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Main reactions for thermal neutrons detection

SHe(n.p)*H + 764 keV (o7=5327 b)

SLi(n,a)’H + 4786 keV (67=945 b), L1 — 7.45% in natur. L1
10B(n,a)"L1 + 2757 keV (61=3837 b), 1°B — 20% in natur. B

153Gd(n,y)1*°Gd + 8536 keV (o1=61000 b), '¥Gd — 14.8% 1in natur. Gd
57Gd(n,y)*8Gd + 7937 keV (67=254000 b), 157Gd — 15.7% in natur. Gd

Incident neutron data { JEFF-3.1.1 /1 MT=102 : (z,g) radiative capture / Cross section
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Main reactions for thermal neutrons detection

To register thermal neutrons in scintillation detectors, the following reactions are
most often used:

6Li(n,a)t (6Lil:Eu, Cs,LiYClg:Ce (CLYC), Cs;LiLaClg:Ce (CLLC), Cs,LiYBrg:Ce (CLYB)...)
155Gd(n,y)156Gd, 157Gd(n,y)158Gd (GAGG:Ce, GSO, GOS, GdI5:Ce...)

Li-containing scintillators: Gd-containing scintillators:

+ Low sensitivity to background gamma | + No need for isotope enrichment;
radiation; + New reaction channels appear with
+ Short range of reaction products in | increasing incident neutron energy;

the scintillator material; + High light yield;

- Large mean free path of reaction

-Low light yield; products in the substance;

-Rapid drop in reaction cross-section
with increasing neutron energy;
-Need for enrichment in the 6Li isotope;




Scintillation materials based on rare earth elements for neutron registration

Chemical formula

LusAl;0,,:Ce
(LuAG:Ce)

Gd;Al,Ga;0,,:Ce
(GAGG:Ce)

Lu,SiO;s:Ce
(LSO:Ce)

Gd,SiO;s:Ce
(GSO:Ce)

Lu2(1_x)Y2xsi05:ce
(LYSO:Ce)

GdBr;:Ce

Light yield,
ph/MeV

24000

~58000

~30000
12500

32000

44000

Density,

Decay time, ns g/cm3

55-65 6,67

90-170 6,2

40 7,4

56;600

30-35

20 (26%), 212
(65%), 13500
(9%)

63-65

52,4
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The best way — GasAl,Gas0;, (GAGG):
high light yield

*non-hygroscopic

-without natural radioactivity




G:Ce (n,y) multiplicity

15°Gd + in - 35Gd + y 85358 MsB
During photonuclear reactions (n,y) on Gd the cascade
2aGd+ gn - 'P6d +y 7,937 MaB of 3-4 gamma quanta (on the average) are emitted —
multiplicity effect.

Multiplicity leads to the formation of low-
energy lines in the gamma-ray spectrum,
along which neutrons can be recorded.
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Gd natural isotopes composition has the thermal neutron’s
absorption cross-section on the level of 49000 barns + resonances The histogram of the gamma-quanta emission
from 1 eV to 10 keV. This allows Gd-containing scintillators to detect probability for different multiplicity values

neutrons in an expanded energy. during the Gd(n,g) reaction.

Moreover, at higher neutron energy, the other reaction channels
such as inelastic scattering, (n,p), (n,a), etc. on Al, Ga and O nuclei
become open, increasing the stopping power of GAGG to neutrons.




Optimization of crystal scintillation parameters Gd;Al,Ga;0,,:Ce (GAGG:Ce)

The main parameters of the scintillation material
that determine the properties of the detector:
light yield (LY), rise time (t,), decay time (t,).

2
Phiset  N@  sc2 Ph2

When neutrons are registered with a gadolinium-containing
scintillator, mainly low-energy gamma quanta are emitted, PreAmp. 1
therefore, increased requirements are imposed on both the CFD1
scintillation yield LY and the kinetics of the scintillation pulse,

especially T,

Energy resolution ~ 1/(LY)%/2
Time resolution ~ (1, 14/LY)/?

FWHNM =

GAGG parameters before optimization: | 16943 nc
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GAGG radiation resistance and optimization

GAGG parameters after optimization:

After optimization of doping with Mg, the GAGG:Ce, Mg ff— |
showed high radiation resistance to gamma and proton

irradiation.

* Befor proton irrad.

C After proton irrad.
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The achieved parameters of the material made it
possible to start creating neutron detectors based on it.




GAGG:Ce response to neutrons

241Am-Be response: 238Py-Be response:
®
ATOMTEX * 45mm H,B0; + 105 mm H,BO,
—1-direct neutrons

1
+—~90 keV — 2-after absorbing cone
3-direct neutrons corrected, 3=1-2

—4-after moderator

1«— ~190 keV P —5-after moderator + Cd
F | —6-neutrons 0.025 - 0.4eV, 6=4-5

0 200 400 600 800 1000

Neutron AT140 bench i : «—~190keV 511 keV

1000

600 800 1000 . N o
Sensitivity of GAGG based scintillation neutron detector with SiPM readout / A.
Channel Fedorov [et al.] // Nucl. Engin. and Techn. - 2020. - Vol. 52. - PP.2306-2312

Compact and Effective Detector of the Fast Neutrons on a Base of Ce-doped
Gd3AI2Ga3012 Scintillation Crystal / M. Korjik [et al.] //IEEE TNS. - 2019. -
Vol. 66. - PP.536-540.

Carry out studies with GAGG samples at Pu-Be and Am-Be neutron sources (E, up to 10-12
MeV) have shown that:

GAGG 14x14x10 mm has neutron detection efficiency from 9.29% for fast neutrons till 64.6%
for E, < 0.4 eV - in 45-300 keV gamma quanta energy scale.
8




GAGG for registration of fast and relativistic neutrons
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Scintillation ceramics GYAGG:Ce

Dilution of the Gd sublattice in GAGG will lead to a reduction in the excitation
migration distance, which will have a positive effect on reducing the scintillation
pulse formation time.

GYAGG:Ce,Mg
after the first
growth process

GAGG:Ce,Mg

Sample (reference )

Scintillation decay 28 (30)

constants, 68 (52) 36 (80) GYAGG:CeMg
ns, and relative 168 (18) 97 (20) 1
weight, (%) >
Average decay GAGG:Ce,Mg

constant t, 72 48 |
ns > /ll

Light yield,
ph/MeV/
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Scintillation silicate glass with the addition of Ba and Gd

Samples of the developed scintillation material Ba-Gd-Si:Ce

Scintillati
on decay
times and Time Light
their resolution yield,
weightin (CTR), ps ph/MeV
g factors,
ns

Chemical Maximum
compositio Density, emission
n of glass, g/cm3 spectrum,
mol.% nm

LY temp. drift,
%/°C

SiO, - 63
BaO - 22

AlF; - 1,4 90 (45%)
Ce203 - 400 @
0,76 (55%)

Gd203 -
13,09




Scintillation silicate glass with the addition of Ba and Gd

New glass Gd;AI'S"Ce: Glass Ba-Gd-Si:Ce  Gd-Al-Si:Ce

80 (comparison
L 70 100 1 I sample)

- 60 80 4
- 50
L 40
F 30

Scintillation 90 (45%) 93 (62%)

decay times 400 (55%) 317 (38%)
and their

> 2] weighting

. I factors, ns

- 60

40 4

fraction, %
fraction, %

* A new scintillation glass Gd,05-Al,05-SiO, doped with
Ce3* ions has been developed. The glass demonstrated
scintillation decay kinetics with an average decay time of
60 ns and a light yield of ~2000 photons/MeV. The glass
density is 4.7 g/cms.
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The scintillation decay kinetics in Gd-Al-Si glass are
significantly faster than in Ba-Gd-Si glass, while the light
yield is reduced relatively insignificantly (~15%).

T
[}
=1

sample sample

Changes in the components of scintillation emission kinetics and
their proportions (a-c), as well as the average decay time and

light output (g) of the samples.
[Journal of Non-Crystalline Solids. — 2022. — Vol. 580. — PP. 121393]




Prototype of calorimetric cell based on Ba-Gd-Si:Ce glass for NICA (JINR)




Scintillation silicate glass with the addition of Li

OLi + Neperm = sH(E; = 2.73 MeV) + 3He(E, = 2.05 MeV)
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RadioluminesEence spectrum of
Li,O-2Si0,:Ce (DSL) glass (1) and

absorption (2). 0 100 200 300 400 500 600 700 800
Counts
Response to a thermal neutron source (252Cf+30 cm
graphite) with glass DSL (20x20x7 mm) (a) and glass

GS20 (P10x7 mm) (b).

DSL glass response to thermal neurons:
UV phosphorescence 15% greater than for GS20.

(312 nm) of DSL glass 14




Lightweight polycrystalline scintillator Li,CaSiO,:Eu - LCS

The search for light scintillation materials for neutron detection with increased
scintillation yield was relevant.

Li,CaSiO,:Eu (LCS) exhibits high scintillation properties and is promising for the
creation of neutron-sensitive screens based on it. Light yield ~12000 ph/MeV.

27 ns (15

\M . 147 ns (6
. . 1675 ns

Time, ns

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Channels
a-particle spectrum for a 54 ym thick  Scintillation kinetics of 6Li,CaSiO,
[Nul. Instrum. and Meth. in Phys. Res. A. — 2023. — Vol.

LCS samplg cpmpared to a YAG:Ce 1045, - PP.167637
reference scintillator. 15




Thermal neutron detection:

event selection methods.

neutron

Neutron sensetive
scintillator (Gd) ‘

\lrlc e
T

gX—ray

When neutrons interact with Gd nuclei:

eConversion electrons (IC) and characteristic
X-ray radiation are emitted.

eThe electrons are completely absorbed in the
neutron sensitive sample.

eThe characteristic X-ray radiation is
absorbed in the neutron non-sensitive
sample.

Coincidence method can be
implemented.

neutron

Neutron sensetive
scintillator (SLi)

Neuntron non-
sensetive scintillator ("Li)

When neutrons interact with Li nuclei:

‘The reaction products are completely
absorbed in the thickness of the neutron-
sensitive sample

*The background gamma radiation interacts
with both neutron sensitive and neutron non-
sensitive samples.

Anticoincidence method can be
implemented.




Thermal neutron detection: 2CH detector with COINC/ANTI-COINC mode

The main requirements for a neutron detector:
1. High selectivity to neutrons.
2. Low sensitivity to gamma quanta.

The prototype uses two sets of samples: GYAGG
+ YAGG scintillation ceramics and ¢DSL + 7DSL
lithium glasses.

ettt L L L L L LT T TR T T
Light yield, |Kinetics 1, :=:=====================-‘-‘

Sample Chemical composition |Dimensions, mm3| ph/MeV ns

21 (31%)
14.6x14.6%0.23 41000 | 60 (48%)

®
646 (21%) IEEEEN EEEEEARNY
[ ] | 1 | iy i TR WY

) 33 (56%) I (25 54 N MR BN
YAGG Y5Al, sGa, s0,,:Ce,Mg 14.6x14.6x1.25 43000 61 (44%) , H e

22 (48%) FEEEEE S EEEEERE
(0]

sDSL 6Li,0*2Si0,:Ce 12.0x15.0%0.50 6000%* 96 (33%) GYAGG (a) u SDSL (b)

600 (19%)

42 (48%)

7Li,0*2Si0,:Ce 12.0x15.0%0.50 6000%* 96 (33%)

600 (19%)

“atGd1'5Y1'5A|2.5Ga2.5012 . Ce,

GYAGG Mg

* - ph/neutron




Thermal neutron detection: 2CH detector with COINC/ANTI-COINC mode

Neutron-sensitive ~ Neutron-nsensitive A 188 um Lumirror reflector is placed between
the DSL glasses, and a 9 um Al layer is placed

\ between the ceramic samples.

scintillatur\ / scintillator

SIPM (1) SiPM (2)




Thermal neutron detection: 2CH detector with COINC/ANTI-COINC mode
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Simulation of the response of scintillation ceramics (a) and lithium glasses
(b) to thermal neutrons and visualization of the simulated geometry (c)

In the model spectra of scintillation ceramics: a peak of coincidence of
conversion electrons and characteristic radiation absorption events is
observed.

In the model spectra of Li-glasses: there is no absorption of reaction products
in @ neutron-insensitive sample.
19




Thermal neutron detection: 2CH detector with COINC mode
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Thermalized neutron response spectrum Response spectrum in coincidence mode

The efficiency of thermal neutron registration by the GYAGG sample is 19%, in the
coincidence mode - 4.1% for GYAGG, 5.2% for YAGG. The efficiency of neutron

registration in the coincidence mode decreases by 3.65 times, gamma quanta - by
10 times.

20




Thermal neutron detection: 2CH detector with ANTI-COINC mode
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Thermalized neutron response spectrum Response spectrum in coincidence mode

The efficiency of thermal neutron detection by the 6DSL sample is 69.2%. In the
anticoincidence mode, the efficiency of background gamma radiation detection
decreases by a factor of 2.25.
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Thermal neutron detection: 16CH detector
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Thermal neutron detection: 16CH detector

Multi-hit events registration

Under gamma (661 keV)  Under neutons (thermal, Pu-Be and 14,6 MeV)
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Thermal neutron detection: 16CH detector
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Pulse shape discrimination (PSD) method

The scintillation decay rate can be described by two components: fast (~10-50 ns), and
slow (~100-1000 ns). The contribution of the slow component to the total emission

intensity may depend on the type of ionizing particle.

The contribution of the slow component depends on the specific ionization energy loss
dE/dx of the particle: the larger dE/dx, the larger the contribution of the slow component.
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This effect can be used to identify the type of particle using pulse shape discrimination

method.




GAGG for registration of fast and relativistic neutrons: experiments
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Three-dimensional histogram of GAGG:Ce crystal pulses
recorded during irradiation with 14.6 MeV neutrons
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KoMNO3MTHBIA CHMHTHWLISIHUOHHBIN IKPaH THIIA «(pocBHY» HA 0a3e

T M

«®@ocBuuy (phoswich, “phosphor sandwich”) — koMOuHaMsI ABYX CIIMHTUIIISTOPOB C
pa3HOM KHHETUKON CHMHTUILIALUMN, TTOACOSAMHEHHBIC K €IUHOMY (POTONIPUEMHHUKY.
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ToF method

The Time-of-Flight (ToF) method is widely used for
spectroscopy of pulsed neutron beams in the energy range START L STOP
from thermal to ~1 GeV. ¢ 3

Basic idea: measure time difference t from neutrons signal
between two detectors (START and STOP). Neutrons with )
different energies E, pass the fixed base L for different time r. STR

neutron _}H

1.0E+00 T T T T T T T T T T 1.0E-04
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1.0E-02 {
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= 3 Sy b
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_ 1.0E-05 1
g

0 20 40 60 80 100 120 140 160 180 200 220 0 5 10 15 2 25 30 3 40 45 50 355

En,MeV Time, ns

Signals from fast detectors (STAR and STOP) are directed to discriminators that generate
pulses for a time-to-amplitude (TAC) or time-to-digital (TDC) converter, the output signal
amplitude of which is directly proportional to the time delay 1. The resulting time
spectrum ¢(t) must be converted into an energy spectrum F(E,).




ToF method: transition from non-relativistic to relativistic case

non-relativistic relativistic m - neutron mass
E, — neutron kinetic energy

c — velocity of light
Neutron kinetic energy: v — neutron velocity
2 ; L - ToF base
E,=—=— 1 At - time resolution
2 Ir AE - energy resolution
t— ToF value

Spectra converting: ¢o(t) — ToF spectrum
F(E) — energy spectrum

3
F(E)= ;;go(r) y — relativistic Lorentz-factor

Energy resolution:

3 " 3
AE \F( - e =zﬁ(;/+2)mr
E m L

AE/E varies as ~ E2 at high energies, and as E"2 for nonrelativistic neutrons.
This feature limits the application of the ToF method for fast neutrons at facilities

with small bases L at low time resolution At.




ToF method: transition from non-relativistic to relativistic case

p—
(=
o~

10°

=0.5m (with rel.corr)) —_

L. =0.5 m (w/o rel. corr.) .COIT.) —
s

. COIT.)
. COIT.)
. coftr.)
.COIT.) —
. COIT.)

= 1.0 m (with rel. corr.)
= 1.0 m (w/o rel. corr.)
=2.0 m (with rel. corr.) —

L =2.0 m (w/o rel. corr.)

L
L

—
=]
W
—
(=]
[S]

- - ¥
-

@ At=1ns

S .;\

.,

A=13% @ 200 Me\.

—
<
o

=3 2,
Energy resolution AE/E, %
>

w
=
—
Q
wl
<
O
ks
[
=
=T}
s
e
(-
o
Q
g
-
=
o]
=
=
o
Z

—_
(=]
L

103 10% 103 10?
En: keV En, keV

. Start/St E i i it i
Name | Location e ol I = To improve the energy resolution, it is necessary
to increase the base L.

0.11
(20 MeV)

GELINA |  Belgium c,D, <2 With an increase in L, the counting rate in the
(@1 MeV) recorded time spectrum decreases.

n-TOF CERN CeD, + BaF,

. 5%
GNEIS Russia - (@ 100 MeV)

P It is necessary to look for the optimum. In this

BaF,+Li- o case, the scintillators should not limit the
glass (18% temporal resolution. 30

Germany
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GAGG s perucrpanuy HEUTPOHOB BBICOKHMX 3Hepruii: ToF

Cxema npoBejeHus
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Neutrons

80 100 120
Angle / deg
CMozenupoBaHHOE pacnpe/iejieHe HEUTPOHOB 10 SHEPTHSIM U yIJilaM BbUIETa
3a npeaenbl CBUHIOBOW MumeHu pazmepoMm 10x10x6 cm. HelitpoHsl
00pasyroTcs B pe3ynbTare peakuuu (p,n) B Mumenu, E; =220 MaB, yrusl
orpeziesieHbl OTHOCUTENIBHO HaYaIbHOTO HAIPaBJIEHUS MMy4YKa IPOTOHOB.




ToF experimental setup: preliminary modeling

w@j Fraction of particles falling from the Pb target to the
—4 detector at different bases L @ E,;,=220 MeV:

neutrons Gamma
L, m N/N,, % N/No, % t, ns t,, ns

Region of neutron generation in the target: 0.25 0.04
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front view side view

Modeling results:

« Optimal target - 60 mm of Pb I R
+ Optimal distance at which it is possible to Angle / deg
separate nandy-0.5m

Expected energy and angular distribution of

neutrons emitted from the Pb target @ E,,=220
MeV




ToF experimental setup with an accelerator neutron source

Marburg Center for Ion Beam Therapy (MIT, Marburg,

Germany):

« proton energy 220 MeV

Pb(p,xn)X: neutron spectrum in the energy range
up to 200 MeV and y-quanta up to 10 MeV

GAGG:Ce matrix det.

START Pb target VETO
plastic scint. plastic scint.

GAGG matrix: 64 crystals 3x3x40 mm

SiPM matrix photo detector: 8x8 SiPMs
3x3 mm




ToF experimental setup: results

Measured vs modeling neutron ToF spectrum

TR s e m— 7 The first 20 ns of the spectrum show two

EGEANT‘* — peaks corresponding to y-quanta and fast
Lt ] neutrons.

The time-of-flight spectrum generally
confirms the results obtained in GEANT4
simulations.

Estimation of the time resolution of the used
setup: At = 1.0 ns.
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Preliminary reconstruction of

‘ w s - the neutron energy spectrum:
50 60 70 80 90 100

At, ns

Experimental ToF spectrum vs modeling spectra
for neutrons and y
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Reconstructed neutron energy spectrum

GAGG allows to detect neutrons in a wide energy range with
sufficient efficiency.

GAGG doesn't limit the time resolution on small bases.

Due to the high efficiency of gamma quanta registration GAGG .
can simultaneously act as a neutron detector. This makes it RIS AL, — —
possible to implement the ToF method based on a single iy
channel, which detects the prompt gamma-quanta + neutrons
(distributed in time due to the base-of-flight).

Counts, rel. units

1 10
E,. MeV




ToF experimental setup: multiplicity registration
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Response of GAGG matrix N o6 506500 400 500

pixels on neutron registration Time difference ns
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Dependence of multiplicity vs time of flight Dependence of PSD vs time of flight

In Gd-based scintillators a unique possibility of using multiplicity is realized using pixelated
detectors:

helps to search for events corresponding to a cascade of y-quanta;

proves the presence of two areas in the first nanoseconds in ToF spectrum;

allows to distinguish the response from neutrons of different energies;

opens the possibility of n/g discrimination without timing.




Thank you for your attention!

Questions?
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