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bstract. The sensitivity of ultra-fine-grain (UFG) emulsions (mini-
um size 35 nm) was studied and was found to be proportional to

he fourth and fifth powers of the grain size. The sensitivity de-
reased more than expected from the decrease in the absorption of

ight. A desensitizing factor peculiar to UFG emulsions was sug-
ested. A large increase in the sensitivity was observed for low-

ntensity light exposure when a coated film was immersed in a so-
ium nitrite solution before exposure. Under these conditions,
ensitivity became proportional to the third power of the grain size.
ehalogenation is the desensitizing factor in the UFG emulsion and

he sodium nitrite solution functions as a halogen acceptor.
ehalogenation proceeds markedly in UFG emulsions because sil-
er atoms and halogen atoms/molecules are formed nearby and
ould therefore react easily with each other. The sensitivity increase
f the UFG emulsion due to sulfur-gold sensitization was smaller

han that due to immersion in the sodium nitrite solution; both in-
reases were additive for low-intensity exposure. In contrast, the
ensitivity increases were inversely related (and not additive) for
igh-intensity exposure. © 2009 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.�2009�53:1�010507��

NTRODUCTION
ilver halide photographic materials have numerous advan-
ages. One of them is the high image resolution that they
rovide. A maximum resolution of 10,000 lines/mm is
laimed for the photographic material used for hologram
ecording.1 Such a high resolution cannot be obtained with
urrent digital photographic systems. Photographic materi-
ls that provide such high resolution use ultra-fine-grain
UFG) emulsions, which consist of grains that are less than
00 nm in diameter. In general, photographic sensitivity is
roportional to the volume of the silver halide grains, and

his dependence is consistent with the fact that the number
f photons absorbed is proportional to the grain volume.2 It
herefore follows that the sensitivity of UFG emulsions is low
ecause the volumes of individual grains are small.
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Thus far, there have been few studies conducted on
FG emulsions. Some of these studies describe the prepara-

ion methods for UFG emulsions, such as one method uti-
izing fish gelatin,3–6 or another utilizing poly(vinyl alcohol)
s protective colloid.7,8 Reports on the photosensitive
echanism of UFG emulsions are also limited,9–13 and it is

till not well understood compared with that of normal
mulsions with submicrometer-scale grain sizes. It also has
ot been confirmed whether or not the sensitivity of a UFG
mulsion is proportional to the grain volume. Zou investi-
ated the size dependence of the sensitivity for grains of sizes
anging from 55 to 450 nm and found that the sensitivity
as proportional to the 5.2 power of the grain size.9

Furthermore, although effective sensitization is indis-
ensable for a UFG emulsion, reports describing suitable
ensitization methods are limited. In this study, we investi-
ate whether the sensitivity of UFG emulsions is propor-
ional to the volume. We also describe efforts to identify
ffective sensitization methods.

XPERIMENT
wo types of gelatino-silver hallide emulsions were used.
he first was a series of emulsions with AgBr0.98I0.02 mono-
isperse cubic grains prepared at pAg=8.3 and pH=5.8 in
.5% gelatin solution by a standard double-jet technique.
hese emulsions were used in our previous studies on
hotothermography.10,12,13 The grains were observed by elec-
ron microscopy, and the edge length and the coefficient of
ariation of each emulsion were obtained as 35 nm, 13%;
3 nm, 13%; 80 nm, 10%; 92 nm, 13%; 124 nm, 13%; and
48 nm, 11%. They were machine-coated at 50 mgAg/dm2.
hey are represented as EmA35, EmA43, etc., where the sub-

cript designates the central tendency of the grain size
istribution.

The second type of gelatino-AgX emulsion consisted of
early spherical AgBr0.98I0.02 grains prepared at pAg=8.3
nd pH=5.6–5.8. The grain diameter was approximately
0–50 nm. This emulsion was hand-coated; thus, the silver
overage was not uniform. This emulsion, identified as EmB,

14
as used in our previous studies on holography.
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We subjected the EmB emulsion to sulfur-gold sensiti-
ation. A gold thiosulfate complex �Na3Au�S2O3�2� was used
s sensitizer,15 and its quantity was varied from
to 15 mmol/molAg. The emulsion was treated at 60°C for

0 min without any pAg and pH adjustments. The sensiti-
ation level is expressed in “m SG.”

Some of the emulsions were treated with a halogen ac-
eptor to prevent rehalogenatio; sodium nitrite �NaNO2�
as used as the halogen acceptor.16–20 This treatment was
erformed using two methods. The first method involved

he addition of sodium nitrite to the emulsion before coat-
ng. In the second method, the coated film was immersed in
he sodium nitrite solution before exposure. In the former
ase, 1 to 10 mmol/molAg of sodium nitrite was added to
he emulsion. In the latter case, a coated film was immersed
n the sodium nitrite solution at a concentration of
.1 mol/L at 20°C for 3 min.

Sensitivity was measured using a JIS III sensitometer.
he original tungsten filament lamp in the sensitometer was
sed for a low-intensity (LI) white light exposure of 100 s.
he intensity in front of the step wedge was 539 lx. For a
igh-intensity (HI) exposure of 10−6 s, a xenon flash lamp
as installed in the sensitometer, but the intensity was not
easured. As the exposure values were represented as rela-

ive values, they were not identical with either of the inten-
ities. The exposed films were developed using a D72 devel-
per diluted to 1:4. The developer temperature was 20°C,
nd the development time was 1, 8, 12, 18, and 24 min.
ormal stop, fixation, and washing treatments were per-

ormed after development. The sensitivity was compared
ith the reciprocal of the exposure value that gave 0.1 opti-

al density above fog on a characteristic curve.

ESULTS
haracteristic curves of the set of untreated emulsions with
rains of different edge lengths and unsensitized EmA are
hown in Figure 1 for the HI and LI exposures. The expo-
ure values are not identical between the two intensities. The

igure 1. Characteristic curves of EmA emulsions with grains of different
dge lengths: �a� high-intensity �10−6 s� exposure, �b� low-intensity
100 s� exposure. Development period=24 min. Edge length:
=35 nm, ----=43 nm, ¯=80 nm, –·–=92 nm, –· ·–=124 nm,
=148 nm.
esults for the longest development time of 24 min are C

. Imaging Sci. Technol. 010507-
hown in the figure. For LI exposure, little darkening was
bserved and then only for large-grain emulsions with the

ongest development time. This darkening scarcely increased
ven when the exposure time for the same intensity was
rolonged; therefore, severe low-intensity reciprocity failure
as observed in these emulsions. In contrast, for HI expo-

ure, we obtained significant density and could record a
haracteristic curve. We also observed that the sensitivity
ecreased with grain edge length.

The characteristic curves of the EmA films immersed in
he sodium nitrite solution before exposure are shown in
igure 2 for both intensity exposures. The developing time
as the same, i.e., 24 min. The sensitivity increased drasti-

ally for LI exposure. The figure shows an increase of two
rders of magnitude or more in the sensitivity of the EmA148

lm. Significant darkening was obtained even for the EmA35

lm with the smallest grains. Such a large increase in the
ensitivity was not observed for HI exposure. In addition,
he increase in the sensitivity of large-grain emulsions was
mall, while that of small-grain emulsions was significant.

The development rates of the EmA35, EmA80, and
mA148 films with and without immersion in the sodium
itrite solution are shown in Figure. 3 for HI exposure and
everal exposure values. Darkening proceeded rapidly in the
nitial stage of the development; therefore, the variation in
he induction period of the development on each grain was
ot large. Further, there is almost no difference between the
lms that were immersed and those that were not immersed.

The relationship between the edge length and sensitivity
or EmA films is represented on a logarithmic scale in Figure

for HI exposure and in Figure 5 for LI exposure for each
evelopment time. White circles correspond to the result for

he immersed films, and black circles correspond to that for
he films that were not immersed. Both sets of circles follow
early straight lines. For films that were HI-exposed without

mmersion, the slope of the straight line R is approximately
.4–4.8. The value of R would be 3 if the sensitivity were
roportional to the grain volume, i.e., if the sensitivity were
roportional to the number of photons absorbed in a grain.2

igure 2. Characteristic curves of EmA emulsion with grains of different
dge lengths immersed in a sodium nitrite solution before exposure: �a�
igh-intensity �10−6 s� exposure, �b� low-intensity �100 s� exposure. De-
elopment period=24 min. Edge length: –=35 nm, ----=43 nm,

=80 nm, –·–=92 nm, –· ·–=124 nm, −=148 nm.
onsequently, a decrease in sensitivity for the UFG emulsion

Jan.-Feb. 20092
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s more than that expected from a decrease in the absorption
f photons with decreasing grain size. On the other hand,
he value of R for the films that were immersed and subse-
uently HI-exposed is 3.3–3.5, close to the expected value of
. For LI exposure, the sensitivity was considerably lower;

igure 3. Rate of development of EmA emulsions with grains of different
dge lengths for a high-intensity �10−6 s� exposure. Left: no immersion in
sodium nitrite solution before exposure. Right: with immersion. Exposure

alue as log rel. E: �=0, �=0.46, �=1.08, �=1.55, �=1.99,
=2.44.

igure 4. Logarithmic plot of the edge length of grains in EmA emulsions
ersus sensitivity for high-intensity �10−6 s� exposure with different devel-
pment times. �a� 1 min, �b� 8 min, �c� 12 min, �d� 18 min, �e� 24 min.
pen circles+dashed line: without immersion in a sodium nitrite solution
efore exposure. Closed circles+solid line: after immersion. R=slope of

he straight line through the plotted points.
ence, its dependence on the grain size could not be ascer- s

. Imaging Sci. Technol. 010507-
ained for films that were not immersed. However, the im-
ersed films exhibited a noticeable increase in the sensitiv-

ty, as shown by the arrow in Fig. 5(e), and this increase was
ufficient to allow measurement of grain size dependence.
he values of the slopes were in the range of 3.3–3.4, which

s similar to the values obtained for HI exposure.
The characteristic curves of the EmB emulsion with

igure 6. Characteristic curves of EmB emulsion for different sensitization
evels when subjected to sulfur-gold sensitization �SG�. �a� high-intensity
10−6 s� exposure, �b� low intensity �100 s� exposure. Sensitization
evel: –=U, ----=1 m SG, ¯=3 m SG, –·–=5 m SG, –· ·–=10 m SG.

igure 5. Logarithmic plot of the edge length of the grains in EmA emul-
ions versus sensitivity for low-intensity �100 s� exposure with different
evelopment times. �a� 1 min, �b� 8 min, �c� 12 min, �d� 18 min, �e�
4 min. Open circles+dashed line: without immersion in the sodium ni-

rite solution before exposure. Closed circles+solid line: after immersion.
=slope of the straight line through the plotted points.
ulfur-gold sensitization are shown in Figure 6, where the

Jan.-Feb. 20093
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op and bottom figures show the curves for HI and LI ex-
osures, respectively. The unsensitized EmB emulsions did
ot exhibit any darkening for both intensities; however, sen-
itivity was observed after sulfur-gold sensitization had been
erformed.

The characteristic curves for the unsensitized EmB

mulsions to which a certain amount of sodium nitrite was
dded before coating are shown in Figure 7 for HI exposure.
n increase in the sensitivity was observed for HI exposure,
lthough it was smaller than that obtained with sulfur-gold
ensitization. The emulsions to which sodium nitrite was
dded did not show any darkening for LI exposure.

Since sodium nitrite is a reducing agent, it cannot be
imultaneously added to the sulfur-gold sensitizer, which
ontains unstable gold ions. We therefore investigated a
ombined system in which the coated film with sulfur-gold-
ensitized emulsion was immersed in the sodium nitrite so-
ution. The characteristic curves of this sample are shown in
igure 8 for HI and LI exposures. Even though the addition
f sodium nitrite did not show any darkening for LI expo-
ure, significant darkening was observed after immersion. It
as possible to obtain a large increase in the sensitivity com-

igure 8. Characteristic curves of EB emulsion for sulfur-gold sensitization
nd immersion in the sodium nitrite solution �HA� before exposure: �a�
igh-intensity �10−6 s� exposure, �b� low-intensity �100 s� exposure. Sen-

itization level=5 mmol sensitizer/molAg. –=U, ---=SG, –·–=U+HA,
· ·–=SG+HA

igure 7. Characteristic curves of EmB emulsions to which sodium nitrite
HA� of different levels is added before coating. High-intensity �10−6 s�
xposure. Addition level: –=0, ----=1 m HA, ¯=3 m HA, –·–=10 m
A.
ared with that obtained by sulfur-gold sensitization.

. Imaging Sci. Technol. 010507-
The increases in the sensitivity by immersion in sodium
itrite and by sulfur-gold sensitization for LI exposure oc-
urred individually and separately. Both effects are additive.
n contrast, for HI exposure, the sensitivity increase by
ulfur-gold sensitization was greater than that obtained by
mmersion in sodium nitrite. The total increase in the sen-
itivity when both treatments were performed was small
ompared with the sum of the sensitivity increases obtained
rom individual treatments; the two treatments did not pro-
uce an additive result for HI exposure.

ISCUSSION
he sensitivity is proportional to the third power of the edge

ength or the grain volume when it is proportional to the
umber of photons absorbed in a grain.2 However, the sen-
itivity in the absence of immersion for HI exposure was
roportional to the 4.4–4.8 power of the edge length. Zou

nvestigated the size dependence of the sensitivity for grains
ith 55–450 nm edge length and 0.2 s exposure, and the

ensitivity was proportional to the 5.2 power of the edge
ength.9 These results reveal that the sensitivity decrease of

FG emulsions is significantly larger than the expected de-
rease due to the absorption of photons. Accordingly, there
hould be a factor peculiar to the UFG emulsions that causes
size-dependent decrease in sensitivity.

We previously analyzed the formation of photolytic sil-
er clusters by diffuse reflectance spectroscopy for the same
mulsions with a different grain size.10 Although the amount
f coated silver per unit area was the same, the absorption by
ilver clusters increased for larger grains. This result sug-
ested that formation efficiency of photolytic silver clusters
ecreases with grain volume, which is in agreement with the
ensitivity decreases peculiar to UFG emulsions obtained in
his study. The factors causing these phenomena appear to
e the same.

Severe low-intensity reciprocity failure occurring in
FG emulsions would be a possible factor. However, the

ensitivity for HI exposure also decreased beyond the ex-
ected proportional decrease due to the grain volume and,

herefore, low-intensity reciprocity failure was not the sole
actor.

Immersion of a film in the sodium nitrite solution in-
reased its sensitivity. For HI exposure, the increase was ob-
erved only for small-grain emulsions. The sensitivity of
arge-grain emulsions was almost identical, independent of
odium nitrite immersion. Thus, the size dependence of
lms that were immersed is close to the third power of the
rain size.

The effect of immersion was more remarkable for LI
xposure. The sensitivity increased by more than 2 orders of
agnitude, even for the large-grain emulsion. At the same

ime, the observed sensitivity was also nearly proportional to
he grain volume, similar to that observed for HI exposure.
his result suggests that the sensitivity decrease peculiar to
FG emulsions disappears, and that the sensitivity becomes
roportional to the number of photons absorbed in a grain
Jan.-Feb. 20094
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s a consequencc of immersion of a film in the sodium
itrite solution.

Sodium nitrite is known to be a halogen acceptor that
revents rehalogenation.16–20 Therefore, we propose that
ehaloganation is a significant factor causing the decrease in
ensitivity peculiar to UFG emulsions. Sodium nitrite re-

oves halogen atoms/molecules rapidly to prevent silver
lusters from being attacked.

Severe low-intensity reciprocity failure occurs in UFG
mulsions. According to the latent image formation process
ith the step-by-step mechanism based on the Gurney–Mott

heory,21 low-intensity reciprocity failure is due to the insta-
ility of the minute silver clusters formed at the first stage of
he process. Although processes such as thermal decay and
n oxidative reaction involving oxygen and moisture can be
onsidered with regard to the process that make minute sil-
er clusters disappear,21,22 the marked recovery of the sensi-
ivity for immersion in sodium nitrite suggests that
ehalogenation is also the main cause for low-intensity reci-
rocity failure in UFG emulsions. Halogen atoms/molecules
ould readily attack the unstable silver clusters in a UFG

mulsion.
In general, a decrease in the sensitivity due to

ehalogenation in emulsions with submicrometer-scale
rains is not significant for high-intensity exposures.16 This
ay be because both silver and halogen atoms are formed

eparately, and the halogen atoms/molecules are removed by
ertain processes. Such a removal would be facilitated by
eparating photoelectrons and holes. One possible process is
he separation of holes to surface and of electrons to bulk in
he grain due to the surface space charge layer. As the thick-
ess of the space charge layer is several tens of nm,23 the

ayer does not form in nanometer-scale grains which brings
bout incomplete separation. Another separation process re-
ates to the difference in diffusion coefficients between an
lectron and a hole. The diffusion coefficient for electrons is
uch larger than that for holes, which causes the Dember

ffect. Absence of the Dember effect in an emulsion with
mall grain size suggests that electrons and holes remain
onfined within a small area. Thus, silver and halogen atoms
re formed close to each other in a UFG emulsion grain. A
alogen atom/molecule can attack a nearby silver cluster be-

ore it is removed and, therefore, rehalogenation proceeds
ore readily in UFG emulsions. The process proceeds more

apidly for LI exposure because silver clusters grow slowly
nd small clusters can be more readily attacked.

The development rates shown in Fig. 3 indicate that
ariations in the induction periods were small regardless of
hether or not the film was immersed in the sodium nitrite

olution. It is known that statistical fluctuations cause large
ariations in the induction periods when the latent image
pecks are of the minimum developable size.24 This effect is
ften observed when the dispersion of latent image specks
ccurs because multiple specks compete with each other in
apturing photoelectrons; therefore, most of them are of the
inimum developable size.25,26 Consequently, the latent im-
ge specks in UFG emulsions have a sufficient size for de-

. Imaging Sci. Technol. 010507-
elopment. It is probable that dispersion of latent image
pecks does not occur even for HI exposure, and there is
nly one latent image speck per grain in a UFG emulsion.
lmost all specks can grow to a sufficient size. Attacks by
alogen atoms/molecules cause a decrease in the size of the

atent image specks. Large specks will change to the mini-
um developable size, while specks of the minimum size
ill lose their developability. Consequently, the size distribu-

ion shifts to smaller sizes. The development rate does not
hange, however, irrespective of immersion in sodium
itrite.

Sulfur-gold sensitization was effective for sensitizing
FG emulsions, as shown in Fig. 6. However, a substantial

mount of sensitizer was necessary to obtain optimum sen-
itivity in comparison with the large-grain emulsion.15 This

ay be because sensitization centers have to be formed on
ach grain, and the large number of grains in a UFG emul-
ion requires a large amount of sensitizer.

The addition of sodium nitrite to a UFG emulsion was
neffective, as shown in Fig. 7. One explanation for this ob-
ervation is that the sodium nitrite was decomposed due to
he high temperature in the emulsion to be added. On the
ther hand, the increase in sensitivity was significant when a
oated film was immersed in the sodium nitrite solution.
his sensitivity increase was especially notable for LI expo-

ure, where the sensitivity increase was five times or more
ompared with that obtained using sulfur-gold sensitization.

oreover, the increase in the sensitivity was greater when a
lm with sulfur-gold sensitization was immersed in a so-
ium nitrite solution. The effects of sulfur-gold sensitization
nd immersion are additive. In contrast, for HI exposure, the
ncrease in the sensitivity due to sulfur-gold sensitization
as larger than that due to immersion, and additivity was
ot observed.

Sulfur-gold sensitization increases sensitivity by increas-
ng the formation efficiency of the latent image specks and
y decreasing the minimum developable size.17,27 These ef-
ects are remarkable for HI exposure, which shows that
igher sensitivity is obtained by sulfur-gold sensitization
ompared with that by immersion in a sodium nitrite
olution.

Sulfur-gold sensitization also moderates rehaloganation,
ut not to the extent achieved by using a sodium nitrite
olution. This moderation may be due to the sulfide mono-

ers that function not only as hole traps but also as halogen
cceptors.28,29 Sodium nitrite functions as an effective halo-
en scavenger and prevents rehaloganation more efficiently
han sulfur-gold sensitization. The result is a large increase
n sensitivity for LI exposure.

ONCLUSIONS
1. The sensitivity of UFG emulsions increases when

their films are immersed in a sodium nitrite solution
before exposure. This increase was remarkable for LI
exposure.

2. The sensitivity increased in proportion to the fourth

and fifth powers of the grain size when the emulsion

Jan.-Feb. 20095
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was not immersed in a sodium nitrite solution.
However, sensitivity increased with the third power
of the grain size when the film was immersed. This
suggests that there is a size-dependent, sensitivity-
decreasing factor peculiar to UFG emulsions.

3. Rehalogenation proceeds readily in a UFG emulsion
because silver clusters and halogen atoms/molecules
are formed close to each other. This we propose is
the main cause of the sensitivity decrease peculiar to
UFG emulsions.

4. Sulfur-gold sensitization also increases the sensitivity
of a UFG emulsion. Immersion in a sodium nitrite
solution was more effective than the sulfur-gold sen-
sitization method for LI exposure, although this re-
sult was reversed for HI exposure. Increases owing to
each process were additive for LI exposure but not
for HI exposure.
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