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The modeling of the registration of thermal neutrons by Si planar detector with natural metallic Gd neutron converter

and gamma background suppression was performed. The responses of Si planar detector in different ways were

calculated. Spectra dependence consisted of the spectra conversion electrons in energy range 30...200 keV with

maximum at energy 70 keV and Gd CXR lines were received. Background gamma radiation was suppressed by two

detectors data subtraction. The programs were designed using C + + and function under execution control of OS

Red Hat LINUX 6.2 FEDORA by free code GEANT 4.8.2 usage.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

Planar silicon detectors (PSD) are widely used in
high-energy physics (CERN), in nuclear physics re-
searches, in nuclear power engineering, in nuclear
medical apparatus, and in nondestructive nuclear de-
tection systems. The use of gadolinium converter al-
lows PSD usage for neutron detection. High gadolin-
ium neutron capture cross-section allows much more
effective to diagnose the thermal neutron flux than
the traditional methods of detection: counters 10B,
3He, 6Li, scintillator, and so on. The advantages of
PSD with gadolinium converter refers the efficiency
removal of information, low working voltage, small
footprint, small thickness detection and converting
layers.

Perspectives and relevant of a new neutron de-
tectors development is determined by relevance and
task expansion of neutron physics. This is the mod-
ern energy and experimental facilities, the widespread
introduction of neutron physics in the diagnosis and
treatment of cancer. The problem of control over
the distribution, maintenance, transportation of fis-
sile materials and the fight against terrorism becomes
more and more of current interest.

The series of works devoted to the development of
this method [1 - 6]. When using PSD with gadolinium
converter for recording the thermal neutron flux is
very important task is to separate the signal from the
companion neutron capture gamma radiation, which
is in their spectral characteristics close to the back-
ground radiation [7] Neutron’s very low fluxes detec-
tion(less on the order than accompanying gamma ra-
diation) can cause the errors of neutron detection by
means of secondary particles detection (internal con-

version electrons – ICE). The proposed two-detector
technique allows reliable separation electron response
to significantly exceed background of gamma-quanta.

2. WORKING OUT, REALIZATION,
MODEL TESTING

Detection of weakly intensive flows of thermal neu-
trons with use of the gadolinium converter allows de-
termining reliably presence and intensity of the ther-
mal neutron flow by the conversion electron spec-
trum. However, with a decrease in the intensity of
the neutron flux, increases the contribution of con-
comitant capture gamma radiation, as well as the ef-
fect of gamma background environment. The basis
of the developed method is based on the selection of
the spectral distribution of the conversion electrons
from a mixed gamma electron beam. This separation
is supposed to receive by the usage of a two-channel
detection module, containing two planar silicon de-
tectors with gadolinium converters. To prevent elec-
trons penetration in one of the detectors between the
converter and the PSD is installed plastic screen with
sufficient thickness to completely absorb the conver-
sion electrons (Fig. 1). Thus the method for separat-
ing gamma–neutron signal based on discrimination of
the spectral distribution of the conversion electrons
produced by gadolinium nucleus capture of neutrons
was developed. The requirement for reliable identi-
fication of characteristic energies in the spectral dis-
tribution of the electrons imposes a lower limit due
to the statistical nature of the method. Thus for
the reliable identification of the conversion electrons
require a certain minimum statistics (the minimum
amount of absorbed electrons) in which the accuracy
of the presence in a mixed stream of neutrons will
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have sufficient credibility. At extremely low statis-
tics is expected to develop the identification of the
most probable electron energy in the spectral distri-
bution of the ICE, in our case, Ee = 71 keV [8] (see
Fig. 6, 8), and develop algorithm for determining the
value of the primary thermal neutron flux too.

Fig.1. Two detector model scheme. 1 -– PSD;
2 – gadolinium converters; 3 — polyethylene screen

Fig.1 shows a model of two detector system im-
plements the separation scheme of a gamma neutron
flux. Two uncooled PSD (5 × 5mm with the sen-
sitive layer 300µm thick) placed in a single metal
(aluminum) housing. Gadolinium converters (2) were
installed at each of placed detector. Unlike of the
detector D1, the plastic screen (3) on the D2 de-
tector, is located between the PSD and gadolinium
foil. The separation method is based on the fact that
in an isotropic field of gamma-ray (background ra-
diation + capture gamma-radiation produced by the
thermal neutrons absorbed in gadolinium converter)
in both detectors (D1, D2) is adjudged to approxi-
mately the same spectral distribution of gamma radi-
ation. The D1 detector fall is mixed gamma-electron
beam, while in the protected by polyethylene screen
D2 detector electrons do not fall. According the as-
sumption that the gamma-response of both detectors
are equal, from the spectral distribution of the de-
tector D1 is subtracted distribution corresponding
to only the gamma-response from D2 data. This
method allows even with a substantial excess of γ-
background over electron distribution, securely re-
ceive, according to the algorithm of subtraction, the
spectral distribution of the conversion electrons only.
Another advantage of the technique is the following:
the higher is gamma-ray background the more uni-
form are the readings from D1 and D2 relative to
gamma radiation. The presented model of two mod-
ular schemes is implemented on the basis of the previ-
ously developed single-module schemes based on the
PSD with gadolinium converter [6]. Software pack-
age ”Si-Convertor” was developed to optimize the
layout, materials, energy range and the geometry of
the detector system. The ”Si-Convertor” package
allows tracing the neutron and secondary particles
transport under conditions of real geometrical sizes.
The program has an interactive service, with the abil-
ity to track the trajectory of the secondary radiation
transfer in the 3D geometry. Upon the completion
of model calculation, the program creates a series of
spreadsheets with the spectral distribution of the pri-

mary flow (thermal neutrons), and for the secondary
particles of gamma rays, secondary electrons, as well
as distribution (“energy deposition”) for each struc-
tural element. The program complex is allowed to
test the separation of the conversion electrons from
the mixed response of gamma-neutron flux method-
ology by simulating the actual geometry and struc-
ture of the planar silicon detectors, by taking to ac-
count of the location of gadolinium converters, plastic
shield. The neutron flux capture and energy deposi-
tion efficiency as functions of flow angular distribu-
tion, the geometrical dimensions of metallic converter
and silicon wafers and their relative placement was
investigated too. Development and implementation
of software package ”Si-Convertor” was conducted
with the help of freely available CERN GEANT4
package eighth version (GEANT 4.8.2), under the
control of OS platforms Red Hat LINUX 6.2 FE-
DORA [8]. Constantly updated library QHSP-BIC-
HP, (which includes NeutronHPElastic, NeutronH-
PInelastic, NeutronHPCapture, NeutronHPFission)
allows to simulate the interaction of neutrons with
matter in a wide range of energies from ultracool
(with an energy of 10−7 eV ) to neutrons with ener-
gies of tens of MeV [9]. When neutrons cross sec-
tions were calculated the real distribution of isotopes
155Gd and 157Gd in a natural gadolinium was tak-
ing to account. The complexity of the registration
of the conversion electrons generated during neutron
capture reaction is a large output of captured gamma
radiation. Also, the problem of the use of gadolinium
as converter for the electron detection is a small runs
of electrons in materials with a large charge number.
For example, the runs for electrons with energies up
to 100 keV in gadolinium do not exceed a few microns
(see Table).

Electron energy run dependence

Ee, keV 29 39 71 78

Run in plastic, µm 11.1 19.1 54.5 64.9
Run in Si, µm 4.2 7.4 22.0 24.8
Run in Gd, µm 1.35 2.01 5.1 6.01

The gamma-ray large flow accompanying the cap-
ture, as a rule, is not absorbed by silicon detector, but
there is always the probability of Compton scatter-
ing. Under the scattering process the electrons can
be created with random energy distribution: from
the maximum energy of the primary gamma-ray to
the conversion electron energies diapason. Thus,
even with a low probability of Compton scatter-
ing of gamma-rays with energies up to 5MeV and
high probability of absorption of the conversion elec-
trons in silicon detector, under certain conditions,
the gamma background can significantly exceed the
electron response and hinder the identification in the
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range of the conversion electrons. The model test-
ing was conducted as for the adequate reproduction
of the spectrum of the conversion electrons, and for
accompanying gamma-radiation too. The simulated
prompt gamma-ray spectrum is compared with the
experimental standard [10] shown in Fig.2,a. The
calculations showed that in gadolinium with a wide
range of energy levels, gamma quanta were generated
in the energy range up to 6MeV .

a

b

Fig.2. Capture model testing in the range of
350 keV . a – experimental data [10]; b – ”Si-
Convertor” modeling data

At the energy range up to 350 keV (see Fig.2), it
should be noted the presence of characteristic X-
ray emission lines of gadolinium with an energy of
48 and 43 keV , respective to Kα and Kβ lines and
6 keV energy peak corresponding to L-line. The
capture gamma spectrum emitted from gadolinium
reaches 5MeV and without scattering in the silicon
detector, corresponds to the range and distribution
of the background radiation spectrum (Fig.3).

When testing and comparing the simulation algo-
rithm, the detectors D1 and D2 responses were an-
alyzed taking into account not only the energy loss
(energy deposition), but also balance of the radia-
tion flow incident on the detector and emerging from
the detector. Detectors for the measurement of total
absorption conversion electrons (just as well as and
Compton electrons) is necessary to ensure maximum
contact with the gadolinium plate, as well as to op-
timize the thickness of the sensitive silicon layer cor-
responding to the maximum range of the electrons of
the investigated energy range. For the elements with
a large charge number, such as gadolinium, particu-
larly, the gamma–quantum scattering can not to be
neglected, at least in the energy range up to 100 keV .
Characteristic capture lines generation can be super-
imposed on the distribution of the conversion elec-

trons. In the developed model the rejection of the
gamma and conversion electron response optimizes
by the most transparent to gamma-background mate-
rial–plastic usage and the most correct of the electron
runs up to 100 keV taking to account. In addition the
preliminary run calculations were carried out for the
characteristic energy of the electrons, the secondary –
Compton electrons that create ”noise” under the re-
construction of the conversion electron spectrum was
taking into account (see Table).

a

b

Fig.3. Thermal neutrons capture model testing up
to 5MeV (a); background radiation (b) [7]

The electrons path calculation method is pre-
sented on Fig.4. It was a calculation of electron
monoenergy passing through coefficient for different
matter thickness.

Fig.4. Electron spectrum output dependence on
gadolinium thickness. Primary electron energy
Ee = 78 keV

The simulation of the absorption of the back-
ground radiation in a wide energy range in a pla-
nar silicon detectors has shown that the main mech-
anism for the registration of the primary radiation
is the transfer of the high energy gamma-quanta to
secondary electrons. Under the Compton scattering,
the energy of the secondary electrons can achieved a
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few hundred keV at the primary energy gamma-ray
up to and more than 1MeV or may be a few tens of
keV , getting to absorption internal conversion elec-
tron range. The results of modeling of the scattering
of the characteristic lines emerging from gadolinium:
43 keV , 48 keV , and the lines of capture gamma ra-
diation of 79.5 and 89.0 keV are presented in Fig.5.

Fig.5. γ-quantum absorption in Si-detector in the
energy range up to 100 keV

In Kα-line case the absorption reaches 10% and
significantly decreases with increasing quantum en-
ergy (see Fig.5). Preliminary modeling has shown
that the electron yield optimization from the con-
verter is achieved by reducing the thickness of the
converter to a thickness of several microns. In
this case, for the generation of conversion electrons
are responsible only neutrons with energies up to
0.0252 eV . In this case conversion electron emission
is determined by small (corresponding to the thick-
ness of the gadolinium) neutrons runs in gadolinium
and in the case of the isotropic field of thermal neu-
tron, concomitant capture gamma-radiation contri-
bution does not substantially affect the registration
and identification of the electron neutron response [8].
However, in this case it decreases overall efficiency of
neutron capture, while the relative contribution of
background radiation, its flow rate, which is inde-
pendent of the detector’s geometry, will increase. It
can lead to a substantial excess the background signal
range – above the expected signal due to conversion
electrons.

3. METHOD REALIZATION
PRELIMINARY RESULTS

In the investigated two-detector module to be used
the converter based on backscattering and complete
absorption of the entire spectrum of the neutrons. In
the case of backscatter and conversion thickness of
300 microns, it will be implemented over the full pri-
mary neutrons spectrum capture, which in turn will
lead to a significant excess of gamma-background on
the range of the conversion electrons. Calculations
have been made at twenty fold excess of gamma-
radiation on the flow of conversion electrons in the ge-
ometric model shown in Fig.1. To determine the best
possible relations between conversion electrons and
capture radiation flow, the efficiency of conversion,
the software ”Si-Convertor” complex was modeled

so-called the effect of ≪internal absorption≫ - inner
deposit energy. The objective of these calculations
have been testing for the getting the data of conver-
sion electrons generation per captured neutron, with-
out taking into account the scattering, reflection from
the interface, self-absorption and re-emission material
of the converter (Fig.6).

Fig.6. Inner conversion electron self-absorption in
gadolinium

Presented in Fig.6 distribution corresponds to
the distribution of neutron flux 106 while the elec-
trons output from the converter into the detector
was 1.7 · 104 ratio of γ-quanta/electron was 58.8.
As seen in Fig.6 the generation of the characteris-
tic lines has a most probability in the range up to
100 keV energy levels but substantially generated –
300 to 200 keV . With the development of the internal
conversion process, while continuing to observe the
process of Compton electron scattering energy distri-
bution ( ”background” in Fig.6). Conversion electron
line output from gadolinium converter accompanied
by blurring–electron energy losses from maximum en-
ergy to zero. But the maximum value of the conver-
sion electrons energy, corresponding to the difference
between the energy levels of the nucleus and elec-
tron shells is maintained (see Figs.4, 8). The calcu-
lations were carried out to optimize the matter and
the thickness of the plastic screen (see Table). The
criterion of the plastic screen choices was the thick-
ness corresponds to the maximum electron run in the
testing energy range, as well as conditions providing
the minimum scattering of gamma rays (see Table,
Fig.8,a). Fig.7,a shows the response of the detector
D2 (spectral distribution of the energy loss from the
past flow), protected by plastic screen with thickness
of 100µm.

Fig.7,b shows the energy distribution of the flow
losses of γ-quanta and conversion electrons, calcu-
lated according to the model shown in Fig.1, for
the detector D1. Fig.8,a shows the calculated spec-
tra of the electron component of the mixed flux
of γ-electron radiation incident on the detectorD1
and D2, respectively, Fig.8,b presented the result of
processing and comparing the response of the de-
tector D1 and D2. Assuming that the simulated
γ–background is uniform in both detectors, Fig.8,b
presented the electron beam response only.
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a

b

Fig.7. a – D2 response ∆E(E); b – D1 response

a

b

Fig.8. a – D1, D2 electron spectrums; b – D1−D2
processing

In case of simultaneous modeling of two detector
system detection and then mixed flow impact com-
parison, the additional electron component can cre-
ates by Compton scattering in additional screen –
polyethylene insert. It is also possible physical ef-
fect that influences on the total γ-ray flux entering
into D2 detectors may be the effect of the gadolinium
conversion electron conversion in stopping radiation
in plastic. Also on the difference signals D1 and D2
may affect scattering – reduction of the gadolinium
gamma-flux in plastic. All these effects create er-
ror for the determination of ”pure spectrum” of the
conversion electrons. However, the nature of these
processes does not create addition lines – the elec-
tron distribution peaks, but only creates a further

level of background which may not match to the D1
background.

In processing the signals of two detectors, these
processes increase the gamma background and would
lead to negative values and, thus, be considered and
compensated for. Fig.8-b, represented the ”pure”
electron signal modeling. Under the simulation, the
”negative” effect provided by these mechanisms, al-
most not observed, but it need for a thorough in-
vestigation. Also, it is obvious that the level of
the experimental treatment, such effects will arise.
Therefore, further development of the model is an
adaptation to the actual experimental conditions,
the possible introduction of correction factors in the
event of a significant impact of these effects.

4. CONCLUSIONS

The proposed method makes it possible to reject
the useful signal of internal conversion electrons from
significantly higher gamma-ray fluxes. Efficiency of
the method is determined by the integral flux of ther-
mal neutrons, the neutron flux which should not to
be less then suitable for fixing of conversion electron
distribution maximum (maximum probability). It is
Ee = 71 keV for conversion electrons of a gadolin-
ium (see Figs. 6, 8, Table). Using compact planar sil-
icon detector for reliable and rapid measurement of
neutron fluxes will allow using it in a wide circle of
problems in which it is impossible to establish the
overall sophisticated detectors and require quick and
reliability of the information. In future in context
of model developing it plans to define the ultimate
relationship: maximum flow of background gamma-
radiation in which the developed method provides re-
liable information on the presence in the mixed flow
of thermal neutrons, to define the limits of method
application.

Publication are based on the research provided by
the grant support of the State Fund For Fundamental
Research (project N Φ69/51-2016).
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ÄÅÒÅÊÒÈÐÓÞÙÈÉ ÌÎÄÓËÜ ÒÅÏËÎÂÛÕ ÍÅÉÒÐÎÍÎÂ Ñ ÂÎÇÌÎÆÍÎÑÒÜÞ
ÃÀÌÌÀ-ÝËÅÊÒÐÎÍÍÎÃÎ ÐÀÇÄÅËÅÍÈß È ÏÎÄÀÂËÅÍÈß ÔÎÍÎÂÎÃÎ

ÈÇËÓ×ÅÍÈß

Â.Í.Äóáèíà, Ñ.Ê.Êèïðè÷, Í.È.Ìàñëîâ, Â.Ä.Îâ÷èííèê

Áûëî ïðîâåäåíî ìîäåëèðîâàíèå ðåãèñòðàöèè òåïëîâûõ íåéòðîíîâ ñ ïîìîùüþ ïëàíàðíîãî êðåìíèåâîãî

äåòåêòîðà ñ ìåòàëëè÷åñêèì ãàäîëèíèåâûì êîíâåðòîðîì, ðåàëèçîâàí ìåòîä ïîäàâëåíèÿ ñîïóòñòâóþùåãî

ãàììà-ôîíà. Îòêëèê êðåìíèåâîãî ïëàíàðíîãî äåòåêòîðà áûë ïðîñ÷èòàí äëÿ ðàçíûõ ñëó÷àåâ ðàñïîëî-

æåíèÿ êîíâåðòîðà, òîëùèí è ãåîìåòðèè ìîäóëÿ. Çàâèñèìîñòè ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ êîíâåðñè-

îííûõ ýëåêòðîíîâ â äèàïàçîíå ýíåðãèé 30...200 êýÂ, ñ ìàêñèìóìîì ðàñïðåäåëåíèÿ, ñîîòâåòñòâóþùåãî

70 êýÂ, òàê æå êàê è õàðàêòåðèñòè÷åñêèõ ëèíèé ãàäîëèíèÿ, áûëè ïîëó÷åíû äëÿ ðàçíûõ ïåðâè÷íûõ

ýíåðãèé íåéòðîíîâ òàê è òîëùèí êîíâåðòåðà. Ñîïóòñòâóþùåå ãàììà èçëó÷åíèå áûëî ïîäàâëåíî çà ñ÷åò

âû÷èòàíèÿ äàííûõ äâóõ äåòåêòîðîâ. Ïðîãðàììà áûëà ðàçðàáîòàíà íà ÿçûêå C++ è ðåàëèçîâàíà ïîä

óïðàâëåíèåì ÎS Red Hat LINUX 6.2 FEDORA ñ ïîìîùüþ ñâîáîäíî ðàñïðîñòðàíÿåìîãî êîäà GEANT

âåðñèåé 4.8.2.

ÄÅÒÅÊÒÓÞ×ÈÉ ÌÎÄÓËÜ ÒÅÏËÎÂÈÕ ÍÅÉÒÐÎÍIÂ Ç ÌÎÆËÈÂIÑÒÞ
ÃÀÌÌÀ-ÅËÅÊÒÐÎÍÍÎÃÎ ÏÎÄIËÓ ÒÀ ÏÐÈÃÍI×ÅÍÍß ÔÎÍÎÂÎÃÎ

ÂÈÏÐÎÌIÍÞÂÀÍÍß

Â.Ì.Äóáèíà, Ñ.Ê.Êèïðè÷, Ì. I.Ìàñëîâ, Â.Ä.Îâ÷èííèê

Áóëî ïðîâåäåíî ìîäåëþâàííÿ ðå¹ñòðàöi¨ òåïëîâèõ íåéòðîíiâ çà äîïîìîãîþ ïëàíàðíîãî êðåìíi¹âîãî äå-

òåêòîðà ç ìåòàëåâèì ãàäîëiíi¹âèì êîíâåðòåðîì, ðåàëiçîâàíî ìåòîä ïðèãíi÷åííÿ ñóïóòíüîãî ãàììà-ôîíó.

Âiäãóê êðåìíi¹âîãî ïëàíàðíîãî äåòåêòîðà áóâ ðîçðàõîâàíèé äëÿ ðiçíèõ âèïàäêiâ ðîçòàøóâàííÿ êîí-

âåðòåðà, òîâùèíè i ãåîìåòði¨ ìîäóëÿ. Çàëåæíiñòü ñïåêòðàëüíîãî ðîçïîäiëó êîíâåðñiéíèõ åëåêòðîíiâ ó

äiàïàçîíi åíåðãié 30...200 êåÂ, ç ìàêñèìóìîì ó ðîçïîäiëó 70 êåÂ, òàê ñàìî ÿê i õàðàêòåðèñòè÷íèõ ëiíié

ãàäîëiíiþ, áóëè îòðèìàíi ÿê äëÿ ðiçíèõ ïåðâèííèõ åíåðãié íåéòðîíiâ i òîâùèí êîíâåðòåðà. Ñóïóòí¹

ãàììà-âèïðîìiíþâàííÿ áóëî ïðèãíi÷åíî çà ðàõóíîê âiäíiìàííÿ äàíèõ äâîõ äåòåêòîðiâ. Ïðîãðàìà áóëà

ðîçðîáëåíà íà ìîâi C ++ i ðåàëiçîâàíà ïiä êåðóâàííÿì ÎS Red Hat LINUX 6.2 FEDORA çà äîïîìîãîþ

âiëüíî ðîçïîâñþäæóâàíîãî ïðîãðàìíîãî êîäó GEANT âåðñi¹þ 4.8.2
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