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W.C. Roentgen, Science 3, 227 (1896)

ON A NEW KIND OF RAYS.*

1. A piscEArGE from a large induction
coil is passed through a Hittorf’s vacuum
tube, or through a well-exhausted Crookes’
or Lenard’s tube. The tube is surrounded
by a fairly close-fitting shield of black paper;
it is then possible to see, in a completely
darkened room, that paper covered on one
side with barium platinocyanide lights up
with brilliant fluorescence when brought
into the neighborhood of the tube, whether
the painted side or the other be turned
towards the tube. The fluorescence is still
visible at two metres distance. It is easy
to show that the origin of the fluorescence
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Nal:Tl, Csl:TIl - the first single crystal scintillators

Introduced at the end of 1940’s oo00 ;? '

Alkali Halide Scintillation Counters Scintillation
RoBERT HOFSTADTER
Princeton University, Princelon, New Jersey ‘ ﬂaShes Of ‘looo
Mayv 20, 1948
- medium density and good Z about 1 ps

(0=3.67,4.51 g-cm>, Z = 50.8, 54)
©

cheap materials, Czochralski or Bridgman
growth technique easily applicable

High light yield 40 000 — 60 000 phot/MeV
®
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S

8

relatively slow response (300 ns, 1000 ns), worse energy resolution,

Nal: Tl hygroscopic

Yet today, widely used in many industrial applications (Nuvia

a.s. 1n Kralupy n/VIt. produces Nal:T1)



Single crystals of
Nal: Tl

Grown by a Bridgman
method in ceramic crucibles,
crystals up to 4 inch are
readily available

Nuvia a.s., Kralupy n/VIt.

Nal(TI) scintilaéni krystaly, modely SKG a SKW

Thialiem dopowand knystaly jodidu sodného jsou nejfastd)i poufivans enorgaricks scinBlatony urfend k detekci gama zafeni. Vadle jgjich primamibo poudit pro detekei 2 spekircmeatni
gama zafeni, sa tyto scintildtony take pouifivaj pro detekel mékkaho rentgenoveho zafeni. Diky jejich weleimu swéteinému widzku, weoks detekini Uéinnosi a dobrému enengetickemu
roglifeni jsou tylo scintildtony hojnd pouiivany v biclogs, 18kafskych aplikacich, gaologii, v radionuklidowch primiyslovych apikacich, monitorovani Zivotniho prostiedi atd.

Samoting knystaly jodidu sodného jsou vyrabény 22 surove iavening pougitm pedive a piiesné kontrolovans techniky risiu. Wypésiovans ingoty jsou nésledné cpracovany do standardnich
rozmén. ProtoZe je jodid sodny silnd ygroskopicky, musi byt knystaly hermeticky uzevieny - zapousdfeny. Luminiscendni swvételny wstup je zajistSn plednim sklenénym ckénkem, kians
& coticky spojeno s krystalemn. Zbywajci &8st krystalu jsou poknyty reflexni wrstvou



dia.40mm th=2mm (Nuwa RT, Xray 40 kV, 15 mA)
1,410° T ‘ ‘ :
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Luminescence of Nal: Tl crystals

Radioluminescence spectra Nal:Tl,
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PLE spectra — absorption band of the TI-monomer
center at cca 290-300 nm (A-band, transition 1S0-
3P1) and 250-255 nm (B-band, transition 1S0-
3P2), whereas for the dimer centers (diff. spectrum
in figure) they are at 310 nm and 258 nm,
respectively.



) Luminescence
of Csl: Tl

08 ]
2, Coexistence of three
v excited state minima
o of Tl+ center
oo i *‘ﬁ B ikl | hil
350 400 450 500 550 600 650 Nikl et al, Phil. Mag.

wavelength [nm]

B67, 627 (1993)
b

Coexistence of two pairs of TI*-like and perturbed exciton minima at APES -
new model of luminescence of Csl:Tl (Nagirnyi et al, CPL 227, 533 (1994)



Scintillation 182
Semiconducting 147
Thin-film 190

Scintillatio 145
Semiconducting 86
Thin-film 39

270
Scintillation 239

Semiconducting

TO

Scintillation 81
Semiconducting 116
Thin-film 8
TOTA 205
Scintillation 83
Semiconducting 13
Thin-film o
TOTAL 96
Geophysical: 109
Scintillation 138

Semiconducting
TOTAL

@ NanoMarkets 2011

190
161
191

542

151
Q6
38

285

252
97
415
764

85
128

221

88
15

103

114
151

Exhibit E-3 Worldwide Radiation Detector Revenues by Application (5 Mil

198
177
192
567

157
106

38
301

266
106
398
/70

89
141

239

92z
17

109

119
165

210
194
194

598

167
118
38
323

284

115
382
781

o4
155

258

223

210
209
642

177
130
41
348

303
122
413

8338

100
167

10
277

104
21

125

134
196

236
232
225
693

187
145

44
376

323
133
446
902

106
185

11
302

111
24

135

142
215

256
254
242
752

202
161

47
410

349
144
481

974

115
203

11
329

120
27

147

154
236




Radiation in Medicine Diagnostics Basics

Conventional X-Ray Diagnosis

by
Screen / Film Combination

Future X-Ray Diagnosis
by
Computed Radiography System

w-ma TUSE : E'!:l: o

FILRA PROCESSR

-

FILE RO

X-EAaY TUBE

CRT MONITOR

LASER
PRIMTER

IMTEGRATED
MAGE READER

-

PATIENT
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From: Fuji Medical Systems




Z0kU HWD:12mm

Digital radiography

Vapour deposited
column-shaped Csl:Tl.
Diameter ~ 3 um,
length > 0.5 mm.

7 addressing
/ readout




Afterglow suppression in Csl:Tl
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Afterglow profiles of Csl:TI*,Yb?*
crystals after X-ray pulse
excitation (higher Tl
concentration helps further — red
curve)

Various codoping strategies were
studied (Eu2+, Sm2+, Bi3+) to
diminish the afteglow, but LY has
been suppresssed as well .....

Wau et al, CrystengComm 16, 3312 (2014)

Positive role of Yb?* codoping in the
afterglow suppression in Csl:Tl crystals
was found. In the optimized composition,
the Csl:TI*,Yb?* crystal has so far
exhibited an ultra-high light yield value of
90,000+6000 photons/MeV, energy
resolution 7.9% at 511 keV and
suppressed afterglow level down to
0.035% at 80 ms.



Bright halide scintillators in

security applications

Around 2000 — LaX3:Ce (X = ClI,Br), in 2008
rediscovered Srl2:Eu2+, now CeBr3 (low intrinsic
radioactivity)

O Ternary bromine and iodine compounds are
searched! (CsBa2l5:Eu, KCal3:Eu), In+ doping?

O Anion-mixed elpasolites - Cs2NaYBr313 and
Cs2NalLaBr3I3

Radiation pl monitor

Group of P. Dorenbos and C. L. Melcher have been most active in this field

Crystal Density Bandgap  Ce** (Eu?") 5d-4f  Ce*' (Eu?*) 4f-5d  Ce (Eu) conc.  Scintillation decay LY Energy res. [%]

[gem™) [eV] emission [nm] absorption [nm] [mol%] time [ns] [10* Ph MeV~] @662 keV
LaCl;:Ce 3.86 7 337,358 243,250,263,274,281 10 24 (60%) 50 3.1
LaBr;:Ce 5.03 5.6 355,390 260,270,284,299,308 5 16 70 2.6
Luly:Ce 5.6 nr. 475,520 ~300,390,419 0.5 <50 (50%) 42 (0.5 ps) 51 (10 ps) 4.7

2 58 (0.5 ps) 71 (10 ps)

CeBr,q 5.18 n.r. 370,390 n.r: 100 17 60 4.1
CeBry:Sr 518 n.r. 370,390 n.r. 99.5 17 55 3
LaBry:Ce,Sr 5.03 5.6 355,390 260,270,284, 299,308 5 18 (78%) 82-2500 (22%) 77 2.0
Srl;:Eu 4.6 35 435 n.r. 5 600-1600 80-120 2.6-3.7
CsBayls:Eu 4.8 n.r. 435 n.r. 7 48 (1%) 383 (6%) 80-97 3.8

1500 (68%) 9900 (25%)




Past, present and future research

LaCl3:Ce;LaBri:.Ce
RbGd2zBT:Ca

LuAIO3:Ce

Lu25i05:Ce

Cs,LiYCl:Ce 2003 /e
Lul,:Ce 2003 /- Dano
K,Lal.:Ce 2002 ' BaF2 (fast)
LaBr;:Ce 2001 AuBant
LaCl;:Ce 2000 " BiF2 (slow)
Lu,Si,0,:Ce 2000 ot
RbGd,Br,:Ce 1997 | 200G

CaFZ:Eu
Silicate glass:Ce
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Csl(TI)
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From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Ce-doped LaX; (X=CI,Br) single crystals

LaBr3:Ce: Van Loef et al, APL 79,1573 (2001)
CLaCIB:Ce: van Loef et al, IEEE TNS 48, 341 (2001)/)
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Very hygroscopic!!
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Intensity (arb. units)

Undoped LaCl,
excitonic emission
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Is really the STE state involved in
the energy transfer towards Ce3*
centers 1n scint. Mechanism???



Optimization of LaBr;:Ce by codoping

LaBr3:Ce5%,Sr?*0.03%: Alekhin et al, APL 102, 161915 (2013)
LaBr3:Ce, A*(Me?*): Alekhin et al, JAP113, 224904 (2013)
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Improved LY up to 78 000 phot/MeV and en.res. up to 2.0%@667keV
Energy resolution improvement explained by smaller nonproportion-
ality, but decay shows slower components, TSL intensity increased,
etc., 1.e. codoping introduces traps, optimization principle 1s not clear



5: Lal;:Ce (recent research)

5.9 g/em’
LaF,
— 3.8 g/em’?
LaCl, 54 g/em’
__ LaBrs | 5.6 glems’
v = Lal,
v v
Valence Band
Light yield (102 ph/MeV) 2 49 61 0 (Q<<1)

From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Luminescence quenching (Q < 1)

r—l—r +1

g 0 AE r,(T)
[ (T)=T. exp| —¢
(I( ) : p[ kBTJ I,
= b

1"1,,+1"q

From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Lal,:Ce; quenching via the conduction band?

Temperature dependence

X-ray excitation

From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003
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O Inhomogeneous changes in
spectra shape and position with
anion mixture

O Highest LY value of 58 000
phot/MeV found for x = 1.5

O For x > 1.5 increasing quenching
due to ionization of 5d1 state of
Ce3+

Birowosuto et al, J. Appl. Physics
103, 103517 (2008)



6: Lul,:Ce’**K,LaX.:Ce3* (present research)

motivation to study Lul;:Ce

» Quenching of Ce3+ emission via conduction band in
Lal;

+ Bandgap of Lu-compounds usually 0.5-1.0 eV larger
than La-compounds

» df emission of Ce3* in Lu-compound usually at longer
A than in La-compound

> 5d further below the bottom of the conduction
band and larger AE,

From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Ce3* scintillation emission in Lal; and
Lul,

Lal.:0.5% Ce3+ AL
R a7anm  Lul :0.5%Ce
Ce3+ — E5-139E E
STE £ :
E] l g =
n = M .
§ o | > :
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! i -E
_ 600 nm]
. . ] . | . | ) | ) | . | e b i s s 0 5 5 5 0 5 4 3 1 ]
430 500 550 600 650 700 350 400 450 500 550 600 650
Havelength (nm) Wavelength (nm)
E, = 3.6 eV E, = 4.1eV

From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Properties of Lul;:Ce>*

o
(=]

o '”'Lul;:.S.&):’/oCei e p = 5.6 g/cm?
e T =23-34 ns

§ oLy T~23 NS "
£ Fo ¥ 1 oY =33-55 103 ph/MeV
> ° 3 -
[ B e Ry, = not yet optimized
B . LY of 76 000 phot/MeV
) MR s (shaping time 10 us) measured
0 200 400 600 800 1000

in Birowosuto et al, IEEE TNS

52, 1114 (2005)
Slow us components

Time (ns)

From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Eu-doped binary halides

New security measures: need for mid density, ultrahigh LY and
excellent energy resolution scintillators, to distinquish radioactive
isotopes = Srl,:EuU re-invented (Hofstadter, U.S. Pat. 3,373,279 2 (1968)

I (a.u)

B [L[__,i..lu Ll
L iz ' 1la
Csl(TI)

[ |

Srl(Eu) crystal
Eu‘:"+ band:
:-'i; Single exponentlal decay = 1.2 us

295 K—-1.2 us

Cherepy et al, APL 92, 083508 (2008)
Yang et al, J.Lumin. 132,1824 (2012)

LY>80 000 phot/MeV, en.resolution
3.7%@667keV, however,
hygroscopic, small Stokes shift
results in reabsorption, DT size dep.

.....
Sc nti Ilatlcn decay at 298 K
<  Scintillation decay at 10 K
Single exponential fitting 1

1000 - g

g
o 10 K -560 ns
= N A
3
Sl W 205K - 670
3 ns
e --ij.
i B :
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e ;P:”ﬁgg“* e
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S R R
(v} - ‘:_-3
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Eu-doped ternary halides/solid solutions

(Sr,Me)l,:Eu: Me=Ba,Ca,Mg, Neal et al, NIM A 643, 75 (2011)
Cs(Sr,Ba)l;:Eu: Wei et al, J.Cryst. Growth 384, 27 (2013)

0.

20 4
GaSrMEa!L: 1% Eu
—n—x=0
—n—x=0.03
—n=—x=0.14

40 -

60 -

Light yield loss (%)

B0 -

Substantial reduction of
hygroscopicity after Ba admixture
into CsSrl3:Eu

Moderate LY 26-28 000 phot/MeV, 1f
Ba content 1s below 10at%.

no photopeak
]

100 -

0 20 40 60
Time (min)

Eu’* is paramagnetic, a chance
to use EPR for detailed study
of 1its lattice site and
perturbations around !

?<100>

Eu?* in CsBr is
associated with H-
containing impurity

- Vrielinck et al, PRB
) 83, 054102 (2011)



SCINT2015: thermal neutrons for security applications

O4-1 TIZ2LiYCI6 (Ce3+): New TI-Based Elpasolite
Scintillation Material

H. Kim,

0O8-1 Development of Large Cs2LiLa(Br,Cl)6 Crystals for
Nuclear Security Applications

R. Hawrami

O4-2 Lithium Alkaline Halides- Next Generation of Dual
Mode Scintillators

L. Soundara-Pandian

08-2 6LiInSe2 Scintillators for Neutron Radiography

E. Lukosi

0O8-4 Luminescence and Scintillation Properties of Li4Si104
Single Crystals for Neutron Scintillators

J. Pejchal

M1B-10 Single Crystal Growth of Cerium and Praseodymium
Doped YCad4O(BO3)3 Scintillator by mPD Method

K. Kamada

M2C-6 Optimized Scintillators for Neutron Detection and
Neutron Imaging

M. Morgano

7Li1and 10B are

Best isotopes for
thermal neutron
capture with high
energy deposit from
nuclear reaction in the
form of particles, i.e.
with short attenuation
length!



Other Li-based elpasolites for neutron detection

Optical Materials 38 (2014) 154-160

=
Optical als

Contents lists available at ScienceDirect

Optical Materials

journal homepage: www.elsevier.com/locate/optmat

Two new cerium-doped mixed-anion elpasolite scintillators: @CmssMark
Cs,NaYBr;l; and Cs;NaLaBrsls

Hua Wei ***, Luis Stand *®, Mariya Zhuravleva ", Fang Meng *”, Victoria Martin *, Charles L. Melcher *"

4 Scintillation Materials Research Center, University of Tennessee, Knoxville, United States
® Department of Materials Science and Engineering, University of Tennessee, Knoxville, United States
“Department of Nuclear Engineering The University of Tennessee, Knoxville, United States

Scintillation decay components and their ratios of Cs;NaLaBr;l5: Ce and Cs;NaYBrsls.

O LY of 58000 phot/MeV 05%Ce 2% Ce 5% Ce 10%Ce  15% Ce
(Cs2NalLaBr3I13) Cs;NaLaBsk;
OE Ut Fast 83(27%) 78 (25%) 57 (29%) 53 (33%)
nergy resoiution Intermediate 322 (41%) 294 (40%) 247 (33%) 248 (39%)
keV Slow 1256 (32%) 1338(34%) 1371 (38%) 1414 (28%)
CsaNaYB;l
O Band gap 4.3-4.4 eV Fast  64(32%) 56(47%) 48 (49%) 46 (46%)

Intermediate 304 (38%) 284 (25%) 283 (18%) 287(17%)
Slow 1350(30%) 2060 (28%) 2155(33%) 2062 (37%)




Cs,HfCl; new halide scintillator

A. Burger et al. App. Phys. Let. 107 (2015) 143505
K. Saeki et al. App. Phys. Exp. 9 (2016) 042602

Density

(efem’] 3.8

m.p. [°C] 826 661 621 538 783

Zeff 58 50 51 49 47

Emission max. 400 410 540 430 360

[nm]

Decay time 4,4 (95%);

ms] 300 (5%) 230 1100 600-2400 35

Light yield 80,000-

(oh/MeV] 54,000 38,000 66,000 120.000 61,000
1 0

Resolution [%] 3.4 7 6 3-4 3

@662 eV

Hygroscopicity low yes yes yes yes



Cs,HICl, crystal growth

h Vertical Bridgman method

Resistive furnace (2 segments)
Container = quartz ampoule
No seed

pulling rate 0,2 - 1,0 mm/h

Temperature gradient 30 - 40 K/cr

Cooling rate 12 K/h

10 days (heating, growth, cooling

9/14/2016

[

y

a0

T

2, Pavlov, Czechia

X

(a)

DMSRE-26, August 29 - September

28




Cs,HfClg — single crystal Grown in
Prague!

12 x 40 mm (D x L),
colorless

Eolycrystalline, .
omogeneous grains

tip and bulk — transparent
end — nontransparent

Crystal in quartz ampoule

Radioluminescence spectra (X-ray)

30-CSZHfCI6 20160628-30

RT RL spectra

51
410" F 40 KV, 15 mA, slit 8

—BGO (ishii) | ]

=—=Cs_HfCI
2 6

N

(IR

o
(421

RL amplitude

300 400 500 600 700
Wavelength [nm]




Cs,HfCl; Photoluminescence characteristics

300

m—Em =330 nm

=—FEm =380 nm | 4

m—Em =430 nm | |

30-Cs_HfCI
2 6

RT PLE spectra |

slits 6/8

350

Wavelength [nm]

400

N 1(t) = 11748exp(-t/12.2 ps) + 0.486 3

CsszC|6:20160628-03
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Energetic resolution and nonproportionality In
scintillators — pulse height spectroscopy

Light flash from scintillator due to HE
photon absorption is converted into
current pulse in PMT output which is

integrated in a time window = collected Light yield measurement of YAP:ce at RT
charge. Its amount is equivalent to a Excitation by 662keV photons (*'Cs)
number of photoelectrons generated at 1000 |- ,-"" 11 .
PMT photocathode T Compton edge
c
Given the signal amplitude, +1 is added £ 100 | M/ photopeak
to an appropriate channel of o i an
. 3
multichannel analyser and measurement 2
. o
cycle 1s repeated g 10+ :
-
Measuurement of 2
) energetic resolution = M/AO ‘
— Photoelectron yield (Nphels) ’ l l |
: : 0 500 1000 A 1500
— Light yield no. of channel

— FWHM (=energy resolution)
— Nonproportionality (Nphels(Ein))



Components of energy resolution

The energy resolution (AE/E) of a full energy peak measured with a
scintillator coupled to a photomultiplier (PMT) can be written as

(AE/E)* = (8,.)* + (8,)° + (84)
where 0SC 1s the intrinsic resolution of the crystal, op is the transfer

resolution and ost is the statistical contribution of PMT to the
resolution.

3st = (2.355/N'2) x (1 +¢)!2

where N is the number of the photoelectrons and ¢ is the variance
of the PMT gain

Sreebunpeng et al, Nucl. Instr. Meth. Phys. Res. B 286, 85 (2012)



Examples of BGO versus LSO:Ce

14000 = T T R St 14000
12000 -f 1 12000 framn -1 cm cube Of LSO wwefemmnieres
<, . I‘ 1 cmcube of BGO c 9.4% twhm Z
o 10000 FrE 9.9% fwhm ™7 & 10000 "
H 8000 -\ E- 8000 B _— -
8 o ;
*g 6000 £ 6000 fromsgraees . o : o
o = ]
U 4DDD e "N ! S 40':'0 g 1 . T lIIII.'
2000 . % 2000 s U A — -
0 Ak 4 bl el N 0 P P i T -
) 0 100 200 300 400 500 ] 0 100 200 300 400 500
Pulse Height Bin ) Pulse Height Bin

LY of BGO approx. 8000 phot/MeV LY of LSO:Ce approx. 30 000 phot/MeV

Ost 1s approx. 2x smaller in case of LSO:Ce, but energy resolution 1s
comparable = o0sc must be comparatively bigger in LSO:Ce!
The reason 1s nonproportionality (and eventually material

inhomogeneity and defects/traps as well)
Rooney, Valentine, IEEE Trans. Nucl. Sci., 43, 1271 (1996)



Nonproportionality = energy dependence of LY

1.1 [ —TTTTTry T T T T +4: ','" !
b L : . ”i}_ ¥— Nal:Tl J
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= __F * BaF2 : : =4
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(a) Electron Energy (keV) (b) ectron Energy (keV)

Towards lowest energies LY value 1s always decreasing — why?

Moses, IEEE TNS 55,1049 (2008) — history and problem survey



Deposited energy in a unit volume versus LY

1.05
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Moses et al, IEEE TNS 55, 1049 (2008)



An analytical model of nonproportional scintillator
light yield in terms of recombination rates

dn,(x) 5 dn 4(x)
- dt =(Ry, + le}”e'.r{x} + (Rl_r + Kﬁ_r}”t-_r{x) - dt

= (Ryep + Ky ep)ngp(x) + (Rypp, + Kieh}”ﬁh (x)

= Yexten(X) + Veeho(x) + K3, !:'.1-{-\7)3 — Yxelex(X) + Yerlton(x) + Ksop? 'Ei!:{-"}

— fun(x) (1), — (1= f)n(x) 1),

Densities n of excitons (ex) or electron-holes (eh) along the track (one
dimensional case), R and K are rate constants of radiative and
nonradiative(quenching) recombinations.

Total density of excitation is then n(x)=n.(X)+n,,(X),

Accordingly, n(x) = (- 8E/ 6 X)/(ar’E,;)

where E is the total initial energy incident at any point X, r2

is the average area of cross section of the track, and Eeh is the
average energy required to create an excitation in a scintillator,

Bizarri et al, J. Appl. Physics 105, 044507 (2009)



Local (relative) LY

- R|I{HEI{‘I)} + erll:ﬂgx('r}} + Rleh'{:”eh{x)} + leh{ﬂgh(x}}

Fi= n(x)

a, + a,n(x)

Y, = .
£ +asn(x) + an(x)*

Because of n(x)? in denominator, starting from some critical
density n (x), the value of light yield Y, will start to
monotonically decrease!



Energy dependence of energy deposit in

a unit volume

Stopping power given by the modified (nonrelativistic)

- 18
Bethe equation " 1s

dE 2me K’ 2.71\12
- pfé;’;il,( ) [(E+0811)1] . (12)
dx E i . J

where k=(4me,)~'=8.9877 X 10%, E is the total initial inci-
dent energy of gamma rays at any point x along its track, 7 1s

the average 1onization energy, and p, 1s the electron density

J}J ‘ { ,fw T ‘. Tvapce
MRHIN
With decreasing incident energy E MRl
the energy deposit in unit volume 1s ; i
increasing! ik




Model of LY energy dependence

) In all cases YL
| \‘”\ is decreasing
°e — for sufficiently
ol & ‘A | high energy
06} \\ deposit, I.e.

2 05} v . I density of
04} | 1‘& ’ elementary
sl : excitations
= Also the hump
l E : can be
o s’\ reproduced.
.:.]1D1 . 1[Lf " 1;]’ TE]‘ - .1;15 - = o
JEdx (keVicm)

FIG. 2. (a) The local light yield (¥;) plotted as a function of (-dE/dx)
(keV/cm) from Eq. (8) for Nal:Tl (1), BaF;:Ce (2), GSO:Ce (3), and
LaCl;:Ce (4). Rates used for different materials are given in Table 1.



The roles of thermalized and hot carrier diffusion in
determining light yield and proportionality of scintillators

Numerical modeling and comparison to experiment in the
materials for which suitable parameters have been measured
confirm that three of the most important material parameters
for predicting proportionality and the related host-dependent
light yield (LY) of scintillators are (i) the carrier diffusion
coefficients (including hole self-trapping if present, and hot-
electron diffusion if unthermalized), (i1) the kinetic order and

Competition of 2" order quenching and diffusion

n(r,1) =f”‘“""aﬁ°“ density associated rate constant of nonlinear quenching, and (iii) deep-
ﬂﬁg'd‘) - D, V*n(F,1)-K,n’(F,f)  trapping probability. Thermalized carrier diffusion appears
- )

\!
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I}

//f;_..—.

-

A i
‘ Y

sufficient to describe the main trends in oxides and semi-
conductors. For heavier halide hosts, it appears necessary to
take account of hot-electron diffusion to explain several
important host-dependent trends.
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Role of carrier diffusion
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The solid red curve plots results of survival against the model of nonlinear
quenching in Fig. 1 evaluated for r0=3 nm, ty, =10 ps, n0

as a function of ambipolar diffusion coefficient Deff. [2].

The points plot empirical 1-o, . measures of energy dependent LY (or
collected charge in CdTe and Ge) versus D_4 computed for each material

from band effective mass.
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Scintillator physical “Decision Tree”
Material classes, Critical material parameters, Consequences

high w o low w, (slow thermalization)
carrier pairing charge separation (storage)
thermal diffusion hot electron diffusion
2"d order quench 3" order quench
[Uxides. Fluorides heavier Halides (I, Br, Cl)
excitons | (K./H., €) hot electrons, STH

large D, small D smallv, arge v

flat ¥ (E,) roll-off Y _(E) smallk, large klfdr“ﬁ“rrsJ
YAP, maost oxides, high L"I' ®
semiconductors fluorides multivalent |, Br, 'I:I |ﬂ hi defects
LY LY munuualent 1[9’ Cl
* | I

Grim et al, Phys. Stat. Sol. A 209, 2421 (2012)



Conclusions

(] Halides are often hygroscopic, less mechanically robust, with
much lower melting temperature compared to oxides

[ Preparation technology requires to avoid the contact with air and
humidity

1 Smaller band gap (bromides, iodides) compared to oxides makes
them interesting from the efficiency point of view

1 Energy transfer towards emission centers is often different, host
excitonic states might be more important

d Modern halide scintillators are superior especially in terms of
energy resolution so that the detailed understanding of its
bottlenecks and optimization recipes are of high interest

[ Driving forces for both oxide&halide scintillator development will
come from medical, HEP, and high-tech industrial applications,
security measures, space technology
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