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2.1 HA Sensitization

To achieve sufficient sensitivity to ionizing radiation, nuclear emulsions must undergo a sensitization
process, either during gel production or immediately before use. For NIT, where extremely low
background is essential, a mild but effective sensitization method based on halogen acceptors
(HA) has traditionally been adopted. Latent image centers formed by trapped photoelectrons
can be partially or completely destroyed by rehalogenation processes involving bromine atoms or
molecules generated by ionization-induced holes [12]. This effect is particularly significant in ultra-
fine-grained emulsions, where the small crystal size enhances electron-hole recombination. Halogen
acceptors mitigate this effect by capturing bromine species, thereby suppressing rehalogenation and
preserving the latent image centers [13]. In conventional NIT handling, sodium sulfite is used
as a halogen acceptor, as it increases sensitivity without significantly raising the fog density [14].

2.2 MAA development

The Metol-Ascorbic Acid (MAA) developer [15] is the standard development method for NIT,
owing to its ability to suppress background while preserving track visibility. MAA is a purely
chemical (non-physical) developer: amplification occurs at latent image centers on the surface of
silver halide crystals. For NIT applications, the MAA developer is typically operated at a pH of 10.2
and at a low temperature of 5 °C, conditions optimized to suppress thermal activation processes
that could otherwise lead to the formation of unwanted silver grains [14].
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207 3.3.1 Sensitivity to electrons

208 To compare the performance under the same conditions, NIT samples were prepared with HA, NIT

200 Au-S, and TEA sensitization and then exposed to a y-ray source. For Au-S sensitization, two
210 0.1% solutions were prepared: one of sodium thiosulfate pentahydrate (NayS;03 - SH>O) and one

211 of gold(IlT) chloride trihydrate (HAuCly - 3H,O). The emulsion gel was pre-heated to 50 °C; the @ S L e
212 thiosulfate solution was added after 15 min, followed 2 min later by the gold chloride solution. g 4500 - =
213 Stirring was continued for | h, after which the gel was cooled below 50 °C. Two formulations 3 - -
214 were tested: the standard recipe used for conventional nuclear emulsions and a stronger formulation j_f? 4000 ;— —;
215 obtained by scaling the reagent quantities according to the surface-area ratio between conventional é 3500 = =
216 200 nm crystals and 70 nm NIT crystals, (200/70)%. Samples treated with the stronger formula- S - -
217 tion became visibly darker, indicating over-sensitization, whereas those treated with the standard é 3000 ;_ _;
21s  formulation remained transparent and suitable for analysis. For TEA sensitization, the solution = 2500 - 7
219 was added to the molten emulsion gel at about 40 °C, with a weight ratio of 17.6% with respect to - -
220 the emulsion. Several TEA concentrations, from 5 to 25 g/L, were tested. The sensitized samples 2000 ;— —;
221 were either exposed for 3 min to a 2*' Am y-ray source or directly developed to evaluate the fog 1500 F— =
222 density, since an increase in sensitivity is often accompanied by an increase in background. A visual = -
225 inspection of the Au-S and TEA-sensitized samples revealed short tracks composed of 2-3 grains, 1000~ _;
224  attributed to photoelectrons produced by y-ray interactions. This was the first clear indication of an 500 Bz 3
225 increase in sensitivity with respect to HA-sensitized NIT, which under the same exposure conditions E. T T .E
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increasingly difficult to resolve due to excessive grain density. The original crystal density (C.D.),
defined as the number of AgBr(I) crystals per unit length, was estimated from the crystal size,
the emulsion density and the amounts of added gelatin and TEA. It decreases from 7.5 um™' for
the unsensitized sample to 6.2 pm~! for the sample with the highest TEA-to-gelatin ratio of 0.36,
indicating that many developed grains become optically indistinguishable under these conditions.
To mitigate this effect, diluted NIT samples were prepared with adjusted crystal densities of 1.0
and 2.0um~', as shown in the right image of Fig. 5. In these samples, an increase in sensitivity
was clearly observed with increasing TEA content, while maintaining sufficient spatial separation
between developed silver grains for optical identification. Figure 6 shows the measured grain
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optical separability. The crystal sensitivity, defined as the ratio between G.D. and C.D., is shown in
Fig. 7. For samples with C.D. values of 1.0 and 2.0 pm ™', the crystal sensitivity follows a consistent
trend as a function of TEA concentration, indicating that the grains are sufficiently separated. Under
these conditions, the TEA-to-gelatin ratio reaches a practical upper limit of 0.18. Beyond this value,
further addition of TEA degrades the dispersion of silver halide crystals and may adversely affect
the mechanical stability of the emulsion layer. Based on these results, a TEA-to-gelatin ratio of
0.18 was identified as the optimal configuration. In practical terms, this corresponds to adding a
2.5 % TEA solution to the NIT gel dissolved at 40 °C, in an amount equal to 17.6 % of the emulsion
weight.
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Results with GR-1 developer

2z 4 Advancements in NIT development

274 In addition to optimizing the sensitization process, alternative development techniques capable of

2rs enhancing grain contrast and visibility were investigated. In particular, a physical development

zrs  approach was considered, in which silver halide crystals are partially dissolved during development, 26 In MAA-developed films, only about 9% of grains have volumes exceeding 2000 a.u.. whereas this

277 providing silver ions that contribute to the growth of metallic silver grains. This mechanism results 207 fraction increases to approximately 28.5% for GR-1. This result demonstrates that GR-1 produces
2rs  in larger developed grains and increased optical contrast. In this context, the GR-1 developer, widely 298 larger and brighter silver grains, thereby improving the visibility of proton tracks, especially at
zre  used in photographic chemistry and recently introduced in nuclear emulsion studies, was selected. higher energies.

280 The GRAINE experiment [19] has successfully employed GR-1 to enhance the contrast of developed
2a1  grains in emulsion films [20]. In this work, GR-1 was applied under conditions comparable to those

282 used for MAA development, namely at a temperature of 5 °C and for a development time of 10 min. g R DAMON, Proton Grain Volume
233 To evaluate the performance of the GR-1 developer, TEA-sensitized NIT samples were irradiated ] = E:JEV Proton tracks
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Figure 9. Grain volume for 185 MeV horizontal proton tracks in NIT developed with GR-1 (fuchsia) and
MAA (blue).

Figure 8. Seventy-MeV proton tracks recorded with 70 nm NIT developed with MAA (top) and GR-1
(bottom). Images were acquired using the same microscope and identical illumination conditions.
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5.1 Exposure configuration

The response of TEA-sensitized NIT developed with GR-1 was investigated through measurements
performed at the Nagoya Proton Therapy Center. TEA-sensitized emulsion gel was poured onto
glass slides, which were then exposed to proton beams in a horizontal configuration, as shown
in Fig. 10. Proton energies at the isocenter were set to 200, 140, and 70 MeV, covering the full
range of therapeutic beams. The horizontal geometry allowed a single proton track to be sampled
continuously at different depths within the emulsion layer, corresponding to different kinetic energies
along the track. Intermediate energy values were estimated using a Geant4-based Monte Carlo

Proton Beam

simulation. The main observable used to characterize the detector response was the grain density
(G.D.). defined as the number of developed grains per unit length along the reconstructed track.
For each energy point, the G.D. was averaged over ten randomly selected tracks to reduce statistical

120 um

fluctuations.

TEA
(2.5%)
GR-1

Figure 11. Proton tracks recorded in TEA-sensitized NIT at different kinetic energies. The energy loss of
the protons in NIT was simulated using Geant4.
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Proton grain density calibration

5 Experlmental validation with protons 9 s17  decreases below 0.2 grains/pm, making track reconstruction increasingly challenging. Within
5.1 Exposure configuration 9 a1z the present scanning and reconstruction conditions, proton tracks could be reconstructed up to
5.2  Proton grain dGHSity calibration 9 ate about 100 MeV, marking a significant improvement over HA-sensitized NIT. Figure 13 shows

. e s20 4 linear correlation between grain density and proton stopping power in NIT, as evaluated with
5.3 Optical support optimization 11
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