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Comparative measurements and analysis of detection efficiency of fast and thermal
neutrons from 239Pu-Be source by heavy oxide scintillators (Z > 50) confirmed high detec-
tion efficiency (~40-50 9%). The most probable mechanism determining the fast neutron
detection efficiency is the reaction of inelastic scattering (n, n’y) as the main mechanism
of interaction of neutrons with nuclei of oxide scintillators. The fast neutron detection
efficiency was determined by the method of internal counting of gamma-quanta emerging
in the scintillator under (n, n’y) reaction. It has been shown that the use of heavy oxide
scintillators (which are also efficient gamma-detectors) in inspection systems can allow
detection of fissionable radioactive materials.

ITpuBoxuTca amanmus 5pPeKTUBHOCTH  PETUCTPAIUU OBICTPBIX M TEIJIOBBIX HeHTPOHOB
239py—Be MCTOYHMKA TAMKENLIMH HeOPTaHWYECKNMY OKCHAHLIMI CIIHHTHIIATOopamu (Z > 50),
noaTBepIKaeHa BbicoKaa sdderTrBHOCTE AerexTrpoBanus ~ 40-50 %. Ilokasawo, uro Hau-
GoJsiee BEPOATHLIM MEXaHU3MOM, OTBETCTBEHHBIM 3a 9(MQPEeKTUBHOCTH perucrpanuyl GBICTPHIX
HEUTPOHOB, ABJIAETCA PeaKlus Heyupyroro paccesuus (n, n'y). IlokasaHo, 4To MCIOJIb30Ba-
HUE€ B WHCIEKIVOHHBIX CHUCTEMAaX TAMKENIBIX OKCHUAHBIX CUUHTUJIATOPOB, KOTOPBIE B TO K€
BpeMs ABAAIOTCH 9hPEeKTUBHBIMU raMMa-IeTeKTOPaMU, [I03BOJUT O0HAPYKUBATD LENAINECH
PagUOAKTUBHBIE MATEPUAJBL.

BucokoedexTuBHI raMMa-HeHTPOHHI JAeTEKTOPHM IJ5S KOHTPOJI PagioaKTHBHMX MAaTe-
piaxis, mo ginarsca. B.J[.Puxcurxose, B.B.I'punvos, I M .Ornuwenro, JI.A.ITusens, C.B.Haiidvo-
nos, O.K.JTuceyvra.

IpuBoguTHCS aHanmis egexkTuBHOCTI peectpariii MBUAKKX i TermroBux mHefiTponis 239Pu-Be
mKepesa BAKKMUMM HEOPraHiuHUMM OKCUAHUMH cHuHTuUAATOpaMmu (Z > 50), miarBepm:KeHo
BUCOKY e(dekTuBHicTs merexkTyBanusa ~40-50 %. Iloxasamo, mro Haibinpin BiporigHmm me-
XaHisMOM, BixmosimampuumM 3a edeKTUBHICTE peecrpalili MBUAKMX HEHTPOHIB, € peakrIia
Henpy:HOro poscisimus (n, ny). IlokasaHo, M0 BUKOPHUCTAHHA B IHCHEKUiMHUX cucTeMax
BAXKKUX OKCHUIHUX CIUMHTHUJIATOPIB, AKi B TOU iKe uac € eeKTUBHUMH raMMa-IeTeKTOpaMu,
IOBBOJINTH BUABJIATH PATioaKTHBHI Marepianm, [0 IilATbCH.

1. Introduction detection blocks and SHe or 0B neutron
Traditional inspection systems involving counters placed in polyethylene moderators

large-sized organic scintillators in gamma- have low reliability due to drawbacks of gas
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counters. Also, detection efficiency of fast
neutrons by such counters is limited by the
value of <10 % due to low moderating effi-
ciency (the same 10 %). Such detection sys-
tems are rather expensive because of their
large mass and size and practically linearly
depend from window area. Thus, it is
worthwhile to consider alternative methods
for neutron detection.

Fissionable radioactive materials (U, Pu)
are sources of both neutrons and gamma-
rays. Therefore, to achieve high detection
efficiency in inspection systems, it is most
appropriate to simultaneously detect both
gamma and neutron radiation [1-4]. Of spe-
cial interest is the possibility of using
heavy oxide scintillators to create highly
sensitive gamma-neutron detectors. A suffi-
ciently high detection efficiency of both
fast neutrons and gamma-quanta by one and
the same detector would significantly in-
crease the sensitivity of inspection systems,
and enable significant reduction of their
size and cost [3].

In this work fast neutron detection effi-
ciencies for heavy oxide scintillators were
determined by the method of internal count-
ing of gamma-quanta emerging in the scin-
tillator with energies in the range of 20—
1000 keV [4—7], whereas among the most
probable interactions between fast neutrons
and matter is the reaction of inelastic scat-
tering (n, n’y) [2—8]. This mechanism is fur-
ther enhanced for heavy atomic materials
and hence in oxide scintillators with heavy
atomic constituents.

2. Experimental

Efficiency measurements for the detec-
tion of fast neutrons from a 239Pu-Be
source by the heavy oxide scintillators
Gd,SiO5 (GS0), BiyGezO4, (BGO), CAWO,
(CWO) and ZnWO, (ZWO), as well as the
alkali halide scintillators Csl(TI),
ZnSe(Te,0), Nal(Tl) and (Lil(Eu)) [2] were
made using a scintillation gamma spec-
trometer [3]. To obtain unambiguous corre-
spondence between a neutron interaction
event and the appearance of a counting
pulse in the working window of the detec-
tion system, the spectrometric signal inte-
gration time constant was chosen to be suf-
ficiently high (80 us) and equal for all scin-
tillators.

Since 239Pu-Be neutron sources are also
the source of significant gamma-ray emis-
sions, we used a procedure allowing us to pas-
sively exclude the gamma-background by shield-
ing the source with lead protection [9, 10].
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Fig. 1. Design of the experimental apparatus
for recording of total (direct and scattered)
fast neutron radiation. 1 — 239Pu-Be source
of fast neutrons; 2 — scintillator under
study, dimensions 10x10x10 mm?3; 8 — PMT
of Hamamatsu R1306 type; 4 — cylindrical
absorber of thermal neutrons made of gad-
olinium oxide, & = 40 mm, d = 10 mm; 5 — lid
of gadolinium oxide, d =10 mm; 6 — lead
shield, # = 40 mm; 7 — lead shield, d = 4 mm.

Also investigated were measurements
with detector design variations, including
the use of an electronic detection window
for gamma-quanta chosen in the energy
range from 20 to 300 keV, to provide active
protection. We determined that a consider-
able (~103 times) reduction in the level of
registration of scattered external high-en-
ergy gamma rays can be achieved [2, 9, 10].
The neutron detection efficiencies for the
tested heavy oxide scintillators were meas-
ured to be in the range of approximately
40-50 % [2].

The general design of the experimental
apparatus is shown in Fig. 1. For absorption
of thermal neutrons, we used absorbers
made of compacted gadolinium oxide of
10 mm thickness. The choice of gadolinium
oxide over cadmium (Cd) was due to the
much lower level of gamma-radiation noise
in the working range of the spectrometer.

The apparatus also included electronic
processing of the photomultiplier tube
(PMT) output, though this is not shown in
the sketch. From an amplifier-shaper out-
put, the signals come to an analog-to-digital
converter (ADC) input in the energy range
of gamma-quanta recording from 20 to
1000 keV. The measured value in the ex-
periments is the number of spectrometer
pulses in the working window during the
given time interval.
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Table 1. Measured efficiency (%) of detection of fast and thermal neutrons from Pu—Be source
by different scintillators in the equivalent energy range for electrons (gamma-quanta) 20—

1000 keV
Scintillator ZnSe(O,Te) | Nal [BLil(Eu)| Csl | GSO | ZWO | CWO | BGO | SLil(Eu) from
reaction
BLi(n, )T
Zeff 33 51 52 54 59 61 66 75 52
Detection efficiency 43 18 25 20 46 54 42 48 0.25
of fast neutrons, %
Detection efficiency 75 24 30 25 90 70 46 83 -
of fast neutrons
with moderator, %
Detection efficiency - 30 90 - 65 44 67 34 93
of thermal neutrons, %

The distance between the neutron source
(33%Pu-Be) and the crystal under study was
chosen as 200 mm. The distance from the
apparatus to the nearest room walls was
about 1.5 m. The between the neutron
source and the scintillator under study, a
lead shield (i.e., a 40 mm thick square plate
of 70 mm side dimension) was placed for
shielding of the detector and measurement
equipment from the gamma radiation of the
source. The source was also surrounded by
thin lead shield of 4 mm thickness to re-
duce the effects of scattered (E = 59.54 keV
from the admixture of 241Pu in the source)
low-energy radiation of the 23%Pu-Be
source.

Cosmic radiation background was also
measured and accounted for in processing of
the obtained data. The statistical error in
the experiment did not exceed 1 %.

The measurements of fast neutron detec-
tion efficiency for the various scintillators
tested were carried out in the following
way. We assumed that the following catego-
ries of radiation reach the detector from the
fast neutron source: fast neutrons (FN) di-
rectly from the source reactions, scattered
fast neutrons (SFN) from the walls, thermal
neutrons (TN) from the moderator (in the
case where a moderator is inserted around
the scintillator) and the source, and scat-
tered thermal neutrons (STN). Additional
details of our experiment were described
previously in [2, 9-11].

3. Results and discussion

In a previous study, we have considered
mechanisms of the reaction (n, n’y) that can
substantially increase the fast neutron de-
tection efficiency by scintillators in the en-
ergy range from 20 to 300 keV [2, 3, 9, 10].

Functional materials, 21, 3, 2014

100
u

80 / "
R
=2 60
o
C
0 *
o
E 401 *+X owo

20 #Fast neutron

Nal(Tl) 6Lil(Eu) by reaction .zacsi:]:f#‘t;?jlr_
6Li(n,
0 4+ / T (n a) T T T
50 55 60 65 70 75

Zeft

Fig. 2. Detection efficiency (%) of fast neu-
trons from 23°Pu—Be source by oxide and al-
kali-halide scintillators based on the reaction
(n, n’y) in equivalent gamma-quanta energy
range 20-1000 keV.

The thermal neutron (TN) flux density
was evaluated as the difference between the
total neutron flux and the fast neutron
flux: TN = [FN+SFN+TN]-[FN+SFN].
Thus, it is not necessary to individually de-
termine FN and SFN, since they are auto-
matically accounted for in this TN calcula-
tion.

Table 1 and Fig. 2 show the experimental
data obtained for FN detection efficiency
from 239Pu-Be source by the oxide and al-
kali-halide scintillators based on the reac-
tion (n, n’y) in equivalent gamma-quanta en-
ergy range 20—-1000 keV.

Also included in both the Table and the
Figure are the results for the case when the
detector was surrounded by a thin layer of
moderator (diameter d ~ 1 cm).

Thus, the obtained results demonstrate
the correlation between detection efficiency
and the effective atomic number Z oty of the
crystalline scintillation material.
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Fig. 3. Fast neutron detection efficiency as
function of CWO scintillator thickness.
Dashed line represents a projected logarith-
mic dependence (in absolute units) corre-
sponding to the first 4 thickness values.

The results are in agreement with the
data presented in [12, 13] and are also con-
sistent with the known dependence of fast
neutron scattering cross-section on atomic
mass [14]. In the gamma-radiation energy
range Ey from 20 to 1000 keV the neutron
detection efficiency by heavy oxide scintilla-
tors reaches 54 % for ZWO (FN) and 67 %
for CWO (TN). With a moderator of small
thickness (d ~1 cm), FN detection effi-
ciency can be as high as ~90 % for GSO. It
should also be noted that the neutron detec-
tion efficiency of Lil(Eu) [2] scintillators
measured by our method gives results that
are higher by more than an order of magni-
tude than that measured by standard meth-
ods. The neutron registration efficiencies for
standard (traditional) approaches were meas-
ured and it was not greater than 0.25 % [11].

It is well known that the scattering proc-
esses experienced by FN lead to a transfor-
mation of their energy spectra in reaction
(n, n’y) towards lower energies [2, 12]. This
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Fig. 4. Sensitivity of CWO scintillator as
function of thickness in detection of fast neu-
trons.

results in progressively higher intensity of
SFN with much lower (by orders of magni-
tude) energy, until the neutrons reach low
energies where the capture cross-sections
o(n, y) become more important. This, in
turn, enables increases in the detection effi-
ciency of FN using the method of detection
described in this paper [4—-10].

The dependence of neutron detection effi-
ciency (relation of number of registered
neutrons per second to number of incident
neutrons) and detector sensitivity (relation
of number of registered neutrons to density
flux of incident neutrons) on the detector
dimension for scintillators of different vol-
umes (thickness and cross sectional area)
was investigated (see Table 2 and Fig. 3, 4).
Fig. 3 demonstrates the impact of thickness
on detector efficiency with measurements
with six thicknesses of CWO scintillator
crystal. Initially the detector efficiency in-
creases by a slow logarithmic dependence
(see No.1-4 in the Table 2). It was demon-
strated that this increase in efficiency can
be observed for the heavy oxide scintillator
(CWO) only up to a thickness of 4—5 e¢m and

Table 2. Efficiency and sensitivity of fast neutron detection as function of input window area

and thickness for scintillator CWO

Crystal, No. Thickness, cm Efficiency, % Window area, cm? Sensitivity,
counts/neutron/cm2
1 1.0 23 1.0 0.2
2 1.5 26 12.7 3.8
3 2.4 33 12.6 4.1
4 4.2 41 15.9 6.5
5 6.3 42 31.2 13.1
6 10.0 42 31.2 13.1
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Fig. 5. Attenuation by passive protection
(BGO) of gamma-radiation from sources Am-

241 and Co-57: I — gamma-spectrum from
Am-241 in irradiation of detector (CWO)
without protection, 2 — gamma-spectrum
from Co-57 in irradiation of detector (CWO)
without protection, 3 — gamma-spectrum
from Am-241 in irradiation of detector (CWO)
with protection, 4 — gamma-spectrum from

Co-57 in irradiation of detector (CWO) with
protection.

becomes constant thereafter. This result is
unexpected and will require additional in-
vestigation to develop a more complete un-
derstanding. In contrast to this finding, as
shown in Fig. 4, detector sensitivity is
found to increase practically linearly up to
a thickness of about 6 ecm; further, the data
in the Table 2 indicate that sensitivity in-
creases linearly with increasing cross sec-
tional area of the scintillator. It can also be
noted that sensitivity of the CWO scintilla-
tor is practically a linear function of the
input window area (see Table 2).

An additional advantage of using inor-
ganic scintillators for nuclear source detec-
tion is the coincident high sensitivity at low
energy threshold levels; for example,
204 keV and 243 keV for 238U, and 129 keV
and 424 keV for 239py.

So, to achieve the highest sensitivity lev-
els, it is useful to apply simultaneously the
detection of gamma and neutron fluxes. In
future work, we will attempt to distinguish
between these two types of simultaneous de-
tections.

To produce a pure fast neutron detector,
without interference from gamma-radiation
from the environment or from a combined
neutron-gamma source, it is necessary to
create a special detector design by appropri-
ately shielding the detector from the addi-
tional external gamma radiation, imple-
menting electronic discrimination within

Functional materials, 21, 3, 2014

the detector system itself, or through a
combination of these approaches.

Our studies have shown that lead shield-
ing of a 40 mm thickness is quite sufficient
to protect from external gamma-radiation
of energies up to 300 keV. However, it was
also shown that high-energy external
gamma-radiation, e.g., E = 661 keV from
137Cs, in particular, when small-sized scin-
tillators are used, could result in a notice-
able Compton component in the scintillator,
which, in the working range of 20—300 keV,
could provide an additional source of meas-
urement errors.

Therefore, we have developed and tested
the design of a composite detector using the
active shielding method, which allows a sub-
stantial decrease (by ~103 times) of the
noise detection level in the working range
caused by Compton scattering of high-en-
ergy external sources of gamma-radiation.
This substantially improves the detector se-
lectivity for neutrons in mixed gamma-neu-
tron fields.

The active shielding method is based on
the elimination of the pulses emerging si-
multaneously in the main and protecting
scintillator as a result of Compton scatter-
ing of high-energy gamma-quanta. To
achieve this, the neutron detector was made
as a composite structure (of a special
"phoswich” detector type [15]) on the basis
of two inorganic scintillators: an external
one in the shape of a ring cylinder of outer
diameter 54 mm and inner diameter 46 mm,
a wall thickness of 8 mm, a height of
50 mm, with fast decay (BGO); and an in-
ternal one — the main scintillator shaped as
a cylinder of diameter 45 mm and height
50 mm, with long decay time (CWO). The
CWO scintillator is placed inside the BGO
scintillator; they have no optical connec-
tion, but are contacted with the same PMT.
The preliminary signal processing block in-
cludes signal amplification shapers, an anti-
coincidence circuit and a microprocessor
with a built-in analog-to-digital converter.

In this proposed design, two main proc-
esses can occur in the internal scintillator:
inelastic scattering of fast neutrons on scin-
tillator nuclei with direct recording of the
nuclear reaction products, and radiation
capture of neutrons (both fast and slow) by
cadmium nuclei contained in this scintilla-
tor and possessing a large effective capture
cross-section for thermal neutrons.

This allows realization of fast and ther-
mal neutron detection by one and the same
detector, which does not require the use of
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Fig. 6. Attenuation by passive protection
(BGO) of gamma-radiation from 37Cs source:
1 — gamma-spectrum in irradiation of detec-
tor (CWO) without protection, 2 — gamma-
spectrum in irradiation of detector (CWO)
with attenuation by protection.

moderators (as distinct from current detec-
tion systems). This, in turn, allows substan-
tial reduction of the detector size.

The external detector, in addition to its
role as anti-coincidence detector for Comp-
ton quanta, acts also as passive protection
from external gamma-quanta. Fig. 5 shows
the spectra of external gamma-sources (Am-
241 and Co-57) obtained in irradiation of
CWO without protection (that is, direct ex-
posure onto the end face of the composite
scintillator) and with protection — in irra-
diation from the side, i.e., with attenuation
in the external protection detector BGO of
8 mm thickness.

It can be seen that passive BGO-protec-
tion of 8 mm thickness attenuates the ex-
ternal flux of gamma-quanta with sufficient
efficiency in the working energy range 20-
300 keV. When the additional active shield-
ing is activated, the number of noise pulses
in the energy range 20-300 keV is reduced
by 103 times.

Fig. 6 shows the spectrum of an external
137Cs source obtained in irradiation of a
CWO-detector without protection, i.e.,
under irradiation without attenuation in the
external detector BGO, and with protection,
i.e., with attenuation.

One can see that in the working energy
range there is substantial noise due to
Compton scattering of Cs-137 gamma-radia-
tion. When the active protection is acti-
vated, the number of noise pulses in the
energy range 20-300 keV is again reduced
by about 103 times.
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Fig. 7. Attenuation by passive protection
(BGO) of mixed n—y radiation from 23°Pu-Be
in neutron detector (CWO) of "phoswich” de-
sign: 1 — gamma-spectrum in irradiation of
detector without protection, 2 — gamma-spec-
trum in irradiation of detector with protection.

Fig. 7 illustrates the degree of attenu-
ation by the passive protection (BGO crys-
tal) of mixed n—y-radiation from a 239Pu—Be
source in the composite neutron detector.
The upper spectrum was obtained in irradia-
tion of the detector without protection, and
that below — in irradiation from the side,
i.e., using passive protection.

4. Conclusions

The phenomenon of neutron inelastic
scattering (n, n’y) on nuclei of heavy oxide
scintillators allows the creation of high effi-
ciency neutron detectors. In these detectors,
the energy of fast neutrons is directly con-
verted to the energy of gamma-quanta,
which allows substantial (by 10 times) in-
crease in detection efficiency and sensitivity
(with corresponding reduction in costs) of
systems for detection of fissionable radioac-
tive substances as compared with traditional
systems. In some cases, e.g., for Nal(Tl), an
additional mechanism that can be used to
increase fast neutron detection efficiency is
estimation of instantaneous gamma-quanta
from FN radiation capture reactions.

Suppression of external gamma-radiation
is possible using an active shielding
method, which increases the detection selec-
tivity of fast neutrons on the background of
external gamma-radiation. This broadens
the application range of fast neutron detec-
tors using the neutron inelastic scattering
reaction (n, n’y) on scintillator nuclei.

Functional materials, 21, 3, 2014
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In a compound detector assembly, an ex-
ternal heavy scintillator also provides passive
attenuation of the external gamma-radiation
in the working energy range 20-300 keV.

It should also be noted that limiting the
working range to energies up to 300 keV
excludes detection of photo-peaks from ex-
ternal gamma-quanta above 300 keV and
also weakens the influence of external
gamma-radiation on the detector.

The design of the neutron counter as a
"phoswich™ detector composed of fast and
slow oxide scintillators in combination with
optimum filtration simultanecusly in both
scintillators as a result of Compton scatter-
ing of external high energy gamma-quanta.

Application of all these factors allows a
decrease in the pulse counting due to exter-
nal gamma-quanta of signals of different
duration coming from different scintillators
enable us to avoid recording of pulses
emerging by about one thousand times (de-
pending on the experimental conditions).
The neutron detection efficiency is only
slightly lowered. As a result, this allows the
creation of FN detectors capable of func-
tioning in mixed gamma-neutron fields. The
results obtained can be useful for develop-
ment of new types of devices and instru-
ments for detection of neutrons and defini-
tion of fissionable materials in nuclear secu-
rity systems.

High efficiency of FN detection was also
demonstrated with the alkali halide scintil-
lators Nal(Tl), Csl(TI) and Lil(Eu). This opens
possibilities of substantial improvement of
standard monitoring portals with spectro-
metric blocks on the basis of Nal(Tl) or
Csl(Tl) for detection of FN fluxes accompa-
nied with gamma radiation [16]. The pre-
sented experimental results show that the
FN detection efficiencies of different ecrys-
tals are proportional to the thickness of the
crystal in the range of 10-40 mm and do

Functional materials, 21, 3, 2014

not depend on the thickness of the crystal
in the range of 40-100 mm.
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