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Abstract
Purpose The Self Powered Neutrons Detectors (SPND) have the advantage of not requiring a high voltage power supply for 
their operation and are small in size, enhancing the interest of these detectors in medicine.
Methods In this context, we have developed a thermal neutron detection system based on SPND. This detector was placed 
in the thermal channel of our nuclear research reactor; where the values of the current for each detector have been recorded 
as a function of time, with a chain in a current mode where electrometers without HV were used.
Results We performed the real-time measurement of neutron flux during boron neutron capture therapy or boron neutron 
therapy, the different materials constituting the SPND detectors have been carefully chosen for this application. These detec-
tors were tested at a power of four MW corresponding to a neutron flux of  109 n  cm−2  s−1.
Conclusions The usefulness of 103Rh-SPND is for online measurement of thermal neutron flux on BNCT patients has been 
demonstrated based on an appropriate calibration of the thermal neutron spectrum.
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Introduction

Boron neutron capture therapy (BNCT) or boron neutron 
therapy is a technique that requires simultaneous presence 
of neutron fluxes with adequate energy and a neutron sensor, 
the boron-10 (10B) [1]. Boron and neutrons interact to attack 
tumor cells without causing significant damage to healthy 
cells because the destructive effect occurs mainly in tumor 
cells that have selectively accumulated boron, the capture 
reaction is as follows [2]

The path of alpha (4He) and lithium (7Li) particles in 
tumor tissue is around the diameter of the tumor cell 
(~ 10 µm) [3–5]. Therefore, the destructive action of the 
capture reaction occurs mainly in those cancer cells that 
have accumulated boron, while the normal cells with a low 
concentration of boron are not attacked. In order to opti-
mize treatment by the BNCT technique, we are interested 
in determining the heat flux of neutrons in specific areas 
of patients. A few activation methods are currently used 

(1)10B + n →
7 Li +4 He + 2.31 MeV + �(478 keV)
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for this purpose, but they are not able to provide real-time 
information. Many authors have developed "in real-time" 
thermal neutron SPNDs using fast response time materi-
als with neutron capture cross sections to supply current 
[6–8]; for example, the signal rhodium-based detector is the 
beta-current type of self-powered detector, which uses the 
activation reaction below to produce a current that can be 
measured according to Eq. (2). 

When the neutron is captured by 103Rh, a 104Rh nucleus 
is formed. Then, it decays into 104Pd and é by decay �− . 
Thus, high-energy electrons are generated in the emitter. 
Figure 1 shows the 103Rh reaction chain.

A lot of self-powered neutron detectors were designed, 
developed and tested around the world [9]. Recently, many 
new self-powered neutron detectors types have been devel-
oped and tested for medical applications [10, 11]. Those 
detectors are now considered one of the most robust and 
reliable choices of in-core flux-detectors owing to their suc-
cessful performance for decades.

In this work, we present the design and realization of 
new SPND detectors that we have developed in our meas-
urement detectors laboratory in the nuclear research center 
of Birine, in order to use it in the measurement, online, of 
the thermal neutrons flux incident during therapy by neu-
tron capture (BNCT). Compared to other in-core detectors, 
BNCTs feature many advantages, those types of detectors 
are small size, which can be placed directly under the skin or 
inside the patient’s brain, for processing to determine exactly 

(2)1n +103 Rh →
104 Rh →

104 Pd + �

the actual flux used in the irradiated area; in addition, they 
are simple and robust structure. In addition, they show a 
good stability under temperature and pressure conditions. 
Another advantage of this type of detector is no high voltage 
is applied, which is very important for medical applications.

Conception, realization

Principle

The self-powered detector SPND is a coaxial cylindrical 
assembly of different materials, as shown in Fig. 2, which 
consists of an emitter, a center conductor with a material of 
relatively high cross section, an insulator and an external 
conductive sheath (collector). In this type of detector, the 
central emitter picks up the neutrons and emits the high-
energy electrons, which reach the outer cladding after pass-
ing through the insulator. In the SPND detector, the current 
is proportional to the neutron flux that can be measured 
using an electrometer connected between the emitter and 
the sheath (Fig. 2). Table 1 shows the labels of our SPND 
prototype.  

These kinds of detectors have a probability for a response 
to gamma radiation due to compton or photoelectric effects 
which can produce free electrons with enough energy to 
pass from the collector to the emitter or vice versa. This 
probability of occurrence of the two effects increases with Z 
and the mass of the electrode materials [2]. When designing 
the detector, the appropriate materials must be well chosen 

Fig. 1  Rhodium reaction chain

Fig. 2  The schematic diagram 
of self-powered neutron detec-
tor SPND
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[13–16], so that the gamma response is as low as possible to 
eliminate the effect of gamma radiation [12, 17].

Material selection

In this work, several prototypes that aimed to optimize our 
detector design have been realized, then study and character-
izing its response, and the materials of the components of 
the developed detector are chosen as follows:

Emitter: must have an effective neutron capture sec-
tion, with a low mass, would provide a good level of signal 
at the output with a flux to be measured greater than  108 
n  cm−2  s−1. The current level (I) is being estimated according 
to the following formula [2]:

where C is constant relating to geometry and efficiency; q is 
charge released by absorbed neutron; σ is effective activation 
section of the emitter; N is number of atoms of the emitter; 
Φ is neutron flux.

Among all the materials analyzed, rhodium  103  (103 Rh) 
was the appropriate choice because this element has a fairly 
high capture cross section: 134 barns [18, 19], q = e (elec-
tron charge), C = 1, Φ =  108 n  cm−2  s−1 in the worst case, 
and by determining N for a cylindrical emitter of dimen-
sions (length = 1 cm and diameter = 1 mm), the current levels 
were obtained of the order picoammeter. In this picoam-
meter order, current levels can be easily measured with 
instrumentation very similar to low current measurement. 
In addition, although the rhodium signal is delayed due to 
the beta decay half-life of 42.8 s [18, 20], this time is negli-
gible compared to the irradiation time of the treatment (more 
than 30 min); therefore, in these cases, in practice, the signal 
can be considered "online." For high-intensity beams or if 
several irradiation steps are used and the irradiation times 

(3)I = C ⋅ q ⋅ � ⋅ N ⋅Φ

may therefore be only a few minutes, it will be necessary to 
use dynamic compensation to correct for the delay.

Insulation: we have chosen acrylic as the insulating mate-
rial in all designs; it is generally used in all detectors for 
applications in the medical field. It is a tissue-equivalent 
material for neutrons, which does not increase the radiologi-
cal risk during or after irradiation, because it does not alter 
the treatment conditions and does not activate after the irra-
diation is terminated. In addition, the properties of acrylic, 
for this type of application, do not present any risk of appre-
ciable modification under gamma or neutron irradiation up 
to 50 kGy [21, 22] and  1017 n  cm−2 [23–25], respectively. 
Therefore, with the typical fluxes used for BNCT treatment, 
the acrylic insulation shows no significant degradation even 
in the long term.

The collector (outer sheath): the sheath material must not 
be toxic to avoid contamination of the patients during medi-
cal application, must be sterilized before each use, must have 
a very low effective capture section, and have the lowest 
possible residual radioactivity. For that, two materials were 
evaluated: graphite and Zircaloy-4 [25–27], and the main 
advantage of using graphite is the possibility of obtaining 
very thin conductive layers, but it is a water-soluble material, 
which complicates its implantation in tissues. Zircaloy-4 is a 
zirconium-based alloy that must be subjected to a purifica-
tion process to reduce impurities present in the base metal 
and which can have a high effective cross section. In addi-
tion, zirconium is a biocompatible metal [28, 29], used in 
biological prosthesis. With this material (zircaloy), we can-
not get thin conductive layers like with graphite, and this 
will result in a larger outside diameter of the detector [30, 
31]. Table 2 shows the characteristics of detectors SPND1, 
SPND2 and SPND3.

Characterization

For the neutron characterization on the nuclear research 
reactor, the equipment used is as follows: three detectors: 
SPND1, SPND2 and SPND3, acrylic support, thin activa-
tion sheets for measuring neutron flux, electrometer model 
Keithley 602, electrometer model Keithley 617 and the last 
electrometer model Keithley 602 and PC for data acquisi-
tion. The detectors are placed on acrylic support as described 

Table 1  Labels of prototype self-powered neutron detector SPND

No. Designation Material

1 Plug 1 Inconel 600
2 Central bar Inconel 600
3 Outer tube (collector) Inconel 600
4 Emitter Vanadium
5 Copper plug Copper
6 Plug 2 Inconel 600
7 cylinder Copper
8 Washer Copper
9 Washer Inconel 600
10 Insolation pad Magnesium oxide (MgO)
11 Insolation pad Magnesium oxide (MgO)

Table 2  Characteristics of detectors SPND1, SPND2 and SPND3

SPND1 and SPND2 SPND3

Emitter material Rhodium Zircaloy-4
Insulation material Acrylic Acrylic
Collector material Zircaloy-4 Zircaloy-4
Sensitive length 10 mm 10 mm
External diameter 1.9 mm 1.9 mm
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in the diagram of the irradiation device and the device for 
irradiating SPNDs (Figs. 3, 4 and 5). In order to measure the 
heat flux in the areas considered, very thin sheets (activa-
tion detectors) are placed in the irradiation area. One of the 
detectors (SPND2) was placed in a cadmium capsule to esti-
mate the contribution of the entire signal of thermal neutrons 
for comparison with the naked detector (SPND1) without a 
capsule. The device was placed in the thermal column of 
the reactor. We recorded the value of the leakage current, 
Io, produced by each detector in the absence of radiation. 

We performed the irradiation on our SPND detector and 
by recording the results of the current produced by these 

Fig. 3  Self-powered neutron detector SPND operation and measurement scheme [12]
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Fig. 4  Diagram of the irradiation device

Fig. 5  Device for irradiating SPNDs and gold and copper sheets
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detectors as a function of time (Figs. 6, 7). The first level of 
the curve corresponds to the intensity of the heat flow for a 
power of 2 MW and the second level to a power of 4 MW.    

Results

Table 3 shows the currents measured under neutron irradia-
tion at powers 2 MW and 4 MW, Table 4 shows the neutron 
flux for the various 4 MW detectors in n  cm−2  s−1, and the 
neutron flux values were calculated by our reactor physics 
group.

Fig. 7  Time evolution of the 
signal in percentage
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Table 3  Measured neutron 
currents (A)

Reactor power SPND1 (Emitter Rh) naked SPND2 (transmitter 
Rh) under Cd

SPND3 (Emitter Zy-4) naked

P = 2 MW (1.62 ± 0.01)×10–9 (7.6 ± 0.1)×10–11 (4.52 ± 0.04)×10–11

P = 4 MW (3.24 ± 0.01)×10–9 (1.54 ± 0.06)×10–10 (8.91 ± 0.06)×10–11

Table 4  Values of neutron 
fluxes (n  cm−2  s−1)

Reactor power SPND1 (transmitter Rh) naked SPND2 (transmit-
ter Rh) under Cd

SPND3 (transmit-
ter Zy-4) naked

Thermal neutron flux (1.39 ± 0.02)×1012 (1.10 ± 0.02)×1012 (1.03 ± 0.01)×1012

Flux E > Thermal neutron flux (2.49 ± 0.03)×1010 (1.57 ± 0.03)×1010 (1.35 ± 0.02)×1010
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Discussion

Estimation of the gamma rate

Our prototype SPND detectors have been calibrated under 
gamma radiation from a 60Co source, we deduced the sensi-
tivity of each prototype, and the results obtained are:

We notice that the results of the sensitivity of detector 
SPND1 and SPND2 are five times higher than SPND3, this 
is mainly due to the composition of the material of the trans-
mitter, and as the main material of the SPND3 transmitter 
being Zircaloy (Zy4). This material has a low effective cap-
ture section for thermal neutrons, so its low contribution is 
expected. However, if we assume that the signal from this 
detector comes from gamma radiation, the value obtained is:

However, the gamma flux cannot be as high in this irra-
diation position, which is why we consider that the signal 
produced by the SPND3 can come mainly from the contribu-
tion of the coaxial cable.

Evaluation of the neutron sensitivity of SPNDs 
with Rhodium emitter

Simple model

Suppose that the signal of each SPND is of the form:

where Snt is the sensitivity to thermal neutrons, ∅t is the heat 
flux, I0 is the leakage current. The net current of the detec-
tors is equal to the total current measured minus the leakage 
current, namely:

The values obtained during the experiment are 
�1
t
= (1.39 ± 0.02) × 10

12
n cm

−2
s
−1 ,  I

net = (3.24 ± 0.01)

×10−9A , and the sensitivity is therefore equal to 
Snt = (2.33 ± 0.03) × 10−21A/ n cm−2 s−1.

General model

In this model, we assume that the signal of each SPND is 
of the form:

S
ySPND1 and SPND2 = 2.0 × 10−14 A/mGys−1

S
ySPND3 = 5.12 × 10−15 A/mGys−1

Inet SPND3 = Itot−I0 = S� ⋅Φ� ,

Φ� = Inet∕S� the value of Φ� = 17.4 × 104Gy/s = 6.264 × 106R/h

(4)Itot = Snt ⋅Φt + I0

(5)Inet = Itot−I0 = Snt ⋅Φt

Snt is the sensitivity to thermal neutrons, Φt is the heat flux, 
Sn>t is the sensitivity to neutrons of energy greater than the 
thermal, Φ>t is the neutron flux of energy greater than ther-
mal, S� is the gamma sensitivity, Φ� is the gamma flux, Icable 
is the response of the cable, which behaves like an SPND 
with a different emitter material than the active area and I0 
is the leakage current. The net current is therefore the dif-
ference between the total current and the current of escape 
that is to say:

After calculations, we get the Snt sensitivity:

Conclusion

In this work, an implantable SPND-based system was devel-
oped in compliance with all design requirements (materials, 
dimensions and sensitivity). It can be used to obtain online 
the thermal neutron doses delivered to patients, and to recal-
culate treatment parameters for their optimization and cor-
rection during irradiation. From the results, it can be seen 
that SPND1 exhibited a strong neutron response, comparing 
to the response of SPND2 and SPND3, and this leads to 
the conclusion that most signal comes from the interaction 
between neutrons and rhodium, compared to Zy-4 that has 
a low interaction contribution with neutron flux. In addi-
tion, it is shown that the level of leakage current of the two 
detectors SPND1 and SPND2 was less than 1% of that of the 
neutrons, which is low enough to be considered negligible. 
This leakage is mainly due to electronic noise, the cable 
and also depends on the temperature of the medium. The 
designed detectors provide a stable performance and high 
confidence that meets the requirements needed for the medi-
cal applications tests. This holds promises for developing 
industry-compatible sensitive self-powered detectors.

Acknowledgements This work has been carried out at Es-Salam 
Nuclear Research Centre of Birine, and the authors would like to 
thank Mr. Idir Abdellani, Director General of CRNB. Special thanks 
also are extended to the team of Nuclear Instrumentation Development 
Division.

References

 1. R.F. Barth, M.G.H. Vicente, O.K. Harling, W.S. Kiger, K.J. 
Riley, P.J. Binns, F.M. Wagner, M. Suzuki, T. Aihara, I. Kato, 
S. Kawabata, Current status of boron neutron capture therapy of 

(6)Itot = Snt ⋅Φt + Sn>t ⋅Φ>t + S𝛾 ⋅Φ𝛾 + Icable + I0

(7)Inet = Itot−I0 = Snt ⋅Φt + Sn>t ⋅Φ>t + S𝛾 ⋅Φ𝛾 + Icable

(8)Snt = (2.09 ± 0.03) × 10−21A / n cm−2 s−1



465Development of self‑powered neutron detectors used in nuclear medicine for the measurement…

1 3

high grade gliomas and recurrent head and neck cancer. Radiat. 
Oncol. 7, 1–21 (2012). https:// doi. org/ 10. 1186/ 1748- 717X-7- 146

 2. G.F. Knoll, Radiation Detection and Measurement (Wiley, 2010)
 3. M.E. Miller, M.L. Sztejnberg, S.J. González, S.I. Thorp, J.M. 

Longhino, G. Estryk, Rhodium self-powered neutron detector as 
a suitable on-line thermal neutron flux monitor in BNCT treat-
ments. Med. Phys. 38, 6502–6512 (2011). https:// doi. org/ 10. 
1118/1. 36602 04

 4. M.E. Miller, L.E. Mariani, M.L.S. Gonçalves-Carralves, M. Sku-
manic, S.I. Thorp, Implantable self-powered detector for on-line 
determination of neutron flux in patients during NCT treatment. 
Appl. Radiat. Isot. 61, 1033–1037 (2004)

 5. M. shikawa, N. Unesaki, T. Kobayashi, Y. Sakurai, K. Tanaka, 
S. Endo, M. Hoshi, Real-time estimation of neutron flux during 
BNCT treatment using plastic scintillation detector with optical 
fiber. in Research and Development in Neutron Capture Therapy. 
Monduzzi Editore, Bologna, pp 443–447 (2002)

 6. M. Sajedi, M. Jafarzadeh, Z. Kargar, Construction of a prototype 
silver self-powered neutron detector and simulation of a developed 
SPND using MCNP4C code. Iran. J. Sci. Technol. Trans. A Sci. 
43, 681–686 (2019)

 7. N.S.M. Ali, K. Hamzah, F.M. Idris, M.H. Rabir, Thermal neutron 
flux measurement using self-powered neutron detector (SPND) 
at out-core locations of TRIGA PUSPATI Reactor (RTP). in IOP 
Conference Series: Materials Science and Engineering, Vol. 298. 
No. 1. (IOP Publishing, 2018). https:// iopsc ience. iop. org/ artic le/ 
10. 1088/ 1757- 899X/ 298/1/ 012027/ meta

 8. V. Verma, L. Barbot, P. Filliatre, C. Hellesen, C. Jammes, S.J. 
Svärd, Self powered neutron detectors as in-core detectors for 
sodium-cooled fast reactors. Nucl. Instruments Methods Phys. 
Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 860, 
6–12 (2017)

 9. P. Raj, Development and testing of self-powered detectors for 
nuclear measurements in fusion reactors (2019). https:// inis. iaea. 
org/ colle ction/ NCLCo llect ionSt ore/_ Public/ 52/ 029/ 52029 866. 
pdf?r=1

 10. V.A. Trivillin, E.C.C. Pozzi, L.L. Colombo, S.I. Thorp, M.A. 
Garabalino, A.M. Hughes, S.J. González, R.O. Farías, P. Curotto, 
G.A. Santa Cruz, Abscopal effect of boron neutron capture ther-
apy (BNCT): proof of principle in an experimental model of colon 
cancer. Radiat. Environ. Biophys. 56, 365–375 (2017)

 11. E.C.C. Pozzi, J.E. Cardoso, L.L. Colombo, S. Thorp, A.M. 
Hughes, A.J. Molinari, M.A. Garabalino, E.M. Heber, M. Miller, 
M.E. Itoiz, Boron neutron capture therapy (BNCT) for liver 
metastasis: therapeutic efficacy in an experimental model. Radiat. 
Environ. Biophys. 51, 331–339 (2012)

 12. S. Fiore, O. Aberle, M. Angelone, M. Calviani, F. Di Giambat-
tista, L. Lepore, M. Nyman, M. Pillon, A. Plompen, Self powered 
neutron detectors with high energy sensitivity. in EPJ Web of Con-
ferences, vol. 225, (EDP Sciences, 2020),  p. 02001. https:// www. 
epj- confe rences. org/ artic les/ epjco nf/ pdf/ 2020/ 01/ epjco nf_ animm 
a2019_ 02001. pdf

 13. M. Fares, M.Y. Debili, M. Messaoudi, S. Begaa, K. Negara, A. 
Messai, Boron-10 lined proportional counter development for 
thermal neutron detection. Radiat. Detect. Technol. Methods. 
(2021). https:// doi. org/ 10. 1007/ s41605- 020- 00226-5

 14. M. Fares, A. Messai, S. Begaa, M. Messaoudi, K. Negara, M.Y. 
Debili, Design and study of the characteristics of a versatile 

ionization chamber for gamma-ray dosimetry. J. Radioanal. 
Nucl. Chem. 326, 1405–1411 (2020). https:// doi. org/ 10. 1007/ 
s10967- 020- 07446-5

 15. M. Fares, A. Messai, S. Begaa, M. Salem, K. Negara, M.Y. Debili, 
M. Messaoudi, 3 He proportional counter development for thermal 
neutron detection. Radiat. Detect. Technol. Methods. 5(2), 1–9 
(2021)

 16. M. Fares, A. Messai, M. Messaoudi, K. Negara, M.Y. Debili, S. 
Begaa, Initial and volume recombination losses in gamma ver-
satile ionization chamber VGIC for gamma ray dosimetry, Appl. 
Radiat. Isot. 175, 109794 (2021). https:// doi. org/ 10. 1016/j. aprad 
iso. 2021. 10979

 17. A. Williams, R.I. Sara, Parameters affecting the resolution of a 
proportional counter. Int. J. Appl. Radiat. Isot. 13, 229–238 (1962)

 18. E. Browne, C. J M, D. J M, L. C M, M.A. Sharp, S. V S, Table of 
isotopes project. in Annual Report for the period, vol. 155 (1979). 
https:// escho larsh ip. org/ conte nt/ qt28m 305b5/ qt28m 305b5. pdf# 
page= 170

 19. J.W. Hilborn, Self-powered neutron detectors for reactor flux 
monitoring. Nucleonics (US) Ceased publication, 22(2) (1964). 
https:// www. osti. gov/ biblio/ 40896 24

 20. T. Takeuchi, N. Ohtsuka, A. Shibata, K. Tsuchiya, Development 
of a self-powered gamma detector. J. Nucl. Sci. Technol. 51, 
939–943 (2014)

 21. D.C. Phillips, S.G. Burnay, Polymers in the nuclear power indus-
try. Irradiat. Eff. Polym. (1991). https:// inis. iaea. org/ search/ search. 
aspx? orig_q= RN: 23024 974

 22. R. Van Nieuwenhove, L. Vermeeren, Online gamma dose-rate 
measurements by means of a self-powered gamma detector. IEEE 
Trans. Nucl. Sci. 49, 1914–1918 (2002)

 23. A. Charlesby, Introductory talk: survey of recent developments in 
polymer radiation research. Polymer (Guildf). 5, 381–382 (1964)

 24. S.R. Ahmad, A. Charlesby, Effect of 60Co-γ radiation on crystal 
structure of normal high paraffins. Radiat. Phys. Chem. 11, 29–37 
(1978)

 25. M. Alex, K.R. Prasad, S.K. Kataria, Development of bismuth self-
powered detector. Nucl. Instruments Methods Phys. Res. Sect. A 
Accel. Spectrometers, Detect. Assoc. Equip. 523, 163–166 (2004)

 26. W.H. Todt, Characteristics of self-powered neutron detectors used 
in power reactors, in Proc. a Spec. Meet. In-Core Inst. React. Core 
Assessment, NEA Nucl. Sci. Comm. (1996)

 27. M. Angelone, A. Klix, M. Pillon, P. Batistoni, U. Fischer, A. San-
tagata, Development of self-powered neutron detectors for neutron 
flux monitoring in HCLL and HCPB ITER-TBM. Fusion Eng. 
Des. 89, 2194–2198 (2014)

 28. Etude de la Sensibilite de Collectrons. [Study of the Sensitivity of 
Self-Powered Detectors.] - 0. Erben, C. Le Tanno and C. Morin - 
CEA-N-2010 (5 Dec 1977) (In French) (INIS-412014)

 29. J.F. Villard, C. Destouches, L. Barbot, D. Fourmentel, V. Radu-
lovic, Improvements in neutron and gamma measurements for 
material testing reactors, in RRFM/IGORR 2016, RRFM/IGORR 
2016 (2016)

 30. A.F. Dykhuis, Capturing irradiation-enhanced corrosion of zir-
caloy-4 with a charge-based diffusion/drift phase field model 
(2018)

 31. O. Moreira, H. Lescano, Analysis of vanadium self powered neu-
tron detector’s signal. Ann. Nucl. Energy. 58, 90–94 (2013)

https://doi.org/10.1186/1748-717X-7-146
https://doi.org/10.1118/1.3660204
https://doi.org/10.1118/1.3660204
https://iopscience.iop.org/article/10.1088/1757-899X/298/1/012027/meta
https://iopscience.iop.org/article/10.1088/1757-899X/298/1/012027/meta
https://inis.iaea.org/collection/NCLCollectionStore/_Public/52/029/52029866.pdf?r=1
https://inis.iaea.org/collection/NCLCollectionStore/_Public/52/029/52029866.pdf?r=1
https://inis.iaea.org/collection/NCLCollectionStore/_Public/52/029/52029866.pdf?r=1
https://www.epj-conferences.org/articles/epjconf/pdf/2020/01/epjconf_animma2019_02001.pdf
https://www.epj-conferences.org/articles/epjconf/pdf/2020/01/epjconf_animma2019_02001.pdf
https://www.epj-conferences.org/articles/epjconf/pdf/2020/01/epjconf_animma2019_02001.pdf
https://doi.org/10.1007/s41605-020-00226-5
https://doi.org/10.1007/s10967-020-07446-5
https://doi.org/10.1007/s10967-020-07446-5
https://doi.org/10.1016/j.apradiso.2021.10979
https://doi.org/10.1016/j.apradiso.2021.10979
https://escholarship.org/content/qt28m305b5/qt28m305b5.pdf#page=170
https://escholarship.org/content/qt28m305b5/qt28m305b5.pdf#page=170
https://www.osti.gov/biblio/4089624
https://inis.iaea.org/search/search.aspx?orig_q=RN:23024974
https://inis.iaea.org/search/search.aspx?orig_q=RN:23024974

	Development of self-powered neutron detectors used in nuclear medicine for the measurement of neutron flows during treatment of boron neutron therapy
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Conception, realization
	Principle
	Material selection
	Characterization

	Results
	Discussion
	Estimation of the gamma rate
	Evaluation of the neutron sensitivity of SPNDs with Rhodium emitter
	Simple model
	General model


	Conclusion
	Acknowledgements 
	References




