of
gratings after bleaching has not yet been established.
One possible factor is the formation of stripes of
silver bromide, developer, toner, or other compo-
nents during thermal development and following
bleaching. These stripes have different diffraction in-
dices, which lead to the formation of gratings.
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