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Abstract 

The methodology of boron neutron capture therapy (BNCT) is actively developing worldwide and is 

beginning to enter clinical practice. Unlike conventional radiation therapy methods, BNCT distinguishes 

four components of ionizing radiation dose: boron dose, thermal neutron dose (or nitrogen dose), fast 

neutron dose, and gamma-ray dose. While a decade ago it was believed that the first three dose components 

were immeasurable (with the first two considered fundamentally unmeasurable), today there are several 

methods and tools available for measuring all dose components. In this study, chemical dosimetry was used 

to measure the total dose, specifically employing two types of ferrous sulfate liquid dosimeters: a 

"conventional" one and a "neutron-sensitive" variant containing sodium tetraborate. The composition of the 

developed dosimeters was optimized by adding xylenol orange as a complexing agent. Calibration of the 

dosimeter was performed using spectrophotometric methods. The developed Fricke dosimeter, combined 

with prompt gamma-ray spectrometry, was applied during the treatment of a domestic cat with a 

spontaneous tumor. This approach enabled the determination of absorbed dose in both the tumor and 

healthy tissue. Data obtained from these two independent dose measurement methods showed good 

agreement, leading to the conclusion that their combined use is advisable for BNCT treatment planning and 

outcome assessment. 

Keywords: boron neutron capture therapy, dosimetry, Fricke dosimeter, spectrophotometry, prompt 

gamma-ray spectrometry
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1. Introduction 

Boron Neutron Capture Therapy (BNCT) is a promising approach for treating malignant tumors, based 

on the selective destruction of tumor cells through the accumulation of stable isotope 10B followed by 

irradiation with epithermal neutrons. The absorption of a neutron by boron triggers the nuclear reaction 
10B(n,α)7Li, releasing a large amount of energy precisely within the boron-containing cell, leading to its 

destruction [Sauerwein et al., 2012]. Clinical trials of this method using accelerator-based neutron sources 

have demonstrated positive outcomes [Hirose et al., 2021; Kawabata et al., 2021].  

To date, there are no clinically established dosimetry methods capable of accounting for all dose 

components in BNCT: 

 boron dose (primary dose) from the ¹⁰B(n,α)⁷Li reaction (α-particles and ⁷Li nuclei); 

 nitrogen dose (thermal neutron dose) from the ¹⁴N(n,p)¹⁴C reaction products; 

 fast neutron dose, comprising contributions from: 

 epithermal and fast neutrons via elastic and inelastic scattering (primarily on hydrogen nuclei); 

 gamma dose, including photon emission from neutron capture by boron (¹⁰B(n,γ)⁷Li) and hydrogen 

(¹H(n,γ)²D) nuclei [International Atomic Energy Agency, 2023]. 

However, it is important to note that in the book [Sauerwein et al., 2012], it is stated that "the first two 

dose components cannot be measured in principle, but only calculated." Over the past decade, significant 

progress has been made in the development of dosimetry tools and methods. In particular, at the accelerator-

based neutron source VITA [Taskaev et al., 2021] the following approaches are used for dosimetry during 

scientific research: 

 activation foil sets; 

 a compact detector based on a pair of cast polystyrene scintillators, one of which is boron-

enriched [Bykov et al., 2021]; 

 a developed activation monitor for epithermal neutron flux measurement [Byambatseren et al., 

2025]; 

 a proposed and implemented "cellular dosimeter" [Dymova et al., 2021]; 

 prompt gamma-ray spectroscopy method [Bikchurina et al., 2023]. 

The prompt gamma-ray spectroscopy method [Kobayashi and Kanda, 1983] enables real-time 

monitoring of boron accumulation in malignant tumor tissue and quantifies the boron dose contribution to 

the total radiation dose. The technique relies on detecting the prompt gamma-ray (478 keV) emitted when 

the ⁷Li nucleus (produced in the ¹⁰B(n,α)⁷Li reaction) transitions from its first excited state (⁷Li*, 478 keV) 

to the ground state. Due to the extremely short decay time (~10⁻¹³ sec), the detected gamma line appears as 

a broadened peak at 478 keV in the spectrum. With sufficient detector energy resolution, this peak can be 

clearly distinguished from background radiation. The boron dose is calculated based on the count rate of 

478 keV events, which is proportional to the ¹⁰B concentration and thermal neutron flux. 

Italian researchers [Colombo et al., 2024] have highlighted the need for advancing dosimetric methods 

in BNCT, conducting measurements at the TRIGA Mark II research reactor of the University of Pavia. 

Their work demonstrated the feasibility of prompt gamma-ray spectrometry for BNCT applications, 

employing a LaBr3(Ce+Sr) scintillation detector for photon detection. Studies on CdTe double-sided strip 

detectors for prompt gamma-ray spectrometry in BNCT are presented in [Chiu et al., 2025]. 

Several works address modeling of prompt gamma-ray spectrometry. The BNCT-SPECT system 

developed in [Isao Murata et al., 2021] enables Monte Carlo (MCNP5) calculations of boron dose during 
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BNCT, proposing a GAGG scintillator detector with claimed 5% calculation accuracy. For comprehensive 

dose assessment, this work advocates chemical dosimetry. 

An effective chemical dosimetric system for BNCT must meet specific requirements: 

 high radiation-chemical yield independent of radiation type and variable conditions (reagent 

concentration, temperature, pH, dissolved gases); 

 pre- and post-irradiation stability; 

 compatibility with standard purity reagents. 

The ferrous sulfate (Fricke) dosimeter best fulfills these criteria [Zakaria et al., 2021]. Its operation 

principle, detailed in [Schreiner, 2004], involves water radiolysis-induced oxidation of Fe2+ to Fe3+ via free 

radical reactions. Sensitivity enhancement through xylenol orange addition enables spectrophotometric 

Fe3+ detection and visual dose assessment. [Scotti et al., 2022] optimized concentrations to 1.00-0.40 mM 

ferrous ammonium sulfate and 0.200-0.166 mM xylenol orange for 0-42 Gy dose range. 

[Gambarini et al., 2017] characterized optical absorption spectra (300-800 nm) of xylenol orange-based 

Fricke gel dosimeters, finding spectral variations primarily dependent on dye type rather than gelling agents 

(agarose/gelatin). Their earlier work [Gambarini et al., 2002] employed boron-loaded Fricke gels at the 

TAPIRO reactor to isolate 10B(n,α) contributions by subtracting 14N(n,p) background. [Saeedi-Sini et al., 

2024] confirmed linear response (0.05-5 accelerator gelatin/polyvinyl alcohol matrix effects. 

This study aims to develop a ferrous sulfate dosimetric system for BNCT. 

The results obtained by chemical dosimetry are presented in comparison with prompt gamma-ray 

spectrometry measurements. 

2. Experimental details 

2.1. Development of a dosimeter 

For the experiment, following literature data, we prepared four Fricke dosimeter samples, two of which 

contained boric acid to achieve a ¹⁰B concentration of 40 ppm in the solution. After preparation, the samples 

were irradiated using the accelerator-based neutron source VITA. Figure 1 shows the optical absorption 

spectra of the dosimeters measured with a Varian Cary-50 UV spectrophotometer. The experiment used 

four Fricke dosimeter samples: an unirradiated sample with 0 ppm ¹⁰B, an unirradiated sample with 40 ppm 

¹⁰B, a sample irradiated with 0.8 Gy dose containing 0 ppm ¹⁰B, and a sample irradiated with 8 Gy dose 

containing 40 ppm ¹⁰B. The absorbed dose was estimated through Monte Carlo numerical modeling of 

neutron and gamma radiation transport. The spectra show insufficient differences to be used for quantitative 

determination of absorbed ionizing radiation dose. 
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Fig. 1. Absorption spectrum of dosimeters 

To increase the dosimeter's sensitivity to radiation dose, xylenol orange was added as a complexing 

agent, serving as a metallochromic indicator for direct complexometric determination of Fe³⁺ ions. This 

modification enhances Fe³⁺ detection sensitivity and enables visual dose assessment through color changes 

in the visible spectrum. Boric acid was replaced with sodium borate (sodium tetraborate) following the 

protocol [Gambarini et al., 2017]. 

The "conventional" Fricke dosimeter was prepared by adding to 1 liter of water: 0.4 g ammonium iron(II) 

sulfate, 5.5 ml concentrated sulfuric acid, and 0.13 g xylenol orange. For the "neutron-sensitive" Fricke 

dosimeter, 1.8 g sodium tetraborate was additionally included to achieve 40 ppm ¹⁰B concentration in the 

final solution. The solutions were thoroughly mixed using a magnetic stirrer for 20 minutes at room 

temperature, resulting in clear solutions without precipitate. 

2.2. Composition Testing 

Composition testing using the Shimadzu ICPE-9800 spectrometer revealed that the "conventional" 

sample contained 27 μg/L iron with no detectable boron, while the "neutron-sensitive" sample contained 

28 μg/L iron and 26 μg/L boron. 

For visual demonstration of the color change caused by Fe³⁺-xylenol orange complex formation, samples 

were irradiated with electron beams up to 1000 Gy at the BINP SB RAS Radiation Technology Center 

using the PLA-10 accelerator. The irradiated samples are shown in Figure 2. 
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Fig. 2. Irradiated "conventional" Fricke dosimeters: Dose increases from left to right (far left – 

unirradiated, far right – 1000 Gy) 

2.3. Calibration of Dosimeters 

To construct the calibration curve, prepared samples were irradiated using a ¹³⁷Cs photon source by 

placing them at varying distances from the radiation source for 24-hour exposures. The sample set consisted 

of 4 "conventional" and 4 "neutron-sensitive" dosimeters, which received different doses: 0 Gy (control), 

1 Gy, 2 Gy, and 8 Gy. To achieve a 1 Gy dose, samples were irradiated for 24 hours at 13.1 cm from the 

source; 2 Gy was delivered at 9.3 cm, and 8 Gy at 4.6 cm. The sample arrangement is shown in Figure 3. 

 

Fig. 3. Photo of dosimeter placement for calibration using a ¹³⁷Cs source 

The samples were analyzed using a Shimadzu UV-3600 Plus spectrophotometer after irradiation. Figure 

4 shows the sample placement in the spectrophotometer. 
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Fig. 4. Arrangement of cuvettes in the Shimadzu UV-3600 Plus spectrophotometer (reference – 

unirradiated sample) 

The absorption spectra of the studied samples are shown in Figure 5. Since the optical design of this 

spectrophotometer allows comparative measurements of irradiated samples against a control, the obtained 

spectra were displayed already normalized to the non-irradiated sample. The spectra clearly show two 

peaks: at 440 nm and at 540 nm. The latter peak indicates the formation of an Fe³⁺ complex with xylenol 

orange. 

 

Fig. 5. Absorption spectra of irradiated "conventional" and "neutron-sensitive" Fricke dosimeters 

Initially, it was hypothesized that the 440 nm peak might be associated with solution fluorescence, since 

xylenol orange exhibits its fluorescence maximum at 440 nm excitation wavelength. However, this 

hypothesis was refuted following fluorescence spectroscopy measurements conducted on a Shimadzu RF-

6000 spectrofluorophotometer. Figure 6 presents the fluorescence spectra obtained under 440 nm 

excitation. The data demonstrate negligible differences between the spectra of different samples. 
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Fig. 6. Fluorescence spectra of dosimeters excited at 440 nm  

The spectra shown in Figure 5 were fitted with a sum of Gaussian distributions (Figure 7). The peak at 540 

nm, corresponding to absorption, was of primary interest. The only statistically significant difference 

between samples was observed in the coefficient B preceding the exponential term, which served as the 

basis for calibration (Figure 8): 

𝑦 = 𝐴 ∙ exp (−
(𝑥 − 𝑥1)

2

𝜎1
2 ) − 𝐵 ∙ exp (−

(𝑥 − 𝑥2)
2

𝜎2
2 ) (1) 

 

Fig. 7. Approximation of the obtained absorption spectra of "conventional" dosimeters  
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Fig. 8. Calibration of dosimeters using a ¹³⁷Cs source 

4. Discussion and conclusion 

The developed "neutron-sensitive" Fricke dosimeter was applied during boron neutron capture therapy 

for a domestic cat with a spontaneous tumor. The irradiation was performed using the accelerator-based 

neutron source VITA. The Fricke dosimeter was placed on the surface of the beam shaping assembly 

[Taskaev, 2019]. 

After the cat’s treatment, the irradiated Fricke dosimeter solution was analyzed using a Shimadzu UV-

3600 Plus spectrophotometer. The spectrum of the irradiated dosimeter, compared to calibration spectra, is 

shown in Fig. 9. By performing linear approximation, the total equivalent dose was determined to be 35 ± 

6 Gy-eq. Although this exceeds the calibrated range, linearity is assumed to hold up to 100 Gy [De Dios et 

al., 2017]. 

 

Fig 9. Absorption spectra of dosimeters irradiated at the VITA accelerator compared with ¹³⁷Cs-irradiated 

samples: a) "conventional" dosimeter, b) "neutron-sensitive" dosimeter 
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In the study by [Sycheva et al., 2023], numerical simulation of neutron and gamma-ray transport was 

used to calculate the spatial distribution of all four dose components considered in boron neutron capture 

therapy (BNCT): boron dose, nitrogen dose, fast neutron dose, and gamma-ray dose. The same work 

demonstrated that the results of spatial measurements of boron dose and gamma dose, obtained using a 

compact detector with paired lithium-loaded polystyrene scintillators (one of which was enriched with 

boron), agree well with the calculated data [Bykov et al., 2021]. 

The calculations revealed that, under the treatment conditions for the cat, the ratio of the therapeutic 

dose (boron dose) to the sum of all other doses (nitrogen dose, fast neutron dose, and gamma dose) was 4.3 

at a boron concentration of 40 ppm. Since the boron concentration in the Fricke "neutron-sensitive" 

dosimeter was 26 ppm, and the boron dose is proportional to boron concentration, the ratio of boron dose 

to the sum of the remaining doses contributing to the Fricke dosimeter reading was 2.8. Thus, out of the 

total Fricke dosimeter dose of 35 ± 6 Gy-eq, the presence of boron at 26 ppm contributed 26 ± 4 Gy-eq, 

while the remaining 9 ± 2 Gy-eq came from the other three dose components. Given that the dosimeter was 

placed on the surface, the measured sum of the three dose components was maximal, as supported by the 

data in [Sycheva et al., 2023]. 

Therefore, the results indicate that the maximum equivalent dose received by cells without boron was 9 

± 2 Gy-eq. Taking into account the relative biological effectiveness (RBE) of fast neutrons (3.2), thermal 

neutrons (3), and photons (1), the total physical dose was determined to be 6.5 ± 1.5 Gy. 

To estimate the boron dose, it was necessary to determine the boron concentration in the tumor and 

healthy tissues. This information was obtained using prompt gamma-ray spectrometry, where the energy 

spectrum of photons emitted from the irradiated cat was measured with an HPGe gamma-ray spectrometer. 

The experimental setup is shown in Fig. 10. The spectrometer was placed in an adjacent bunker, observing 

the irradiated object through a hole in the concrete wall. Neutron shielding (acrylic glass and cadmium) 

was used to protect the spectrometer’s detector from neutron interference. 

 

Fig. 10. Experimental setup for boron dose measurement using prompt gamma-ray spectrometry: 1 – 

lithium target, 2 – animal, 3 – plexiglas, 4 – lead shielding, 5 – cadmium layer, 6 – lead collimator, 7 – 

gamma-ray spectrometer  

The characteristic energy spectrum of photons measured by the spectrometer is shown in Fig. 11. The 

spectrum clearly displays a Doppler-broadened 478 keV line, reflecting the number of ¹⁰B(n,α)⁷Li reactions 

within the detector's field of view. A lead collimator (2.5 cm wide and 5 cm high) was placed in front of 

the irradiated object (the cat). Given that the width of the cat's head in the observation area was 5 cm, the 

detection volume was estimated to be 62.5 cm³. The cat was positioned such that the entire tumor (volume 

17 cm³) fell within the detection region, while the volume of healthy tissue in the detection area was taken 

as 45.5 cm³ in subsequent calculations. 

Two key observations can be made from Fig. 11. The intensity of the 568 keV line, resulting from the 

¹¹³Cd(n,γ)¹¹⁴Cd reaction, remains the same at the beginning and end of irradiation. This indicates stability 

in the neutron flux. Additionally, the constant intensity of the 517 keV line (from the ³⁵Cl(n,γ)³⁶Cl reaction) 
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confirms the stability of the neutron flux and reflects the volume of living tissue within the detection region. 

The intensity of the 478 keV line (due to the neutron capture reaction in boron) is nearly twice as low at the 

end of irradiation compared to the beginning. This is attributed to the gradual decrease in boron 

concentration in the cells over time. 

 

Fig 11. Gamma-ray spectrum obtained during BNCT of a laboratory animal 

During the irradiation period of the cat, the energy spectrum of photons from the detection region was 

measured in 22 time intervals. Over the entire observation period, 1.73∙10⁶ photons with an energy of 478 

keV were registered, resulting from the ¹⁰B(n,α)⁷Li reaction. Taking into account the detector sensitivity 

(located at a distance of 610 cm) of 1.3∙10⁻⁶ [Bikchurina et al., 2021] and the probability of photon emission 

in the reaction (93.9%), we determined that 1.4∙10¹² ¹⁰B(n,α)⁷Li reactions occurred in the detection volume 

during irradiation. Since each reaction releases an average of 2.34 MeV (shared between the α-particle and 

the lithium nucleus), we calculated that 0.53 J of energy was deposited in the detection volume of 62.5 cm³. 

The accuracy of the energy determination is influenced by multiple processes and is estimated to be within 

10%. 

When using boronophenylalanine (BPA), it is commonly assumed that the boron concentration in tumor 

cells is three times higher than in healthy tissue [International Atomic Energy Agency, 2023]. Based on this 

ratio, we determined that a tumor volume of 17 cm³ received a boron dose of 16.4 ± 1.6 Gy, while healthy 

tissue with a volume of 45.5 cm³ received a boron dose of 5.5 ± 0.6 Gy. The boron concentration in the 

tumor was 17.8 ppm, and in healthy tissue, it was 5.9 ppm. 

Including the sum of the other three dose components, measured by the Fricke dosimeter (6.5 ± 1.5 Gy), 

we concluded that the tumor in the irradiated cat received a total ionizing radiation dose of 23 ± 3 Gy, while 

the dose absorbed by the surrounding healthy tissue did not exceed 12 ± 2 Gy. 

Thus, the combined use of Fricke chemical dosimetry and prompt gamma-ray spectrometry allows for 

the determination of the absorbed dose, which is crucial for therapy planning and outcome assessment. 
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Fig. 1. Absorption spectrum of dosimeters 

Fig. 2. Irradiated "conventional" Fricke dosimeters: Dose increases from left to right (far left – 

unirradiated, far right – 1000 Gy) 

Fig. 3. Photo of dosimeter placement for calibration using a ¹³⁷Cs source 

Fig. 4. Arrangement of cuvettes in the Shimadzu UV-3600 Plus spectrophotometer (reference – 

unirradiated sample) 

Fig. 5. Absorption spectra of irradiated "conventional" and "neutron-sensitive" Fricke dosimeters 

Fig. 6. Fluorescence spectra of dosimeters excited at 440 nm  

Fig. 7. Approximation of the obtained absorption spectra of "conventional" dosimeters  

Fig. 8. Calibration of dosimeters using a ¹³⁷Cs source 

Fig 9. Absorption spectra of dosimeters irradiated at the VITA accelerator compared with ¹³⁷Cs-

irradiated samples: a) "conventional" dosimeter, b) "neutron-sensitive" dosimeter 

Fig. 10. Experimental setup for boron dose measurement using prompt gamma-ray spectrometry: 

1 – lithium target, 2 – animal, 3 – plexiglas, 4 – lead shielding, 5 – cadmium layer, 6 – lead 

collimator, 7 – gamma-ray spectrometer  

Fig 11. Gamma-ray spectrum obtained during BNCT of a laboratory animal 
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