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1.0 Research Status of GS
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B The GS group has carried out a comprehensive and complete study;

B For high density glass scintillator, the light yield of GS group samples is in the absolute lead.
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1.1 Performance target of GS

2021 .O? 2024.0:5 2024. lf) 2025.0? 2026
(1st Meeting) (7t Meeting) (8th Meeting) (9th Meeting)
Target Realization Target Realization Target
Dimension (mm3) / S5X5X5 40 x40 %10 40 x40 %10 40 x40 %10

Density (g/cm?3) 6.0 5.93 6.0 >6.0 6.0
Transmittance (% @400 nm) >75 ~70 >80 76 >80

Emission peak (nm) ~400 ~400 ~400 390 ~400

Light yield (ph/MeV) 1000 985 1500 1408 2000
Energy resolution ) 30.3 / 787 <75

(% @662keV)

Decay time (ns) <100 35.8(10.7%), 105.1 <500 72.4 (10.5%),547.8 <500

Attenuation length / / / 6.05 ~10

(cm@400nm)
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2. Samples and measurements

Fig. 1 shows two batches of 10 x 10 x 10 mm® glass samples
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A information.
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Density=4.5 g/cm3
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K(Y,Gd)F,:Ce3* GC
Density=3.32 g/cm3
LY=3455 ph/MeV

* Studies on high-density and light-yield GS remain virtually unexplored internationally.

ich do not require high

» 2025 Ceram. Int.
GFO:Ce glass
Density=6.0 g/cm?3
LY=1700 ph/MeV

-density properties.
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5000
L Density Light yield
Geongia e Year Scintillator (et (ph/MeV)
4000 |
> 1996 HFG:Ce glass 5.95 150
% AK(Y,Gd)F,:Ce™* GC
E=3000 - 2015 DSB:Ce glass 4.2 2500
; A DSB:Ce glass
o 2017 Li(Al,,Gd,.,,Ce,)Si(O,F,Br) glass 2.72 4317
=, 2000 | A g
= (Gd,Ce),0,-AL,04-510, glass GFO:Ce glass 2020 AFO glass 4.6 700
ﬁn GS Group
1000 - AFOglass 2022 (Gd,Ce),0;-Al,05-Si0, glass 4.5 2000
HFG:Ce glass 2023 K(Y,Gd)F,:Ce3* GC 3.32 3455
0 1 2 1 o 1 o 1 o 1 o 1 o 1 o ™
25 30 35 40 45 50 55 60 65
GFO:Ce glass 6.0 1700
Density (g/cm’)
e The introduction of heavy elements and structural densification — high density — more severe
self-absorption — difficult to balance density and light yield;
* GFO: Ce is the only type of GS which can achieve both high density and high light yield.
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2.0 The Design of the GS

5 [ 0¥ies | W V| oo consuction v > Scintillation mechanism---- |Luminescence Center
g y, ‘ Excited state . . .
I o= (MM RSt » Conversion—photoelectric effect and Compton scattering effect;
§ Traps o )-Sd-éenter L A
;’ = R e » Transport—electrons and holes migrate;
‘§. Holes = -7 Top valence band - roung siate
* Eeor<Eq § e
comernion | trangport | Lo < » Luminescence——captured by the luminescent center ions

/ |Lanthanide elementsl Nanocrystals Quantum Dots Lanthanide + Quantum Dots

Non-doped 0.03% 0.10% 0.30% 1.00% . CsPbBr; embedded in high density tellurite glasses 7(0 b4 .
( L = I l (a) Sample {.7 3 0,?_\0/ Hedb-treatinegy #2035 :‘ ,a. -
\..,} e ) s A )( ) 70( 4\ K_)r CsPbB :('«
X-ray 1\; .B - ;:o - ° _b—o ){O /‘(g’ ,K % sPhBr, NCs
Non-doped 0.03% 0.10% 0.30% 1.00% Smm -., // i | o I(’f: UV light Photoluminescence
200 S _4 Y
- Trefoctoy. o chemed perfice CsPbBr; core protect by tellurite glass shell Precursor glass ° CsPbBr, NCs glass
Journal of Alloys and Compounds . .
782 (2019) 859-864 IEEE TNS 60 (2) 2013 Optics Letters 46(14) 3448-3451 (2021) Vol. 9, No. 12 /2021 / Photonics Researcy

B High Light Yield (> 2000 ph/MeV): Lanthanide for the Luminescence Center: Cerium (Ce);
B High Density (> 6 g/cm3) and Low radioactivity background: Gadolinium (Gd); lutetium—{Eu)—
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2.1 Theoretical feasibility

which then radiate scintillation photons. The light yicld LY in terms of the number of scintillation
photons produced per McV of energy deposited in the erystal can be expressed as [64]

LY =10° S-Q/(B - E,), (35.3)

where 5 - By is the cnergy required to create an c-h pair expressed as a multiple of the band
gap cnergy Eg (¢V), S is the efficiency of energy transfer to the luminescent center and @ is the
quantum cfficiency of the luminescent center. The values of 8, S and () are crystal dependent and

Cite by S.E. Derenzo, W.-S. Choong and W.W. Moses, Phys. Med. Biol.59, 3261 (2014).

For inorganic scintillation crystals, the light yield can be enhanced by improving the intrinsic properties of the material:
1. Reducing the bandgap energy (Eg);
2. Improving the energy transfer efficiency (S) from the sensitizer to luminescent center (activator) ;

3. Increasing the quantum yield (Q) of the luminescent center.
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2.2 Enhance in light output
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ARTICLE INFO ABSTRACT
sy tear 3
High encrgy physics have large number of

Glae cinllto

imsernal defects, the perfarmance of xlmmnmhwrs s inferior to tha of erystals. There i Ll research on the
arsemuation length and light loss coeffcient of glass scintllators due to amorphous structure. Ce'~daped
olinium aluminohorosilicate glass scintllator (Gl glass) was synthesized using high-temperature melting
method in a Na/H; reducing atmosphere and processed to different thicknesses. Optical and scintillation prop-
erties of the glasses under different thicknesses were investigased. As the thickness of the glasses increases, their
ot edge of tranmisson specryand Xty exied hminescence (KEL) peak grdualy red Shif he difer

Light attenstion length
Light loss coefficient

ence bew and actual
around s luminescenee peak is 2.3 + 0.01 em anL,gLnss w!!h.\n;hz]neld f1000 pn, MeV. The intrinsic light
yield and light the Gl glass yield is 1583 £ 37 ph/MeV with

alight loss coefficient of 0.57 = 0.04 e . Besides,
tange of 160-200 nis) and slow (in range of 440480 ns) components.

1. Intreduetion

Scintillation materials have been extensively applied in nuclear ra
diation detection, medical imaging and high encrgy physics (HEP),
including erystal, plastic, liquid scintillator [1-3]. Glass with high
density, high transparency and stable physical and chemical properties
is a potential material for scintillation applications, has gndwﬂ)‘
attracted the attention. Moreover, glassscintillators have the advantay
of low cost, large volume preparation and continuous tunable cory
sition, which gives it a certain edge in some large-scale scienti
projects.

In recent years, V. Dormenev et al. believed that Ce*'-doped Ba-Gd
based silica glass (BGS glass) may replace POWO, (PWO) erystal as the
next generatian sampling calorimeter in Compact Muon Solenoid (CMS)

Hadron Collider (LHC) [4-7]. And barium dissilicate
Ba0-2510; (DSB) glass may akso be applied in electromagnetic calo-
st of e o Gl () 1), Tt e aspecs of g

lication in EIC are h city of the material i
in glass density. Besides, G. Dosovitskiy et al. pmpma the Ce*doped
Gdy05-Al;05-$I0; glass with a light yield ~2000 ph/MeV [6]. How-
ever, the density of glass is only 4.5 g/em’. In order to attain more ac-
curate measurement of the Higgs boson, a Circular Electron Positron

* Corresponding author. Institute of High Eneegy Physics, Chinese Academy of Sclences, 100049, Beiing, China.
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ARTICLE INFO ABSTRACT

Handling Editor: De P. Vincenin High density Gd 0u-GdF ;- ALiO;-B,0-SI0;-CeF; (GFO,) glass scintillators with different dimensions were

PP — syathesized. The glasses have a 75 % transmittance i visible range with a cut off wavelength of 373 nm. With

Kepmards the dimension increases, the energy wansfer efficiency of GFQ, glasses decreases from 77.0 % 1o 28.3 %. And the

Slam sctnilfue photaluminescence quantum yield (PL QY) of all glasses exceeds 56 % with & maximum of 68.4 %. GFO, glass

?‘: v"::‘.‘”"“’“ seintillators exhibit a X-ray excitation luminescence (XEL) spectrum in 300-600 nm, and the XEL intensity

sk L A decresses with ineressing dimension. Under -y excitation, & seatring model veas established based on the
light yield and aspet ratio of the glasses. The aceuracy of the model was verified by measurement of commereial
BGO crystal. In GEO, glass scintillator system, the intrinsic light yield of at 10 mam thickness s 1318 ph/MeV,
while light loss coeffcient is ~0.12. With the aspect ratio Increases, the formation and transpor efficiency of
exeitons mprove due to a larger surface ares and more interfaces, resulting in 4 faster rise time. Meaniwhile, all
glasses exhibit a double exponential decay, ineluding a fast component (~100 ns) and » slow component (520
ns), and shows same trend as the rise time. In addition, the photon collection efficiency of SiPM coupled with the
glasses decreased from 96.2 % ta 31.5 %. Because the scattered photons can hardly reach the SIPM due topoar
aetual light atenuation lengeh.

of attention because of low—cost and

1. Introduction scintillators have attracted plen

continuously adjustable composition, will be an altemative for future

Scintillator materials are demanded for particle identification and  nuclear radiation detection and even high-energy physics (HEP) ex-
energy measurements of particles and rays (such as u, [ particles and  periments [¢-5). For the large collider experiment, the research of glass
y-ray) in modern nuclear physics applications [1-5]. Novel glass  scintillators has gone through decades of development. The concept af
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Attenuation Length Test
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Study on size effect

L __—2ul
LY = LY, x e TaL, LY = “’“X(Zlﬂf )

LY y,—Intrinsic light yield
L—The propagation distance of scintillation light
LAL—1L.ight attenuation length

pu—Light loss coefficient (Reabsorption and reflection)

* Reducing losses during scintillation light transmission

v

Improving optical uniformity:

material purity, melting process (bubbles, striae);
Enhancing light collection efficiency:
micro-nano structures, reflector selection, coupler;
Wavelength shifting:

improving PDE of photoelectric detector.




2.3 LAL test
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Due to its high density and limited homogeneity, glass exhibits strong self-
absorption, leading to a relatively short attenuation length

The uniformity of glass is related to the purity of the raw materials and the

12
preparation process, which is challenging to control with lab-scale samples




2.4 GFO:Ce glass to GAGG and GSO crystal

GAGG_ | _GSO__| GFO:Ce

Density
Melting point
Radiation Length, X,
Moliere radius
Nuclear interaction length
Lesr
dE/dX
Emission peak
Refractive Index
Light yield, LY
Energy resolution, ER
Decay time
d(LY)/dT
Cost

g/cm3 6.63
C 1850
cm 1.63
cm 2.20
cm 21.5
= 50.6
MeV/em 8.96
nm 540
- 1.92
ph/MeV 60,000
%662keV 5.0
ns 100, 600
%/C /

$/cc /

6.71
1950
1.38
2.96
20.6
58.0
8.5
430
1.85

8,000

9.2

28, 260

/
/

1150
1.64
2.50 GAGG GSO
24.1
56.9
8.0 * Gd;(AlLLGa,,);0,,:Ce (GAGG)
390
1.76
- 1,500 ¢ Gd,Si105:Ce (GSO)
258  GFO:Ce Glass
101, 1456 have the similar compositions;
/ represent the ultimate performance goal.
<1.0
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Al T i s el B g i sl imental determination of both light colle
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illatars with different light output values
; Ce (LGSO) single crystals with opli-
s have been obiained recently [5]. These

mized characteris

Howose b bindinai sk e be b * King Mongkut's University of Technology Thonburi, Bangkok 10746, Thailand
e — cuded. e compard Samie o the sane 5 5 x 5 L. Zhang,"* Z. Ning*" and Z. Zhan Nt Cote ot ot st A Sober 7, Ok Sk L0340, Pl i TirkoBiETR crystals show good encrgy tesolntion and very low afiiglow
amic size. In GAGE.Cs showed - “State Key Laboratory of Particle Detection and Electronics, e ity Chaton Hacher Cener (NICHj. Tohoku Uiy, Sendt 9805575 opan level. Relative light yield hows that these crysials
Syl o S ntute o Macrals Ressarch. Tk Uneriy, Senda 50,8577, evel. Relative light yield estimarion shows that these crysil
1 555 m and 815 nm, resectively, it 0 64-4 ranidons of Ce And the gl il GAGG.Ce
s e e e s b iy e S i 9B Yiequan Road. Beijing 100049, China * Intitute o Phyic, AS CR, Cuktovaicka 10, rague 162 53, Caech epublic possess rather high light yield. For confirmation of these results,
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HIGHLIGHTS properties, and estimation of their applicability

work by the same method. The ALY values are compared to
Relative light yield is usually estimated by comparison of

known results [6]-{8].

“Scintillation characteristics of GPSLi23 5% Ce and GSO:Ce were comp.

1. Introduction

kind of luminescent s able

to absorb high energy ionizing radiation such as y-rays and to emit

near-ultraviolet or visible photons [1,2]. It is coupled with a photode- was fabricated wit e vacuum sintering methoc 1e sample exhib- ) ARTICLEINFO ABSTRACT . 3
S 4 o ictalalon Mo |l ‘u‘nu‘ Tl Bt widely ited ; :; ,L.l,.:fn..:.'..“.:m, o w!:, d)l[.‘lul:)lyl‘rum nr:m s: " Noy23 Zhmsepudncin Figst Rood, Beying, 10120; Chida tude) is complicated for significantly different shaping times—6  lation photons Ky (o energy Ep absorbed in sci
used in high energy physics [3,4], nuclear medicine [5.0), Security  fust component of other ceramics attributed to the Sd-f transitions of E-mail: qians@ihep.ac.<n ke Theiscnifiaion Honine characer et 0 (afulalrie (Gluis kit o) g ol wee andind = for Nal(T1) and 30 4= for CWO. A generator of real signal

imspection [7], non-destruetive testing (5], geological exploration (9]
and other felds. Scintillators are the core functional element in these
applications. Amon them, Ceriumdoped gadolinium aluminum gal-
lium garnet (GAGG:Ce) is one of the most promising seintillators
GAGG: Ce scintillator has high light yield, high density, fast decay time
and so0 on, which is suitable for y-ray detcetors. The recently developed
GAGG:Ce ceramic and single crystal exhibited excellent scintillation
B (L Witd b ik ad st Sty
- tomogaphy (€D and timeobfight positon cmision
comeaphy (FOF-PED (12
o 3013, GACG:Ge sigle crystal was grow by i pulling down
imethoc with the light yicld above 40000 photory MeV and fast decay
time about 53 ns (14]. However, the size of erystal grown by the miero.
pulling down method is small, A 2-inch GAGG:Ce single crystal grown

Transparent single-phase garnct GAGG:Ce ceramic was successfully
produced using ceramic processing technology and the sample dis-
played bigh light yield about 65 000 photon/ eV rnq GAGG:Ce

Ce™, probably due to instrumenal response (17]. Ceramic GAGG:Ge
samples by controling the
ine i whichcoukd Improv e light ied s nergy rsat 18]
i this work, we compared the scintillation propertics of ceramic
and single crystal GAGG:Ce samples with same size, which provided
ideas for improvement and.application dircction for GAGG:Ge sin-
tillators. We studied ultravielet light induced emission spectra, trans-
mittance, aftergiow, themoluminescence, 1-1ay induced pulse height
speetrn and scintillation decay time though this work

2. Samples and test facili

21, Sample preparation

“Depurtment of Electronic Science and Technology. Harbin tistitute of rechnology
No. 92 Xida i, Harbin 150001, China

“School of Nuclear Science and Technology, University of Chinese Academy of Sciences
19A Yiequan Road, Beifing 100049, China

Hechnical Institute of Physics and Chemistry, Chinese Academy of Sciences,

Avstract: Inorganic scintillators with high density and high light output are widely used for the
detection of ionizing radiation in high energy physics, space exploration, modem medical imaging
and industry. Recently developed cerium-doped GdsAl2GasO1s (GAGG:Ce) crystal is a promising
scintillator with high density, high light yield, fast scintillation decay time and non-hygroscopicity
sence of Gd isotopes with a very high thermal neutron
capture cross section makes the GAGG:Ce crystal efficiently sensitive for neutron detection.  In

used for calorimetry. Furthermore, the pr

this manuseript, performance of gamema and neutron detection based on GAGG:Ce scintillator

has been studied carcfully. Scintillation properties of Single crystal and ceramic GAGG:Ce were

investigated. Thanks (0 very high light yield. the photopeaks due to conversion electrons and low

ared.

 Both crystlsshowed slow is-time charachetes n their senilation polses
‘Erergy resolution of 5.4% @11 ke was obtained for CPSLa235%Ce.

 GPSLa23.5%:Ce showed higher contribution f low Scinlain light

+ Comncidence time resolution of 660 ps was obtained for GFSLa23 5%:Ce.
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and coincidence tme resolution were measured. At 511 eV v-rays, the photoclectron yield of

and energy resolution of 5.4 + 0.2% obtained for CPSLa23.5%:Ce are much better
83 cbtained (o C30:Ce T sl decay time
rofile was measured by the time-correlated single photon counting technique using a
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Scintilltion deciys number of photoelectrons and decay time of the scintillation pulse
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output signal amplitudes from standard and studied seintillators:
Therefore, measured amplitude value is sensitive Lo amplifier
shaping time, time of RC load formation for PMT. and type of
wsed spectrographic amplifier.
tors with diffenent decay tim

1 the case of different scintilla-

of the core of our method, some theory should
forex., Nal(Tl) and CWO, accu-  be recalled. AL frst, we must clearly distinguish ALY and TLY.

fate determination of section gain (that is, autput signal ampli- ALY value 7 is determined by the ratio of full energy of scintil-

Shape for a conerete scintillator is necessary for calibration of
this section. However, its fabrication ma
task.

Consequently, methods of relative light yield estimation may
be nol suitable for materials with different decay times. It means
that any method capable Lo obtain the absolute light yield (ALY)
value is always more precise

In the present paper, ALY of the series of scintillators was
determined hy the procedure based on the well known phota-
multitube (PMT) intrinsic resolution method [1-[4]. The pecu-
ity of our approach is the possibility of simultaneous exper-

lator at absorplion of phol

of scintil

il

a rather diffieult 0= Egn/Eu.

n

Under the full energy of scintillaion photons, we imply full
energy of single-photon light lashes which ori
with energy 661.66 KeV and its
further conversion into photoelectrons.

ators is a material "point” propenty, which is

determined by scintillator physical properties and its quality, but

TLY (I is determined by the ratio of sintillation energy
l,‘,‘ of photons passed through detector window 1o energy Eq

Ty the Conthralel methed cemonsiated. high light ield of 46000 are successfully observed and can be used to do the neutron/gamma discrimination. e
photon/MeV [15]. Is energy resolution was 4 9%@562 keV aad the The purity of raw material has a great influence on the scintillation . 1. Introduction maging, high-energy physics and advanced instraments. They
Fast docay time was 88 s (91%), Properties of the GAGG:Ce ceramics and single crystal, Thercfore, the Kevworps: Scintillators, scintillation and light emission processes (solid, gas and liquid scintilla- o Eppoutatie it of ik NGht yicl, e skt 1 eceved Jus 25 s Decermber 11, 2009,
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3. Challenges in Enhancing Light Yield

3.1. Density

3.2. Scintillation Decay Time
3.3. Wavelength Shift

3.4. Co-doping
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10Gd,0, 5.0 1547

Density (g/cm?)
=
W

20Gd,0; 5.5 1400

A series of Ce® 'doped borosilicate glasses is prepared with high Gd;0; contents, and their physical, optical, and
scintillation properties are investigated. The incorporation of GdzOs results in a notable augmentation of the
glass density, elevating it from 4.5 g/em” to 6.0 g/em”. Notably, the heaviest glass, containing 72.5 wi% of Gd,

- Giles Gl
- s Gl 5
exhibits simultanously an impressively high density of 6.0 g/cm” and a reasonably good light yield of 1051 ph/ 42
MeV' (under the y-ray iradiation from al¥’Cs source), surpassing benchmarks documented for high-density ‘ - Glaw
glasses. The glass is calorless and remains highly transparent across the visible spectrum, exhibiting com- 4 4 - oo - Glan
mendably good thermal siability and radiation endurance. Collertively, out resulis underscore the potential of .
the glass sciniillators as a promising candidate material for high-energy particle calorimeters, A A . A . L a
1. Introduction of precision measurement on Higgs bosons (e.g, the absolute Higgs

A ~ A A
0 S 10 15 20 25 30
couplings) [2,4]. In this context, the selection of scintillation materials
cnce of the Higgs boson at the Large  assumes paramount significance as they play & pivotal role in the CEPC 0/
1,2], heralded a new epoch in particle  calorimeter, converting high-energy photons and particles into ultra- LAY Y 3 n‘o 0
-~ -

Molar volume (cm’,

30Gd,0; 6.0 1051

The confirmation of the exi:
Hadron Collider (LHC) in 2012

physics, Subsequently, the precise measurements of Higgs boson prop-  violetvisible light for photemultiplier tubes (PMTs) or Silicon phato-
erlies become a natural and important step for the future exploration of  multipliers (SiPMs), thereby directly influencing  measurement
particle physics. Addressing this imperative target, scientists have pro- precision. Presently, the electromagnetic calorimeter (ECAL) and the
posed the establishment of the Large Circular Electron Positron Collider ‘hadron calorimeter (HCAL) utilized in compact muon solenoid (CMS) of

(CEPC), envisioned as a future Higgs factory with remarkable capability  LHC are from lead i s and plastic

. * As the Gd,O; content increases, the glass density rises to 6.0 g/cm?;

#* Corvespanding author. Key Laboratory of In-Fiber Integrated Optics of Ministry of Education, College of Physies and Optoelectronic Engineering, Harbin En-
gineering University, Harbin, 150001, China.
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Cmmmm———————— * While its light yield declines from around 1700 to ~1000 ph/MeV.
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Recent research progress:

1. By increasing the GdF; content, the energy transfer
efficiency from Gd to Ce has been enhanced,

leading to an improvement in light yield;

2. However, excessive GdF; can create quenching

centers, which degrade the scintillation

Light vield/(Ph/MeV)

performance;

3. By adjusting the ratio of Gd,0; to GdF;, the
coordination structure of GS has been optimized,

resulting in a further increase in light yield.

We really need the density of GFO larger than 6g/cc? What about 5.5? or others?
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Ce,Mg crystal
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Optical, and were studied in g pe GAGG single-crystal
seintillaters grown by the Czochralski method and heavily doped with a cerium activater and a
magnesium codepant at different concentrations, Emission quenching due to the formation of closely
spaced Ce-Mg pairs accelerating the photoluminescence and scintillation decays down 10 a few nano-

seconds and substantial suppression of slower decay components are observed. We show that despite a
significant decrease in the scintilation yield, the coincidence time resolution and the afterglow, which
are the most critically impartant parameters of fast scintillaters, exhibited by the heavily doped GAGG:

Ce,Mg are superior Lo those in the state-of-the-art scintillaters. Due to the peculiar feature of the GAGG
host o tolerate extremely high cerium and while: still 0 a bulk
single: crystal form, this scintillatar has a great patential for high-count-rate applications in high energy
physics experiments and industries with harsh cperational environments, where a Lower light yvield can
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Available online 7 Novermber 2013 CerGly(Al,Gay _Js0y; (x=25/5 and 3/5, Ce:GAGG-25 and Ce:GAGG-3) erystals were grown by the
T Czochralski process in order 1o reduce cost of the starting materials 25 compared with conventional
CeiGdyAl,6a,0,; (Ce:GAGE-2) crystal which have high light sutput. Although perovskite phase was
detected in Ce:GAGG-3, Ce:GAGG-2 5 had single-phase garnet structure. Solidification fraction for the Ce:
GAGG-25 growth was 0.52. Optical properties including transmittance, emission, and excitation spectra
of 30 samples cut from the Ce:GAGG-2.5 bulk ingot did not depend on their original pasition along the
srowth axis. These samples had light outputs of approximately 58,000 + 3000 photuns/MeV. However,
illation decay times varied from 140 to 200 ns and depended on the position clearly.
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1. Introduction

Many oxide scintiliators such as Ce:{Lu,Y),5i0; (Ce:LYSO) and
Bi;Ge,0,, (BGO) are not hygroscopic and demenstrate gamma-ray
stopping power greater than that of halide scintillators as Ce:LaBr,
and T:Nal [1-7]. On the other hand, corresponding oxide crystals
have low light output and energy resolution when compared with
the halides. However, Ce-doped Gd;Al;Ga;0,; scintillator has good
light output of 46,000 photon/MeV [&). It is non-hygroscopic, and
it has high stopping power exceeding that observed in the halide
group. Thus, the Ce:Gd3Al>Gas0;; crystals are expected to be used
in various highly demanded applications including radiation
monitoring and medical imaging. Following these circumstances,
development of the Czochralski (Cz) process for the growth of this
type crystals is required to establish their mass production.

Ce:Cd(ALGa, _Js0y; [0 < x = 1) crystals belong to the garnet
structural family. Their optical and scintillation properties had
been examined for only Ce:GdsAl;Gay04a (x=2/5) crystal that was
grown by the Cz process. Other crystals having different x ratios
and grown by the Cz process have not been yet reported. Ga,0, is
more expensive than AL,0,. Therefore. purpose of the current
project was to estimate maximum substitution of Ga with Al
achievable in the Ce:Gd{ALGa, _,);0,; crystals to reduce cost of
the starting materials and the crystals. Moreover, the effective

= Corresponding author, Tel: + 8122 217 2214; fax: +81 22 217 2217
E-mail address: y._shojidvime tob

kewacjp (Y. Shoji

0022-0248/5-see front matter & 2015 Elsevier B.V. All rights reserved.
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atomic number of Ce:Gda{ALGa; )0y, (25 <x < 4/5) is similar
to that of Ce:GdyALGax0,, and gamma-ray stopping power is also
similar. In this report, growth of these crystals with x=2.5/5 and 3/5
using the Cz process is demonstrated together with evaluation of
their optical and scintillation properties such as light outputs and
scintillation decay times.

2. Materials and experimental methods

The (Cen .GdosahALGas )0 crystals (x=2.5/5 and 3/5)
were grown by the Cz process from the melt produced from
99.99% pure starting oxides of a-ALO,, B-Gay0s, Gd 04, and Ce0,
‘The growth was performed from Ir-crucible on the seed made of
GdsAliGasO:, single crystal. The pulling and rotation rates were
0.8 mm/h and 12 rpm, respectively. The growth atmosphere was
Ar (88%)+0,(2%) mixture.

The chemical composition of the as grown crystals and dis-
tribution of their constituents along and perpendicular to the
growth axis were examined using the electron probe microanaly-
zer (EPMA) {JXA-B621MX, JEOL). The measurements were made
under accelesating voltage of 20 kV and current of 12 x 102 A

The transmittance and reflectance spectra were recorded with
spectrophotometers: V-530 (JASCO) and UV-2550 {SHIMADZU),
respectively. Photo-luminescence (PL) spectra at room temperature
were examined with a spectiofluorometer (FLS920, Edinburgh
Instrument) using a Xenon lamp as an excitation source. Moreover,

. LY=58000=3000 ph/MeV

* Decay=200 ns

Magnesium
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1. Introduction

single crystal scintillators of general formula (Gd,Lu.Y)s(Al,-
Ga);0,:Ce, usually referred to as multicomponent garnets,
were reported for the first time in combinatorial studies in
2011"% and immediately gained the immense interest of the
scintillator research community due to their high light yield
exceeding up to three times that of classical single-crystal
scintillators, such as Y,AL0,:Ce (YAG:Ce] or LusALO,.Ce
(LuAG:Ce] and approaching theoretical limits” (see ref. 4 for a
review). The growth of larger single crystals enabled by the
Czochralski method® is another practical advantage of the

i B P though the necessity
of using an iridium crucible due to the presence of Ga in the
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engineer-
i, of multicomponent garnet seintillators rev. See DOI: hutpse/dol og/10.1039
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6842 | Mater Adv, 2022, 3, 6842-6852

host composition makes their manufacturing more expensive.®
The host with composition Gd,Ga,Al; .0, (x = 2.5-3) became
the most intensively studied one, and this Ce-doped scintillator
is usually referred to as GAGH n the literature. The success
and origin of two- o three-fold increase in the light yield of this
solid solution are based on the ability to engineer the electronic
band structure of this material: the addition of Ga lowers the
bottom of the conduction band immersing shallow electron
traps in the lowered band edge,™ whereas the Gd admixture
ensures a sufficiently big energy barrier to prevent the ioniza-
tion of the Ce* excited state 5d,.*"" It is, however, worth
noting that GAGG:Ce scintillators cannot be used above room
temperature, because the barrier becomes insufficient to pre-
vent ionization at elevated temperatures,'® similar to LSO:Ce."
Another positive contribution to the scintillation yield is caused
by atomistic inhomogeneities in the cationic sublattice
amangement in GAGG, where local variations in the Ga content
induee variations in the bettom of the conduction band. Such a

“wavy" shape of the conduction band bottom limits the out-
diffusion of electrons from the ionization track and, conse-
quently, enhances their fast radiative recombination with holes
captured at cerium ions."*

An essential step towards further garnet scintillator optimi-
zation was accomplished in 2014 when Mg* -codoping was
shown to accelerate the scintillation decay and (for low Mg

<). Published by the Royal Sociaty of Chemig!

. LY=500=%300 ph/MeV

* Decay=0.2,

1.5, 14.9 ns

Sample Ta1 (

7, (ps

§) Ry (%)

Taz (

s) R,%

Tds {nIS} R; (%) (ns)

Td,eff

C&A GFAG 32
ILM GAGG 37
Fomos GAGG 30
PL1 13
PL2
PL3
PL4
PL5
PL6

6.0
4.0
2.2
2.5
2.1
1.6
1.5
1.0
0.2

W oo

woww

4.6
3.2
0.5
3.3
7.2
6.2
9.2
11.0
19.5

44.5
40.4
53.1
25.4
16.6
12.6
11.3
7.1

1.5

69.2
56.4
41.7
48.0
54.6
47.5
53.9
51.8
53.0

222
138
166
79.2
66.2
46.0
45.4
40.8
14.9

26.3 41
40.4 40
57.8 73
48.8 26
38.2 13.8
46.3 11.6
369 8.6
37.2 5.2
27.5 0.7
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3.2 Decay—Ce doping concentration

X.Y. Sun, et al., Chin. Opt. Lett., 2025, 23(12), 121602.

g Vo 25, o, 12 B 225 ) Light yield Scintillation decay time
bl Density (g/cm?) (pgilh /l\'%,eV) ) y
Ultra-high concentration Ce*' -doped gadolinium-based

borosilicate glass scintillators GFO1 6.1400 427 98.9 (1 .6%), 924 .2
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Ce**-doped gadolinium-based borosilicate (6BSC,) glass scintillators with an ultra-high concentration of 16 mol% were syn-
thesized in ambient atmosphere for future calorimeter application. The valence state of Ce was preciously cantrolled in the
glass by the X-ray absorption near edge structure [XANES) spectrum. With the increased Ce® concentration, the NBO/BO . . . . . . . .
ratio decreases notably from 5.1 to 0.56. The GBSC, glass scintillators exhibit the broad photoluminescence [PL) band within [ ] O t g th d y t f G S t 11 1 dJ t g th
350-550 nm regions, with a maximum PL guantum yield [PL QY) of 60.6%. In X-ray excited luminescence [XEL), the integral p 1m1Z1n e eca lme O S 1 re le S On a' uS ln e
intensity of the GBSCZ glass is 18.4% compared to the BGO crystal. Meanwhile, it has the highest light yield of 1043 ph/MeV
with an energy resolution of 28.4% at 662 keV under y-ray excitation. When the doped concentration of Ce™ exceeds 4 mol%,
the proportion of light yield within 1 ps integral gate exceeds 95%, which conforms to the requirement of fast time response. * 3+

Interestingly, the concentration quenching effect of high concentration Ce™ (x < 14) does not oceur in the glass scintillators Concentratlon Of Ce Centers .
under y-ray excitation. With the increase of Ce™ concentration, both the fast (100-18 ns) and slow (1000-59 ns) companents
of scintillation decay time decrease dramatically. Therefore, the developed GBSC. glass scintillators, featured with the rea-
sonable light yield and fast time response, have a promising application in future high energy physics (HEP) experiments.

Keywords: HEP experiment; glass scintillator; XANES; light yield; fast scintillation decay.

* As the Ce doping concentration increases, the scintillation decay time

[4-6]

1. Introduction X-ray imaging ', as they only pursue higher light yield with

) i g g ; less care for scintillation time and glass density. However, HEP
In recent decades, the purpose of scintillation materials for i N L
b el e o il st et il e comprbenin g of i gradually decreases.
particle physics, nuclear medicine, and even astrophysics lation materials, including low cost, high density, adequate
fields'" . Currently, glass scintillators are targeted as static  energy resalution, and fast decay. It is still difficult to achieve

® 2025 Chinese Optics Latters 602 Chin

* However, the light output first increases and then decreases.

» 2025 Chin. Opt. Lett. . . . .
Different concentrations of Ce doping » It is necessary to balance light yield and decay time.
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Relationship between decay and light output

* Over the past four years, the GS group has prepared

2500 |- " more than 1500 pieces of glass;

< 2000 F . ° * Decay time of the GS, determined by physical properties:

= °

= - p 100ns -> 300ns -> 500ns;

S 1500 | o po

E . * Typical results show that decay time and light yield tend
15 Q

E o F 3 &P . : & to be positively correlated: a higher light yield generally

= i D

Eﬁ 500 |- : ° . 0" ¢ e implies a slower decay time;

-
o L -. P S S S * Only a small number of GS samples meet all three

0 200 400 o600 800 1000 1200 1400 1600 1800 ) ) ) ) )
performance criteria: density > 6.0 g/cm?3, light yield >

1000 ph/MeV, and decay time < 500 ns.

Average decay time (ns)

We really need the decay time of GFO less than 500ns? What about 1us? or others?

i S TR )




3.3 Peak emission wavelength shift

light yield (LY) in number of photons/MecV produced (Nphotons/MeV) and the light output (LO)
in number of photoclectrons/MeV detected involves the factors for the light collection efficiency

(LCFE) and the quantum cfficiency (QF) of the photodetector:
LO =LY - LCFE -QFE. (35.4)

Cite by R.H. Mao, L.Y. Zhang and R.-Y. Zhu, IEEE Trans.NS55, 2425 (2008).

= 32
> [ — GS 40 <
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3.3 Wavelength shift of GS (Unpublished)

4000
— GBSFALI Doping X into GFO Glass
— GBSFAL2
3000 | — GBSFALS3 XEL peak LO ER
3 GBSFAL4 (nm) (ph/MeV) (% @662keV)
= — GBSFALS5
£’ 2000 GBSFALL1 407 1271 29.8
=
"__‘:':.' GBSFAL2 408 1360 26.3
1000 GBSFAL3 409 1491 26.9
GBSFAL4 411 1116 29.7
0 350 400 450 500 550 600
Wavelength (nm) GBSFALS 420 1252 28.1

» After adding X*, the glass XEL peak red-shifts from 390 nm to approximately 420 nm;

* As a strong network modifier, X* increases the coordination field around Ce**, lowers its luminescence energy levels, and
ultimately leads to a redshift of the XEL peak and an increase in light output;

* However, excessive X* can disrupt the glass network structure and reduce the light yield.
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3.4 lon co-doping—Cs;Cu,ls:TlI (CCI crystal)

S.L. Cheng, et al., Phys. Status Solidi RRL 2020, 14, 2000374.
Q. Wang, et al., Adv. Optical Mater. 2022, 10, 2200304.
L. Stand, et al., Nucl. Instrum. Methods Phys. Res. 4, , 2021, 991, 164963.
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Zero-Dimensional Cs;Cu,ls Perovskite Single Crystal as

Sensitive X-Ray and y-Ray Scintillator

Shuangliang Cheng, Alena Beitlerova, Romana Kucerkova, Martin Nikl, Guohao Ren,

and Yuntao Wu*

have attracted huge attertion in optoelectronic and radiation detection appli-
cations in recent years. Herein, a highly efficient 0D Cs;Cusls peravskite crystal
is presented for X-ray and y-ray detection that can be easily grown from the melt
by the Bridgman method. The crystal structure of Cs3Cuals belongs to an
orthorhombic system with a space group of Pama. The Cs;Cugl; aystal is
nonhygroscopic and self-absorption free due to a large Stokes shift of 120 nm
centers at 440 nm with a principal decay time of 967 ns. The Cs:Cuqls arystal not
only demonstrates a high scintillation yield of about 32000 photons MeV  and
an extremely low afterglow of 0.03% at 10 ms under X-ray radiation, but also
|possesses a high light yield of 29 000 photons MeV * with an excellent energy

binding cncrgy of 353me¥ and 2 high
PLQY of betwern 42% and 459%.7%

Quitt 2 fow lowdimensional all-
inorganic perovskites with  remarkable
liminescent

x,cdc:l,h;pmlmnm.hmzmlmlw
pddsﬁnmslamnmum]ﬂmnmmv i

encrgy resalutions from 3.3% to 4.3% at
aﬁzlmvl’”"!Hawm due 10 a small Stokes
shift of Fu’' ions, these materials suffer
from strong sclfabsorption effect when

crystal size. Nanocystaks of 0D

resolution of 3.4% at 662 keV under y-ray radiation.

Organic-inorganic hybrid halide perovskites, !q!lur_ﬂ!td by
CHyNH3PhX; (X=Cl Br, 1), haw demonstrated o

optoclectronic and radiation detertion properties.' ‘JAIhnmgam:
CaPhX, perovskites (X = CL, Br, 1) with better long-term stability

rcgrdcdasaﬂbshmc:kmdmnlxlmt{nhldxlrzdsm
an intcnse quantum confinement cffect. Excitons are strongly
confined at cach [PhBr]" octahedron, enabling 2 high caciton
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* LY=28000 photons/MeV

2000374 (1 of 5}

scaling-up

CsPhBr, Cs,PhBr, perovskies show a
high light yicld of 64000 photons Mcv '
and a fast decay time of <10ns!""! One-

dimensional materials were also reporied
s sensitive scintillators, such as Rb,CuBr, and
Rb;(\ﬂ,l"-'zf Inp\mﬂdar the RbyCuBry, that is sci-absorption

free and nonhygroscopic. was reported o achicwe an ulirahigh
scintillation yicld of 90 000 photons Mcy- 12
Allinorganic 0D perovskite Cs,Cu,l; was recently reported as
a highly cfficicnt bluc-cmitting matcrial with 3 PLQY of 91.2%,
and regarded 35 promising for application in ?humdﬁmnn
light-cmitting diodes, and memristors aﬁcnnld 117 1n 2020,
Cs5Cu,l; nanocrystals were for X-ray imaging with a
light yicld of 80 000 photons McV I”"Tod:: best of our knowl-
edge, the Xray and y-ray detection capahility of bulk Cs,Cu,ly
single crystal has not been reported. Thus, the aim of this work
is 1o study the physical and optical propertics and the scintillation
performance under X-ray and yray radiation of high-quality
c;,g:ispcfmm;mpeaymlgmwnhyﬂm Eridgman
me
The 7 mm diameter single crystal of CsyCuyls was grown by
the vertical Eridgman methed. High-purity powders of Csl
(99.99%, Grirem Advanced Materials) and Cul (99.999%,
Sigma-Aldrich) were used as raw matcrials. These starting mate-
rials were mixed consistent with steichiometric ratio and loaded
into a quartz ampoule in a glovebax with <0.1 ppm moisture and
axypen. The loaded ampoule was sealed under 3 vacuum of 10-°
torr aficr drying at 180°C for 16h, and then placed into a
Bridgman growth fumace. Prior 1o . the CsyCuyls
was synthesized under 630°C (a fow degrees above
the mehing paints of all components) for 24 b Then the growth
staried at 390°C1" with 3 temperature gradient of
20-30"Cem ' and a translation ratc of 0.5 mm b~ The firrnace

£ 2000 Wiley VEH GmbH

* E.R=3.4%@662KeV
* Decay=967 ns
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Highly Resolved X-Ray Imaging Enabled by In(l) Doped
Perovskite-Like Cs3Cu,ls Single Crystal Scintillator

Qian Wang, Quan Zhou, Martin Nikl, jiawen Xiao,* Romana Kucerkova,
Alena Beitlerova, Vladimir Babin, Petr Prusa, Vladimir Linhart, fingkang Wang,
Xuemin Wen, Guangda Niu, Jiang Tang, Guohao Ren, and Yuntae Wu%

Low-dimensional perovskite halides have shown a great potential as X-ray
detection materials because of efficient exciton emissions originating
from strongly spatially localized charge carriers. Nonatheless, most of
them have a scintillation yield far below their theoretical limits. Here, it
is found that the harvesting efficiency of produced charge carriers can be
significantly enhanced via a small amount of In* doping in these highly
localized swructures. A bright and sensitive zero-dimensional Cs;Cu,
halide with efficient and tunable dual emission is reported. The radio-
luminescence emission of Cs;Cugly:in® crystals under X-ray excitation
consists of a self trapped exciton emission at 460 nm and an In*-related
emission at 620 nm at reom temperature. In* doping enhances the photo-
luminescence quantum efficiency (PLQY) of CsCu,ls from 68.19% to 88.4%.
Benefiting from the higher PLQY, Cs;Cuglg:in® can achieve an excellent
Xeray detection limit of 96.2nGy,, 5™, and a superior scintillation yield of
53000 ph MeV, which is ial Csl:Tl single
crystals. As a result, a remarkable X-ray imaging resolution of 18 line pairs
mm-! is demonstrated, which is so far a record resolution for single crystal
perovskite-based flat-panel detectors. These results highlight the impor-
tance of efficient harvesting of carriers [and excitons) in low-dimensional
perovskites for radiation detection applications.

1. Introduction

Metal halide perovskites are a promising
platform for photovoliaics," light emitting
applicaions P photodetectors.d  lasers 4
and other opioelectronic applications owing
1o their extraordinary optoelectronic proper-
ties/l In particular, halide perovskites also
show huge potential in scintilaworbased
high energy radiation detection due to their
high effective atomic mumber (7. com-
ponent and nearunity luminescence effi-
ciency ¥ Since the first report on lead halide
perovskite nanocrystal scintillators by Liv's
group! many efforts have been devoted 1o
exploring the application of habide perov-
skite scintillators for radiation detection A%
Howener, though the halide perowskite scin-
tillators are highly promising. the light yield
{IY, =21000 photonsper MeV) is still far
behind the commercial scintillators such as
CIT1 (54000 photons per MeV), Gd;0;5°Th
{60000 photons per MeV) %0 Also, the sia-
Tility of Jead halide perovskite is still a great
challenge for practical applications ™
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ARTICLE INFO ABSTRACT

In this work the Bridgman erysial growth and scintillation properties of both undoped and Thdoped Cs,Cule
are presented. This material is very attractive for gamma and X-ray detection applications, with a density of
4.53 g/em® and effective atomic number of 51.9. Undoped CsyCuyl; had a light yield of 41,500 photons/MeV,
with an energy resolution of 4.4% at 662 keV. Thallium doping at 0.5 mol % resulted in a much-improved
seintillation response, in which light yield increased to 98,200 photons/MeV and energy resolution reduced
£ 3.3% ai 662 keV. The X-ray excited emission is centered at 442 nm for the undoped and 500 m for the
Th-doped crystals. The undoped emission is braad, typical of excitonic emission, while thallium doping results
in an even broader band with features of both the undoped and thallium defect-mediated emissions.
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1. Introduetion

The dearth in availability of high-performance, low cost scintillators
has led o ongoing research by many groups in the search for new
seintillatoss [1,2]. At the University of Tennessee, we have an active
scintillator di for of ionizing
radintion. High density, high scintillation light yield, and good energy
resolution are important for gamma-ray spectrascopy applications. In
this work we are focusing on a promising new scintillator family,
the alkali copper halides, specifically CsCuyls. The existence of this
material has been known for many years, and some of the proper-
ties have been investigated. Bigalke et al. synthesized Cs,Cuyly in
1988, using both solid state synthesis and an organic solvent method,
and reported that it has an orthorhombic structure with space group
Phrm [3]. Phase diagrams were published by Wojakowska, et al. in the
early 20005 [4,5], reporting that the compound melts incongruently
The properties of polyerystalline powders and thin films have been
reparted [6-8] as have the properties of nanocrystals. Cheng, Lian,
and Luo, et al have all reported that undoped nanoerystals have a
self-trapped exciton (STE) emission, photoluminescence and radiolu
minescence peaks around 445 nm, and a photoluminescence lifetime
of about 1.9 ps; the bandgap was reported to be 4.40 ¢V [9-11]

There has been some interest in using this material in optoelee-
. Jun, et al. reported fabrication of a blue light-emiuing
diode (LED) as well as preparing white luminescence films by mixing
GGzl with a yellow phosphor [12]. Zhang, et al. reported the use of
a solvent evaporation crystallization technique to produce millimeter-
size single erystals and powders with strang blue photoluminescence
and guantum yield of up o 89% (erystal) and 60% (powder), with
the aim of producing LEDs and fluorescent inks [13]. Mn®*-activated

Ll ing Cs3Cuzls phosphors h; been studied for use in white
LEDs [14], while a Cs,Cu,l thin film has been used as a component
of a deep ultraviolet photodetector [15].

‘These reports suggest promise for Cs,Cuyls, as does its density of
4.53 g/em? and effective atomic number of 51.9 [5]. 1t has long been
established that the performance of Csl is significantly improved by
doping with thallium [16-21]. Our hypothesis, the basis for this current
wark, was that doping Cs3Cuyls with thallium would resultin similarly
enhanced performance. In this manuseript we have established that
€s,Cu,L, single erystals are intrinsic scintillators, although they lack
the high light yield and excellent energy resolution required for spee-
trascopy, and that doping CsyCuyl with thallium does indeed result
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*  LY=98200 photons/MeV
 E.R=3.3%@662KeV
e Decay=840 ns



3.4 GS——co-doped with Ce and (Unpublished)

x=0 Doping Y into GFO Glass
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* Incorporating additional luminescent centers can reduce the non-radiative recombination between self-trapped excitons

and glass defects, offering a potential approach to enhance the light yield of the GS.

* By adding a trace amount of Y™, the light yield increased from 1200 to ~1500 ph/MeV.
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1. High Light Yield Enhancement is possible!

2. We try our best to Enhance the Light Yield;

Density: Wereally need the density of GFO larger than 6g/cc?
Decay Time: We really need the decay time of GFO less than 500ns?

Wavelength Shift:
Co-doping: We need time and funding to find the new materials;

3. How to conrol the cost of GFO Glass.
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