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A block diagram was developed and a working model of a small-sized two-channel spectrometric detection sys-
tem for thermal neutrons registration was produced. The spectrometric system is created on the basis of silicon pla-
nar uncooled detectors and a metallic gadolinium converter. A method has been developed for measuring the ther-
mal neutrons flux density (fluence) for use in nuclear physics and nuclear medicine. A two-detector spectrometric
system based on planar Si detectors and Gd converters allows to register thermal neutrons by measuring the output
of conversion electrons with the possibility of accounting of background radiation. The fast neutron source 2°Pu-Be
(a, n) and the paraffin moderator were used in the experiments.

PACS: 28.20.Gd, 07.05.Tp

INTRODUCTION

The detection of thermal neutrons by a spectrometric
detection system based on silicon planar uncooled detec-
tors (SPUD) and a converter from metallic gadolinium
demands special requirements for the energy resolution,
noise level and sensitivity of detectors, since the conver-
sion electrons produced after neutron capture by gado-
linium have a low energy [1].

To reach high electro-physical characteristics and
high energy resolution of SPUD crucible-free zone melt-
ing was used to create high-resistance silicon, mainly of
n-type. SPUD were manufactured on stably working
microelectronic enterprises using the technologies of
manufacturing of integrated microelectronics, which
have been developed by decades [2].

Silicon planar uncooled detectors have received
maximum growth under the development and creation of
track systems for supercollider experiments in high-
energy physics [3-7]. Detecting systems based on
SPUD have good energy resolution at room temperature,
high spatial and time resolution, high efficiency of low-
energy X-ray radiation registering.

Single-channel SPUDs were designed as test struc-
tures for measuring individual electro-physical charac-
teristics of detectors during designing of multi-channel
Si detectors [8]. Single-channel SPUDs can be also used
independently in nuclear physics research and can be
applied in medical diagnostics, nondestructive testing
systems and environmental control systems.

It was shown in [1], that it is possible to create a
sealed detector module using a single-channel SPUD for
simultaneous registering of X-ray radiation and low-
energy electrons produced in metallic gadolinium during
capture of thermal neutrons.

In this paper we present a block diagram of a two-
channel spectrometric detection system for registering
thermal neutrons. In the first channel of the spectromet-
ric system, the detection module contains only a silicon
detector with dimensions of the active region of 5x5 mm
and a thickness of 0.3 mm. In the second channel, the
detection module contains a silicon detector with a metal
Gd converter. The paper also describes a method for
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determining the thermal neutron flux density with the
possibility of excluding background radiation.

1. ENERGY RESOLUTION OF UNCOOLED
SILICON PLANAR DETECTORS

Fig. 1 shows a microphotograph of a single-channel
SPUD.

S ey e
Fig. 1. A microphotograph of a single-channel silicon
planar uncooled detector (SPUD): 1 — working area
of the detector; 2 — collection ring of the working area;
3 —guard P" ring
The single-channel SPUD, shown in the figure, has a
complex construction. The main active additional ele-
ment of the single channel CPDN is the guard P* ring
(3), made as an independent ring detector. P* ring im-
proves the characteristics of the detector, including the
energy resolution, because it shorts the edge currents of
the detector. The surface of the working area of the de-
tector is not metallized. This reduces the thickness of the
dead layer of the working area of the SPUD. A thin met-
allized ring (2) is formed at the perimeter of the detector
working area in order to collect the charge from the
working region of the SPUD.
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The P* ring also limits the working area of the detec-
tor. This is important for determining the particle flux
density and will be discussed in Section 4 of the paper.

Fig. 2 shows the results of measurements of the
gamma-ray spectrum of an isotope source of ***Am with
a single-channel uncooled Si detector with a thickness of
0.3 mm and working area dimensions of 2x2 mm.

Fig. 2. Results of measurements of the gamma-ray
spectrum of an isotope source ***Am by an uncooled
silicon detector. The blue peak corresponds
to the emission line with an energy of 26.35 keV
of the ?*'Am source

X-ray quanta were detected by a sealed detection
module with an aluminum foil inlet of 7 um thick. The
energy resolution is 0.9 keV for the radiation line with
an energy of 26.35 keV (blue peak) of the 2**Am source.
The measurements were carried out using a preamplifier
with resistive feedback made at NSC KIPT.

The characteristic X-ray radiation (CXR), excited in
various materials (Figs. 3 and 4), was also used for ex-
perimental studies of the SPUD energy resolution.
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Fig. 3. Results of the calcium CXR line measurements
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Fig. 4. Results of the titanium CXR line measurements

Ca and Ti CXR were excited by an X-ray tube with a
bremsstrahlung peak of 10 keV. On the Figs. 3 and 4
one can see that the CXR of Ca and Ti lines with an en-
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ergy of 3.69 keV and 4.51 keV are confidently recorded.
The low thickness of the dead layer of the SPUD (about
1 um) makes it possible to record and measure the ener-
gy of low-energy particles, what is very important in
developing a spectrometric detection system for record-
ing thermal neutrons using a metallic gadolinium con-
verter.

2. ELECTRONICS OF THE TWO-
CHANNELS SPECTROMETRIC SYSTEM

The block diagram of the two-channels spectrometric
detection system consists of two detecting modules, two
charge sensitive amplifiers (CSA), two spectrometric
amplifiers, two USB power supplies and two spectro-
metric analogue-digital converters (ADC) connected to a
computer or laptop. A block diagram of a two-channels
spectrometric detection system is shown in Fig. 5.
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Fig. 5. Block diagram of a two-channel spectrometric
detection system: 1 —detection modules;
2 —charge sensitive amplifiers; 3 —spectrometric
amplifiers; 4 —spectrometric ADC;
5 —DC/DC converters; 6 —computer or laptop

The charge sensitive amplifier is a direct current am-
plifier capable of working with planar detectors with a
capacitance of up to 10 pF and an input current of up to
10 nA (with a 250 MQ feedback resistor). The CSA is
designed as a direct current amplifier with an open-loop
gain more then 80 dB and a single-gain frequency more
then 200 MHz.

A field effect transistor with a leakage current of no
more than 5 pA (at a temperature of 25°C) and a high
slope of =22 mA/V (also at a temperature of 25°C) is
applied at the input of the CSA. These characteristics
provide a low noise (0.8 nV/VHz) at the frequency of
100 kHz, which is applied to the input of the zero-
capacitance input of CSA. Typical transmission factor of
the amplifier is not less than 1 V/pC. A typical rise time
of the signal of 10...90% at the output of the CSA does

not exceed 50 ns at 2 pF of the detector capacity.
+U

Fig. 6. The simplified scheme
of the charge-sensitive amplifier
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The dynamic range of signals at the output is not less
than 2 V. Fig. 6 shows a simplified scheme of a charge-
sensitive amplifier.

Transistor T1 is a low-noise JFET with a small ca-
pacitance Cgs <8 pF and a low gate current Ig <1 pA,
which provides a high input impedance of the circuit.
The signal from the detector is fed directly to the gate of
the transistor T1, which ensures minimal distortion of
the signal. Resistor R2 sets the drain current T1. The
voltage on the drain T1 is set by the voltage on the base
of the transistor T2. The transistor T2 is connected with
the transistor T1 to the drain-emitter cascade to extin-
guish the Miller effect at the input of the circuit, which
significantly reduces the effective input capacitance of
the CSA and its noise, and also significantly improves
the frequency transfer characteristic. The collector T2 is
loaded onto the current generator |11, which provides a
high gain with open feedback. Typical operating current
of transistor T2 is 0.1 mA, which is enough to exclude
the reduction of transistor frequency response. However,
this current is a low enough to not cause an increase in
the successive noise brought to the input. Transistor T3
acts as a buffer with a high input resistance between the
collector T2 and feedback. The feedback circuit consists
of a high-resistance resistor R1 and a capacitor C1. Its
typical configuration is 1 GQ resistor R1 and 1 pF ca-
pacitor C1, which will give an exponential decay con-
stant of the signal at the circuit output of 1 ps. The out-
put of the CSA is further buffered by an operational am-
plifier.

Fig. 7 shows the oscillogram of the response of the
CSA to the charge coming from the detector connected
to the input of the amplifier.

Fig. 7. Typical oscillogram of the pulse at the output
of the DCS. The rise time of the signal is 50 ns,
the decay time is I us

This is an exponentially damped pulse, the leading
front of which determines the charge collection time in
the detector and the rise time of the signal in the CSA.
The typical value of the rise time for the circuit shown
above (see Fig. 6) is 50 ns at a detector capacitance of 2
pF. The decay time of the signal depends on the feed-
back constant of the charge-sensitive amplifier and its
typical value is 1 ps. This decay time specifies the max-
imum load (pulses/s) from the detector, since in the case
of superimposing signals, distortions of the radiation
spectrum will appear.

Fig. 8 shows the frequency response of the CSA ob-
tained using the PSpice A/D analysis package.

The frequency of the unit gain is not less than
200 MHz, and the decrease in the frequency response of
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6 dB/octave is observed up to 20 dB, which at a capaci-
tance of the input transistor of 7...8 pF allows to work
stably with detectors that have a capacity of 2 at 1 pF

capacitor in the feedback circuit.
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Fig. 8. Dependence of the gain modulus of the CSA
with the open feedback on the frequency

Fig. 9 shows the noise of the CSA, brought to an
equivalent input capacitance of the detector of 2 pF, ver-
sus frequency.
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Fig. 9. Frequency characteristic of the noise figure of
the CSA, brought to the input capacitance of the detector

Minimal noise is achieved in the frequency band
from 100 kHz to 10 MHz, which allows to operate with
relatively short generated output pulses with a peak time
of the signal from 0.5 to 2 ps. This range is a typical CR-
RC time of the signal for the uncooled silicon detectors
at room temperature.

Pulses from the charge-sensitive amplifier must be
filtered to achieve the maximum signal-to-noise ratio. A
frequency band in which a useful signal has the highest
energy is released during filtering and those frequencies
where noise dominates are suppressed. A semi-gaussian
CR-(RC)" filter is an optimal filter for semiconductor
detectors, which makes it convenient to change the filter
constants by switching capacitors in the circuit. The fil-
ter has a noise excess ratio Ky, = 1.16 for fourfold inte-
gration.

Fig. 10 shows a simplified schematic diagram of the
shaping amplifier for the case of four integrating filters
CR-(RC)".

R7 R12 R11

I;ig. 10. Simplifiea circuit diagraFn
of amplifier shaper CR-(RC)*
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The input section on the operational amplifier Ul
serves as a buffer, which provides a high input imped-
ance at the input and preliminary amplification of a
weak signal from the high-frequency amplifier to the
required value. The circuit in U2 allows make zero-pole
compensation in an exponentially damped signal from
the CSA, which is necessary to stabilize the baseline at
high pulse counts per second from the detector. The sig-
nal is integrated in sections U3 and U4, which are per-
formed as low-frequency filters according to the Sallen-
Key scheme.

Fig. 11 shows the oscillogram of the generated pulse
at the output of the shaper amplifier with the formation
time to =2 ps.

— —

Fig. 11. Semi-gaussian pulse at the output
of the shaper amplifier

The total duration of the generated pulse is about
3-to. For optimal filtering of the signals from planar
detectors at room temperatures, it has been experimen-
tally established that peak being formed to 1.5 ps gives
the best result, since the current of the uncooled detector
gives an additional low-frequency noise, reducing the
signal-to-noise ratio for pulses with a long front.

The computer's USB interface voltage (+5V) is used
as the primary power source for the convenience of the
future device. USB interface is widely used and gives
the possibility of power consumption up to 3.5 watts. A
DC/DC converter with the following characteristics (Ta-
ble) was used in order to realize all necessary supply
voltages used in the spectrometric device.

Characteristics of DC/DC converter

Input characteristics

Voltage range +10 %
Input voltage 5V
Input current without load 30 mA
Input current at full load 300 mA

Output characteristics
Output Voltage +12V
Output current at full load + 50 mA
Voltage accuracy +3%
Short circuit protection Yes
Pulsation and noise
(at 20 MHz bandwidth) 100 mV
Temperature coefficient +0.02%/°C

Fig. 12 shows a block diagram of a DC/DC convert-
er.

It includes an input filter with smoothing elements
C1 and C2, a DC/DC converter with a dual output. Out-
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put voltage converter are fed into the amplifier circuits
through the appropriate filters.

DC/DC Converter Output filter
=Vin +Vout |-

Common

oD Vout I_
Output filter

Fig. 12. Block diagram of DC/DC converter

USB +5V

f—0Out +

Input filter Com.

—Out -

The power of the two-channel spectrometric module
is provided from the USB port, the power consumption
is not more than 2 W.

3. METHOD OF MEASUREMENT
OF THE THERMAL NEUTRONS FLUX
DENSITY (FLUENCE)

The method for measuring the thermal neutron flux
density is based on the detection of low-energy conver-
sion electrons by uncooled Si detectors formed in metal-
lic gadolinium during neutron capture. Therefore, to
measure the neutron flux density by a spectrometric sys-
tem based on uncooled detectors, it is necessary to pro-
vide sufficient energy and spatial resolution, as well as
the stability of the spectrometric system. First of all, the
design of the applied SPUD contributes to the achieve-
ment of these goals.

Fig. 13 shows a simplified cross-section of a single-
channel planar silicon detector with a P* guard ring.

6. 5 5 6
.

g 4
27 { 7
1 -8

Fig. 13. Simplified cross-section of a single-channel
planar silicon detector with a P*-guard ring:
1 —high-resistance n-type silicon with a thickness

of 300 um, 2 —implantation of the p/n junction of the
detector active region; 3 —p/n junction of the P*-guard
ring; 4 —oxide layer of SiO,; 5 — Al ring for charge col-
lection from the active area; 6 — Al ring of the P*-guard
ring; 7 —n"-implantation of the back side of the detec-

tor; 8 — Al of the back side of the detector

P*-guard ring 3 in addition to improving the energy
resolution of the detector also improves the spatial reso-
lution of the detector. P*-guard ring very precisely limits
the working area of the detector. The edge of the active
region of the detector is located in the middle of the gap
between the edge of implantation of the p/n junction of
the active region of the detector and the edge of implan-
tation of the p/n junction of the P*-guard ring. The gap
between the edge of implantation of the p/n junction of
the active region of the detector and the edge of implan-
tation of the p/n junction of the P*-guard ring is equal to
100 pm.

In Fig. 14 a full description of the cross section of
the edge of a single-channel planar silicon detector is
presented.
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Fig. 14. The cross-section of the edge of a single-
channel planar silicon detector: 1 —8 is the same
as in Figs. 13; 9 and 10 contact aluminum sites to p/n
junctions of the active region of the detector and P*
of the guard ring; 11 —passivation (protective) layer
of SiO, oxide covering the entire surface of the detector
with the exception of the pads; 12 — Al ring to the ohmic
conductive implantation (13) of the n* ring;
14 — Al pad of n* protective ring

A protective ohmic current-carrying n*-ring reduces
the bias voltage to the edge of the detector for long-term
stabilization of the detector characteristics.

Fig. 15 shows the results of long-term stability test-
ing of the model of a two-channel spectrometric detec-
tion system for detecting thermal neutrons based on sili-
con planar uncooled detectors and a metallic gadolinium
converter.
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Fig. 15. The results of the long-term stability testing
of the model of a two-channel spectrometric detection
system for detecting thermal neutrons based on silicon
planar uncooled detectors and a metallic gadolinium
converter. Axis X is ADC channels, axis Y is the number
of events recorded within 15 days. The blue histogram
corresponds to the detector without Gd, green —for the
detector with Gd

The model of the two-channel spectrometric detec-
tion system was tested continuously for 15 days to de-
termine the long-term stability and the intensity of the
noise events. As can be seen from the figure, in the
500...2500 channel range, one or less of one noise event
in the channel observes (per day). Blue (detector without
Gd) and green (detector with Gd) lines coincide with the
exception of the range from 600 to 800 channels. In this
range of channels on the green line, two CXR gadolini-
um peaks initiated by cosmic radiation are observed.

Fig. 16 shows the spectral distribution of the radia-
tion of a 2°Pu-Be (a, n) neutron source, with a paraffin
moderator of 4 cm thickness, measured using a two-
channel spectrometric system model.

The method for determining the neutron flux density
consists of analyzing data on both channels of the spec-
trometric system and separating the signal from the con-
version electrons. In the range of the expected signal
from conversion electrons from 60 keV and higher [1,
9], it is possible to observe deviations in the distribution
of data along the detector channel without gadolinium
with respect to the channel with the gadolinium convert-
er. The determination of the thermal neutron flux density
depends on the number of registered conversion elec-
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trons through the conversion electron registration proba-
bility coefficient.

From the Fig. 16, one can see that the peaks of con-
version electrons 1 and 2 with energies of 71 and 78 keV
can be recognized well. The maximum (3) with an ener-
gy of 59.5 keV is the CRI line of americium, which is
emitted by a neutron source. The maxima 4 and 5 are the
gadolinium CXR lines.
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Fig. 16. Spectral distributions of the **Pu-Be (a, n)
radiation of a neutron source, measured using
a two-channel spectrometric system model

with a paraffin moderator of 4 cm thickness: the lower
curve is the spectral distribution measured by a spec-
trometric channel with a detector without a converter.
The upper curve is the spectral distribution measured

by the spectrometric channel with the Gd converter.

Measurement time T1 is 82591 seconds

Since the model of the two-channel spectrometric
system is made using the SPUD with the dimensions of
the working areas 5x5 mm (i.e., the working area is
0.25 cmz), the thermal neutron flux density W, is deter-
mined from the ratio:

W, = Ye x K,/0.25%AT, cm?-c™,

where W, is the thermal neutron flux density; Xe is the
sum of conversion electrons measured in a certain ener-
gy interval for a certain time interval by means of a two-
channel spectrometric system model; K, is the coeffi-
cient of conformity of the sum of the conversion elec-
trons measured in a certain energy interval over a certain
time interval with the number of thermal neutrons meas-
ured over the same period of time by the calibration de-
vice.

In order to determine the conformity coefficient, the
conversion electron energy range 60...80 keV was used.
The measurement time T1 is 82591 seconds for the
spectrum shown in Fig. 16. For calibration, when deter-
mining the conformity factor, a standard, certified PM-
21P device was used. The value of the K, coefficient
from the obtained data is 104.2.

Fig. 17 shows the repeated measurement of the spec-
tral distribution of the radiation of the ***Pu-Be source
with a paraffin moderator of 4 cm thickness, the meas-
urement time T2 is 129826 seconds.

The value of the conformity coefficient Kn, deter-
mined from the data of Fig. 17 is 104.4. A good repeata-
bility of the conformity coefficient K, indicates a high
accuracy of the method for measuring the thermal neu-
tron flux density.
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Fig. 17. Results of the repeated measurement
of the spectral distribution of the **Pu-Be (a, n)
radiation of a neutron source by the model
of a two-channel spectrometric system with a paraffin
moderator thickness of 4 cm and a measurement time T2
is 129826 seconds

CONCLUSIONS

A block diagram was developed and a working mod-
el of small-sized two-channel spectrometric detection
system for recording thermal neutrons was produced.
The spectrometric system is created on the basis of sili-
con planar uncooled detectors and a metallic gadolinium
converter.

A method for measuring the flux density (fluence) of
thermal neutrons for use in nuclear physics and nuclear
medicine has been developed. The coefficient of con-
formity K, of the sum of conversion electrons measured
in a definite energy interval for a certain time interval
with the number of thermal neutrons measured over the
same time interval by a calibration device was deter-
mined experimentally. The value of the coefficient of
conformity K,, determined from the experimental data
of Figs. 16 and 17 is 104.4.

It is shown that a two-detector spectrometric system
based on planar Si detectors and Gd converter allows
thermal neutrons to be registered by measuring the out-
put of conversion electrons with the possibility of ac-
counting of background radiation. The fast neutron
source “°Pu-Be (a, n) and the paraffin moderator were
used in the experiments.

The article contains the results of studies carried out
with the grant support of the State Fund for Fundamental
Research on competition project Ne F79/39197. The
study was conducted within the IDEATE of the Interna-
tional Associated Laboratory (LIA).
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METOIUKA PETHCTPALIAN TEIIJIOBBIX HEHUTPOHOB /IBY XKAHAJIBHON
CHEKTPOMETPHYECKOU CUCTEMOMH HA OCHOBE HEOXJIAJKJIAEMBIX Si-IETEKTOPOB
N TAJOJIMHUEBOI'O KOHBEPTOPA

I'.Il. Bacunves, A.C. /lees, B.H. /Ilyouna, C.K. Kunpuu, A.A. Kannuu, H.H. Macnos, B./l. Osuunnux,
C.M. Ilomun, V. Sharyy, M.IO. Ilynuka, B.H. Anosenxo

Pa3zpaboTana Onok-cxemMa W BBIIIOJHEHO MAaKETHPOBAHWE MaJOra0apHUTHOHN IBYXKaHAJIBHON CIIEKTPOMETPHYECKON
JETeKTUPYIOIIEH CHUCTEMBl IJIsl PEruCTpaliM TEIJIOBBIX HEHTpoHOB. CHeKTpoMeTpuyeckas CUCTeMa CO3[aeTcs Ha
OCHOBE KPEMHHEBBIX [IAHAPHBIX HEOXJIAKIAEMBIX AETEKTOPOB U KOHBEPTOPa U3 METANIMYECKOT0 ragonunus. Paspabo-
TaHa METOJMKa U3MEPEHH IUIOTHOCTH MOTOKa ((pIIF03HCA) TEIUIOBBIX HEHTPOHOB JUIS MPUMEHEHHS B ICPHON (DU3UKE U
saepHoil MeauiuHe. JIByXJeTEeKTOpHas CHEKTPOMETpHUYecKas CUCTeMa Ha OCHOBE IUIaHapHbIX Si-gerekropoB u Gd-
KOHBEpPTOpa I03BOJIAET BBIMOJHATH PETUCTPAIMIO TEIJIOBBIX HEMTPOHOB IO BBIXOAY KOHBEPCHOHHBIX 3JEKTPOHOB C
BO3MOYHOCTBIO ydeTa (JOHOBOTO H3TydeHHs. B SKCIEPHMEHTaX MCIIOIB30BAJICS MCTOUHHK OBICTPBIX HEHTPOHOB 2>°PU-
Be (0, n) u mapaduHOBBIIA 3aMeIITUTEIb.

METO/IAKA PEECTPAIIII TEIJIOBUX HEUTPOHIB IBOKAHAJIbHOIO CIIEKTPOMETPUYHOIO
CHUCTEMOIO HA OCHOBI HEOXOJIOJ)KYBAHUX Si-IETEKTOPIB
ITAJOJIIHIEBOI'O KOHBEPTOPA

I.II. Bacunves, O.C. /Jece, B.M. /[youna, C.K. Kinpiu, O.A. Kanniii, M.1. Macnos, B./I. Osuunnuk,
CM. Homin, V. Sharyy, M.IO. Ilynixa, B.1. fnosenxo

Po3pobiieHo 0J0K-cXeMy 1 BUKOHAHO MaKeTyBaHHs MayorabapUTHOI JBOKaHAJIbHOI CIIEKTPOMETPUYHOT JAeTeK-
TYIOYOT CUCTEMH JUIsl peecTpallii TermIoBUX HEUTpOoHIiB. CIIEKTPOMETPHYHA CHCTEMa CTBOPIOETHCS HA OCHOBI KPEMHI-
€BHUX IUIAaHAPHHUX HEOXOJIOJPKYBAaHMX JETEKTOPIB 1 KOHBEPTOpA 3 METAlIeBOTrO rajoJjiHito. Po3pobneHo MeToauky
BUMIPIOBaHHS IIIJIBHOCTI NOTOKY ((hJII0O€HCY) TEIUIOBUX HEHTPOHIB AJIS 3aCTOCYBaHHS B sAepHild (izuui Ta siuepHii
MeauiuHi. J[BOIETEKTOpHA CIICKTPOMETPUYHA CHCTEMa Ha OCHOBI IUIaHapHUX Si-meTekTopiB i Gd-koHBEpTOpa 10-
3BOJISIE BUKOHYBATH PEECTPAIIII0 TEIUIOBIX HEHTPOHIB 10 BUXOAY KOHBEPCIHHHUX EIEKTPOHIB 3 MOMIIUBICTIO OOTIKY
(oHOBOrO BHIMPOMiHIOBaHHS. B eKCIepHMEHTaX BHKOPHCTOBYBAIHCH DKEPENO MIBHAKKX HeHTpoHiB 2 Pu-Be (o, n)
1 mapagiHOBHUi CITOBITFHIOBAY.
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