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1. YTo TaKoe CUNMHTUNAATOP?
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1. PTOPUNABLI-CUNHTUNNATOPDI

140
m bromides .
120 | $ ades Pros: 1) No hydroscopic
LIO
S 100 | o sulides 2) High temperature stability of LY
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S 8 | .
2 Cons: 1) Low LY (at this moment)
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Light yields of fluorides: 0.2
1) CaF2-Eu —18000-24000 ph/MeV [1] P
0 50 100 150

2) BaF2-10000 ph/MeV [1]
3) SrF2-14000 ph/MeV [3] (questionable due to low
purity of the sample)

SrF2 is almost not investigated! But it can be
perspective scintillator for well-logging.

Temperature, C
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2. CUMHTUNNALUNOHHbIE CBOUCTBA GTOPUAOB

COMPILATION OF INTEGRAL QUANTUM EFFICIENCIES, WAVELENGTH OF LUMINESCENCE MAXIMA, PHOTOELECTRON (the) AND ABSOLUTE PHOTG
(th) YIELDS, AND FULL WIDTH AT HALF MAXIMUM (FWHM) OF TESTED SCINTILLATORS IN COMPARISON WITH LITERATURE PHOTOELECTRON YIE

DATA
Scintillator Primary Wavelength of  Integral Photoelectron ~ Reference Photon Full width at
decay time emission max  quantum efficiency yield data Y,p.  yield half maximum
QE.sy Yohe Yon FWHM
[ns] [nm] [phe/MeV] [phe/MeV]  [ph/MeV]  [%]
Nal-Tl 250 415 0.21 8500+600 8900 [17] 38000 8
CslI-Tl 1000 540 0.07 4900+390 4400 [6] 55700 7.1
BGO 300 480 0.13 1380+100 1200 [6] 8200 15
BaFs 600 280 0.21 1930+120 2110 [5] 9400 13
BaF2-0.15 mol.% Pri*+ 21 228; 257 0.20 1230+80 6300 23
BaF2-0.15 mol.% Pr3*t 21 228; 257 0.20 1500+100 7700 19
StFs 1000 285 0.21 6010+420 29200 10
SrFs @ 1000 285 621 40204280 19500 13
SeFo=0.3 mol.% Ce*t 130 310: 325 0.23 2100£150 9300 i3
SrF2-0.15 mol.% Pr3t 25 232; 250 0.19 2200£150 11800
SrF2-0.3 mol.% Pr3+ 25 232; 250 0.19 1300+90 7000 20
SiF2-1.mol.% Pr3+ 24 232; 250 0.19 220+20 1200
4Cleaved sample
*The crystal has long decays [3] Shendrik, ArXiv.org, 2013

nOTepM B npoueccax nepenayvynt asHeprmn ot NnepBmnUYHHbLIX e-h K noHam aKTMBaTOpa!



3. MeToAabl nccnenoBaHUA

CnekTpbl peHTreHontomuHecueHumm (PJ1)

CneKTpbl nornoweHna ob6ay4eHHbIX U HE0BYyYEHHbIX
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2. X-ray emission spectra
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2. X-ray emission spectra

—1-SIF,
_22;'”‘;1',3 mol%ce” 3 ° Figure shows luminescence spectra of pure
T4-CaF 0 mAKES B s /\ SrF2 (curve 1), Nal-Tl (curve 2), SrF2-0.3
80000 IR \ mol.% Ce3+ (curve 3), and CaF2-0.1 mol.%
3 1‘ Eu2+ (curve 4). The spectra were not
.‘é’ Coneentation of ce™ione, mal- % cqrrected for spectral sensitivity of
3 registration channel
2 400004 2 4
©
— 1
- x Light yield (LY) of x-ray luminescence is
N /-—-\ ~ N\ derived from integral emission intensity of
200 250 300 350 400 450 500 the crystals.
A, NM
— SrF, pure LY(SrF2)=O48*LY(NaI—T|)
80000 SrF,-0.3 mol.% CeF, _
_ _S£F2_0_1 23_% CzF3 LY(SrF2-0.3 mol.% Ce)=0.71*LY(Nal-TI)
oo SIF,-0.03 mol.% CeF3 LY(CaF-Eu)=0.5*LY(Nal-TI)
% 40000 -

20000
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3. Light yield measurements

Nal-TI (LY= 45000 1 1 5
ph/MeV) Y
CaF2-0.1mol. % Eu2+ (.42 0.5 2"
SrF2 0.42 0.48 3 o
> 260 ' 2éO ' 360 ' 3éO ' 460 ' 4éO ' 560 '
SrF2-0.3 mol. % CeF3 (.32 0.79 A nm
SrF2-1 mol. % CeF3 0.2 0.43
*) In the table LY is pointed without spectral sensitivity
correction factor.
After correction:
Corrected light yield of SrF2 — c°"LY(SrF2)=2*LY(SrF2)
Corrected light yield of SrF2-Ce — corrLY(SrF2-Ce)=1.5*LY(SrF2-Ce)
LUMDETR 2012 *
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3. Decay curves

A ix}=0.15%expi{-+/0.8)+0.058"exp(-+/1 4)+0.0007"exp(-v6.6)* B Ht)*0.01"exp(-v/0.9)+0.2"exp(-u/1.1)+0.0025" exp(-v/5.5)+
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Fig. 4. 5d-4f laminescence decay curves of SrF; crystals doped with 0.015 mol % (A). 0.15 mol.% (B) measured at aroand RT. and | mol.% (C) measured at
around 300 K. All carves are approximated by sum of single exponential decays. The equations of approximation are given in labels in right parts of figures. In
figure D time-resolved spectra of SrFs-0.15 mol % Pr't crystal measured in 0-1 ;5 (1) and 6-8 ;s time windows is shown.

Shendrik, IEEE TNS, 2012
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3. Decay curves

I(r}=0.15"@xp|-c/D B)+0.058"exp(-+/1.4)+0 0007 axp(-'5 6)+
+5.30-4"exp(-v/17)
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Fig. 4. 5d-4f luminescence decay curves of ScF; crystals doped with 0.015 mol % (A), 0.15 mol % (B) me
around 300 K. All carves are approximated by sum of single exponential decays. The equations of approxim
figure D time-resolved spectra of SrFa-0.15 mol % Pr't crystal measured in 0-1 55 (1) and 6-8 s time win

Shendrik, IEEE TNS, 2012
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4. Scintillation decay time profile

I(1)=0,676*exp(-1/2,8)+0,078*exp(-1/9)+0,0031*exp(-1/280)
14

0,11
1 0,078*exp(-t/9)

|, arb.units

0,01+

0,0031*exp(-w/280) . -«
0,1 1 10 100

Decay of 5d-4f luminescence under x-ray and 1) 5d-4f emission of Ce3+ ions decay:
gamma excitation can be described by several Fast component: 120-130 ns (57 %)
single exponential curves. The shortest Slow components: 9-280 ps (43 %)
component is 120 ns. An integrating resistor

2.8 KQ was used in scintillation decay profile

registration. First exponential curve with t=2.8

. . . LUMDETR 2012

s is presented after integration.
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Energy transfer in SrF2-Ce3+. STE.

1) STE transfer is efficient in alkali-earth fluorides doped with Ce3+
[Wojtowicz RadMeas 2003, Radzhabov NIM 2002]

Contribution of STE energy transfer is about 50-60 %

The most energy is transferred by resonant mechanism.
Forster radius of dipole-dipole interaction calculated from overlapping STE emission
and 4f-5d Ce3+ absorption:

B /.fD(E)ﬂA(E)dE.

ntNy FA
0

Rc=13.5 A (calculated from quenching of STE with increasing Ce3+ concentration in
SrF2-Ce3+.

Rc=15 A (from RS =

LUMDETR 2012

8" International Conference
on Luminescent Detectors and q
Transformers of Ionizing Radiation



Electron-hole energy transfer

1) Fast consecutive electron-hole
transfer is not efficient in fluorides
doped with rare earth [Radzhabov,
IEEE TNS 2012; Shendrik, IEEE TNS
2012]

Intensity, a.u.

: 2) Delayed energy transfer. Hole or
""" p / electron is captured by a trap and then
transferred to emission center.

In SrF2-Ce electron can be first
captured by a trap and only then
transferred to Ce ion. [Radzhabov, NIM
2002]

IIIIlIIIIIIIIIIIIII11"IIII|IIIII
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Optical density

3. CnekTpbl nornoweHusn. Crystal doped with Pr3*

Calcium fluoride
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F1c. 3. MCD spectra of CaF,:Pr** with # ||[111]. D denotes
optical density, In(Zy/I), in this and the other figures.
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Data by Weaklem, PhysRevB, 1970

Observed bands can be corresponded to
4f-5d transitions in Pr?*ions. The lowest
energy transition is related to transition
of #ly/, ground state to e, level of 5d
state




3. Crystal doped with Pr3*

Barium fluoride

Optical density

Calcium fluoride E, eV
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Structure of absorption spectra of irradiated
CaF, and BaF, doped with Pr3*ions is quite
similar. The spectra of BaF, are shifted to blue
region. But we observe no bands at about 0.5
eV in BaF,.

0.3 mol.% Pr*

0.1 mol.% Pr**

Optical density of absorption bands at in
irradiated crystals depends on concentration.
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The bands at 2.3, 3.4, 4.1, 4.4 eV are
corresponded to f-d transitions in Pr?*ions.

Before irradiation




Theoretical calculation. Results

CaF -0.1 mol.% Pr*
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Experimental and theoretical absorption

spectra of CaF,-Pr?* crystals

The band at 0.9 eV corresponds to 4f—5d (e,)
transition. Group of lines with energies at 2.5-
3.3 eV is related to transitions from 4fto 5d
(t,,) states containing 3d and 4s orbitals of
calcium 1ons.
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Geometry calculation of CaF,-Pr**
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3. Crystal doped with Ce3*
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Wide bands with energies higher 1.8 eV
correspond to photochromic centers
[Sizova, IEEE TNS, 2012]

Sharp lines are related to 4f5d-4f
transitions in Ce?* in CaF, [Alig]. In SrF,-
Ce crystals the similar structure of the
bands is observed
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Fic. 1, Absorption spectrum of additively colored CaF:Ce?* at 78 and 300°K after different photochemical treatments,
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Electron-hole energy transfer

t \ 1) Fast consecutive electron-hole
T | ial 1 Ir3' transfer is not efficient in fluorides
;8’ | 5d' P doped with rare earth [Radzhabov,
'é & 3 IEEE TNS 2012; Shendrik, IEEE TNS
i 2012]
‘52__ V*‘"ﬁ.—g-q" 4f Pr*
ol 1c b 2) Delayed energy transfer. Hole or
| | | electron is captured by a trap and then
Prc. 413 Tiponeces nocassosarensoro saestoos musousoro saxsars s sncranne Cai. Lr@nsferred to emission center.
Pe3*_ Ha pucymke: la — 3axsar womom Pr3' 3aiexTposa W3 308l nposozumoctd, 1b
3axsaT wosoM Pr3t eropsuefs mupkw, Ic — SBTOAOKZAMIAUMA ANpKH B Vi uewtpe, 2c
e Pt Vi e g e e o P S - amwnesienis 10 opF)_Ce electron can be first

captured by a trap and only then
transferred to Ce ion. [Radzhabov, NIM
2002]

LUMDETR 2012 %
[Radzhabov, NIM 2002]
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Electron-hole energy transfer

1) Fast consecutive electron-hole
transfer is not efficient in fluorides
doped with rare earth [Radzhabov,

Jnwanted! IEEE TNS 2012; Shendrik, IEEE TNS
2012]

2) Delayed energy transfer. Hole or
electron is captured by a trap and then

PR
(n©)

S transferred to emission center.

\ - P

EeoreFg (<o)

Core band In SrF2-Ce electron can be first
captured by a trap and only then

h transferred to Ce ion. [Radzhabov, NIM

2002]

LUMDETR 2012 *
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Electron-hole energy transfer

1o° s CaF :0.1%Cef,

4
1

107 | b X Delayed energy transfer explains

3 10 longtime decay components in 5d-4f
é »100 L1 1 I Lo Ll I L1l I L1l I L Ll I L1l I . . .
3 10 emission of Ce3+ ions.
(4]
E 102
b How to diminish an influence of the
10 .
0 delayed transfer mechanism?
10°
10" Co-doping of the SrF2-Ce crystals to
10° : decrease band gap -- “Band-gap
50 100 150 200 250 300 350 . . ” . .
Temperature, K engineering” was applied in garnets.
[Radzhabov2002, NIM] [LUAG—>LuGaAG, M.Fassoli et al, Phys.
Rev.B 2010]
LUAG LuGaAG
conduction band
conduction band
0.29eV antisite antisite
wIo¥ LUMDETR 2012 *
valence band valence band 8" International Conference
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Electron-hole energy transfer

Possible co-activators of SrF2-Ce —
1) Ga3+, In3+, such in LUAG. Expected effect:

+ Decrease of band-gap to 1-1.4 eV.

== Creation of interstitial fluorine ions (charge

compensation) after co-doping => using Na+ ions
co-doping simultaneously

2) Cd2+

+ Decrease of band-gap to 1.3-1.7 3B [Radzhaboy,
pss 2005].

<+ No interstitial fluorine ions

== Crystal doped with high concentration of Cd2+ is
grown complicated

== STE suppressing by Cd ions. Possible decreasing
of Ce3+emission.

251

CaF,-Cd
201

1 - undoped CaF,
2-0.3 wt% CdF,
104 3 -1 wt.% CdF,
4 - 3 wt.% CdF,

154

5-
olo .
= *%1 srF,-cd
2. 204
% . 1- undoped SrF,
S 154 2-0.001 mol.% Cd
© { 3-0.01 moi% Cd
S 10{ 4-0.3 mol% Cd
e
S 57
=
0
80+

BaF, - Cd

604 1- undoped BaF,

2-<10" mol.%
404 3 -0.02 mol.%
4 - 0.08 mol.%
5-0.2 mol.%

204 6 - 0.5 mol.%

654 3

5 6 7 8
Photon Energy [eV]
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Perspectives

Measured light yield will be increased:

 Co-doping SrF2-Ce with Ga3+, or In3+. The maximum scintillation yield will reach x-ray
luminescence light output (about 50000 ph/MeV).

* Tofind PMT with better parameters (spectral sensitivity).

e  Future of SrF2:

 SrF2-Ce and SrF2-Pr are new scintillators with better than Nal-Tl parameters: higher density,
similar light yield, shorter decay time, and no hygroscopic.

* New scintillator for well-logging. High temperature stability of LY.
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iod
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Edopen
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2)

BbiBOAbI

bonblwoe BAnAHME HA CUMHTUNNAUMNOHHbIE CBOMCTBA KPUCTA/1/10B
OKa3blBaeT TO, KAaKUM cnocob nepeagaeTtca sHepPrmnAa BOB6V)K,£I,€HMFI oT
KpMCTaJ'IJ'IMHECKOl‘;I PEWETKN K UEHTPaM CBEYEHUA

KomnnekcHoe nsyvyeHma skcnepumeHTasibHbIMU U TEOPETUYECKUMMU
MeTo4aMM NO3BONAET YCTAHOBUTb MEXaHU3MbI Nepeaaym sHEPTUN U
«MmeLatowme dakTopbI»

Mo pe3y/ibTaTaM TaKUX MCCJ'Ie,EI,OBaHMﬁ BO3MOXHO NPUHATb MepPbI MO
YAYHWEHN CUNHTUNNAUNOHHDBIX XaPaKTEPUCTUK U ,u,aanei/iLueN\y
NPaKTN4eCKOMy UCMNOJZIb30BAHNIO AaHHOIO MaTepuaia.
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