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In the present work we found the maximum discovery distance for *Pu-Be source using the detectors based on ZWO (ZnWO4) and
BGO (BisGesO12) oxide scintillators. Detection distance was defined by using the radiation monitoring system "PORTAL”. This
research gives us data for estimation of the contribution of low-energy cascade gamma quanta CGQ. The CGQ emitted by excited
scintillator nuclei defined the effective discovery distance of the fast neutrons source. The maximum detection distance was obtained
with PMT in a single-photon counting mode. The maximum discovery distance for a BGO scintillator of size ©@40x40 mm — 38 cm,
ZWO scintillator of size @52x40 mm — 54 cm, with reliability about 0.001. The results of the experiment on the ZWO scintillator can
be explained by the registration of additional gamma quanta from the inelastic scattering reaction and the CGQ arising from resonant
neutron capture region. This two mechanisms further lead to increase the sensitivity of the detector and increase the detection distance
of the monitoring system. The key features of the monitoring system are: ZWO oxide scintillator, wide band measuring path, utilize
PMT in single photon mode. The obtained detection distance was about 1.4 times higher in comparison with the spectrometric recording
mode and 1.9 times higher in values of efficiency. Our results demonstrate the advantages of the ZWO scintillator compared to the
BGO and demonstrate the possibility of using the resonant capture mechanism by ZWO detector nuclei to increase the fast neutrons
sensitivity. The resonance capture mechanism increase sensitivity and maximum detection distance of the monitoring system. The low-
energy gamma-quanta, which discharge of compound nuclei, are substantially suppressed in comparison with the classic spectrometric
recording mode.
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The compact gamma-neutron radiation detectors based on the oxide scintillators allow the creation of compact,
highly sensitive systems for monitoring the unauthorized movement of fissile and radioactive materials. The response of
detectors during neutron moderation in oxide scintillators is primarily formed by instantaneous gamma quanta of the
inelastic scattering reaction and delayed cascade of gamma quanta from the radiation capture reaction in the resonance
region emitted by excited states of the scintillator compound nuclei [1, 2]. Both of these reactions can be realized when
neutrons are thermalized in some oxide scintillators of a few centimeters in thick.

Earlier [3-5], the signals of oxide scintillation detectors in order to suppress CGQ were amplified in the spectrometric
mode, while the time of formation of the signal from the PMT in this mode was in the range 1 — 10 microseconds. Also,
the physical efficiency (impulsexs'xcm?/neutr'xcm?) in spectrometric mode does not exceed 1. In [6,7] the first results
of counting efficiency studies with ZWO scintillators and BGO. When using the mode of counting single photons in the
ZWO scintillator, an increased (up to 60 pulsexs ' xem?/neutronxs-'xcm?) was detected, compared to the BGO scintillator
(2.5 pulsexs ' xcm?/neutronxs ' xcm?), which was explained by the registration of cascade quanta arising in the scintillator
nuclei.

The aim of this work is a comparative assessment of the maximum neutron detection distance of a 2*’Pu-Be source
by a monitoring system using ZWO, BGO detectors in two significantly different modes - spectrometric and single photon
counting mode. It was the use of the single photon counting mode in the monitoring system with the highly sensitive
wideband preamplifier that made it possible to estimate the contribution of low energy CGQ generated in the compound
nuclei of the oxide scintillator to the maximum detection distance.

Since the energy of CGQ emitted by excited states of compound nuclei is small due to the high-level density, a
preamplifier with a high gain and baseline low noise level was used. Due to the fact, that the CGQ emitted by the
compound nuclei can be superimposed in the measuring path, it was possible to register them separately by using a
broadband preamplifier with a differentiating delay line. To ensure the highest possible counting efficiency of cascade
gamma-quanta, a single photon counting mode was applied in the PMT, which made it possible to isolate signals of
extremely low energies and durations about nanoseconds.

Earlier [6] the obtained data indicated the absence of a noticeable generation of CGQ in the BGO scintillator with
size of ¥40x40 mm. The measurement results by using the monitoring system confirm the previous results, since the
measured maximum detection distances for the case of counting single photons and the spectrometric mode for the BGO
scintillator are practically the same.
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RESEARCH & METHODS
The counting efficiency of neutron detection by oxide scintillators in units of impulsexs!'xcm?/neutronxs!xcm2
was previously estimated according to the procedure described in [6]. For effective coupling of scintillator with
monitoring system in current work, we use parameter “maximum distance of discovery”. This parameter is defined by
monitoring system threshold and can be obtained by using equation

X=Xavg kX (1/(0-1) X E(Xi-Xavg)?),

where k = 3.5, X — threshold level, xav; — average value, x; — enumeration of all values. The dispersion of the count rate
was achieved by using standard deviation low for each data point. It was also found that the background fluctuation is not
depend on Poisson distribution. The data reliability of the maximum detection distance was set at 0.001% (error rate),
otherwise, no more than 1 false pulse per 1000 pulses. The sensitivity measurements of a radiation monitor system based
on ZWO, BGO single crystal detectors under fast neutron irradiation were carried out in a spherical geometry [8]. We use
29Pu-Be with flux 0.95x10° neutronxs™!, @320x30 mm and 52 grams. The source is placed inside a lead ball @100 mm
with a well @20 mm. The lead ball simultaneously attenuates the accompanying gamma radiation from the 2°Pu-Be
source [6, 7]. We add an additional lead shield — 5 mm to protect the detector from background gamma radiation. The
principle diagram of the monitoring system Fig. 1.
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Fig. 1. The principle diagram of the monitoring system

The minimum pulse width of the input signals is ~ 4 ns. The signal accumulation time was defined by software and
can be set from 10 ms and more.

In experiment of determination the maximum discovery distance the pulse accumulation time was about 1000
seconds, number of iterations — 1000, time of one sample accumulation 1 sec. Data was obtained in two mode with neutron
source and without. Counting rate in single photon counting mode for ZWO ©@52x40 mm?® was ~ 3000 sec’!, in
spectrometric mode ~ 40 sec™’. Principle of data accumulation was shown on Fig. 2. Where red line is calculated threshold,
data below the red line is background fluctuation without source and data above threshold from 2*>Pu-Be.
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Fig. 2. The data accumulation by using portal software (source 2*’Pu-Be). Red line is threshold
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Structure diagram of measurement setup contain PMT R1307 Hamamatsu, ultra-low noise amplifier and was
discussed previously [6] in our works. The signals from PMT (baseline noise fluctuation + electronic noise ~ 10 mV) was
amplified by 6x stage preamplifier (band ~ 200 MI', 60 dBm, output current on 50 Ohm 80 mA). In addition, output
signal was trimmed by shorted delay line of 2 m length. The PMT voltage in single photon mode was 1250 — 1350 V, in
spectrometric mode — from 650 V to 850 V. Signal slew rate in spectrometric mode was 1 us, in “PORTAL” path ~ 2 ns.

RESULTS
In this work, we obtained the experimental values of the maximum detection distance “source-detector”. The
counting speed of the recorded signals did not exceed the predefined threshold Xq = Xayg+ k X (0 — 1) X Z (Xi - Xave)?).
The reliability of the measurements is about 1 false alarm per 1000 pulses for ZWO detectors and BGO. The
measurements were carried out in two modes — in the spectrometric mode and the mode of counting single photons. The
Table shows the results of measurements of the maximum detection distance R (cm) for ZWO, BGO scintillators in the
monitor, K1 coefficients — increase in the maximum detection distance, K2 — increase in sensitivity in the monitoring
system, K3 — increase in the effective area of the detector compared to the spectrometric mode.
The sensitivity increment and the effective area of the detector were estimated according to the law of inverse
squares.
Table.
Discovery distance R (cm) for ZWO, BGO

K1 K2 K3
e R, cm R, cm . . . . . . .
scintillator (t~21s) | (t=1us) (increase in detection (increase in (increase in detector
distance) detection efficiency) window)
ZWO 54 39 14 1.9 1.9
BGO 38 38 1 1 1

DISCUSSIONS AND CONCLUSIONS

The obtained values of the maximum detection distance of the “detector — radiation monitor” system during the
registration of fast neutrons of a >*’Pu-Be source for a ZWO single crystal detector can be explained as follows.

In the ZWO scintillator [6, 7] arise the additional CGQ which associated with the primary gamma quantum from the
inelastic scattering reaction, which results in the case of their efficient isolation and registration (single photon counting
mode) to increase the statistics of signals related to one input particle and, as a result, to increase the sensitivity of the
system. At the same time, measurements carried out in the spectrometric mode on a ZWO scintillator did not give an
increase in sensitivity, since CGQ (with low energies ~ 0.2-1 keV) are suppressed in this mode. CGQ registration is
require high amplifier gain ( ~60 dBm) and single photon counting mode for PMT.

In the BGO scintillator of the indicated sizes [6, 7, 9, 10], CGQ are practically not observed, which is confirmed by
the results of measuring the maximum detection distance of the monitor in different modes — photon counting and
spectrometric. Thus, for BGO-type scintillators, an increase in statistics (photon counting mode) practically does not lead
to an increase in sensitivity, since the conditions for the extraction of CGQ are not realized in BGO. It should be noted
that in monitoring systems, in addition to signal statistics, the dispersion of the signal from neutrons plays an important
role, which depends on the mechanism of neutron energy conversion in the scintillator, i.e. on the type of scintillator and
reaction.

Thus, the use of the ZWO scintillator as part of a monitor recording signals in the photon-counting mode makes it
possible efficiently using of a CGQ from the resonance capture of fast neutrons. That leads to increase the sensitivity of
the monitoring system compared to the spectrometric mode by about 1.9 times and increasing the maximum detection
distance by about 1.4 times.
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HOPIT BUSABJIEHHS MATEPIAJIB NOALTY CHUAHTAIAIIAHUMHA
JETEKTOPAMH ZnWO4 TA BisGe3On2
I'.M. Onimenxo'?, B.JI. Puxikos?, LI SIkimenko!, O.I1. [lycn!
' Xapvrosckiii Hayionanonuii Yuisepcumem imeni B. H. Kapazina, 61022, Xapxis, Yxpaina
2Inemumym cyunmunayitinux mamepianie, HTL] "Incmumym monoxpucmanie", HAH Yxpainu, 61001, Xapxie, Yxpaina

V nauiii po6oTi BUMipsiHA MakCHMajbHa BiACTaHb BUABIeHHA °Pu-Be Iykepena WIBHIKMX HEHTPOHIB JETEKTOPAMH Ha OCHOBI
okcuaHuX cruHTWIATOpiB ZWO (ZnWO4) i BGO (BisGe3O12). Bumipu BincTaHi BUSBICHHS NPOBOAWINCS 3 BHKOPHCTAHHSAM
po3pobIeHol CHCTeMM pafmiallifHOro MOHITOpHHTY. lle 103BONMIO OIHMTH BENWYHMHY BKJIATy HU3bKOCHEPIeTHYHUX KACKaIHUX
ramma-kBaHTiB (KI'K), 1110 BUITyCKatOThCs 30YDKCHUMH SIPaMy CLIMHTHIIATOPA B BiZICTaHb BUSIBJICHHS LIBUIKMX HCHTPOHIB. 3HAUCHHS
MaKCHMAJIBHOI BiJICTaHi BUSBJICHHS JIETEKTOPIB OTPUMaHI B PeXKUMI paxyHKY OJUHHYHUX (OTOHIB i cKiayu 38 cM IUIsl CHUHTHIIATOpA
BGO po3mipom ©@40x40 mm, s cupaTHIATOpa ZWO posmipom B52x40 mm — 54 cm 3 HapiiiHicTio He riprie 0.001. Pesynbratu
eKCIiepuMeHTY Uit cuuHTIsiTopa ZWO MOXyTh OyTH MOSICHEHI peecTpaliero, KpiM raMma-KBaHTIB 3 peakilii HEempy)KHOTo
poscitoBanHs, Takok KI'K, 110 BUHHKAIOTh NPU PE30HAHCHOMY 3aXOIUICHHI HEHTPOHIB, IO MPU3BOJUTH A0 3POCTAHHS 4y TJIHUBOCTI
JEeTeKTopa 1 30UIBIICHHIO BiACTaHi BUSABICHHS cUcTeMH MOHITOpuHTYy. Husbkoeneprernuni KI'K peectpyBanucs B pexxumi paxyHKY
onuHUYHAX (HOTOHIB. OTXKE, 3aCTOCYBaHHS B CHCTEMi MOHITOPHHTY OKCHIHOTO cuuHTHIATOpa ZWO, B CKIIa/li IKOTO MICTATBCSA SIpa,
mo BumyckaioTb KI'K 3 peakmiii pe30HaHCHOTO 3aXOIUIEHHS, I ITHPOKOCMYTOBOIO BHMIpPIOBAJIBHOTO TPAKTY, IO IPAIIOE B PEXKUMI
paxyHKy OAMHHYHUX (OTOHIB J103BOJISIE 30UIBIINTH €(DEeKTUBHY UyTIHBICTH AETEKTOpa MpHOIM3HO B 1.9 pasw, 0 NPHU3BOIUTH 10
30UIBIICHHS BiJICTaHI BUSIBJICHHS JUKepena HeWTpoHiB nerekropoM ZWO npubiusHo B 1.4 pasu B MOpIBHSHHI 31 CHEKTPAIBHUM
pexxuMoM peectpanii. OTpuMaHi pe3yabTaTH AEMOHCTPYIOTH nepeBarn cuuHTHisiTopa ZWO B mopiBrsHHI 3 BGO 1 BkasyroTh Ha
MOXKJIMBICTh BUKOPUCTAHHS MEXaHi3My PE30HAHCHOTO 3aXOIUICHHS HEHTPOHIB simpamu getekropa ZWO st 301IbIIeHHS 4y TIIHBOCTI
JIETEKTOpa 10 IIBUAKUX HEUTPOHAX. BUKOpHCTaHHSA MEXaHi3My PE30HAHCHOTO 3aXOIICHHS NPU3BOAUTH [0 IMiIBUILCHHS Yy TIMBOCTI 1
301IbIICHHST MAKCHMAJIBHOT BiICTaHI BUSIBICHHS CHCTEMH MOHITOPHHIY B IOPIiBHSHHI 31 CIEKTPOMETPHYHUM PEKUMOM peecTpallii, B
SIKOMY HM3bKOCHEPIeTHYHi raMMa-KBaHTH PO3PSAAKH KOMIAyHJ Siiep, 10 YTBOPIOIOTHCS B PE3yJIbTaTi PE3OHAHCHOTO 3aXOIUICHHS,
iCTOTHO TMIPHUTHIYEHi.

KJIIOYOBI CJIOBA: nerekrop, mBHIKI HEUTPOHH, 30y PKEHI CTaHH, JIIYMIbHA €()EeKTUBHICTD, IIUTBHICTD SIEPHAX PIBHIB

MMOPOI' OBHAPY X KEHUS MATEPHAJIOB JEJEHUSI CHUHTUIISIHUOHHBIMH
JETEKTOPAMM ZnWO4 U BisGe3O12
I'.M. Onnmenxo'?, B.JI. Poixukos?, U.U. SIkumenko!, A.®. llycn!
'Xaporosckuii Hayuonanonwiii Yuusepcumem umenu B.H. Kapasuna, 61022, Xapvkoe, Yrpauna
2Hucmumym Cyunmunnayuonnvix Mamepuanos, HTL] “Hncmumym Monoxpucmannos”, HAHY, 61001, Xapvros, Yipauna

B HacTosmel paboTe M3MEPEHO MAKCUMAIILHOE PACCTOSHUE 0OHapysKkeHus >>°Pu-Be HcTOUHMKA GBICTPBIX HEHTPOHOB JIETEKTOPAMH HA
OCHOBE OKCHAHBIX cUMHTWILIATOPoB ZWO (ZnWO4) n BGO (BisGesO12). M3mepenne paccTosiHus 0OHApY>KEHHUs MPOBOAUINCH C
HCTIONb30BaHUEM Pa3padOTaHHONW CHCTEMBI paJHAllMOHHOTO MOHUTOPHHTA. OTO MO3BOJWIO OIECHUTH BEJWUYUHY BKJIAJa
HU3KOPHEPreTHYHBIX Kackagublx ramma-kBantoB (KI'K), mcmyckaembIx BO30Y>KIASHHBIMH SAPaMH CLHUHTHUIATOPAa B PAcCTOSHHE
oOHapy>keHUsI OBICTPBIX HEHTPOHOB. 3HAUEHUSI MAaKCHMAJIBHOTO PACCTOSHUSI OOHAPYIKEHUsI ICTEKTOPOB IOJy4YEHBI B PEXKUME cueTa
eIUHUYHBIX (OTOHOB M cocTaBmid 38 cMm st cuuHTHLLITOpa BGO pasmepom P40x40 mwm, ans cuuHTHiusitopa ZWO pazmepom
052x40 MM — 54 cm ¢ HagexxHOCThIO He Xyxe 0.001. Pe3ynbraTsl skcniepumenTta Ha cuuHTHLIATOpEe ZWO MOryT OBITE 00BSICHEHbI
perucrpanueii, KpoMe raMmMa-KBaHTOB U3 peakuuu Heynpyroro paccessHus, takxke KI'K, Bo3zHuKalommx npu pe3oHaHCHOM 3axBaTte
HEWTPOHOB, ITO IPHBOJHUT K POCTY TyBCTBHTEIBHOCTH AETEKTOPA M YBEIIMUCHUIO PACCTOSHHS OOHAPY>KEHNSI CHCTEMBI MOHUTOPHHTA.
Hmskosneprernunsie KI'K perucrpupoBanuce B pexxume cdeTa eJUHUYHBIX (GoroHOB. Takum oOpa3zoMm, IpUMEHEHHE B CHCTEMeE
MOHHUTOPHHIa OKCHIHOro cHuHTHWUIITOpa ZWO, BcocraBe KOTOpOro copepxarcst sapa, ucmyckaromme KIK n3 peakmmit
PE30HAHCHOTO 3axBaTa, W IIMPOKONOJIOCHOTO HM3MEPUTEIFHOTO TPakKTa, PadOTAIOMIEro B PEeXHMME CyeTa EeIUHUYHBIX (OTOHOB
HO3BOJIET YBENNIUTH () (PEKTUBHYIO TyBCTBUTEIBHOCTD AETEKTOPa MPUMEpHO B 1.9 pasa, 4TO NPUBOAUT K YBEIUUCHUIO PACCTOSHHS
00HapyXeHHUs] UCTOYHUKA HEUTpOoHOB neTekropoM ZWO npumepHo B 1.4 paza 1o CpaBHEHHUIO CO CIIEKTPOMETPUUYECKUM PEKUMOM
peructpauu. IlomydeHHbIe pe3yabTaThl AEMOHCTPUPYIOT MPEUMyIiecTBa CHUHTHILIITOpa ZWO 1o cpaBHenuto ¢ BGO u ykaspiBator
Ha BO3MOXKHOCTh HCIIOJIb30BAaHMSI MEXaHM3Ma PE30HAHCHOTO 3aXBaTa HEHUTPOHOB sapamu jeTekTopa ZWO mist yBenndeHus
qyBCTBUTEJIFHOCTH JIETEKTOPA K OBICTPBIM HeHTpoHaM. Mcronb30BaHNe MeXaHN3Ma PE30HAHCHOTO 3aXBaTa MPUBOJNT K ITOBBIIICHAIO
YyBCTBUTEJIIFHOCTH U YBEIMYEHHIO MAKCHMAJIBHOTO pAcCTOSHUS OOHApY)KCHUS CHCTEMBl MOHHUTOPHHTA II0 CPaBHEHHIO CO
CIIEKTPOMETPUYCCKAM PEXHMOM PETHCTPAIlM, B KOTOPOM HHM3KOJOHEPIeTHYHBIE TI'aMMa-KBAaHTBI pa3psAKd KOMIIAyHX sep,
00pa3yoIuxcs B pe3yIbTaTe PE30HAHCHOIO 3aXBaTa, CYIIECTBEHHO MO1aBIICHBI.

KJIFOUEBBIE CJIOBA: nerekrop, ObICTpbIe HEHTPOHBI, BO30YXKICHHBIE COCTOSIHUS, CUeTHAs! 3 (HEKTUBHOCTb, IFIOTHOCTD SIIEPHBIX
yYpOBHEM





