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Compact design of the single-channel thermal neutron detection module based on planar silicon detector (PSD)
and the metal gadolinium converter developed. PSD of 300 microns thick with a working area of 2x2 and 5x5 mm
arranged in a module housing in a special holder perpendicular to the base that allows access of the radiation from
all detector sides. In order to improve the performance stability the module designed sealed, and the sealing process
is carried out in a controlled atmosphere with a reduced content of water vapor. Test registration of electrons and
low energy radiation was conducted that provides a measure of the conversion electrons and characteristic X-rays
from the reaction of Gd(n, y + ¢)Gd. Background measurements were conducted by two modules samples with the
size of the working area of 2x2 and 5x5 mm. Detection modules have a low noise level (about 100 counts per day).

PACS: 07.77.Gx

INTRODUCTION

Neutron spectrometry weak intense fluxes of slow
neutrons is of great importance for modern medicine,
radiation dosimetry, experimental physics and many
other applications. Thermal neutrons are dangerous to
the human body, causing the need for accurate registra-
tion of the intensity of the neutron flux. Nowadays, the
detectors on the base of scintillators, ball detectors, '°B
using counters, *He cameras, et al. and photo type detec-
tors (image plate, scintillators + CCD) are used for neu-
tron registration.

Systems based on metallic converters with a large
thermal neutron capture cross-section, which are located
close to the surface of the semiconductor detector are
used in global scientific centers for neutron detection.
These systems have shown high reliability, durability,
accuracy and reliability of the results. There are a num-
ber of foreign publications on the use of various con-
verters, including gadolinium (Gd), in conjunction with
the planar silicon detectors (PSD) [1 - 5], but works on
specified subject have not been identified in Ukraine.

Using PSD with high energy resolution, being de-
veloped at NSC KIPT, and converter of metal gadolini-
um, which has a record high thermal neutron capture
cross-section, is the basis for this work.

Gd undergoes the following radiative capture (n,y)
reactions with neutrons: n + *°Gd — *°Gd* — *°Gd +
y-rays + Gd characteristic X-rays + internal conversion
electrons (39...199 keV); n + ®*'Gd — ®*Gd* — *Gd
+ y-rays + Gd characteristic X-rays + internal conver-
sion electrons (29...182 keV).

Characteristic X-ray (CXR) and conversion elec-
trons registration performed by PSD with gadolinium
converter without the use of scintillation materials.

1. MODULE DEVELOPMENT
AND MANUFACTUIRNG

As a module detection element the unpackaged un-
cooled PSD with the size of the active area of 2x2 and
5x5 mm, that was developed at NSC KIPT, used [6 -
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10]. Their images are shown on Fig. 1. Depending on
the type of detector the physical sizes of the crystals are
4.2x4.2 or 7.1x7.1 mm, thickness of silicone is 300 um.

a b
Fig. 1. The planar silicon detectors with an active
area of 2x2 mm (a) and 5x5 mm (b)

A special feature of the detectors, developed at NSC
KIPT, is the presence of a protective ring surrounding
the active region, thus allowing to obtain the excellent
values of the energy resolution (0.9 keV for 2x2 mm
detector and about 1.2 keV for 5x5 mm detector) at the
absence of specific cooling. Fig.2 shows a cross-
sectional structure of PSD, a detailed description of
which is given in [6].

Converter of gadolinium in the form of a polished
metal plate with thickness of 300 um that is fixed on the
surface of the silicon detector with an adhesive.

Laboratory module operating conditions for the reg-
istration of thermal neutrons in enclosed spaces allow
increasing humidity of the surrounding atmosphere to
85%, what is unacceptable for unpackaged PSD. It is
known that an increase of the humidity more than 50%
leads to increasing of the detector leakage current and
deteriorating of the energy resolution [7]. Therefore, a
key requirement for the module design is the need to
ensure the continued operation of the PSD with the low
humidity of the surrounding atmosphere, i.e. the need
for sealing the module.
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Fig. 2. PSD cross-sectional structure:

1 —silicon wafer; 2 — doped layer of detecting element
p/n junction; 3 —oxide layer SiO,; 4 —contact layer Al;
5 —pad on the oxide layer; 6 —the contact hole to the
detecting element p/n junction, 7 —protective oxide lay-
er; 8 —doped ohmic contact n+ layer; 9 — Al contact
layer on the back side of the detector; 10 — protective
ring of p/n junction; 11 —guard ring of contact pad;
12 —a contact hole to the guard ring p/n junction

Schematic drawing of a module with sliced housing
is shown on Fig. 3.

Fig. 3. Schematic drawing of the sealed module for
thermal neutrons detection: 1 —a metal base;
2 —metal housing; 3 —an intermediate terminals;
4 —PSD; 5 —gadolinium converter; 6 —dielectric hold-
er of a detector; 7 —aluminum wire jumper;
8 —external terminals

The module housing and a base with a dielectric de-
tector holder made of aluminum alloy D16. This alloy
ensures the required mechanical strength of the structure
and its leaktightness, as well as minimizing the obsta-
cles to the detected particles thanks to the big radiation
length, which for aluminum is 8.9 cm.

As a dielectric holder the substrate of the glass-
ceramic CT 50-1 0.6 mm thick used. Holder with a de-
tector arranged perpendicular to the base that allows
access of the radiation from all detector sides. The size
of the holder depends on the detector type.

Attaching construction elements with each other (a
base, housing, holder, detector converter, intermediate
and outer terminals) performed by using different adhe-
sives. A number of design and process requirements
takes into account when adhesive materials select. The
basic requirements are the purity, minimum ionic impu-
rities, corrosion inactivity on the module components,
the minimum of outgassing during the polymerization
process and in operation.
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Due to the high mechanical strength and the absence
of direct contact with the silicon detector, which is most
sensitive to the contaminations, the dielectric epoxy
adhesive Araldite Standard of company Huntsman was
used for attaching the intermediate terminals to the
holder and the holder to the base [11].

The fragments of standard integrated circuit lead-
frame are used as intermediate terminals, they are made
of nickel with gold coating to improve the welding.

For gluing the other components that are in direct
contact with the silicon detector (holder, converter,
aluminum wires), for the housing sealing and for filling
the holes in the base with external terminals the elastic
two-component silicone adhesive Wacker Silicone
G690 was used [12]. This adhesive has a high volume
resistivity that does not affect on increasing the leakage
current and, accordingly, does not lead to deterioration
of the detector energy resolution. In addition, the adhe-
sive Wacker Silicone G690 has a very low outgassing
parameter (CVCM <0.1%), what is especially important
for sealed devices with sensitive components.

The low adhesion of the silicone adhesive is in-
creased by pre-coating the gluing surfaces by the primer
Wacker Silicone G790 [12].

Electrical commutation between detector aluminum
pads and the intermediate terminals made by a 25 um
diameter jumper wire of alloy Al-1% Si series TABN of
company Tanaka [13]. Attaching of the jumpers per-
formed by US (ultrasonic) welding on the bonder
Delvotec 5330 using a welding tool FP45A-1515-L-CM
VR Set "C" of company Small Precision Tools [14, 15].

The modules used the gadolinium converter in the
form of polished square plate of 0.3 mm thick with the
dimensions of 2x2 and 5x5 mm. In order to minimize
the distance between the detector and the converter, the
latter firmly mounted on the surface of the detector and
the top is covered by adhesive (Fig. 4). The adhesive
between the detector and the converter is absent.

Fig. 4. The base unit with mounted detector
of 5x5 mm (view on the front side of detector)

Sealing is accomplished by installing a module base
with the mounted detector in the housing and filling a
gap between the base and the housing by adhesive
Wacker Silicone S690 in a special chamber filled with
dry nitrogen, followed by thermal treatment of the mod-
ule in order to cure the adhesive.
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Thus, the research modules for detection of thermal
neutrons, based on uncooled PSD having active areas of
2x2 and 5x5 mm and metal gadolinium converters, were
manufactured.

Fig. 5 shows a photograph of the assembled module
for detection of thermal neutrons in an aluminum hous-
ing which has a maximum diameter of 20 mm and a
height of 20 mm.

Fig. 5. A sealed module for detection of thermal
neutrons on the basis of uncooled PSD (5x5 mm) and
a metal gadolinium converter in an aluminum housing

2. RESEARCH OF MODULE
CHARACTERISTICS

During manufacturing of the research samples mod-
ules for detection of thermal neutrons, PSD static char-
acteristics were conducted, i.e. current-voltage charac-
teristics (IV characteristics) of the detector active region
and the protective ring were measured. The measure-
ments were performed on a dedicated manual probe
workstation (Fig. 6), which includes a light-blocking
box, microscope with illumination, translation stage,
microposition probes [16]. For measuring 1V-
characteristics picoampermeter Keithley Model 6487
with built-in power supply up to 500 V was used [17].

= g

Fig. 6. Manual probe workstation
for IV-characteristics measuring

Fig. 7 shows the IV-characteristics of active region
and protective ring of the detector with the active area
size of 2x2 mm. At 40 V depletion voltage the current

ISSN 1562-6016. BAHT. 2016. Ne3(103)

of the active region is less than 0.18 nA and the protec-
tion ring current is 0.25 nA, what characterizes high
quality of the detector.

1d, na

lgr.,na

Fig. 7. The current-voltage characteristics
of the detector with an active area of 2x2 mm;
a — active region; b —protective ring

In order to register the nuclear reaction yield
Gd(n, y + ¢)Gd it is supposed to use gadolinium charac-
teristic X-ray lines with the energy of 42.99 and
49.69 keV and internal conversion electrons in the ener-
gy range 29...200 keV.

In order to test the dynamic characteristics of the de-
tectors with metal gadolinium converters measurement
of gamma and electron radiation have been held for two
detector sizes 2x2 and 5x5 mm. Measurements were
made before mounting the gadolinium converter (i.e. in
a variant of the standard PSD) and after mounting the
converter.

Fig. 8 shows the experimental radiation spectra of
' Am and *Co sources before mounting the converter.

Spectrometric electronics developed at NSC KIPT
for an uncooled PSD with thickness of 300 microns
provides radiation detection in the energy range Ey =
5..150 keV with an energy resolution FWHM =
0.9...1.2 keV.

Fig. 9 shows the experimental spectra of electrons
measured by PSD for “°Sr-°Y sources (groups of elec-
trons with boundary energies of 546 and 2280 keV) and
137Cs (groups of electrons with boundary energies 514
and 1176 keV) before mounting the converter. Dedicat-
ed energy spectra have a characteristic appearance of
Landau distribution [8]. There are also lines of barium
characteristic X-ray on Fig. 9,b.
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Fig. 8. Experimental radiation spectra of **Am (a)
and >'Co (b) sources for a detector size of 2x2 mm
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Fig. 9. Experimental electron spectra measured by PSD
for radiation sources Sr-*Y (a) and *¥Cs — (b)
for the detector size of 5x5 mm

Fig. 10 shows the experimental spectrum of the radi-
ation source ***Am for 5x5 mm detector after gadolini-
um converter mounting. The lines of energy 26.35 and
59.54 keV for **Am are clearly visible in the spectrum,
as well as CXR gadolinium lines with energies 42.99
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and 49.69 keV. The energy resolution and radiation de-
tection efficiency has not changed.
800 T T T T T T T T T T

7001 2ipm

600 |- =
500 | Gd Ka 1

400

Counts

300

200

100

0 1 1
10 15 20 25 30 35 40 45 50 55 60 65

Energy, keV
Fig. 10. The spectrum of gamma radiation from **Am
source for 5x5 mm detector after gadolinium converter
mounting

Thus, the possibility of use the PSD for registration
electrons and gamma rays was experimentally proved.
Energy range, which is available to measure, completely
covers the energy diapason, typical for conversion elec-
trons and X-rays of nuclear reaction Gd(n, y + ¢)Gd.

The background flux value has a big importance in
experimental studies at low neutron fluxes. This back-
ground flux may be detected by both types of detection
modules in the energy range of 20...200 keV, in which
there are peaks of the conversion electrons and the CXR
quanta.

Background flux measurements for two sizes 2x2
and 5x5 mm PSD were performed. Fig. 11 shows the
spectrum of 5x5 mm detector with gadolinium convert-
er measured at the absence of the radiation source.

4 T T e . . i)

Background in Si 5x5 mm®
t=24h

Counts

0200 400 600 800 1000 1200 1400 1600 1800 2000

Channel

Fig. 11. The background spectrum for 5x5 mm detector
with gadolinium converter measured at the absence

of the radiation source

The sum of counts in the channels from 200 to 2000,
which corresponds to the energy range ~ 20...200 keV
for the 24-hour time period did not exceed 85 counts for
2x2 mm size detector and 200 counts for 5x5 mm detec-
tor.

It was stated experimentally that the investigated de-
tecting systems have low noise and can be used in the
registration of low thermal neutron fluxes [18].
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CONCLUSIONS

The studies proved that the use of the PSD with the
metal gadolinium converter that has a record high ther-
mal neutron capture cross section is a promising direc-
tion of researches.

Development, manufacture and research of the her-
metic modules for thermal neutrons detection on the
base of PSD with a thickness of 300 microns with the
size of the working area of 2x2 and 5x5 mm and metal
gadolinium converters have been done.

The static characteristics of the modules were meas-
ured, emission spectra of the sources *Am, *'Co, *Sr-
%0y and *¥'Cs, as well as the background measurement
were investigated. Energy range which is available for
measurements by the PSD with a thickness of 300 mi-
crons and the size of the working area of 2x2 and
5x5 mm with Gd converters completely covers the area
of the energy of conversion electrons and X-rays of nu-
clear reaction Gd(n, y + ¢)Gd.

The possibility of using these modules for thermal
neutrons detection as the components of the promising
devices for the medical and nuclear physics detection
systems was shown.

The article contains the results of studies provided
by the grant support of the State Fund For Fundamental
Research (project number F69/55-2015).
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MOJYJIb J1J151 PETUCTPAIIMM TEIJIOBBIX HEUTPOHOB HA OCHOBE HEOXJIAXKJIAEMOI'O
KPEMHUEBOI'O JETEKTOPA U METAJUVIMYECKOI'O 'AJOJIMHUEBOT'O KOHBEPTEPA

I.Il. Bacunves, A.C. /Jees, C.K. Kunpuu, A.A. Kannuii, HU. Macnos, B./l. O¢uunnuk,
C.M. Illomun, M.IO. HIynuxa, B.H. fnosenko

BrImonHeHO TIPOEKTUPOBaHWE MAaJOradapuTHOTO OJHOKAHAIBHOTO JIETCKTHPYIOMIETO MOMYJS TEIUIOBBIX
HEWTPOHOB Ha OCHOBE IIaHapHOro KpemHueBoro nerekropa (IIKI) n koHBepTepa N3 METaUIMYECKOro raIofIMHuS.
MK/ oo 300 MKkM 1 pabodeil Iomaapio 2x2 1 55 MM pacnoiaraetcsi B KOpIyce MOIYIIS Ha CICIUAIBHOM
JieprKaTene MeprneHINKyIIpHO OCHOBAHHMIO, YTO 00ECIEYNBAET AOCTYI M3Iy4E€HHs CO BCEX CTOPOH jaeTekropa. s
TIOBBILIEHUS CTAOMIIBHOCTH ITOKa3aTeNied MOIYIIsl €r0 KOHCTPYKLUS CIIPOSKTHPOBaHA TEPMETHYHOM, a MpOoIecc rep-
METH3aIMU MPOBOIUTCS B YCIIOBHSIX KOHTPOIUPYEMOU aTMoc(hephbl CO CHIXKCHHBIM COICPIKaHUEM BOJITHBIX MApOB.
[IporectupoBana perucTpanus 3JIEKTPOHOB U M3TyYEHHs HU3KOH SHEPTHH, YTO 0OecreunBaeT U3MepeHHe KOHBEP-
CHOHHBIX 3JICKTPOHOB M XapaKTePUCTHYECKOTO PEHTTCHOBCKOro n3nydeHus u3 peakiuu Gd (n, y + ¢)Gd. [Iposene-
HBI (DOHOBBIE U3MEPEHUS IS IBYX Pa3MepOB UCCIIEIOBATENCKIX 00pa3oB MOAYJeH ¢ pasMepoM pabodeit mioma-
JIM IETEKTOPOB 2X2 U 5X5 MM. Y CTaHOBJIEHO, YTO JAETEKTUPYIOIIME MOAYIIH UMEIOT HU3KUI ypoBeHb mymMoB (~ 100
CU€TOB B CyTKH).

MOJIYJIb JJIS1 PEECTPAIIII TEIIJIOBUX HEMTPOHIB HA OCHOBI HEOXOJIOJ)KYBAHOI'O
KPEMHIE€BOI'O JETEKTOPA I METAJIEBOI'O I'AIOJIMHUEBOU KOHBEPTOPA

I.Il. Bacunses, O.C. /lecs, O.A. Kanniu, C.K. Kinpiu, M.1. Macnos, B./]. Osuunnuk,
C.M. Ilomin, M.IO. lIynika, B.1. nosenxo

BHKOHaHO MPOEKTYBaHHS MaJIOrabapUTHOTO OHOKaHAJbHOTO JIETEKTYIOYOro MOAYJIS TEIUIOBHX HEWTPOHIB Ha
OCHOBI TIaHapHoro kpemuieBoro nerekropa (ITK/I) i kouBepropa 3 meraneBoro ragomniniro. [TKJ{ ToBmunoo 300
MKM 1 po004O0t0 TUIoHIeto 2X2 1 5X5 MM pO3TallIOBYIOTHCSI B KOPITYCI MOIYJIS Ha CIEeLialbHOMY yTPUMYBaui MepIeH-
JMKYJISIPHO OCHOBH, IIIO 3a0e3Ieuye JOCTYI BUIIPOMIHIOBAaHHS 3 yciX OOKIB JerekTopa. s migBUIeHHs CTa0ilb-
HOCTI MOKa3HHUKIB MOIYJIS Or0 KOHCTPYKIIS CIIPOEKTOBaHa FepMETHYHOIO, a TIPOLIEC TepMeTH3allii IPOBOAUTHCS B
YMOBax KOHTPOJIbOBAHOI aTMoc(epH 31 3HWKEHUM BMICTOM BoAsHOI napu. [IporectoBaHa peecTpallisi €l1EKTPOHIB i
BUIIPOMIHIOBaHHS HU3BKOI €Heprii, o 3a0e3rneuye BUMIPIOBaHHS KOHBEPCIHHUX EIEKTPOHIB 1 XapaKTepUCTHYHOT O
pEHTTeHiBChKOTO BUMpOMiHIOBaHHS 3 peakiiii Gd (n, y + e-) Gd namienposimaukoBumu ITKJI. TIposeneno ¢hoHOBI
BUMIPIOBaHHS /UL IBOX PO3MIPIB JIOCIIHUX 3pa3KiB MOJYIIIB 3 PO3MIpOM poOOUOi IO IETEKTOPIB 2x2 1 5x5 MMm.
BcraHoBieHO, 1110 AETEKTYI0Y1 MO/ MalOTh HU3bKHI piBeHb IyMiB (~ 100 paxyHKiB Ha 100Y).
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