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MeuTa UHXeHepa...
[MoTpeOuTenbckue uenu

Optimal scintillator

Effective = efficient + available + cheap

efficient ~ 100.000 ph/MeV, 3% resolution (662 keV)
available ~ size 400 mm
cheap ~ 3-4 $/cc



Oco6eHHOCTN HOBBIX U KITaCCUYECKUX CULMHTUNNATOPOB
UCMAPT - 2014

HoBUHKM pa3paboTOK CUMHTUNNALUOHHBLIX MaTepuanos
(cm TaKxke .

[1.2)KmypuH, M.HemueHoK - [1nacTtmaccoBble CUNHTUNMATOPDI

O.Cunaneuknn — OKcngHble CUMHTUNNATOPSI

H.lWnpaH — 'anongHbie CUMHTUNNATOPDI




Hanbonee acdhhekTnBHbLIE ranougHble

CUMHTUINNATOPDLI
[o Lum LY R, % | Decay | Hygro-
Crystal |g/cm?3® |A, ph/Mev | Cs?3 | 1,ns |scopy |References
nm
Cal, :Eu 3.96 467 110.000 | 5,2 1.000 strong Cherepy, Moses,
Srl, :Eu 455 | 435 115.000 | 2.6 1500 |strong | Derenzo, Bizarri,
Bourret et al.
Ba,Csl; :Eu | 4.9 435 102.000 | 2.55 383;1.500 [ medium | 92007-2012
SrCsl, :Eu 4,25 458 73.000 | 3.9 2.200 | medium | Zhuravleva et al. 2012
BaBrl :Eu 5.2 413 97.000 | 3,4 500 low Bizarri et al. 2011
Nal : Tl 3.67 415 44.000\/ 5.6 230 strong
Csl: Tl 4.53 560 56,000 (16.0 980 no
Csl:Na 420 46,000/ 6.4 600 low
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4 AMNNUTYOHbIE CNEeKTPbl HEKOTOPbIX HOBbLIX
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Bce HoBoe — xopoLuo 3abbIToe cTapoe...

(Eu-nernpoBaHHble CUMHTUINATOPDbI)
(history and reality)

Luminescence study

1948 - 1975
LiCl :Eu Lehmann,1975
Lil :Eu Murray,1958
Cal,:Eu Hofstadter,1963

Lyskovich,1970

CaF,:Eu Butement, 1948
SrCl,:Eu
SrBr,:Eu Lehmann,1975
Srl, :Eu
Srl, :Eu Hofstadter,1968,
scintiflator | US Patent,3373279

New demands have led to discovery
several new Eu-doped scintillators

New scintillators

2007 - 2013
Cal,:Eu LLNL, LBNL, USA
Srl,:Eu Cherepy, Moses et al.

== '5a,CslEu 2007 - 2009

BaBrl:Eu LBNL, USA

Bourret, Derenzo et al. 2010
BaFI:Eu
SrCsl;:Eu SMRC, Tennessee, USA,
CsEul, Zhuravleva, Melcher
Cs.Eul, et al.2010




Ce doped Oxide Scintillators

Crystal Density, Light yield, Energy resolution, Decay time, | Afterglow, %
g/cm3 phot/MeV % (1°’Cs, 662 KeV) | ns (y-exc.) (after 5 ms),

odo) " |87 11000 9-11 50 0.02

'(fé%"? 5 |74 Soed 7.3-97 40 >1

I('Lqu,zifO? 6.2 26000 9.5 38 ~0.02

2(\:(«;:('2?12 4.55 24000 7.3 85 + slow ND

(ijﬁlé?ﬂ 6.7 12500 ND 44 I

E(QIO:,;’ 5.35 21000 6.7 27 ND

'(‘EUAA'% 8.34 11000 14 16+slow | ND

23.10.2014
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Ce :Gdg(ALGa)5O 12
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Fig. 5. Gamma spectra of ®Co using 1 in® scintillators of StT(Eu)
GYGAG(Ce) and NaI(Tl).



Scintillator efficiency:

Nph:BSQ

-

Ee—h

E, quantum energy
Een = ~24E,

S energy transfer efficiency
Q luminescence center efficiency

B — e-h creation efficiency is a key to the
new material search and investigation

S is also ~1 for many hosts.

MakcuManbHbIN CUMHTUNNALUOHHLIA BbIXOA

Q is~1 for many typical activators, Ce, Eu etc

1-5% of uniform distributed activator minimizes
the transfer length to 2-5 a (lattice parameters)

Photon Yield (photons/keV)
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dPyHpoaMeHTanbHbIe npeaenbl Bbixoaa

CUMHTUINNALUNAN
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Mpepenbl Ans pa3HbIN KBAHTOBbIX BbIXO40B
3NIeKTPOHHO AbIPOYHbLIX Nap

Photon Yield (photons/keV)

160~

120}

(o0)
o
]

40t

Lul3:Ce
v

" Y~ L SrlyEu
* = = ~
BayCslg:Eu

Nal

"'B=3
-Bp=25
___B:Z
---B=15
_B:]_
—— [P. Dorenbos]

Csl  ~ -~
(LNT) T~ <

_A LaBr3:Ce

-
=

-
=~ -
-

-
-
-
-
- o
— e

4.0

5.5

6.0

band gap Eg, eV




[Mpeaenb! AN TUNUYHLIX CUUHTUIINATOPOB
Ha ocHoBe Nal un Cslkpuctannos

LY=10°SQ/BE,=n10°/E;; n=SQ/p;n =05
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Photon Yield, 103 ph/MeV
o0}
o
|

New scintillators Traditionql.sgi.n.tillators
SrIZ:Eu B et T,
Caly:Eu u ‘e
Csl (LNT)%
Ba,Csls:Eu [ o %
S Nal (LNT)
BaBrl:Eu H?
Csl:Tl
'..NaIZTl [ | [ | Csl:Na
T T T T T
5,2 5,6 6,0 6,4

Energy gap, eV

Experimental data are far from theoretical

limit for Nal and CsI based crystals

E LY, LY,
Crystal e\g; ph/Mev ph/Mev
theor. exp.
Nal (77K) 80.000
5.8 | 86.000
Nal: Tl (RT) 45.000
Csl (77K) 100.000
Csl:TI (RT) 6.1 | 82.000 | 56.000
Csl:Na (RT) 46.000

‘/Pure Nal and CsI possess extremely
high photon yield at LNT [V.Sciver, 1958;
Persyk, 1980; Moszynski et al, 2010]

Both NaI and CsI could be the
source of efficient scintillators

with optimal activator!
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M Kyna neBaeTtcs 3Heprua nornoweHHOro KBaHta?

N, =BSQ A.Vasil’ev, A.Gektin
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Density-dependent STE-STE quenching;
Thermal STE quenching; STE quenching on

s M defects W,

Capture by
defects

STE emission Wex
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Capture by
defects
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QW:.?,'.::.. i W‘ “(
‘ ! .:".l J‘
9200 |
Mainly genetic |
recombination of Bimolecular
individual pairs recombination in
9100 cylindrical track
2008070100
30 keV electron track, "

re,th=6 nm,

A. Vasil’ev, 2014
r,++=0.6 nm (red=e, blue=h)



M Pa3neTt n Tepmanusaumsa 35IeKTPOHHO AbIPOYHbIX Nap
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%: Spatial track structure for e-h Onsager
M recombination stage for small thermalization radius

= 10
i S
2 ,  andholesby
s g 10% —
E, e 5 \ /
€ ex G) 1 | )
AR h—>V,+ph % \
: S 10™ =
+AE 10 T T T T
10° 100 10* 10° 10* 10° 10°
Electron energy E (eV)
‘Real’ track structure
- - - 2 - - - S & & a8 __-- -
-
-
- Regions created by
© Onsager radius10 nm different virtual photons

are overlapped

24 ]
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Spatial track structure for e-h Onsager recombination
stage for large thermalization radius
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resoluion (%) at 662 keV

JHepreTnyeckoe paspewieHue (662 keV)

4000

counts

3000

2000 |

1000 |

Srl,:5% Eu?

L_

1
500

2> A

1 1
1000 1500

channels

2000

2500

A

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

number of detected photons at 662keV

*  Results with new
Hamamatsu super-bialkali
R6231-100 PMT

Significantly higher number of
detected photons

Resolution improvement is
marginal



E JHepreTn4yeckoe paspeweHue ( 662 keV )

YAIO;:Ce, LusAl;O,,:Pr, LaCl;:Ce,
LaBr;:Ce, Srl,:Eu are reasonably
close to fundamental limit.

resoluion (%) at 662 keV

0 5000 10000 15000 20000 25000 30000 35000 40000 45000
number of detected photons at 662keV
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OT ngeu 0o NpPoOMbILLIEHHOro NPou3BoACcTBa

Knaccunyeckun umkn :

Anpobauus, PaspaboTka
| —
Aes | 3KCNnepuMeHT TeXHOnornu lponsBoacTBO
Nal(Tl) - 25 neTt
PWO - 17 net
LYSO - 6-8 net

LaBr3 - 6-8 net
Srl2 - 7 pa3paboToK, a TeEXHONIOrMU HeT

B yem npob6nema?



UcTopuna nepBbIX CLULUHTUNNATOPOB

1952 — Anger Algorithm
1963 — Gamma-camera prototype

Harshaw Chemical Company
(founded 1890, Cleveland, Ohio)

Large Nal(Tl) needs

IS :al O 74 —
Dr.Carl Swinehart
In Harshaw from
1932 to 1990

R&D supervisors !!!
Prof. R.Hofstadter (Stanford)

and Dr. D.Stockbarger (MIT)




= [1Be anbTepHAaTUBbI B MPOMbILLIIEHHOM
nogxone

1. Increase of crystal / crucible diameter

Czochralski

* increased
power input

* melt
turbulences

VGF

* increased
interaction
with ampoule

* increasing
melt convection

P.Rudolf, IWCGT 2008



.11‘”‘“\

KpeMHumn — Kak npumep pa3Butus
TexHonormum

Czochralski Czochralski Floatzone
(mono) (mono) (mono)




Nal(Tl)
Industrial growth

Hygroscopicity is not a problem!

Si — large size crystal growth

Si - industry is an example of
efficient and cost reasonable
crystals production
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JlTabopaTopHoOe KayecTBO pacTeT

K.qllh.\
II

(2007-2012),
W
2007 - 2009 2011 - 2014
Crystal LY R, % LY R, %
ph/Mev | Csl37 ph/Mev | Cs!3
SrT,:Eu 115.000 | 2.6 115.000/2.6 \
Ba,CsI:Eu | 97.000 | 3.8 102.076 2.55
SrCsl,:Eu 65.000 | 5.2 73.000 | 3.9
BaBrI:Eu 81.000 | 4.8 97.000\ 3,4 /
N—"

Many AE halides possess with efficiency about fundamental limit

Selection of one (best) scintillator has to base on the technology advantages



Srl,. Raw material cost depending on purity

Purity, %

Srl,:Eu : CoBepLUeHCTBO CUMHTUANATOPA B
3aBMCMMOCTU OT CTOMMOCTU CbIPbA
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Cost $/cc

MpuMepHbIe CTOMMOCTU KOMMeEpPYeCKHU
AOCTYNHbIX CUMHTUINNATOPOB

45

LSO LUAG

40 o—20
35 YAP
30 ®
25 ZnSe
20 .
15 BGO CWO
10 LiF [ ) Pb.WO ®

S Csl “ Nal ¢

0 I I I I I I I
500 700 900 1100 1300 1500 1700 1900 2100

Melting point,C

100 $/cc gna LaBr3:Ce — oTpaxeHue
OTCYTCTBUA NPMbILUIIEHHON TEXHOJOIMHU



Crystal cost structure (Si)

Cost structure for single crystal growth

Cost $/cc

S
(3}

LSO LUAG

40 *—0—
% YAP
30 9
% ZnSe
20 o
10 LiF [ Pb.WO ¢

5 Cs! @g Nal ¢

0 T T T T T T T

500 700 900 1100 1300 1500 1700 1900 2100

Melting point,C

68% - raw material
10% - crucible
8% - system cost
4% - labor cost
4% - power

6% - other

Oxides
20% - crucible
17% - power

2010 prices




3aKknw4veHume

65 neT pa3paboTOK HOBbLIX CLULUHTUNNATOPOB NOKa3bIBAOT
HenpepbIBHbINA Nporpecc, HoO He AOCTUXXKeHne nageana

OTcyTCcTBUE «KYHMBEpCanbHOro» CUMHTUNNATOPA onpeaensieT
MHOroo6pasue Bbiobopa onTUManbHOro peleHus

NMoHnmaHue pn3nkm npoueccoB pacTeT, a NpeacKasyemMmocTb
pe3ynbTaTta no npexHemy HU3Kas

AnbTepHaTUBHbIX TEXHOTIOTMA MHOIO U pe3yrbTaTbl — CXOXMW.
BaXXHO — CTOMMOCTbL CUMHTUNNATOPA onpeaensieTcs npexae
BCEro CTOMMOCTbLIO ChIpbS



bnaropapto 3a BHUMaHue !




