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What is the role of the ionizing radiation
detectors in the progress of this century?

Three lasting tasks:

* Future compacting, storage and

extraction of the energy;
Chemical-Nuclear-?

 Signature for the industrial progress;
Ruler-Microscope-?

* A frontier between living and non-living .

Downfall-Ordering-Chaos-?
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Outline

Scintillation & Scintillators;

Modern trend in development;

Engineering of the properties;

Toward fast timing;

On the radiation tolerance of the materials;
Toward the photo-sensor free detecting
technologies;

Implementations;

M.Korzhik, Grodno, APMP, 13.08.2018



What is a scintillation ?

CLI,M HTUNNAUUNA- niommHecueHuus, BO3HMKalOWaA B Npo3payHoii cpeae
npu B3auMoAencTBUMU C MOHUIUPYIOLWUM U3TyYEeHUEM.

* B cnyyae $oTOHOB M1 YaCTUL, B3aMMOAENCTBYIOLLUX C AAPAMUN Cpebl, He0OXoAUMbIM
YyC/IOBUEM BO3HUKHOBEHUA CUMHTUNNALUMN ABNSETCA NPOXOXKAEHUE Yepes cpeay.

* B cnyyae 3apsirKeHHbIX YacTUL, YCI0BUEM BO3HUKHOBEHWA CUMHTUNANALNIA
ABNAETCA NPOXOXKAeHue Yepes cpeay nmbo B6n3n cpeapbl.

e  CumHTMANAUMA-CNAObIA ONTUYECKUI CUTHAN, NO3TOMY TPebyoTCA
4yyBCTBUTE/IbHbIE GOTONPUEMHUKN NMBO GOTONPUEMHUKM C 3HAYUTENBbHBIM YCUNEHUEM.
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Lead tungstate crystalline material is the most widely
applied scintillator at experiments at colliders

density: 8,28gcm?3; decay time constant-10 ns; Light Yield 200 ph/MeV

CERN-LHC Program

New big projects:

» CMS BTL at HL LHC

* LHCb upgrade at HL LHC

* FCC (e-e)

* Brookhaven lon-e collider
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Development of scintillation in a dielectric material
[P Frarctersucumes |

I Energy conversion: Initial energy release with formation of “hot” t,=1018-10°
electrons and holes
Tl o mm s D Thermalization: Inelastic processes of interaction of “hot” electrons and t,=10"16-102
electxﬁn catterink holes and their thermalization
S . . L
) 3 Transfer to luminescent centres: Formation of excitonic states and t,=1012-10
groups of excited luminescent centers
\ \ .Light emission: Relaxation of excited luminescent centers and emission t, >10°
\ h ihcrmalizationtoH of scintillation light

electrons Capture of electrons

and holes by different
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Developing of excitation in space:
-volume with radius about 0.5 micron
around trajectory
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Interaction of neutrons with nuclei Interaction of gamma-quanta

of some elements with matter
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Parameters of scintillation

E
Y =—2S0 (In a case of gamma-quanta)
BE

g

Scintillation yield:

Kinetics of scintillations: The kinetics of scintillation / (t) is defined as the law
of time variation of the scintillation light intensity, and its magnitude _ f](t)dt

is proportional to Y.

Radio-luminescence spectrum: This is the wavelength (or frequency/energy)
distribution of the scintillation light when the medium is excited by ionizing
radiation.

Photo-luminescence spectrum: This is the wavelength (or frequency/energy)
distribution of the scintillation light when the medium is excited by photons
of energy below the ionization energy of the atoms.

ag Mg - M.Korzhik, Grodno, APMP, 13.08.2018
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Classification of the luminescence mechanisms

CB l!:l‘
hv hv E,
— - _hv
hy
VB
Luminescence mechanisms
| Doped Self-activated Cross luminescence _|
e+h—hy,

e+h—ex—=hvy,
A—A*—A+hy,

e+h+A —-ex+A—A*—=A+hy,
e+h+A —Al*+e—=A*—=A+hy,
e+h+A—(Al)*+h—A+hv.

Mechanisms of the luminescence creation.

| M.Korzhik, Grodno, APMP, 13.08.2018



Classification of the scintillation materials

Scintillator 0, Z../photo Y, T _ Ref.
g/cm3 absorp. coefﬁ., ph/MeV ns nm
511 keV,cm '/
X,,cm

Fluorides

Cross-luminescent materials

LiBaF, 52 49/0.079/2.1 1400 0.8 190,230107

KMgF, 32 14.3/0.0007/8.4 1400 13 140-190107

KCaF, 3 16.7/0.001/7.7 1400 2 140-190107

KYF, 3.6 30/0.011/4.6 1000 1.9 170 107

BaLu,F, 694  63/0.22/1.25 870 I+slow 313 108, 109

BaF, 488  53/0.085/2 1430 0.6 220 110

9950 620 310

CsF 4.64  53/0.086/2.7 1900 2-4 390 111

RbF 3.6 35/0.016/3.6 1700 13 203,234107

Self-activated materials

CeF, 6.16  53/0.11/1.8 4500 30 330 112,
113

Activated

RaVY F_-Ce 497  44/004/2 5 0R0N 45+clow 320 10R 100

More details in: P. Lecoq, A. Gektin, M. Korzhik, Inorganic Scintillators for
Detector Systems, Springer 2017, P.408

b uy s M.Korzhik, Grodno, APMP, 13.08.2018
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The story of the scintillation materials

[ Mixed and codoped single crystalline and ceramics garnets ] |

Search &Engineering
1

[ Alkali-halide materials with mixed anions ]
o=
New alkali-halides doped with Ce and Eu and K 3
materials of selected grade Demands for secyrity, medical
imaging and applied spectrometry,
§ [ Heavy and fast materials for Higgs boson search ] Since 2002
<
2 -
@ [ Pr3*-doped materials ] Demand for fast and heavy materials
for collider experiments, 1985-2000
[ Heavy and fast materials for medical imaging ]
- [ Ceramics ] Demand for high spatial resolution medical
imaging, Since seventies of the last century
[ Cross-luminescent materials ]
[ Ce**-doped materials ]
oy
% - [ Self-activated materials ] Active spin off transfer from solid state
2 lasers development (1960-1985)
A [ First rare earth Eu 2* activator ] \
[ Alkali-halide scintillation materials ]

[ Light output to energy deposit proportionality ] 4[ Era of the atomic projects (1945-1955) ]

Mg . e M.Korzhik, Grodno, APMP, 13.08.2018
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Major trends and results. New Eu doped alkali halides

Crystal p Lum LY R,% | Decay, ns | Hygroscopicity 2000
glem? | A, nm | phiMev | Cs'37 V
Light output = 97,000 ph/MeV
Cal, :Eu* | 3.96 467 | 110000 | 52 1000 strong 1500 Energy resolution = 3.4 %
Srl, :Eu?* 4.55 435 | 115.000 | 2.6 1500 strong :“g
Ba,Csl; :Eu** | 49 435 | 102.000 | 2.55 | 383; 1500 medium § 1000 BaBri:Eu
SrCsl, :Eu?* | 425 458 73.000 | 3.9 2.200 medium ;@: \
BaBrl:Eu>* | 52 | 413 | 97.000 | 34 500 low = 5004 ’ l
LaBr;:Ce** 53 |[356,387 | 75.000 | 2,6 16 strong \
. Cs sox]m:e | \ I ﬁj \'
10000 0 1000 2000 3000 4000 5000
Pulse height spectra of BaBrl:Eu scintillators (137 Cs source)
8000 Light output = 100,000 ph/MeV
Energy resolution = 2.35 % Wavm.:%h (nm) w00
E 6000 — = BaBrl:Eu |
s CsBa Eu 2 ! | .
Z wom- | Lo Overlapplr?g
g ,n o : of absorption
2000 - ‘ |‘ £ 00 I‘"\. - and
| 02 .
Os souree Vi 0 luminescence
0 1000 2000 3000 4000 5000 1 . BaCsl;:Eu.

Channel number %5 s ;' ‘ ’ Spectra Of
£ Eu2+ in alcali
£ o halides

Pulse height spectra of CsBa,l::Eu scintillators * \\
(137 Cs sour‘ce) ? 4 38 36 34 Es,z ‘;:/) 28 26 24 22
|||| C M.Korzhik, Grodno, APMP, 13.08.2018
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Mixed crystals

" 5.6%
10 =
44 GYGAG(Ce)
|72} 3
E 103 Srly(Eu)
g
103
3
: T | I T T I
800 900 1000 1100 1200 1200 1400
Energy (keV)
Scintillation parameters of main elpasolites for neutron detection
CLYB CLYC CLLC CLLB CLLBC
Light yield,
gamma, ph/MeV 24000 20000 35000 45 000 45 000
neutron, n/MeV 90 000 70 000 110 000 150 000 150 000
ER, % @662 keV 4.1 40 34 29 3
Emission, nm 410 370 380 410 410

First GYAGG ceramics, obtained in NRC “Kurchatov Institute”

First GAGG crystal, was grown in Russia

Toward the multicomponent materials for scintillators!

M.Korzhik, Grodno, APMP, 13.08.2018



Toward the best time resolution.
Binary crystalline systems versus mixed crystals

Engineering of scintillation materials

Conduction band Conduction band

Variationof £,

Valence band
Binary crystal Mixed crystal with band gap fluctuations

Flat bottom of the conduction band. Modulated due to disordering bottom of the
Fast migration of excitations. conduction band. Slower migration of excitations.

M.Korzhik, Grodno, APMP, 13.08.2018



Engineering of electronic excitations transfer process

Need for appropriate codoping in mixed GAGG and LYSO crystals

GAGG: Ce,Mg
4 shallow based Ce”
CB traps defect  Gd" % Tossev
6t
34 5
4 @
:
2
1k
Ot
1t

N W B~ O OO N

LYSO: Ce, Ca
Ca

] shallow based Ces+
CB traps ~ defects ~ 5d—075ev

KX 5d]

N

5.2eV

g

Energy-level diagram for GAGG crystal doped with Ce and codoped with Mg (a) and for

LYSO doped with Ce and codoped with Ca (b)

M.Korzhik, Grodno, APMP, 13.08.2018



Control of scintillation rise time
Ce’* luminescence rise in GAGG solely doped with Ce and codoped with Mg

-
>
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s T T 3 ..
= o f :
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C = r - GAGG: Ce
<o 2k 4 - - - GAGG: Ce, Mg ]
C ﬂc_’. - 4 @343nm
: =k - GAGG:Ce |
o T | ., ., . 4 —0GAGG:Ce Mg
0 4 8 12
Time (ns) |
0 2 4 6 8 10 12
Time (ns)

The initial part of photoluminescence response to a short excitation pulse
at 343 nm in GAGG:Ce without (green) and with Mg codoping (blue).
Instrumental response function is also presented

M. Korzhik, G.Tamulaitis et al. Excitation transfer engineering in Ce-doped oxide crystalline
scintillators by codoping with alkali-earth ions, phys. stat. solidi (a), 1700798 (2018)

M.Korzhik, Grodno, APMP, 13.08.2018



Probing of the nonequlibrium carriers absorption in dielectrics

Intracenter transfer A\ FCA-probing of the
. populating of the Ce3+
Transfer to matrix . .-
g radiating level .
CB Differential absorption

signal at certain wavelength

at time prior excitation and

different delay between

excitation and probing
is measured

Transfer from crystal matrix
to Ce3+

« Excitation of Ce3+ in 5d1

Ce3+ ground level

Vilnius Uni has sophisticated
bench, based on 200fs laser

to carry on measurements of
FCA

VB (See reports of Prof. Gintautas
Tamulaitis at BTL meetings)

I"I . ‘,;-.'. M.Korzhik, Grodno, APMP, 13.08.2018
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Dynamics of the populating of radiating level of Ce3+ in GAGG crystal

Cut of spectrum
~ 1000
E 100 . s
:g 10 10}
% 1 - .
g os >
—0.2 -Q- 0.8 B
4 —
1'6Probe1p;l§oton enzergy(e%/i2 \(_U/ 0 6 |
©
10000 cC
~ 1000 C_D 04+t Sample
g 7 Ce
© 100
g < o2F | —10ppmMg pump@3.63eV |
g 10 0 ’ — 25 ppm Mg b 1.4 eV
3 j 50 ppm Mg probe@1.4 e
g oo 0.0
05

T et 10125 10 100 1000
Probe delay (ps)
Difterential absorption of Ce-doped (a) and Ce,Mg-codoped
Differential absorption kinetics at 1.4 eV
of GAGG samples with different level of

codoping pumped at 3.63 eV

(b) GAGG as a function of probe photon energy and delay
between pump and probe pulses at pump photon energy
of 3.63 eV. Note the scale change from linear to logarithmic

at 1 ps.

.- M.Korzhik, Grodno, APMP, 13.08.2018
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Materials of interest: scintillators on a base of Ce-doped
inorganic crystalline oxides

Most of the oxides are multifunctional materials:

* have applications in medical imaging and industry;

* technology is well developed, a few suppliers are available for each crystal
* technology is well developed, no additional investment is required,;

* easy handled and radiation tolerant

Scintillator 0, Z../photo absorp. coeff., 511 Y, Tyes Ayars
g/cm’ keV,cm/ X,,cm ph/MeV ns nm
IGd,ALGa,0,,:Ce 6.67 50.6/0.12/1.61 46,000 80 520
800
Gd Y),(Al-Ga),0,,:Ce |5.8 45/0.08/1.94 60,000 100,600 560
Y,ALO,,:Ce 4.55 32.6/0.017/3.28 11 000 70 550
YAIO,:Ce 5.35 32/0.019/2.2 16 200 30 347
Y,Lu,,) AlO;:Ce  [7.1 60/0.21/1.3 13 000 18/80/450 375
ILu,SiO :Ce 7.4 66/0.28/1.1 27 000 40 420
Lu-Y),Si0.:Ce 7 60/0.20/1.35 30 000 37 420

More details in: P. Lecoq, A. Gektin, M. Korzhik, Inorganic Scintillators for
Detector Systems, Springer 2017, P.408

ag Mg - M.Korzhik, Grodno, APMP, 13.08.2018
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MIP detection

lonization losses per 1 mm of the media for 10GeV e and 50Gev T

| Material______ | Densityp,g/em? | dE/dx @ e, MeV/mm | dE/dx @ i, MeV/mm
Plastic scintillator 1.032 0.154 0.154
(vinyltoluene based)

4.55 0.591 0.589
4.80 0.614 0.612
5.50 0.708 0.705
6.63 0.808 0.804
7.4 0.879 0.873

Lu, .-Y, ,),SiO. (LYSO 7.2 0.85 0.85

Light output per MIP (10GeV e’ per 1 mm in different scintillation materials

m LY, Ph/MeV dE/dx @ e, MeV/mm Yield, ph
per 1 mm per MIP

(vinyltoluene based)
11000 0.591 6500
30000 0614 18420

YAIO; (YAP) 16000 0.708 11350

46000 0.808 37200
27000 0.879 23700
(LU Yo 2)>S10: (LYSO)~ le{o[o]0]0] 0.85 25500

M.Korzhik, Grodno, APMP, 13.08.2018



Time and energy resolution at 511keV

s

IS N D

GAGG:Ce, Mg, Ti
Energy resolution at 511

o,
keV, % FWHM 72 70 6.8
LYSO:Ce, Ca
Energy resolution at 511
0,
keV, % FWHM 82 83 86

M.Korzhik, Grodno, APMP, 13.08.2018



Light yield at different temperatures.
LSO gated light yield at different T

7000

6000 . ®
,ﬁ 5000 ®
i 4000 . . 45C
a.. T=-45
£ 3000 AT 20 C
Z 2000 BT=0C
;i 1000 OT=+20C
- 0

0 200 400 600 800

Time gate, ns

LSO:Ce light yield measured within
different time gates in the temperature
range from +20 to -45°C.

Sample size 10x10x1 mm?3

1000

1.20 *T=-45C
LIS AT=20C
£ 110 BT=0C
S 105 ®T=+20C
S Loo | B ’ ! !
= 095 | 6
= 090
= 0.85

0.80

0 200 400 600 800 1000

Time gate, ns

LSO:Ce light yield normalized to that at 20°C,
measured within different time gates

in the temperature range from +20 to -45°C.
Sample size 10x10x1 mm?3

M.Korzhik, Grodno, APMP, 13.08.2018



Light Yield at different temperatures.
GAGG:e, Mg, T1 gated light yield at different T

3000
2500
» 2000 t
= |
g : °
z. 1500
[ J
s a *T=-45C
= o
g 1000 & AT=-20 C
3 500 "T=(C
eT=+20C
0
0 200 400 600 800 100

Time gate, ns

GAGG light yield measured within different

time gates in the temperature range from

+20 to -45°C.
Sample size 10x10x1 mm?3

LY, a.u.

1.25

1.20 ® 4

* T=-45 C, R2059
1.05 AT=-20 C, R2059
B T=0 C, R2059

©T=+20 C, R2059

0 : 1000
Time gate, ns
GAGG light yield normalized to that at
20°C, measured in different time
gates in the temperature range
from +20 to -45°C.

Sample size 10x10x1 mm?3

®
®
®

1.00

V.Korjik, V.Alenkov, et.al.,,NIM A 871(2017)42-46

M.Korzhik, Grodno, APMP, 13.08.2018
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Toward an increase
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Protons (Central Region, Tracker+Calorimeters)
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Global trend in modern collider experiments:
to replace plastic scintillators by more radiation hard materials

Essential problems of the plastic matrix:
-damage under irradiation by hadrons and the products of nuclear reactions;
-low energy deposit by MIPs

Radiation induced coefficient spectra

—Dose = 2180 Gy

—Dose = 5500 Gy

—Dose = 8360 Gy

—Dose = 10000 Gy

—Dose = 15850 Gy (1 minute after irr.)
---Dose = 15850 Gy (20 days after irr.)

30

0 m’—“& “““ : ‘ :;1
90

500 600 700 800
wavelength, nm

0

Radiation induced coefficient spectra

—Sample#1 (before Pb) after Proton irradtiation

~

20

( \- - Sample#2 (after Pb) after Proton irradtiation

15

dk, m!

10

400

500 600 700 800 900
wavelength, nm

Induced absorption in

EJ200 after irradiation at = 400 F _—
RT with ¢°Co at different S 90 ] f;}ﬁ
exposed doses S 8 g s
& 70 7[]
e
SN I
50 ¥
a0 - }jr’*
0 b /
Induced absorption in 20 - :
EJ200 after irradiation with 10 ¢
KVI (Groningen) at the S i T O N ST T Y O I
ﬂuence Of 5*1013p/cm2 300 350 400 450 500 550 600 Gi’?’azg(l)e;;(t)hfg:‘)n

Polystyrene BASF 165 H+1.75%PTP+0.05% POPOP,
h =3 mm, 24 GeV protons: 5x10'* (green),
blue-1.3x10° (blue), red-3.1x10% p/cm? (red).
Courtesy of LHCb Collaboration at CERN

V.Dormenev, K.T.Brinkmann, M.Korjik
et al., Journal of Physics: Conference
Series 928 (1), 012035

M.Korzhik, Grodno, APMP, 13.08.2018



IRRADIATION WITH FAST NEUTRONS

Essential difference from the damage under protons — induced light scattering
come up!

EJ200 Plastic Scintillator at 780 nm

1" ENRR SRR R — — T—

o [aim] -

U2 1| E— ............................................................................................ ........................................... .....................

Transmission (%)

: Data from M.P. Taggart University of Smrey
IEEE NSS N29-25

2] NS S, S T - A—

0||||||i 1 |||||||i 1 lIIIIIIi 1 |||||||i 1

1 14 1 15 1 16 1 17
0 Irradiatolon - Neutron Fluenceo(n/cmz) 0
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Impact of radiation damage effects from different components of
ionizing radiation on energy resolution of ECAL detecting module

Aphot

o(E) _ a

E E

Time resolution

LY

@ﬁ@c
E

N\,

deterioration

& photo receivers loading

due to parasitic

radio-luminescence from

radio-isotopes

Noise (electrons) 1 dLY 5

C~—=—F—0z

LY ( pe LY 0z

MeV

Essential effects Y- Charged | Neutral
quanta | hadrons | hadrons

Change of the thermodynamic v v v

equilibrium due to creation of

colour centers

Creation of new defects and +/- v v

dedicated colour centers

Creation of non recoverable v v

damages

Change of the material v v

composition due to nuclear

reactions (radio isotopes and

fragments)

M.Korzhik, Grodno, APMP, 13.08.2018
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Damage under ionizing radiation

Point defects due to crystal growth

1000

Stars created by fission products

o0 o0 oo ooo000E —&— After iradiation OX0xz
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Set of isotopes identified in PWO crystal : measured activity
4 months after irradiation and the extrapolated values at
24 h and 7 months after the end of irradiation.
Point defects and their clusters which are created by knocked ions
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List of the scintillation materials studied

Y-quanta
60Co(1.22MeV),
absorbed doses 10-2000Gy

PWO, PWO-II
LSO:Ce(LYSO:Ce)
LUAG:Ce

BSO

PbF,

BaF,

GSO:Ce

YSO:Ce

YAG:Ce(Pr)

YAP:Ce (Pr)
DSB:Ce(glass and glass-
ceramics)

Y,0, (micro-ceramics)
LiF

24 GeV reactor
& neutrons
150 MeV protons
PWO, PWO-II PWO, PWO-I
LSO:Ce(LYSO:Ce)
LUAG:Ce There is not too
BSO much of available
PbF, Information up to
BaF, now
GSO:Ce
YSO:Ce May be also
YAG:Ce(Pr) interesting for:
YAP:Ce (Pr) (1) well logging
DSB:Ce(glass and glass tools;
ceramics) (2) Detectors at
Y,0, (micro-ceramics) spallation
LiF sources.

M.Korzhik, Grodno, APMP, 13.08.2018 29



Damage of the optical transmission of PWO crystals under
gamma-irradiation and high energy protons

90 90
80 - //:_ﬁg_ﬁ___ww 80 -
70 - : 70 -
60 - 60
2 50 - S0

«

= 40 - =40
30 - 30
20 20

10 - 10

0 1 T T 0 x T T T
300 500 700 300 400 500 600 700 800
wavelength, nm wavelength, nm

Change of the longitudinal transmission of 22 cm long PWO crystals after irradiation
with Y-quanta (60Co, 1000Gy) and 24GeV protons with fluence 3,6 - 103 p/cm?2.

M.Korzhik, Grodno, APMP, 13.08.2018 30



Recoverable and unrecoverable damage of the optical transmission of PbWO,
crystals under irradiation with 24GeV protons

Spontaneous Thermally stimulated
Longitudinal transmisison of PWO11333 after proton irradiation Longitudinal transmisison of PWO11992 after proton irradiation
100 Room temperature recovery 100 Recovery @300°C
80 80
T O T
~ ﬂmmm i W
S L 1
S’ e '
g 60 = 60 z A
" = U4
- 1
Z 40 @ 40 A/,
5 ¥ | —O0— Initial transmission 5 »
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0 ¥ T 0 —@— 82h after heating @300°C
|  Siheibliad -
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Non recoverable part of the transmission which is caused by unrecoverable defects

Recoverable part of the transmission which is caused by single defects and clusters
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Comparison of damage of inorganic crystalline, glass and glass ceramic materials
doped with Ce after irradiation with 150MeV protons and Y- irradiation

YAG:Ce LUAG:Ce
20
0200 400 600 800
E, s wavelength, nm —é' ! ‘
) é 00 wavel?l)l%th nm800
N
e N ——
wavelength, nm
H DSB:Ce glass 3 DSB:Ce glass ceramics
12 25
11.
10 20
z 5
%Z 18
2. =
(1)1 5
-1 380 480 580 680 780 880 0 T ; ; T
wavelength, nm 380 480 580 680 780 880

wavelength, nm

Induced absorption in several Ce doped inorganic scintillation materials:
e after Y-irradiation (60Co, 1,2 MeV, 100Gy),

* in 3 months after 150 MeV proton irradiation
* repeated Y- irradiation

M.Korzhik, Grodno, APMP, 13.08.2018 32



Garnet crystals doped with Ce3*- are the most tolerant to irradiation
scintillation materials

YAGICe~ Sample 2948 Luminescence band
g100: iemiskion 140 2 gy
S g0 = ipeak - o
2 E : = 120 <
E 80f y f'li - g 2
g _f 4 [ : :
= 70F ; S 100 S
F H = § 1
60 3 Z
= S 80 Z
50 |- 'E é 1
: > =
= 60 =
40 5 2
30L £ !
1.5 2.0 25 3.0
= // v g 40 Energy, eV
20 | £ before irradiation = =
16 & Z 2948 - after protons 1x10"* E 20
- /,:’I j ——————— 2948 - after protons 5x10"* m‘
= 1 I 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
9 300 400 500 600 700 800 0 T '
Wavelength [nm] 15 20 25 30 35 40 45 50 55 60 65
Energy, eV
Transmission spectra of YAG:Ce 1 cm thick sample measured Proton-irradiation-induced absorption spectrum of a YAG:Ce
before irradiation and in one month after irradiation with 24 GeV sample , fluence 5-:10'%p/cm2

protons with fluence 1.10'* and 5,10 p/cm?.

M.Korzhik, Grodno, APMP, 13.08.2018 33



Radiation damage. GAGG:Ce+codopings induced absorption
after proton irradiation

GAGG:Ce+codopings luminescence

[
-

dk, m-1
S = D W B O &N 0 0 O
*

40006

450 500 550 600 650 700 750 800

wavelength, nm

Spectrum of induced absorption in GAGG:Ce,Mg,Ti after 24 GeV proton irradiation
at fluence of 3:10*% p/cm?. ( Courtesy of LHCb Collaboration)
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Lightweight of the material brings less radio-isotopes after
irradiation with hadrons

PbF, PbWO, (Lt 5-Y0,):5105:Ce (1at. %) Y,Si05:Ce (1 at. %)
[Nuclide Halflife, days | Activity, Nuclide Halflife, Activity, Nuclide Halflife, days | Activity, Nuclide Halflife, days | Activity,
Bq/unit days Bg/unit Bq/unit Bq/unit
Be-7 5,31E+01 3,12E+05 | Be-7 5,31E+01 1,17E+04 | Rb-83 8,62E+01 4,85E401 [Rp-83 3,62E+01 7,67E+02
Sc-46 8,38E+01 1,29E+04 | Sc-46 8,38E+01 5,30E+02 s IRETOT T Rb-84 3,28E+01 3,57E+02
Cad7 754 1,70E702| o ABET 23E+02 | g a a
[V-23 T.60E+01 | 4,36E+03 | V-48 T60E+01 | 1,74E+02 | Y-88 LOTEX02[  3,55E+02 ?{585 ?3?58; §§§§+8§
Mn-54 3136102 | 461503 | Mn-54 3,12E+02 | 1,83E+02 -
M54 ENE I NS . T ToEor| 258 834E 01 1.32E+02
Co-38 708E+0L | 1,37E+04 | Co-58 T,00E+01 | 436E+02| Lm-158 93IEFOI]  1,47E+02
Fe59 446101 | 121504 | Fe59 4456401 | 3.136+02 | 2169 320E101|  6.81E+02
Lu-171 8,24E+00 4,43E+02
060 1924889 | 880E+02 Tu-T72 G.70ET00|  2,63EF02
Zn65 244102 | SAOET03 | Zn-65 SHAET02 | 2336102 | oo N T
[As74 1,78E+01 | 2.10E+04 | As-74 L78EROL | 3,50B+02 | [\ 7emammaly | T38EF 13| 1395502
Se-75 120E+102 | 3,99E+04 | Se-75 1205102 [ LI2EF03 | |ecent)
Rb-53 S60ET0T | 4,1TET04 | Rb-83 862ET01 | 8775102
Rb-34 3285701 | 2215702
S-85 648E01 | 4855704 | Sr-85 6,4SE+01 | 1,38E+03
Y88 T.07EF02 | 2.27EF04 | Y-88 TO7E+02 | 5,39E+02
7538 83AET0L | 3,72E704 | Zr-58 S34E+01 | 1,2E+03
[Nb-95 3,50E101 | 4,45+04 | Nb-95 3.506101 | 4805102
7195 6,40E+01 | 1,50E+04 | Zr-95 6405101 | 2,205+02
Ru-103 3,03E+01 | 4,6E+04
Ag-105 4,13E+01 | 3,27E+04
[Ag-110 2,50E+02 | 3,15E+03 43.2 GeV/ 6.4 GeV/(s-cm3) Total energy,
Te-121 T,68E701 | 4320704 | Te-121 T,68E701 | T,AOET03 . f
X127 3645701 | 6276704 [ Xe-127 3646101 | T.96E103 . 3 f dGPOSItEd in
Ba-131 T,ISE+01 | 1,56E+03 (S cm ) rom B+Y
Ce-139 T38ET02 | 2,14E704 | Ce-130 138E+02 | 1,77E+03 1cm3
Prm-143 2656702 1705704 | Pm-143 2,65E+02 | 6,75E+02 f H .
Eu-146 4,59E+00 | 1,01E+06 | Eu-146 4,50E+00 | 3,76E+03 rom ﬁ"'Y emitters by induced
Gd-146 483601 | 5,15E+03 0 . .
Eu-147 2A0E+01 | 8,00E+04 | Eu-147 2,40E+01 | 2,95E+03 emitters rad|0|sotopes
Eu-148 545E+01 | 246502
Yb-169 3206101 | 1716705 | Yb-169 3205101 | 9.77E+03
o171 824ET00 | 2,81ET04 | Lu-171 S24E+00 | 2,07E+03
o172 6836702 | 1,57E704 [ Lu-172 6836700 | T,62E703
Lu-173 5.00E102 | 3.46E+04 | Lu-173 5,00E+02 | 3,06E+03
AF175 7006101 | L43E705 | HE175 7,00E+01 | 1,62E+04
Ta-182 TI4ET02 | 1265704 | Ta-182 T.I4E702 | 2,80E+03 I . . .
Re.T83 7006701 | 205605 Set of the radio-isotopes generated in some inorganic
Re-184 3805101 | 8025102 .. . . . . .
05183 9366701 | T,78E705 [ 05185 9.36EF0T | 2006703 scintillation crystals after irradiation with 24GeV protons
Ti-202 122E+01 | 2.86E+05 | TI-202 1.22E+01 | 3,61E+03 .
Bi-205 1,53E+01 | L5IE+05 | Bi205 1.53E+01 | 1,95E+03 with fluence 3.1013 p/cm2
Bi-206 G24EF00 | 4,30E100
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Lightweight of the material does not mean tolerance
to radiation

700

600 - ,

500 A

400

dk, m-1

300 A

200 u
h A/\/_\

200 300 400 500 600 700 800 900

wavelength, nm

Comparison of induced absorption in LiF crystal after
irradiation with 150MeV protons (green ) and Y- irradiation (red)
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From single crystals to composites

Key points-  Proper choice of the dimensions of the grains;
Proper packing and gluing of particles.

nght guide ;EE :/E

Sylgard-184

| —— 0 Mrad

50|
a0f
30}/

1 8,63 Mrad
| —— 19,7 Mrad

T,%

YAG:Ce composite

33,1 Mrad
| ——43,0 Mrad

| ——90,6 Mrad

i1 14 1 1 i i 1
300 350 400 450 500 550 600 650 700
Wavelengths, nm

Change of the 1mm thick polymerized glue transmission at
Irradiation wit gammas *Courtesy of A.Gektin and A.Boyarintsev)

lllumination with 390nm light of YAG:Ce single
crystal/quartz YAG:Ce composite/quartz

N29-12 Single Crystalline and Composite Scintillators for Hadron Calorimetry at High Luminosity LHC
M. Lucchini', E. Auffray’, A. Fedorov?, ]. Houvicka®, M. Korjik?, D. Kozlov?, V. Mechinsky?, M. Niklé, S. Ochesanu®
!CERN, Switzerland; *RINP, Belarus; >"CRYTUR, Czech Republic; *Institute of Physics, Czech Republic
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YAG:Ce scintillator versus YAG:Ce/quartz composite

Light Yield - *'Am Source
- vAG Conpost coner » Uniformity study performed using a
|- G Conposto - comer ~ 3 mm thick Aluminum collimator to
irradiate separately the center and the
corner of the scintillator volume.
» Composite scintillator shows a a small
decrease of light output, about 10%,
when excitation is close to the corner.

Light Yield - 2'Am Source

+ YAG Single Grystal - center
—}— vAG singe Cysta - comer

» Uniformity study performed using a
~ 3 mm thick Aluminum collimator to
irradiate separately the center and corner
of the scintillator volume.

» Single crystal show good uniformity of
light output to 59 keV ~y-rays from
241Am source and variation of response is
within ~ 1%. B R

Relative Counts.
Relative Counts

SEEEEED 15

=

100 120 140 160 180 200
Light Output [photoelectrons]

» Irradiation with 24 GeV protons » Before irradiation, response of composite

Single crystal light output to a-particles . Composite light output to a-particles

An-241 source ] performed at CERN PS to a fluence of 1] Am 241 source ' to alpha particles is smaller than single
_‘aﬂer‘pr‘oton 13 =0 & 9 _‘aﬂerprpton I~
irradiation 7 x 10*° cm~*. Both single crystal and irradiation crystal due to surface energy deposition
befors composite were placed after a 15 cm PWO w combined with a strong bulk attenuation.
crystal to emulate effect of secondary > After proton irradiation composite
particles due to absorber in real calorimeter. . scintillator shows a drop of light output of
» A drop of about 7% in light output is about 30% most likely due to a darkening of
I observed for single crystal and small increase T the optical glue due to interactions of

Lot iad e in radioactivity of the sample (background). g Ve el protons with light elements (H,C).

——before
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On the way to prevent damage of photo-sensors.
Two—photon absorption probing of the radiation excited media

Elastic polarization of the dielectric due to the local lattice distortion caused
by the displacements of electrons and holes generated by the ionization.

Spatial separation of holes and electrons
leads to creation of electric field which
distortscrystal lattice.

Fragment of track of the ionizing particle

O electron @ hole

This local distortion in the lattice results in
redistribution of the density of states (DOS) of
electron in the conduction band in close vicinity of
the hole.

The key feature of the elastic polarization:
short response time

* One-photon absorption is not convenient to explore changes
in the DOS due to strong absorption of single photons via
electronic transitions between valence and conduction bands.

* Two-photon absorption becomes preferable due to change

VB . . .
| e of the selection rules for interband transitions

10714 10712 ¢t

sec sec M.Korzhik, Grodno, APMP, 13.08.2018 .



Two—-photon absorption in PWO

Two photon(2,97+3.16eV) absorption in 1 cm thick PWO .
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E. Auffray, O.Buganov et al., New detecting p—
techniques for future calorimetry, Journal i
of Physics: Conf. Series 587(2015) 012056 Experimental bench for 2 photon absorption

measurements
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Spectra of differential optical transmittance in PWO induced by
500 mJ/cm? pump at 395 nm
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Pump polarized along the crystal axis b (blue lines) and polarized at 75" to the crystal axis b (red lines)
under (dashed lines) and without (solid lines) gamma irradiation. Delays of probe pulse are indicated.

E. Auffray, O. Buganov, M. Korjik, A. Fedorov, S. Nargelas, G. Tamulaitis, S. Tikhomirov, A. Vaitkevicius,
Application of two-photon absorption in PWO scintillator for fast timing of interaction with ionizing radiation,
Nuclear Instruments and Methods in Physics Research Section A, 2015.
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Sketch of the detecting module ,exploiting two-photon absorption

The second harmonic of their radiation can be used to produce the light in the
wavelength range of 500-530 nm, which is optimal for PWO.

Emitter
&
Pulse
analyzer

1. Fibers can have different
refraction index to

control light speed

2. Fibers can be also
scintillating

bunch

of laser
Ur”\ pulses 3. Registration can be
|

|5 Fiber managec.i in aregime
of standing or
20 n n n n n travelling wave

time, ns

= >
Arrival to detector 1ps time, ps

The light propagating along the scintillation crystal and reflected from the front face
of the crystal could be used to observe the two-photon absorption.
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LHC EXPERIMENTS

fRepIacement of the plastic scintillator by
GAGG crystal in the part of the detector

~

Détecteur close to beam plpe
P . LHC'B
,\
\ 3 .'7\.".-:: \:-'-'—'/ j
i -;.ﬁ&}ij =
s LHC - B
: mﬂ&Point 8
Y L

Incorporation in the detector of the thin
crystal layer —Barrel Crystal Layer
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Barrel time layer at CMS

Particle-flow Event Reconstruction

Fost Taming for Callidor Dotoctors - CERIN Acodomic Training Progrom

Courtesy of CMS BTL group
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CRYSTAL CLEAR COLLABORATION (RD18) at CERN:
Scintillation materials development

CRYSTAL 2000

Crystal Clear is a driving force of the “SCINT” Conference Series since beginning

L] uy _,_. M.Korzhik, Grodno, APMP, 13.08.2018



Research group from INP BSU is active for 30 years in the
scintillation materials development for detector systems
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Mpon3BoAcCTBO CLUHTUANALMOHHBLIX MaTepuanoB. CocToAHUE PbIHKA U
OCHOBHbIe NPoU3BOAUTENMN.

Glasses

Microcomposites
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Chinese

Nanocomposites
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