eveiopment of new storage
phosphors for thermal neutron
detection

Andrei Sidorenko

Interfacultyv Reactor Il nNstitiuant e







TR 42108

Development of new storage phosphors
for thermal neutron detection






Development of new storage phosphors
for thermal neutron detection

Proefschrift

PR
2078 &

&
T
~ .
O promethcusplein 1
= 5
<
&

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
| op gezag van de Rector Magnificus prof.dr.ir. J.T. Fokkema,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen

op maandag 1 november 2004 te 13:00 uur

door
Andrei SIDORENKO
Magister Fiziki

St.-Petersburg State Polytechnical University, Rusland
geboren te St.-Petersburg, Rusland



Dit proefschrift is goedgekeurd door de promotor:
Prof. dr. ir. C.W.E. van Eijk

Toegevoegd promotor: Dr. P. Dorenbos

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter

Prof. dr. ir. C.W.E. van Eijk, Technische Universiteit Delft, promotor

Dr. P. Dorenbos, Technische Universiteit Delft, toegevoegd promotor
Prof. P.A. Rodnyji, St.-Petersburg State Polytechnical University, Russia
Prof. dr. A. Meijerink, Universiteit Utrecht

Prof. dr. LM. de Schepper, Technische Universiteit Delft

Prof. dr. L.D.A. Siebbeles, Technische Universiteit Delft

Dr. A.JJ. Bos, Technische Universiteit Delft

Published and distributed by: DUP Science

DUP Science is an imprint of

Delft University Press

P.O. Box 98

2600 MG Delft

The Netherlands

Telephone:  +31 1527 85 678
Telefax: +31 1527 85 706
E-mail: info@library.tudelft.nl

ISBN 90-407-2540-3

Keywords:  neutron storage phosphor / photostimulated luminescence / spectroscopy of
rare-earth ions / radiation induced defects / thermoluminescence

Copyright © 2004 by A. Sidorenko

All rights reserved. No part of the material protected by this copyright notice may be
reproduced or utilised in any form or by any means, electronic or mechanical, including
photocopying, recording or by any information storage and retrieval system, without written
permission from the publisher:

Delft University Press

Printed in the Netherlands




Contents

1

2

Introduction

Defining the characteristics of neutron storage phosphors
and selection of materials

2.1 Known X-ray and neutron storage phosphors.........cc.ccovecemiiiieeiccieieeceeeee

2.2 Physical processes in scintillators and storage phosphors ................occcceveieevvenennnen.
2.2.1 Interaction of ionising radiation with matter
2.2.2 Multiplication and thermalization of electron- hole pairs, energy transport to

luminescence centre and electron/hole traps ...................cccccccoeveveveveereviinneeeenns
2.2.3 Photostimulated IUMINESCENCe..................ccccovuiriceiieirieiereeeeeiee et

2.3 Possible electron/hole traps. Examples of known storage phosphors.......................
2.3.1 Lattice defects in alkali-Ralides ...................ccccoouerieroeviiiriiariiiceieeceseeeeeeeeanens
2.3.2 IMPUFILY HORS ...ttt ettt et et b b en b besans
2.3.3 Lattice defects i DOYAIEs .................cuuueeeeeeeeneeeeeereeiesseeis e sreesseene s

2.4 Requirements for neutron storage phoSphoTS............coveeeriieeieeteeeeeeeeeenseseeeesennens
2.4.1 NeUtron bSOFDIION...............c.ccooveveveeveececececee ettt sre s enes
2.4.2 JrFAY SENSTHIVILY ...t ettt ettt ettt e et ans
2.4.3 Stimuleability and spatial reSOIUtoN.....................coooooeeeeeeeeceieieceeeeeeeeeeen
2.4.4 Detective quantum efficiency (DQOE) .............c.cccevemienmeeereeeeeeeeeeeeseeesessaens
245 FAAING.........occioviiiiiiiiiieir sttt

2.5 Selection of MAtErials.........coovireieeii et
2.5.1 TWO GPPIOACHES.............ccoovverireeriieeeceiee ettt b bbbt e et
2.5.2 CROICE Of COMPOUNGS...........cooveeroesireieicteeceeeeeeeeee ettt

Experimental techniques

3.1 INEPOAUCHION ...ttt r s s e e s s n s s esse s s sensenan
3.2 SAMPLES ...vviiiiririici et b et et e b e b bttt sttt sananas
3.3 Characterisation of SPECtIOSCOPIC PrOPEILIES ....c.ccviveeeieaeriereresrererereseressssesesessenes

3.4 Characterisation Of SLOrage PrOPEITIES. ......c..iuvererrerecerersrersenresesssessssessssassesessssssesssenes
3.4.1 Thermally stimulated IUMINESCENCe....................ccoeevvivrereereeeeseessesseresesssenens
3.4.2 Photostimulated Iuminescence (PSL) .............c.cooeeoueeeeeeeeeeeeeeeeeeseeeereeseseens
3.4.3 Performance comparison of different storage phosphors ...............c.ccceueeeeen...

3.5 EPR teChNIQUE. .....vceeveeeeiicicieieetcietetetete ettt ettt ettt eee st sttt teans

Development of new storage phosphors for thermal neutron detection
© 2004 — A.V. Sidorenko — All rights reserved




vi

Contents

4

Luminescence and Thermoluminescence of Sr;B509X:Ce3+,A+
(X=CLBr, A=Na",K") phosphors

4.1 INLFOAUCHION ......ueiieiciieciecieee e et e e baessreerae s e e e ssae s ssassresssnssnesssnssnnnseseraneesssessnnannn
4.2 MALETIALS.......ocoiiiieiciiiceec et brareeeesbeestesesraassesrressrressaneesssasasesnsssessasonsasanans

4.3 Results
4.3.1 Optical properties of Ce®" in SroBsOoBr and SryB5sOoClueeerneeeeereseereeseresinsnes
4.3.2 EPR SPECIFA Of €T HONS........ooooeeoeeeeeeeoeeeveeeee e
4.3.3 TRErmolumineSCence ................ccouevrverriremecninreneeceseeeneeaeseneenessesesssesssssessssssens
4.3.4 Emission spectra upon thermal Stimulation ...

4.4 DISCUSSIONS......cuvieveeirieereeiireeireessessesssseessssessssnssassasessasesssassaeessressessseesansessasaseessessaneesen

4.5 Conclusions

Complex study of radiation induced defects in Sr,BsOsBr:Ce** storage phosphor

5.1 INIOAUCHION ...ttt ecreeeeeeceeeeeeessseseaseessssaeeeessesssaessssessassasaesasanessaenassannanss

5.2 RESUIS ..ottt eee s ess s e s e s b a bbb e R st s s b e e a R e
5.2.1 EPR measurements on irradiated pure Sr;BsOgBr.............ccoovcvievnnsnnneeceeneenens
5.2.2 Radiation induced optical absorption spectra of irradiated pure

and Ce** doped SPiBsOBE ................oocoeeceeereeseeeseesssesssssssessssssssssssssssssssssnns
5.2.3 Luminescence and TL of Eu, Yb and Sm doped Sr,BsO4Br
5.2.4 Thermoluminescence after UV-illumination.....................ccvvvuniririnniveresansnnns

5.3 DISCUSSIONS....cocvvieimisistiiisissisinssisisaressecsessessssssmsessisssaesssssssessassssasasanes
5.3.1 Room temperature stable defects and high temperature TL peak
5.3.2 Low temperature TL Peak...............oeoeeeeueeeeueveniririseeeiriesesenesessesesseessssssassasassesns

5.4 CONCIUSIONS .....eeeeeieeeieeeeteeeeieeeetectveessseeessseessesseessssessnnesssasssesssassssasssasssasssnessasssssssns

Storage properties of Ce** doped haloborate phosphors enriched with '°B isotope

6.1 INITOAUCHION ...ttt creeebta e s e e rts s b e sbaesraseessesssessasassassssassnessassneesensennes

6.2 Experimental Procedures..........cc.oooecceniinuivcnnninnniinincniimiiciemsesssses
6.2.1 Standard TL and PSL read-out system ..................c..cooccemmncincccnnicsnsnnnans
6.2.2 Read out with the commercial BAS scanner .................c.ccocooooiicconncincncncnnn.
6.2.3 Read out with the Riso-PSL single-grain reader ..................c.ocoeeorcconenccecnnne.

6.3 RESUMS ...ttt
6.3.1 TL and PSL study of haloborates with natural abundance of '°B (18.8%) .........
6.3.2 TL and PSL study of haloborates with enriched abundance (99%) of '°B isotope
6.3.3 antitative comparison of the studied haloborates (natural abundance of

°B) with Gd-IP after cold neutron irradiation and read-out with the

commercial BAS-SCaNNer .................cccocrniceininniieienseneeessessesssessessesses
6.3.4 Quantitative comparison of the studied haloborates with BaFBr:Eu**xGd,0;

after thermal neutron irradiation and read-out with the Rise-PSL single-grain

33

33
34

34
34
37
39
41

43

47

47

47
47

49
50
52

33
33
55

56
57

57

57
58
58
58

59
59
62

63

64



vii Contents

6.4 DISCUSSIONS.......ccoirereiriniiarerirrereritesaeresesesissesesssresesessesssessesessessasesessssesensesseseesesessosanss
6.4.1 The difference between S,/S,( haloborates) and S,/S, (BaF, Br.'Eu2+de203) ......
6.4.2 Absorption of PSL light in the phosphor layer .................cccccvvevevvieneececeereennnn.

6.5 CONCIUSIONS .......coovvieririerieeietecriiesteesre e teeesteeseeeeeseeeneeseensesaeeeaeaatesssseeesseeeeseaeeeeseeesnes

7 Spectroscopic and storage properties of LiLnSiO4:Ce*",Sm**

7.1 INTOAUCHION ...c.euiiiiiieieirtete et ettt ete e ettt caaeba bbb sesa e enensaae e eaens s enas
7.2 Infrared Stimulable Phosphors (ISP) ......cooveiiieiiieeicce v
7.3 Synthesis Of SIICAES .....cceeuruiriieieieie ettt re s ens

7.4 Spectroscopic properties of LiLnSiO4 doped with rare-earth.........ccocovvvevirveenennnne.
7.4.1 X-ray excited luminescence of LiLnSiOy:Ce,Sm, Ln=Y,Gd,La,Lu.......................
7.4.2 X-ray excited luminescence of LiLnSiOy ,Ln=Y,Lu doped with Ce’*and Eu’*
7.4.3 Excitation spectra of Ce’* in LILnSiOyg LN=Y,Lth.............ccovveccoeevecerremrerrrreenn.
7.4.4 Excitation spectra of Eu’" in LiLnSiOy Ln=Y,Lt............coccooovvcemmeemrrereeereerenenn.
7.4.5 Excitation spectra of Sm’* in LiLnSiOg Ln=Y,Lu..........cccooecvveeameeeeiineeeiieneiinns

7.5 Thermoluminescence of LiLnSiO4, Ln=Y, Lu doped with rare-earth.............ccc......
7.5.1 Thermoluminescence of LiLuSiO4:Ce®", TB*" 0r Sm™ .....ovovvoovevvceeeeceeeeeseereneen,
7.5.2 Trap-filling spectrum of LILuSiOg: 1%Ce ......oooovoeeeoeeeeeeeeerceeeeesseeseeesrssennn

7.6 Photostimulated luminescence of LiLuSiO4:Ce**,Sm>* and LiYSiO4:Ce**,Sm’" .....
7.6.1 PSL stimulation spectra of LiLuSiOy:Ce®*,Sm** and LiYSiO,:Ce®",Sm** ...........
7.6.2 PSL of LiLuSiO4:Ce®*,Sm®" and Li¥SiOg:Ce®* ,Sm ..oovoooeveevoeeeeeeoeeceeeereeeennn

T.T DISCUSSIONS....c.ocucuieueeeeirirensireretsresseseasteettssesassesassasesssseserseserssssessressssessesassersasesssases
7.8 REMATKS.....c.ccteuiiiiereiriee et e ere s e e s rre e e e ae s s e st e s e s e s e s enaasasaasasansanes
7.9 Quantitative comparison with commercial storage phosphors ...........ccccocceveevecreennene

T.10 CONCIUSIONS ....ccvvvveerreeeereeireeeeeee et ee et esaeestestesasest s e ssesenessersesasasasesssessassesnns

Concluding remarks

Summary

Samenvatting

List of publications

Curriculum vitae

Acknowledgements

66
66
67

69

71

71
71
72

73
73
75
75
77
78

79
79
81

83
83
83

85
90
90
92

95
97
101
105
107
109






1 Introduction

The use of thermal neutrons in crystallography started in 1947 [1]. Since that time
position sensitive detectors for thermal neutrons became of increasing importance for various
applications such as small angle scattering, neutron retlection and diffraction studies as well
as radiography and tomography.

In the last decades a new type of a position sensitive detector, which is based on photo
stimulated Juminescence (PSL) in a phosphor (or storage phosphor) was developed. Today
Image Plates (IP) containing PSL phosphors are widely used for X-ray imaging. However,
the use of IPs for thermal neutron detection has just started.

An Image Plate is a flexible image sensor in which a thin layer of very small crystals
(grain size about 3 pm) of photo stimulable phosphor is uniformly coated on a polyester
support film. The composite structure of the IP is shown in Figure 1.1.

The functional principle of the detector, based on IP is as follows: during irradiation
particles (y-ray quanta, neutrons) are absorbed in the active layer of the IP, which consists of
storage phosphor material mixed with organic binder material. Secondary particles transfer
their energy primarily by ionisation, thus generating electron-hole pairs. Contrary to
scintillators, where the energy of electron-hole pairs is promptly transferred to luminescence
centres, in storage phosphors part of the electrons and holes are trapped. Thus, the profile of
irradiation is formed by the spatial pattern of filled electron and hole traps. Next, a read out
procedure takes place, in which the IP is optically stimulated pixel-by-pixel employing a
focused laser beam. During stimulation the trapped electrons and/or holes transfer their
energy to luminescence centres followed by light emission. Emitted photons are detected by a
photomultiplier (PMT) and the signal is proportional to the amount of radiation absorbed in
that pixel. Thus, a complete profile of irradiation can be reconstructed.

Radiation

<— Protective layer
Photostimulable
phosphor layer

'| -— Support layer
Image plate

Readout

Figure 1.1: Cross section of an IP and schematic of a read out setup.
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2 Introduction

For clarity let us consider a type of experimental setup for thermal neutron application.
In Figure 1.2 a schematic view of the setup for neutron crystallography is shown. The small
sample is placed in the centre of a drum, which is covered by a neutron IP. The neutron beam
from a nuclear reactor is directed to the sample and scattered neutrons are absorbed in the IP.
The duration of an experiment usually is about 24 hours, which is caused by the low neutron
flux (typically 10° n/cm?/s on the sample) and small neutron scattering cross-section of the
sample. When the irradiation is finished, the drum starts to rotate and by moving the
stimulating laser beam parallel to the central axis along the drum, the PSL can be detected by
the PMT and information can be read-out. Thus a diffraction pattern can be obtained.

Figure 1.2: Sketch of the setup for neutron crystallography

Since the system is operated at a nuclear reactor, the neutron IP must be sensitive to y-
rays as low as possible, as these can deteriorate the image quality. In order to reduce the
influence of y-ray background the system is often placed far from the nuclear reactor, which
leads to reduction of the neutron flux and consequently an increase of the duration of the
experiment. Available neutron IPs from FujiFilm have a large atomic number, which makes
them very sensitive to y-rays!

The aim of this research is to develop a new neutron IP with better (lower) yray
sensitivity than used nowadays. This will increase the variety of applications of thermal
neutrons and neutron IPs.

[1] Zinn W. H., Phys. Rev. 71 (1947) 752-757
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2 Defining the characteristics of neutron storage phosphors and
selection of materials

2.1 Known X-ray and neutron storage phosphors

To determine the performance of an X-ray storage phosphor a read-out experiment must
be performed (Figure 2.1). After irradiation at room temperature a sample is stimulated
continuously with an appropriate stimulation light source. A PMT detects the resulting PSL
versus time. Continuous photostimulation leads to a decrease of the number of PSL-active
centres. Consequently, the PSL intensity decays under continuing stimulation. The area
below the PSL curve is proportional to the absorbed irradiation dose. In a commercial system
a laser beam is used to read out the information stored in the phosphor screen point by point
and line by line. The information should be read-out in the shortest time possible. To describe
the characteristics of a storage phosphor the quantities “conversion efficiency” (CE) and
“stimulation energy " (SE) are introduced. CE is defined as the PSL light yield per absorbed
dose in [pJ-mm>mR']. The stimulation energy (SE) is defined, as the energy required for
reduction of the PSL intensity to 1/e of its initial value in unit area of the IP [uJ-mm].

110° o i
0
) wxl__=SE [ni/imm’]
3
p area under curve = CE [pJxmm”xmR™")
2
‘B
c
L
£
-
7]
a 1 e
e
1 - I n
b} 4 5
Laser enabling Time, s

Figure 2.1: A PSL decay curve of an X-ray storage phosphor BaFBr:Ew’* under
continued stimulation with 550 nm photons. I, is the power delivered by the laser per unit
time.
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4 Chapter 2

The sensitivity of an X-ray storage phosphor is proportional to the stored energy and
inversely proportional to the energy required for the read-out. Therefore, the sensitivity is
given by the ratio CE/SE.

The same considerations can be applied to neutron storage phosphors. An additional
parameter, which must be taken into account, is the y—ray sensitivity. Due to the broad energy
range of y—rays in a background the quality “y—ray sensitivity” can not be expressed in a
single value. This will be discussed in [2.4.2].

The best X-ray storage phosphor known so far is BaFBr doped with Eu’* as activator [1].
The family of phosphors Ba,.x.,Ca,SryF H:Eu®* where H can be any of the halogens C1,Br or I
(or an arbitrary mixture of them) has been extensively studied. Each company, like Fuji,
Konica and Agfa utilises a slightly different modification of this phosphor in their
commercial systems. In spite of many works dedicated to the mechanisms of the information
storage and the read-out process in this phosphor, no complete understanding has been
achieved.

Other known storage phosphors are based on alkali halides doped with ns® (mercury like)
ions. RbBr:TI" phosphor, has in principle, very good storage properties. However the stored
image fades away at room temperature within seconds, so a very fast read out process has to
be initiated immediately after irradiation. Konica has used this material in integrated readers
of computed radiography, where IP can be rapidly read out in situ immediately after the
termination of exposure. Another interesting phosphor, is an elpasolite Cs;NaYFg:Ce** [2].

The performances of known X-ray storage phosphors in comparison with the standard
BaFBr:Eu®* is given in Table 2.1. Additionally, some information is presented on
conventional X-ray phosphors, i.e. those used in screen-film combinations.

Concerning the commercial neutron storage phosphors, they are based on a mixture of X-
ray storage phosphor material with a neutron converter, like "Gd,O; or °LiF. Their
properties will be discussed in [2.5.1].

Table 2.1: Physical properties of storage phosphors after [2-4]. Z is the effective atomic
number of a compound. CE and SE values are given for specific stimulation wavelength of
680 nm. In the last column values for Light Yield are given in photons/ 50 keV. For
conventional phosphors this is the direct light emitted and for storage phosphors it is CE .

CE SE Cce/sg | Optimal LY
Phosphor Zeir ® Jmm?mRY)  ( pJomm'z) 10° RY Stm(l:ll:)tlon (15):)1(;::‘1;;/
BaFBr:Eu” 56 14.4 28.0 0.51 550 140
RbBr:In" 37 1.9 25.0 0.077 700 -
RbBr:Ga" 37 5.6 39 1.47 705 -
CsBr:In* 55 3.0 23.0 0.140 700 -
CsBr:Ga" 55 5.4 43 1.37 685 -
Cs;NaYF:Ce®* 4.3 115 0.038 550 -
CsI:TI" 55 2500

Gd,0,S:Tb** 64 2500
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2.2 Physical processes in scintillators and storage phosphors

There are several similarities between storage phosphors and scintillators. Scintillation
and PSL processes can be represented as a sequence of the following stages [5]:

1. In scintillators and storage phosphors: absorption of the ionising radiation (X-rays, y-
rays, electrons or heavy charge particles), production of secondary particles and their
absorption, creation of energetic primary electrons and holes.

2. In scintillators and storage phosphors: production of numerous secondary electrons and
holes, and their subsequent thermalization resulting in a number of e-h pairs with energies
roughly equal to the band-gap energy.

3. Inscintillators: energy transfer from electron-hole pairs to the luminescent centres

4. In storage phosphors: partly energy transfer from electron-hole pairs to the luminescent
centres and partly trapping of e-h pairs by defects, either induced during irradiation or
contained in the material prior to irradiation.

5. Inscintillators and storage phosphors: radiation emission by luminescence centres

6. Only in storage phosphors: photostimulation of trapped electrons and/or holes with
further recombination with luminescence centres, resulting in PSL.

Let us consider all the stages more in details.

2.2.1 Interaction of ionising radiation with matter

Absorption of X-rays and y-rays

For photon energies of 50 keV — 10 MeV there are three main processes through which
y-rays transfer their energy: photoelectric absorption, Compton absorption and pair
production [6].

The photoelectric process is the predominant mode of interaction for X-rays and y-rays
of relatively low energy. The process is enhanced for absorber materials of relatively high
atomic number Z. No single analytical expression is valid for the cross-section ¢ of
photoelectric absorption per atom over all ranges of E, and Z, but a rough approximation is
o~Z"/ Ef *, where n varies between 4 and 5 over the y- ray energy region of interest.

The probability of Compton scattering depends on the number of electrons available as
scattering targets and therefore increases linearly with Z. The dependence on y-ray energy can
be estimated as E,, i.e. probability falls down with the increase of energy. Obviously, the
photoelectric effect is very important for absorbing Compton scattered photons.

If the y-ray energy exceeds 1.02 MeV the process of pair production can occur. The
magnitude of this process varies approximately as the square of the atomic number and rises
sharply with E,.

The energy dependence of the y-ray interaction processes in Ca;BsOgCl and
BaFBrxGd,0; is shown in Figure 2.2. Often only the photoelectric effect is counted for as the
main interaction mechanism. In this case Z, is used as a measure of X-ray and y-ray

sensitivity, defined by Zeﬁ':4’z W,Z! , where W, is the weight fraction and Z; is the atomic

number of element i in a compound. However, as it is seen in Figure 2.2 for the compound
with low atomic number, the Compton effect is dominating over the whole energy range of
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interest. It is also seen from Figure 2.2 that for y-ray energies higher than 800 keV there is no
difference in y-ray sensitivity between high Z BaFBrxGd,0; and low Z Ca;BsOyCl. Thus, the
statement “Because of high yray background neutron storage phosphors with low Z are
needed” is not completely true, if the energy spectrum of the y-ray background is not known.
This will be discussed more in details in [2.4.2].

10}

o
-

o
o
=

att. coef. [cm2/g]
m
[$:]

: -IP
1E4 s Compton Gd

1E_5 [ PR S U T | . A 2 A 2 s sl
100 1000
y-ray energy [keV]

Figure 2.2: The linear photon attenuation coefficient u as a function of the y-ray energy
for Gd-IP, containing BaFBr:Eu’* and Gd;0; with molar ratio 1:1, and Ca;BsOsCl, noted
as CaBCl. The total attenuation coefficient is summed up out of photoelectric process
(Photoeff), Compton and pair production (P.P.).

Neutron absorption

Neutron absorption in matter is controlled by the neutron absorption cross-section of the
elements. In Table 2.2 cross-sections are listed of several isotopes which can be used for the
conversion of thermal neutron radiation into different types of secondary radiation. With the
decrease of neutron energy the cross sections increase. The types of secondary particles and
the released energy are different for each converter. In the neutron reaction of ®Li and "B two
particles are emitted into opposite directions because of the conservation of momentum,
while after neutron capture by Gd - conversion electrons and y-rays are emitted and different
cascades of deexcitation of the excited Gd nuclei are possible [7-8]. The absorbed energy
from y- rays and conversion electrons can differ in each Gd decay.
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Table 2.2: The neutron captures reaction cross sections at a neutron energy 25 meV (1.8 A).

Secondary radiation Cross Natural
Reaction (MeV) section
(barn) abundance
3
SLit'n 5 a(2.05)+ "H(2.74) 940 7.5%
- o+ 'Li+2.78 MeV (7%)
g + 1y
> a+Li +23MeV (93%)
. 3837 18.8%

a+ 'Li + y(0.48 MeV)

Conversion electron (0.03—0.2
"'Gd MeV), 48890 100%
y-rays (up to 7.5 MeV)

Interaction of the secondary particles with matter

After neutron capture the secondary particles, i.e. electrons and heavy charged particles,
in their passage through matter dissipate their kinetic energy by excitation and ionisation of
atoms. The mean ionisation loss of a charged particle is determined by the well-known
Bethe-Bloch formula [6]. The energy loss per unit length of a heavy charged particle track is
much greater than the ionisation loss of electrons with the same energy. Therefore a heavy
charged particle creates a high-density ionisation track. It is well known that the light output
of a scintillator depends not only on the input energy but also on the ionisation density. The
light output of a scintillator from a heavy particle will be less than from an electron of the
same energy. The measure of the difference depends strongly on the material [5].

2.2.2  Multiplication and thermalization of electron-hole pairs, energy transport to luminescence
centre and electron/hole traps

After absorption of ionising radiation, the created high-energy primary electrons and
holes generate secondary electrons and holes and so on. This avalanche continues until
electrons and holes are not able to produce further ionisation. The excess of the energy is lost
by thermalization. The reviewed and discussed theories of this process can be found in [9].
The time scale of thermalization is believed to be in the order of few picoseconds.

After thermalization, the electrons and holes must transfer their energy to the
luminescence centres. A direct electron-hole capture by luminescence centres is possible, and
it is called recombination luminescence. Also the electrons and holes may form excitons.
These excitons can transfer their energy to a luminescence centre, however this process is
less probable than recombination luminescence [9].
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Various defects and impurities in a lattice can play the role of electron/hole trap. For
example, anion vacancies in ionic crystals act as effective capture centres of free electrons.
An anion vacancy captured electron is a stable electronic defect, an F-centre.

In materials with mainly ionic bonding, valence holes can be localised at distinct anions.
The polarisation of the environment can result in sharing of this hole between the two
neighbouring halide anions forming X%, known as V, centre [10]. This V centre is mobile
and can be involved in recombination with luminescence centres. Also a Vi centre can
capture a free electron forming an excited (X2¥)" molecule or self-trapped exciton (STE),
which can emit a photon with a decay time of about 1 ps.

It was suggested in [11,12] that non-radiative annihilation or dissociation of an STE can
form a pair of F and H ((X),” molecules occupying single halide sites) centres. After creation
of an unstable F-H pair, the H centre, which is mobile at room temperature, can migrate
towards or away from the F-centre. Thus one can expect immediate F-H recombination or
creation of stable separated F and H defects. To be stable at room temperature it is important
for a hole trap centre to avoid recombination with an F-centre. The latter depends strongly on
the matrix, as will be shown in [2.3.1].

2.2.3  Photostimulated luminescence

For the most known storage phosphors the laser wavelength, used for stimulation of
trapped carries, is separated from the emission spectrum of PSL, located at shorter
wavelength. For example, in BaFBr:Eu®* the Eu?* emission locates at 390 nm, while
stimulation of trapped charges created after the irradiation is most efficient at about 600 nm.
After the read-out and optical bleaching procedure the image profile is erased and
experiments can start over.

In [13] the reverse situation was reported for NaCl (Me) and LiF (Me) substances. After
irradiation, the PSL with emission wavelength at 530-560 nm must be stimulated with 365
nm photons. The image profile can not be erased optically, but only by heating for 0.5 h at
400 °C. Obviously, such storage phosphor would be very difficult to apply in any
experimental setup.

Therefore, the optimal luminescence centre in a storage phosphor must have a high
quantum yield, have an emission in the 300-400 nm region for better stimulation — emission
wavelength separation and have a decay time constant not longer than several microseconds
[2.4.3]. Depending on the matrix ns’ ions, like TI*, In*, Bi** or lanthanides, like Ce** or Eu®*
can be used.

2.3 Possible electron/hole traps. Examples of known storage phosphors

2.3.1 Lattice defects in alkali-halides

There is a general agreement that ionising radiation generates F-centres as stable electron
traps. It is the simplest and most studied centre in alkali-halides, consisting of one electron
trapped at a halide vacancy [14]. The F-centre is paramagnetic, therefore its structure can be
studied by EPR and double-resonance techniques. In addition, F-centres exhibit characteristic
absorption and luminescence bands. Both bands correspond to transitions between the ground
1s and the first excited 2p states. Replacement of a halogen ion by an electron in the site
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suggests that there is a strong localisation of the electron density within the vacancy and thus
the F-centre is a close analogy of an electron in a box. Then for the trapped electron the main
absorption band energy corresponds to an excitation from 1s to 2p, defined
asE =3n"h*[2ma® , where a is the width of the potential well. Thus the position of the
absorption band depends mostly on the spatial size of the halogen site and varies between 5.1
eV for LiF and 1.71 eV for Rbl.

In BaFBr, which has the maltockite structure [15], the creation of two types of F centres
is possible: F(Br') and F(F") centres. In order to create an F-centre with electron-hole pairs a
halide vacancy needs to be present in the crystal before irradiation or it must be generated
during the irradiation. Let us consider as an example two types of BaFBr:Eu?" storage
phosphors, noted as stoichiometric and non-stoichiometric BaFBr (BaF, ,Bros). For both of
them the PSL active electron trap centres are F(Br') and F(F’) centres [16,17).

In stmchlometrlc BaFBr three dxfferent types of unavoidable oxygen 1mpur1t1es were
assigned to O¢*, Op,” and molecular O,> on unknown site, though the number of O centres
is dominating [18-20]. For charge compensation an anion vacancy is needed. It was shown in
[21] that these vacancies are Br centres. The generation of F(Br) centres in oxygen-
contaminated BaFBr can be considered as:

Vi +OF —222 S F(Bro)+V, (Bry )+ OF —22X 5 F(Br )+ 0; [22). Therefore the
generation of F(Br') centres is impurity limited, and the number of F(Br) centres is saturating
at high irradiation doses The mechanism leading to F(F’) generation remains unclear [22].

The role of O centres in stoichiometric BaFBr is certainly that they capture holes and
form Of [19,20,22]. However it is still not known whether they are active in the PSL process
[1].

No oxygen impurities have been found in non-stoichiometric BaFBr [17]. It was shown
{17] that in non-stoichiometric BaFBr, 10% fluorine “anti-sites” (fluorine ion on a bromine
site) are present. The F(Br) centres generation occurs via F-H process between the fluorine

and bromine™ sublattices, according to the reaction F, —~2—F(Br )+F,,, ie. an

electron trap centre is formed in the Br sublattice and the room temperature stable H centre is
formed in the F sublattice [17]. Apparently in a non-stoichiometric BaFBr very few F(F") are
generated in comparison to F(Br) centres. No F-H processes within one sublattice were
observed. This is in agreement with results on stoichiometric BaFBr, where no H centres
have been found.

It is not possible to investigate F(Br) and H centres in non-stoichiometric BaFBr:Eu®* by
EPR due to the very high sxgnal from Eu®* [17]. Thus it is not known whether H centres are
the hole trapping centres active in the PSL process.

In alkali-halide storage phosphors, like KBr:In" and RbLI:TI', F centres, which are stable
at room temperature, are generated probably via electron capture by existing Br vacancies
{23]. ALl F centres generated via F-H pairs recombine above 70 K.

Together with stable electron trapping centres there must exist stable hole trapping
centres. However no hole trapping centres belonging to the lattice defects, which are stable at
room temperature (apart from O in stoichiometric BaFBr) have been found in alkali-
halides. Therefore impurity ions must play the role of hole trapping centres.
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2.3.2 Impurity ions

ns’ type ions
It is well known that some activators, used in scintillators can co-exist in different
valence states. The ion tendency to capture a hole or an electron depends on the energy
position of the ground state relative to the host bands.

A good example is the TI" ion in Nal. According to the theoretical calculations
performed in [24], the ground state of the T1" ion is located in the forbidden gap. It can trap
an electron or a hole created by ionising radiation as well as a relaxed hole (Vi centre) or
electron released from a trap. EPR and optical absorption techniques can detect TI** and TI°
centres [25-27].

Stability (or lifetime) of TI® centres is determined by the position of the ground state
relative to the conduction band and the mobility of Vi hole centres (mobile holes). In other
words the additional electron in a TI° centre can be thermally activated to the conduction
band or T1° can recombine with a mobile hole (Vy centre).

As an example, let us consider the RbI:TI" storage phosphor. After X-ray irradiation at
liquid nitrogen temperature F, Vy and TI° centres are generated, and only few T1%* centres are
directly formed [28). Upon annealing to 150 K Vy centres become mobile [29], they
recombine with TI" centres and the number of TI** centres increases [28]. At 180 K TI°
centres become unstable and the released electrons are captured by the TI** centres.
Consequently, almost 95% of the TI** centres disappear at 220 K [28]. Therefore only the
residual number of TI** centres plays a role as PSL active hole trapping centres.

The storage and read-out processes of known perspective alkali-halides doped with ns’
type ions, like KBr:In", RbL:TI*, RbBr:Ga" and CsBr:Ga" can be explained by simple pair
mechanisms: upon X-irradiation F centres are generated as electron traps and the activator
itself as a complementary hole trap [1].

An interesting feature was observed in Ga+ doped materials [30,31]. Two different types
of Ga®* hole trap centres were observed: (Ga*")' and (Ga™)" centres. Type I is an isolated
Ga®" ion on a Rb* or Cs" site, whereas type II is a complex of Ga>* on a Rb" or Cs" site and a
nearest neighbouring cation vacancy. Only (Ga?")' centres take part in the PSL process. It is
explained by the lower Coulomb attraction of electrons by neutral, charged compensated
(Ga®™)" centres. A similar feature has been observed in Ce** doped haloborates [5.3.2].

Lanthanide activators

The main valence state of a lanthanide activator in an ionic compound is determined by
the valence of the replaced cation and the synthesis conditions (firing atmosphere). The rare-
earth ions are stabilised usually in trivalent state when they replace trivalent cations.
However, such ions like Ce or Tb can be easily converted to the stable tetravalent state (for
example by irradiation).

As was already mentioned that an ion tendency to capture a hole or an electron, i.e. to
become stabilised in a different valence state, depends on the energy position of its ground
state. The prediction of the absolute energy position of the ground states of rare earth ions
relative to the valence band is not possible up to now. However, there are several sets of
works on lanthanides, which in combination partly can answer this question.

The empirical model for determination of 4f electron energies relative to the host bands
has been proposed in [32]. It is based on results of resonant photoemission of lanthanides.
Using this technique the binding energies of 4f electrons in lanthanides in gallium and
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aluminum garnets relative to the valence band maximum were determined (Figure 2.3). The
staircase pattern of binding energies through lanthanides remains the same in gallium and
aluminum garnets. The only difference is the shift of the whole pattern in aluminum gamet
towards lower binding energies. It was considered [32] that due to the chemical similarity of
the lanthanide ions and the non-bonding character of 4f electrons, the net shift of binding
energy is similar for all lanthanide ions in a particular material. The lattice potential raises the
energy of electrons, resulting in a corresponding decrease in their binding energy. Thus the
staircase character in lanthanide series remains the same for all the materials, however the
whole curve will be shifted down- or upwards, depending on the material. In another
terminology, it is possible to say that the maximum of the valence band is shifted to lower or
higher binding energy, depending on the compound [32].

It is clearly seen from Figure 2.3 that the binding energy for Ce’* and Tb®" is negative
relative to the position of the valance band maximum in gallium and aluminum garnets. The
valence state of these ions in as-grown material will be determined by the synthesis
conditions (firing atmosphere). Thus Ce’" and Tb** are the easiest ions to be converted to the
tetravalent states. Pr and Dy can also be stabilised in tetravalent state in some materials,
however this state will be less stable than in case of Ce and Tb. From Figure 2.3 it is also
clearly seen that the binding energy of 4f electrons in Sm, Eu, Gd and Yb is so high, that it
would be very difficult to make them stable in 4+ state. Indeed, no data in literature can be
found on Sm, Eu, Gd or Yb in tetravalent states.

O  Gallium Gamet Data

A Iron Gamnet Data

"\ —— Gallium Gamet Fit

N omeee Aluminum Garnet Fit '

Band Gap
Valence Band|

Binding Energy Relative to VBM (eV)

T T T T 71 LB T T T T T T 1
Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 2.3: (from [32]): Systematic behaviour of 4f binding energies relative to the
valence band maximum (VBM) in garnets. Circles represent measured binding energies
relative to the VBM (at 8.3 eV) for 4f electrons in gallium garnets; negative binding energies
are within the band gap and positive binding energies are below the VBM. The solid line is
the fit of the two-parameter model [32] to the experimental data and error bars represent the
uncertainty in the values of the firee-ion ionisation potentials. The dotted line is the fit of the
model to 4f binding energies in the aluminium garnets.
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Figure 2.4: f—d transition energies for the free tri-and di-valent lanthanides, taken from
[34].
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Figure 2.5: Schematic representation of 4f ground state energy positions of lanthanides
relative to the valence and conduction band. The net shift between the two curves is not
known, since the effect of the lattice potential on 5d electrons in the di- and tri-valence state
can be different. The absolute position of the 4f ground state relative to the valence band is
known only for gallium and aluminium garnet [32]. For other compounds this value can

vary.

From Figure 2.3 it is not possible to estimate the stability of lanthanides in divalent
states. The staircase pattern of 4f binding energy shown in Figure 2.3 is very similar to the
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pattern of f—d transition energies of free tri- and divalent lanthanides, predicted by Dorenbos

in [34] and Brewer in [35] (Figure 2.4). The patterns in Figures 2.3 and 2.4 appear to be

mirror-reflected along a horizontal line. Such a behaviour can bring to the conclusion that for

a particular valence state in a particular material 5d levels are located at the same energy

relatively to valence band for all lanthanide ions, with the error corresponding to the

uncertainty of the free-ion potential determination (Figure 2.3). Thus, aligning the 5d
energies of all lanthanide ions in a particular material, one can get the positions of ground
state energies of tri- and divalent lanthanides relatively to each other (Figure 2.5). A ground
state energy position determined in such a way is not an absolute value relative to the valence
band maximum, as it can be shifted down- or upwards depending on the material. Also the
clearance between two patterns for tri- and —divalent lanthanides is not known, since the
difference in the effect of the lattice potential on 5d levels in case of tri- and divalent states
remains unknown. Therefore, it is not possible to predict for a particular compound, whether

“abnormal” valent states of a lanthanide ion will be stable.

In spite of the number of uncertainties several important conclusions can be made from

Figures 2.3 and 2.5:

e Ce* and Tb® are the best candidates for hole trapping centres. When these ions are used
as activators and replace a trivalent cation there is a large probability that the ground
states of these levels will be located above valence band.

e Dy’" and Pr’* are also possible candidates for hole trapping centres, however it is more
likely that the ground states of these lanthanides are located in the valence band (or very
close to it).

¢ It can be seen from Figure 2.5 that Eu, Sm, Tm and Yb ions are the best candidates for
electron trapping centres, since there is a high probability that the ground states of these
divalent lanthanides will not be located in conduction band.

o In a matrix, where Ce or Tb can become stable in the four-valent state and Eu, Sm, Tm or
Yb in di-valent state the double co-doping with these lanthanides can provide hole and
electron traps respectively.

It was shown recently in [36] that the ground state of divalent lanthanides could be
predicted with an accuracy of about 0.5 eV from the position of the charge transfer band. The

more detailed discussion of this point will be presented in Chapter 7.

2.3.3  Lattice defects in borates

About 65% of the known borate compounds have crystallochemical structures
characterised by BO; triangles, which are either isolated or joint with each other [37]. These
anionic units form ionic bonds with metal cations. Such structures are typical for ortho-,
pyro-, and methaborates. About 50 % of borate compounds exhibit a crystal structure
including polyanions (B,On). In polyborates, the triangles are joined both with each other and
with tetrahedrons by a common oxygen atom. In the latter case, the number of possible
combinations is very large.

A number of works were dedicated to the investigation of radiation damage in boron
glasses [38-43]. Boron is frequently placed in tetrahedral co-ordination in complex oxide
glasses, although it also occurs in planar triangular units. The most commonly observed
defect in irradiated complex oxide glasses is a boron-oxygen hole centre (BOHC). These
defects are stable at 400-500 K [38]. Griscom suggested [38] that BOHC represents a hole on
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the oxygen bridging between a three-coordinated boron and four-coordinated boron. This
suggestion was argued in [43], where EPR results suggested that all variants of BOHC are
holes trapped on the non-bridging oxygen in a BOs™ unit. If the hypothesis of Griscom is true
in haloborates the formation of BOHC centres is very likely, since jointed BO; and BO4
groups form the polyanion (BsOy).

As an example, in pure LiB;Os crystal after irradiation the defect associated with the
oxygen hole trapping centre was observed [44]. The model suggests that non-paired spin is
localised on the n,-level of oxygen, which bridges two boron ions, one three-coordinated and
another four-coordinated, with substantial delocalisation into the p, orbital of the trigonal
boron.

Oxygen vacancies also can play a role of electron trapping defects. For example in
crystalline ZnyBgO;3 a room temperature stable radiation induced defect, associated with an
electron trapped on an oxygen vacancy, belonging to the borate group has been found [45].

The electron trapping centres like a boron-electron centre (BEC), which is probably an
electron trapped on an overcoordinated oxygen (O;" defect) [43], and alkali-electron centres
(AEC) are less characterised.

The real nature of these defects is still argued. The presence of each type of defect in
borate phosphors seems to be dependent on the type of crystallochemical structure. EPR
techniques can serve as a probe for identification of paramagnetic defects.

2.4 Requirements for neutron storage phosphors

2.4.1 Neutron absorption

The neutron capture cross-section of a neutron converter and the molar ratio of a neutron
converter in a phosphor determine the neutron absorption efficiency of the storage phosphor.
Not only the probability of the neutron to be absorbed in the phosphor layer, but also the
spatial distribution of absorbed neutrons is of main importance in a storage phosphor,
because of their polycrystalline nature. In contrast to crystals, the stimulation laser photons
as well as PSL photons suffer from the number of scatterings from the surface of phosphor
grains [46]. If the phosphor represents even a very low-absorbing substrate for stimulation or
emitted light, the probability for a photon to be absorbed is much higher than in a crystal.
Thus the neutron absorption efficiency of a storage phosphor must be as high as possible to
generate PSL defects close to the surface of the image plate. The probability for the neutron
to be absorbed in a phosphor layer with thickness x can be found from the well-known
formula:

Absorb(x) =1 - exp(~p -%-N,, o x) @.1)

where p — is the density of the material (g/cm3), M- the molar mass of the absorbing element
(g'mol™), Na- Avogadro constant (mol™), w- the weighting factor of the absorbing element in
the phosphor, ¢ — cross-section for thermal neutron capture. Equation (2.1) can be considered
also as a neutron absorption profile [6.4.1].
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24.2  rray sensitivity

As an example, the y-ray background spectra in the experimental hall of the ILL/EMBL
nuclear reactor measured with a Ge-semiconductor detector are shown in Figure 2.6. The
spectra were recorded at two beam lines: D19 and LADI/T17 when the neutron beam was
open and closed. It is seen that a significant part of the y- rays comes from the neutron beam
line. The y- ray background at T17 is much lower than at D19, which is achieved by extra y-
ray shielding and the quite remote location of T17 line from the reactor. Both of these factors
dramatically decrease the neutron flux, which leads to a longer duration of diffraction
experiments. Presently the Laue diffractometer based on Gd-IP is located at T17 beam line. It
is seen from Figure 2.6 that most of the y- rays exist in the low energy region, even after y-ray
shielding. The main contribution to the low energy region of the spectrum after shielding is
coming from Compton scattered high-energy y- rays.
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Figure 2.6: The y-ray background spectrum recorded at two neutron beam lines of the
ILL/EMBL reactor, D19 and T17. The background was measured when the neutron beam
was switched on and off. The neutron beam of line T17 is used in diffraction experiments.

Therefore, the main priority for optimisation of the neutron IP is to reduce the y-ray
sensitivity. There are two ways to reduce the y-sensitivity.

In the first approach the neutron converter is chosen in such a way, that the PSL yield
from incident neutrons is much higher than that from y-rays. For example, if SLi is used the
energy deposition in the phosphor by secondary particles after neutron capture, which is
about 4.8 MeV, is much higher than the energy deposition by captured y-rays with energies of
several hundreds of keV.

The second approach implies that Z of the material (storage phosphor and neutron
converter) is chosen as low as possible. In Figure 2.2 the cross sections of the y- ray
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interaction processes in Ca;BsO¢Cl and BaFBr:Gd,O; are shown against the y- energy. For a
y- ray of energy below 800 keV the probability of interaction is very dependent on Z of
material. The y-ray backgrounds in the experimental hall and in the neutron beam are mainly
determined by y-ray energies below 1 MeV. Thus a search of new neutron storage phosphors
must be done among low Z materials.

When both the approaches are combined, i.e. low-Z material and a '°B or °Li neutron
converter are used, the lowest y-ray sensitivity is expected.

2.4.3  Stimulability and spatial resolution

The typical size of the sensitive area of a diffractometer is 80x40 cm? [47]. Taking a
pixel size of 200x200 pm? and a read-out time of the whole area of 5 min one can get that the
speed of the read-out process is 8-10° pixels per 5 min, which is about 40 ps per pixel [47].

It was shown in [48] that it takes about one second to reduce the PSL signal “e” times for
the commercial ST III image plate (Fuji) using a laser with a power density of 1=0.189
mW/cm®. Thus, characterisation of the PSL signal with two parameters - CE and SE can not
reflect the behaviour of the PSL signal in the first tens of microseconds. Some extra
parameters apart from CE and SE must be considered.

Assume that the electron traps are filled by irradiation and photons of proper energy are
applied for stimulation. If the stimulating light intensity is constant then PSL signal would be
formed in two stages: “1” - photo excitation of trapped electrons; and “2” - recombination of
electrons with holes at a recombination or luminescence centre.

Considering stage “2”, i.e. the process of charge transfer to the luminescence centre, the
same process in scintillators usually takes much less than microseconds [5]. For storage
phosphors the decay time constants of prompt luminescence and PSL after short-pulsed
stimulation have about the same value [2,3]. Thus we can assume that the stage “2” in storage
phosphors is very fast in comparison with the decay times of the luminescence centres.

If the emission of a luminescence centre has a decay time in the order of hundreds of
microseconds, the greater part of the luminescence centres will not be able to give rise to PSL
within the first 40 ps time window. Thus luminescent centres with emission decay longer
than several hundreds of microseconds can not provide the required read-out speed. The
emission decay of luminescence centres is at most 0.1 ps for spin-allowed transitions in
lanthanides or ns? ions. However, the decay time of 4f—4f transitions in lanthanides is in the
order of hundreds of microseconds and this appears to be too slow [49].

Let us consider an ideal phosphor, i.e. with no spreading and absorption of the light due
to granular structure. If all processes of charge transport and emission by luminescent centres
are very fast in comparison with the annihilation times of trapping centres upon laser
stimulation, i.e. stage “1”, and there are no non-radiative losses during the charge migration,
one can write for the PSL intensity curve [50]:

L(t)= N, ®o[(f - Dot + 1A+ @.2)

where N is the initial number of trapped electrons, 1/(I-f) is the re-trapping probability
during charge migration, @ is a photon flux and o is the optical cross section of the
transition. According to this equation the PSL intensity rises instantaneously and reaches a
maximum at t=0. The same situation is usually observed in scintillators [5]. Two parameters:
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o and B determine the stimulability of a storage phosphor. Ny and the efficiency of charge
transport to the luminescence centres determine the conversion efficiency.

By increasing the laser intensity the PSL decay time can be shortened. However, the
increase of the laser intensity will lead to the lower spatial resolution, due to laser light
scattering in the granular structure. The results of work described in [51] show that a scanner
with 40 mW laser power and a focused spot of 100x100 um?” allows a resolution of 350 pm.
For neutron radiography of tiny objects this resolution can be too poor, however for neutron
diffraction studies a resolution up to 500 um is acceptable.

Equation (2.2) cannot be used for fitting of PSL in real phosphor curves because of the
following reasons. In a real phosphor layer, ® will be different due to spreading and
absorption of the stimulation light in the IP. It was found in [48] that in the commercial ST III
image plate (Fuji) with a thickness d=300 um, the photon flux from a laser with =10 mW
decreases linearly with the depth by a factor of 6 from the front of the IP to the back. An
other IP can have a different grain size of the phosphor and composition of the binder, thus
the scattering length can vary significantly.

2.4.4  Detective quantum efficiency (DQE)

In imaging the DQE is a useful parameter which determines image quality and it is
defined as [47]:

2 2
poE =| 5 S =§ (2.3)

o, o;

i

where S,/o,and S,/ o, are the signal-to-noise and v, / v, relative variance ratios of the input
and output signals. In the case of a neutron IP detector, the input signal is the neutron
radiation field and the output signal is the photoelectron signal in the PMT. The generation of
output signal is a cascade of probability events from absorption of a neutron to generation of
photoelectrons in the PMT and signal formation. If we put G as the gain of a detector, then it
is possible to express the mean output signal as S, = G- S,. In this case the variance of the

. . 1 . . .
output signal is expressed as v, =v, +?vdﬂ , where v, is the variance of the gain of the

i

detector. If the incident neutron flux is distributed according to the Poisson law v, equals 3

Then the DQE of a detector can be written as

1

DQE =
1+v,,

249

It means that DQE depends only on relative variance of the gain of the detector in case of
Poisson statistics of the incident neutron flux. It was mentioned above that the output signal is

a cascade of probability events. The relative variance for a cascade of n events is given by
[52]:
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V. v
Vi =V 2t —— (2.5)

5 5,8y 8,

where v is a relative variance of an event with a mean value s. The first event is the neutron

absorption in the IP; if 4 is the absorption probability the 1-4 is its relative variance. After
4

the neutron absorption secondary particles generate electron hole pairs. If &, is the mean

number of created electron-hole pairs per absorbed neutron, then the relative variance on the

second stage of the cascade is V”T"' For the sake of convenience it is easier to put all the next

stages in one and define it as Sy .s — mean output signal per energy deposited from one
neutron. It is the function of a lot of parameters, like trapping probability of the electron
and/or hole by the trapping centre, stimulation probability of trapped electron and/or hole
during the laser stimulation, energy transfer to the luminescence centre, escape probability of
the emitted photon from the IP, probability of the emitted photon to be detected. In other
words, these are the parameters, which characterise the storage properties of the phosphor
itself and the readout system. The parameter Sy, is a function of depth z, where the neutron
is absorbed in an IP, because of absorption and scattering of stimulating and emitted light in
the phosphor layer. Since we are not interested in influence of these parameters on DQE we
can assume that S is already integrated over the thickness of the phosphor layer of an IP.
Then, the relative variance of the gain of the detector can be expressed as:

1-4 vy, VS et
= 2.6
Yo =04 T4, > 26)
Finally, the DQE is obtained as:
DQE = ANy 2.7

- (I+vy )N, +Vs

and depends linearly on the neutron absorption coefficient and the number of created
electron-hole pairs. Estimations made in [53] show that about 640 optically stimulable
defects are generated per absorbed neutron when the Gd,Os converter mixed with
BaFBr:Eu®' is used and 16000 when the °LiF converter is used. Because these values are very
large, the DQE can be rewritten as:

A

T (+vy) @9

DQE

A very important conclusion can be made from formula 2.8: if a neutron IP provides a
neutron absorption probability A, and it is less than 100%, the DQE of this neutron imaging
device can not be more than A-100%. This conclusion will be used during the discussions of
material selection.

The evaluation of the DQE parameter for the Gd-IP has been performed [47]. The
number of neutrons, S;, coming from the neutron beam has been measured by a conventional
single-bin counter. The same neutron flux was accumulated in a Gd-IP. After the read-out
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procedure, the pixel-by-pixel variance of the counts from background corrected signals from
4000*20 pixels was evaluated. The determined DQE value was 31%.

While a low DQE does not limit the accuracy of a detector, the experimental time
required to record data to a particular accuracy increases in inverse proportion to the DQE.
Clearly, it is essential to maximise this quantity.

24.5 Fading

The duration of neutron diffraction experiments may take from several hours up to
several days, depending on the neutron scattering cross-section of the sample. Thus it is
becoming of great importance for storage phosphors to keep the information during a long
time. As an example, in KBr:Tl" stored information fades away within minutes, and,
consequently such a phosphor can not be used in conventional applications.

The fading is determined by thermal stability of trapped charges. For example, thermal
diffusion of hole trapping centres (like H-centres) can be responsible for fast fading. Also an
electron from a trap, located close to the conduction band can thermally escape and
recombine with a hole centre. In some cases it is possible to predict the position of the ground
state energy relative to the conduction band, thus making control of fading properties possible
[chapter 7].

2.5 Selection of materials

2.5.1 Two approaches

Two different approaches can be followed to develop neutron IPs: either use a mixture of
neutron converter material with a well-known storage phosphor or search for a material,
containing a neutron sensitive element in its crystal lattice.

Mixture of storage phosphor and neutron converter

Up to now Gd,0; with a natural abundance of the '*>Gd and '*’Gd isotope, as well as
SLiF [47,54-56] are used as neutron converters. When a system is composed of a mixture of a
storage phosphor and °LiF, the ranges of the neutron reaction products - tritium and a-
particles with kinetic energies of 2.74 and 2.05 MeV, may be assumed larger than the grain
sizes of the converter material, which are in the order of a few microns [53]. Thus the energy
loss in grains of converter and binder material will not be too large. ‘

In the mixture of BaFBr:Eu?* with the Gd,O; converter the mean énergy of conversion
electrons, X-rays and low energy y-rays deposited to the BaFBr:Eu** phosphor grains is 56.50
keV [57]. The rest is absorbed in binding material or Gd,O; grains. Therefore the energy
deposition in the storage phosphor in the Gd-IP is much smaller than in Li-IP. In Gd-IP the
PSL signal from incident y-rays can be comparable with the PSL yield from the incident
neutron. In [58] it was shown that the PSL yield of the Gd-IP from one y-ray with an energy
below 300 keV equals one half of that from an incident neutron. The energy of y-rays is
specified because at higher energies the probability of y-ray absorption falls down [2.2.1].
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According to the above considerations one can draw the conclusion that the Li-IP is
expected to be preferable over the Gd-IP for achieving better neutron / y-ray discrimination.

A comparison of imaging properties of two types of mixtures BaFBr:Eu?*xGd,0; and
BaFBr:Eu’*x°LiF has been performed in [56]. The results show that the Gd-IP absorbs
neutrons more efficiently than the Li-IP. Indeed, 200 micron thick Gd-IP with a ratio of Gd-
to-Ba of 1:1 absorbs 99% of 3A neutrons, whereas Li-IP with a ratio of Li-to-Ba 3:1 absorbs
only 36 % of 3A neutrons. However, the amplification rate in the conversion process of Gd-
IP is about 30 times lower.

Due to the low neutron scattering cross-section in diffraction experiments the scattered
neutron flux determining the Bragg spots is very low [47). Therefore, the application of Li-IP
with 36% neutron absorption efficiency would significantly increase the experiment duration.
Applying another “terminology”, like DQE, we may say that the DQE of Li-IP can not be
higher than 36 % [2.4.4].

To increase the neutron absorption efficiency and to keep relatively high-energy
deposition into the phosphor - g containing converters like B,O3 or Na;B407-10H;0 can be
proposed. However, the ranges of a-particles and "Li nuclei after '°B decay, having kinetic
energies of 1.47 and 0.83 MeV, respectively, are of the order of a few microns. Therefore,
there will be significant energy loss in the grains of converter and binder material [53].

As a final conclusion: in a mixture of storage phosphor - neutron converter the most
suitable neutron converter, which can provide the highest DQE is Gd,03. However, for better
neutron to gamma discrimination 8Li containing phosphors are needed,

Neutron converter in the matrix of the storage phosphor

In this case the matrix with activator must play the role of both storage phosphor and
neutron converter. The X-ray storage phosphors mentioned in [2.1] exhibit very good PSL
characteristics in comparison with other known storage phosphors. The search of new
neutron sensitive storage phosphors must be done among the compounds containing Gd, Li or
B elements in their matrix. This reduces the number of possible materials to be investigated.
The task to find such a material, having storage properties comparable with BaFBr:Eu*" is
very difficult.

However, in Gd-IP the mean energy deposited from secondary radiation to the
BaFBr:Eu”* phosphor grains is 56.50 keV per absorbed neutron. In a boron containing
storage phosphor the energy deposition to the phosphor per absorbed neutron from a-
particles and "Li nucleus is about 40 times higher [57]. In contrast to mixtures of storage
phosphor and neutron converter, there are no losses occurring in grains of converter or
binder. However, the higher ionisation density produced by the particles from the B
reaction can affect the conversion efficiency of a storage phosphor.

In °Li containing storage phosphors more photostimulable defects per absorbed neutron
can be produced than in phosphors containing 198, However, due to the smaller neutron
absorption efficiency the DQE of lithium based storage phosphors is expected to be lower in
comparison with boron containing materials.

Thus, even if the PSL yield of boron- or lithium- containing storage phosphors under X-
ray irradiation is smaller in comparison with BaFBr:EW'", the situation can change
dramatically upon neutron irradiation. Boron containing phosphors are more preferable
than those containing lithium because of higher neutron capture cross-section.
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We chose the second approach; i.e. the search of materials will be done among
compounds containing a neutron sensitive element in its structure. The calculations presented
in [57] show that a higher DQE can be achieved in this case in comparison with a mixture of
storage phosphor and neutron converter.

2.5.2  Choice of compounds

According to the considerations above boron containing materials with a high molar ratio
of boron atoms seem to be the most perspective. We did several attempts to find an
appropriate boron-containing matrix and activator, which exhibits promising PSL yield. A
number of borates doped with Ce’* ions do not exhibit any TL and PSL signal. M. Knitel [59]
also studied a large number of borate compounds doped with Ce** or Eu®*, for which no
significant TL or PSL signal could be detected.

Haloborates

Haloborates doped with Eu”* were proposed at first as X-ray storage phosphors by
Meijerink ef al. [60]. After that Knitel suggested to use Sr,BsOoBr:Eu’* as a neutron storage
phosphor [61]. We found that Ce** doped haloborates are more suitable for application than
those doped with Eu**. Therefore a detailed investigation of haloborates doped with Ce’* has
been performed [chapters 4,5 and 6 of this thesis].

Double doping with lanthanides

It was shown in [2.3.2] that some lanthanides could be converted to the di-valent state
and some of them to the four-valent state. Thus, one of them can play the role of electron trap
and another of the hole trap. The first idea to make a storage phosphor in which lanthanides
form active PSL trappin§ centres comes from late 60s [62]. Storage properties of sulphides
doped with Eu?* and Sm®" ions have been intensively studied. However, except for sulphides
and Y,Si,05:Ce**,Sm*" [63] no compounds doubly doped with lanthanides exhibiting storage
etfect have been found.

A number of samples doubly doped with lanthanides (Ce**,Sm") has been checked for
the presence of any storage effect: SrB4O,, StBsO1q, Sr2Bs0X(Cl1,Br), YBO;, LisY(BO:3)s,
Li»CaSiO,.

1t was not possible to stabilise Sm ions only in the trivalent state in borates with divalent
cations. A significant amount of divalent Sm was found in all samples. Stability of Ln**
(Eu®*, Sm** Yb™) in borates has been studied in [64]. It was established that stability of Ln?*
increases in the order Sr3(BOs)z, SraB20s— SraBsOeX(Cl,Br) — SrB4O-, SrB¢Oo. It was not
possible to stabilise Sm or Eu ions only in the trivalent state in SrB4O,, SrB¢Ojo and
Sr2Bs0¢X(Cl,Br); not even during the synthesis in oxygen atmosphere. At the same time a
strong luminescence from Ce’* centres was observed in these materials synthesised in neutral
atmosphere, which is evidence that most of the Ce** ions are introduced in the tri-valent state.

In YBO; and LisY(BO;3); Ce and Sm ions were found only in the trivalent state.
However, no storage effect has been detected.

In Li,CaSiO4 samples a strong TL signal was detected in Ce and Ce,Sm doped samples.
The Ce and Sm ions were found in the trivalent state. It was assumed that the Li,CaSiO,
matrix acts as an electron trapping centre and Ce®* as hole trap. The Sm ions, probably are
not involved in the trapping process. No PSL signal has been detected during the stimulation
at 470, 630 and 830 nm. The luminescence properties of Li,CaSiO4:Ce** can be found in [65].
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A strong TL and PSL signal has been detected in LiLuSiO4:Ce**,Sm’" and
LiYSiO4:Ce**,Sm*" compounds. In both samples Ce and Sm act as hole and electron trapping
centres respectively. Due to the low neutron absorption efficiency these compounds hardly
can be used for thermal neutron detection, however the understanding of the trapping and
recombination mechanism is crucial for development of storage phosphors based on double
doping with lanthanide ions. Therefore, these materials will be fully discussed in Chapter 7.
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3 Experimental techniques

3.1 Introduction

Characterisation of spectroscopic and storage properties of studied materials and
investigation of the nature of the radiation induced defects were performed by means of
different spectroscopic techniques. They will be reviewed in this chapter.

3.2 Samples

All the borates were prepared in A.V. Bogatsky Physico-Chemical Institute, Odessa,
Ukraine. The solid solutions of Ma.Ce2xBsOoX(x=0.001+0.01) where M=Ca,Sr,Ba and
X=Br,Cl] were prepared using a standard solid state method [1]. In case of M=Sr and X=Br
starting mixtures of SrCO;, SrBr,-nH,O ( 10% excess), Ce(NOs); and H3BO; (15% excess)
were fired at a temperature of about 400 °C for 1 hour and then at 750-800 °C for 3 hours in
a nitrogen stream. The samples were cooled, ground in a mortar to insure homogeneity and
fired again at 800 °C for 2 hours in a weakly reduced atmosphere consisting of a nitrogen-
hydrogen mixture contammg 2% by volume of hydrogen. In some cases the starting powders
were codoped with (Na",K"). In case of other M and X the firing temperatures and duration
of firing are a bit different. The whole list of studied borates is presented in Table 6.1.

Synthesis of silicates is described in Chapter 7.

For the experiments samples were pressed into 30-mg pills with Smm diameter, unless
other conditions are mentioned.

3.3 Characterisation of spectroscopic properties

The X-ray excited emission spectra were recorded using an X-ray tube with a Cu-anode
operated at 35kV and 25mA. The ARC VM-504 monochromator was used, which has 3
movable gratings (1200 grooves/mm, blazed at 150nm, 300nm and 750nm). Measurements in
the 200-600 nm region were carried out with a Hamamatsu R943-02 photomultiplier tube
(PMT) and in the 600-900 nm region with an EMI 9426 PMT. The angle between the
incident X-ray beam and the focus line of the detected emission is 90°. The setup also allows
carrying out measurements at liquid nitrogen temperatures.

Diffuse reflection measurements were performed with a diode array UV/VIS
spectrophotometer (HP 8452A) equipped with a 95 mm diameter Spectralon Integrating
Sphere (RSA-HP-84-UV) with an externally mounted xenon light source allowing

Development of new storage phosphors for thermal neutron detection
© 2004 - A.V. Sidorenko — All rights reserved
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measurements in the 300-800 nm wavelength range. Large area samples were compared with
a calibrated 99% diffuse reflectance standard.

Optical excitations in the UV/VIS region and emission spectra were recorded at room
temperature using the spectrophotometer Quanta Master QM1 of Photon Technology
International (PTT). This system consists of a 75 W Xenon lamp (PTI PowerArc™), a double
excitation monochromator (PTI 121 A) and an emission monochromator (PTI 170) with a
PMT unit (PTI 710). The emission spectra are corrected for the wavelength dependency of
the measurement device and spectral sensitivity of the light detector. Sodium salicylate was
used as a reference material to correct the excitation spectrum for the lamp spectrum.

Excitation spectra around 10K were performed at the Deutsche Elektronen Synchrotron
(DESY) in Hamburg (Germany) at the SUPERLUMI station of Hasylab. The synchrotron
operated in multibunch mode with bunches separated by 200 ns. The “short time” excitation
spectra were recorded after 1.5 ns delay in a 12 ns time gate. Time delayed excitation spectra
were recorded afier 74 ns delay in an 85 ns time gate. Excitation spectra at room temperature
were recorded using a laboratory VUV spectrofluorometer. The detailed properties of this
setup were described in [2].

34 Characterisation of storage properties

3.4.1 Thermally stimulated luminescence

TL measurements were performed with a Riso-TL/OSL-DA-15A/B reader The system
allows to carry out measurements with a heating rate from 0.05 K/s to 10 K/s. The reader has
an internal B-irradiation source (**Sr/*°Y) with the dose-rate of 1.0 mGy/s in air.

A thermally stimulated luminescence, or thermoluminescence (TL) measurement, results
in a graph of emission intensity versus temperature, i.e., the TL glow curve. The TL
measurements can give an impression about the number of trapping centres and their relative
depth. Let us assume that a certain type of TL active defect is formed as a result of ionising
irradiation. For example, it can be an electron trapped on a halide vacancy (F- centre), Vi
centre or an electron/hole trapped on an impurity ion [5.3]. With increase of temperature the
trapped charge can be liberated by heat. In case of a trapped hole (Vy or similar centres)
increase of temperature leads to the spatial migration of these centres. A trapped electron can
be released to the conduction band with further re-trapping or recombination with a
luminescence centre or tunnel to a nearby quenching or luminescence centre. At a
temperature T (in K), the rate of release of trapped electrons is proportional to the Boltzman
function exp(-E/kT) where E, is the “activation energy” (in eV) of the trap and £ is the
Boltzmann constant (in eV/K). In [3] the detailed theory of thermoluminescence is given,
based on the simplified model of Randall and Wilkins. According to [3], in case of no re-
trapping of a released electron (first-order Randall-Wilkins kinetics) the TL glow curve can
be expressed as:

TL(T) = sn, exp{- E, /kT}exp|:—% [expt-E, /k3}d3], G.1)

where s [s”'] is called oscillation frequency, /3 [K/s] is the heating rate, n, number of created
trapped charges by irradiation. A similar equation has been derived for the general-order
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kinetics, i.e. when there is a probability of re-trapping for released charge. In case of non-first

order kinetics the linearity with ny disappears, i.e. the position of a TL peak will depend on

the number of created defects, i.e. irradiation dose.

Many studies are dedicated to the fitting of an experimental TL glow curve with the
Randall-Wilkins approximation. The TL fitting results in actual values of two fitting
parameter, s and E, However, there are several cumbersome features, which raise the
question whether the TL fit must be performed:

o The task of the TL fitting procedure does not have a limited number of solutions (set of
parameters s and E)).

o The liberation of the charge carriers from the trap during thermal stimulation occurs from
excited molecular levels, which are, in principle, unknown. Therefore the activation
energy parametet E,, defined via Boltzmann energy is not correlated with the trap depth
energy, derived from direct optical transitions. Thus the fitting of TL curves cannot be
used as an addition to spectroscopy techniques for construction of energy level diagrams.

e The TL glow curve, which is used for fitting must be corrected for the temperature-
dependent quenching of the luminescence, which requires additional long-duration
experiments.

¢ The Randall-Wilkins theory assumes that the trap depth is single valued in energy.
However, it can be that the activation energy of trapped charges is distributed within a
certain range. In this case the theory becomes more complicated [3], and, probably,
hardly applicable.

Thus the process of TL glow curve fitting appears to be quite time consuming and results
in values, which cannot be used in combination with the results obtained from other
techniques. In this work the TL technique was used to obtain the following information:

e Number of TL peaks and position of their maxima. The number of peaks corresponds to
the number of trapping centres and the position of a peak maximum to the relative energy
depth of a trap [4.3.3 and 7.5.1].

e Before providing the TL measurements, an irradiated sample can be illuminated with
photons of certain wavelength and intensity. Thus, information about the photosensitivity
of certain types of traps can be derived [6.3.1 and 7.6.2].

e The TL techniques cannot provide information about the nature of traps. However, TL in
combination with EPR techniques can be very useful [5.3.1].

e If the trap filling is possible by illumination with photons of certain wavelength, and TL
is recorded afterwards, information about trap filling efficiency can be derived. The latter
can be used as additional information for determination of the trap nature [5.2.4 and
7.5.2].

We used the TL technique to predict the yield of studied materials upon
photostimulation. However, as it will be shown in [6.3.1], sometimes the recombination
processes of trapped carriers with luminescence centres can occur differently upon thermal
and optical stimulation.

3.4.2  Photostimulated luminescence (PSL)

The effect of photostimulated luminescence has already been introduced in [2.4.3]. For
the best achievement of image plate performance, the wavelength of a stimulation source
must match to the stimulation energy of trapped carriers. The stimulation spectra of PSL were
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measured in a homemade setup, well described in [4]. Since the sensitivity of the setup is
low, the samples were irradiated for 1 hour by a Co source with a dose rate of 1kGy/h.

The PSL measurements of studied materials were provided with the help of the Riso-
TL/OSL-DA-15A/B reader. A schematic view of the sample holder and the position of light
sources is shown in Figure 3.1.

Several types of stimulation sources were used in the PSL measurements:

e Ring of Blue Emitting Diodes (Blue LED’s) with a wavelength of 470 nm and a total
power density of 16 mW/cm?
Infrared diode with a wavelength of 830 nm and an output power density of 400 mW/cm?
Nd:YVO; solid state diode-pumped 10 mW laser emitting at 532 nm and producing a spot
of approximately 120 pm in diameter at the surface of a sample
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Figure 3.1: Schematic view of Riso-TL/OSL-DA-15A/B reader.
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Figure 3.2: Transmission curves of some detection filters used in the PSL measurements.

In order to cut off the scattered light of the stimulation sources from the PMT window
band filters were used. For each light source certain cut-off filters were used:
e Set of 3 U-340 filters (7 mm total thickness) was used in combination with Blue LED’s
o Set of BG-4 + UG-1 filters was used in combination with Nd:YVOj laser
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¢ BG-39 filter was used with Infrared Diode
The transmission curves of these filters are given in Figure 3.2.

3.4.3  Performance comparison of different storage phosphors

For quantitative comparison of storage phosphors CE, SE and CE/SE parameters are
usually used [2.1]. Actually, this is not very correct. As was mentioned in [2.4.3], during the
read out of an IP in an IP-scanner the integrating time of one pixel is limited to about 40 ps,
which is determined by the large area of an IP (typically 80x40 cm’) and the required
resolution (typically 200x200 pm?). Therefore for the read-out experiment illustrated in
Figure 2.1 it would be more correct to use the value “maximal PSL signal in the first X ms of
stimulation”, where X is an integration time per one channel during the read out procedure. In
the TL Riso-TL/OSL-DA-15A/B reader the minimal allowed integrating time per data point
is 10 ms. This time could be too long for the precise quantitative comparison of storage
phosphors because of the following reason.

Let us assume that traps are filled by irradiation and photons of proper wavelength are
applied for the stimulation. If the excitation light intensity is constant then observation would
be the decay of PSL (PSL curve). The probability per second for the electron to leave the trap
is proportional to the intensity of excitation, say @o (in s™), where @ is the intensity of
excitation light, and o is the optical cross section of the transition, leading to the creation of
the PSL photon. The process is very similar to observation of the TL at a fixed temperature.
The transfer of charge carriers can be described by a well-known differential equation. If one
assumes the first-order kinetic (no re-trapping), the PSL curve can be described by the
formula:

L(f) = L, exp ™" (3.2)

where L, is the PSL yield at t=0. Thus experimental PSL can be simulated as:

L(i)= [Lyexp™®™d8,i=0,. T/T, (33)

’I

where Ly is the PSL yield at t=0, and 7, is the minimal allowed integrating time per data
point in a read-out setup, T is the duration of PSL read-out experiment.

Let us assume that we have two IPs, which must be compared. They have the same
properties, however the o of the first (IP,) is 50 times bigger than that of the second (IP,).
This means that the SE [pJ-mm™] of IP; is 50 times smaller than that of IP,. In F igure 3.3 the
PSL curves of both IPs are compared. In Figure 3.3a the time per data point (7,;) was chosen
10 ms and in Figure 3.3b, 40 us. Considering only the result in Figure 3.3a, one can draw the
conclusion that the performance of IP, in a commercial IP-scanner (integrating time of one
pixel is about 40 ps) would be 14 times better than that of 1P, (ratios of L; values in the first
channel for both IP). Considering the results in Figure 3.3b, one can draw the conclusion that
the performance of IP; in a commercial IP-scanner is 45 times better than IP,. The conclusion
made from Figure 3.3b is true, since the same integration time is used in an experiment upon
constant laser stimulation in an IP-scanner. Thus, the correct conclusion about the
performance of a storage phosphor after performing the PSL measurements can be done only
if the setup allows an integrating time small enough to be comparable with the integrating
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time in the IP-scanner. In the TL Riso-TL/OSL-DA-15A/B reader the minimal allowed
integrating time per data point is 10 ms. The latter means that the results obtained with Riso-
TL/OSL-DA-15A/B reader can only be used as a rough estimation.
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Figure 3.3: Simulated PSL curves of IP; (o 50 times larger, curve 1) and IP; (curve 2).
In Figure 3.3a the time per data point (T.;) was chosen 10 ms and in Figure 3.3b - 40 ps

Commercial Image Plate scanners

All the known commercial AGFA and Fuji scanners were developed for an IP
containing BaFBr:Eu®" storage phosphor. Therefore they are equipped with a He-Ne (633nm)
laser as stimulation source. An interference filter for protection of the PMT from scattered
laser light is optimally chosen for transmission of only Eu®* luminescence in BaFBr, i.e.
around 390 nm.

In order to perform a correct comparison of studied storage phosphors with a commercial
one, the read-out system should be optimal for both of them. However, if the stimulation
efficiency of studied phosphors is not optimal when stimulated with A~633nm, and the PSL




Experimental techniques 31

emission spectrum does not have a maximum at 390 nm, no direct comparison can be made
[6.3.3].

Single grain attachment to Riso-TL/OSL-DA-15A4/B reader

The direct comparison of the PSL properties of studied materials with commercial
BaFBr:Eu?* was done with a single grain attachment to the Rise-TL/PSL reader. The reader
was designed to measure sand-sized grains [5]. However it appears that the read-out
parameters of this system are about optimal for all studied materials and the commercial
phosphors [6.3.4 and 7.9.2]. The system employs a 10 mW Nd:YVO, solid state diode-
pumped laser emitting at 532 nm, producing a spot approximately 120 pm in diameter at the
surface of the sample disc. In our PSL experiments we used 10 % of the full laser power.
Small portions of powder samples were put in 300 pm wide and 300 pm deep holes drilled
into the surface of 10 mm diameter and 0.5 mm thick disk. The holes are located precisely in
a ten by ten grid pattern giving a total of 100 pixels of photo-stimulated phosphor on each
sample disk. The laser beam can scan the disk pixel by pixel. Thus the read-out conditions are
very similar to those used for reading irradiated image-plates.

Each pixel was red out for 2s, and the PSL signal was recorded in an array of 100
channel. The value of the first channel represents the detected PSL signal in the first 20 ms of
laser stimulation. The PSL properties of studied phosphors will be characterised by this
value.

3.5 EPR technique

The EPR measurements were carried out at the Laboratory of Solid State-Applied
Chemistry at the ENSCP (Paris), with a Bruker ESP300e spectrometer. The microwave
frequency was measured with a Systron Donner frequency counter. All the spectra were
corrected for the signal from the cavity with the empty sample holder (quartz tube).

Irradiation was performed ex-situ with a Siemens X-ray tube operating at 40 keV and
35 mA.

Electron paramagnetic resonance is a technique in which radiation of microwave
frequency is absorbed by centres, possessing an electron with an unpaired spin when a strong
magnetic field is applied. An electron possesses a “spin” (s) of 1/2, which has two energy
levels. The lower energy level corresponds to m = -1/2 in which the spin magnetic moment is
aligned with the field. At the high energy level, m; = +1/2, the magnetic moment opposed to
the field. The energy difference between the two spin states can be related to the microwave
radiation frequency as:

AE=hv=gpH, (34

where fis the Bohr magneton; g is the splitting factor; H, is the applied field. The interaction
of the unpaired electron in a sample with the applied magnetic field is termed as Zeeman
effect. The two spin states have the same energy in the absence of a magnetic field and the
energies of the spin states diverge linearly as the magnetic field increases. In a conventional
EPR experiment, the magnetic field is swept in the presence of the microwave radiation of
constant frequency. A peak of absorption is observed at the magnetic field, for which the
energy between the two spin states is equal to the applied energy of the microwave radiation.
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g-factor

In the resonance condition, the g-factor determines the position of the line in the EPR
spectrum and represents the sole value associated with the characteristics of the centre and its
environment [6]. The g-factor of a free electron is g.=2.0023. For bound unpaired electrons
internal magnetic fields can shift and/or split the basic resonance line into several
components. The orbital angular momentum of the electron gives a contribution to the total
magnetic moment, which produces a shift in the g-factor from the free electron value. If a
negative g-shift is obtained relative to g, it is typically attributed to an “electron” centre,
while a positive g shift is characteristic of “hole” centres.

For crystal fields with a symmetry lower than cubic, g becomes anisotropic and the
structure of the tensor reflects the symmetry of the crystal field. In fact, the principal axes of
the g tensor determine the symmetry axes of the paramagnetic centre. In a powder sample,
which is composed of many microcrystals that are oriented in all possible directions, the
spectrum will be an envelope of all possible spectra due to the different orientation of the
centre relative to the magnetic field.

Hyperfine splitting:

Surrounding nuclei, which possess a spin (I#0) and hence a magnetic moment may
interact with the unpaired electron. The magnetic interaction between magnetic nuclei and the
electron, the so-called hyperfine interaction, produces a splitting of the basic resonance line
into a number of hyperfine components. The hyperfine interaction depends on the unpaired
electron distribution and on the distance between it and the nuclei.

References

[1] Dotsenko V. P. et al., J. of Lumin. 93 (2) (2001) 137

{2] van der Kolk E., Photon cascade emission of Pr’* and optimization of Mn** based phosphors,
Ph.D Thesis, Delft University of Technology, 2001

[3] Chen R. and McKeever S. W. S., Theory of thermoluminescence and related phenomena, World
Scientific Publishing, 1997

[4] Knitel M. J., New inorganic scintillators and storage phosphors for detection of thermal neutrons,
Ph.D Thesis, Delft University of Technology, 1998

{51 Duller G. A. T. et al., Nucl. Instr. And Meth. B 155 (1999) 506-514

[6] Abragam A. and Bleaney B., Electron Paramagnetic Resonance of Transition lons, Clarendon
Press, Oxford (1970)



33

4 Luminescence and Thermoluminescence of Sr2B509X:Ce3+,A+
(X=Cl,Br, A=Na",K") phosphors

4.1 Introduction

The work presented in this chapter is part of a more extensive study where the properties
of Ce’ doped haloborate storage phosphors are investigated. Barium bromoborate activated
with Eu”* has been proposed at first as an X-ray storage phosphor by Meijerink ez al. [1].
After that Knitel suggested to apply Sr2BsOqBr: Eu’" as a neutron storage phosphor [2]. As
will be shown later in chapter 6 haloborates doped with Ce’* show better storage
characteristics in comparison with those doped w1th Eu”’

The luminescence properties of Sr;BsOsBr:Ce’** have been reviewed recently in [3]. We
performed an extended spectroscopic study of the series of Sr.Bs0¢X: Ce’t A' (X=Cl,Br,
A=Na’,K") phosphors by means of optical and EPR techniques. We also studled the
thermoluminescence properties of these materials and contributions of different Ce centres
in the TL emission spectra. The data presented in this chapter will be used later on when the
storage mechanism of haloborates is discussed.

We performed the EPR measurements on Sr,BsO¢Br: Ce*" in addition to conventional
luminescence studies. The Ce** ion is paramagnetic and electron paramagnetic resonance
should be an available tool to obtain the crystallographic site location and the influence of
neighbouring defects on the Ce®* centre in the lattice. However, to our knowledge only a few
EPR studies on Ce*" in polycrystallme materlals are available in the open literature.

The ground state of the ce* 1on is °F s, i.e., L=3, S= 1/2, and J= 5/2. The excited state
2Fon lies approximately 2000 cm™ ! above ?Fs. The low-symmetry crystal field splits the 2Fs
ground state into three Kramers doublets with M; equal to £5/2, +3/2, and +1/2. Under
dissimilar conditions these doublets may lie lower or higher relative to each other, depending
on the intensity of the crystalline field, the distance between them may vary from 10 to 100
cm™ and greater.

While information on the crystallographic structure of Sr,BsOoBr is lacking, structural
data on Eu,B;O4Br are available [4]. Europium can occupy two crystallographic positions in
the matrix, in each of which it is surrounded by seven oxygen atoms of the borate groups and
two halogen atoms. Because the ionic radii of Eu®" and Sr** are close in magnitude [5], we
assumed that the europium- and strontium-based haloborates have similar crystallographic
parameters. The two strontium atoms in Sr,BsOoBr, which occupy different crystallographic
positions, have a very similar environment, but with a slightly different arrangement of the
nearest neighbour oxygen ions (Figure 4.1).

Development of new storage phosphors for thermal neutron detection
© 2004 — A.V. Sidorenko — All rights reserved
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Figure 4.1: Polyhedra of substituted strontium ions in two crystallographic positions. The
number of surrounding oxygen and halogen ions in both cases is the same.

4.2 Materials

For the experiments several solid solutions of haloborates were synthesised in the A.V.
Bogatsky Physico-Chemical Institute using the solid state method as described in [3]. The
samples studied in this work are:

series of non-co-doped Sr.BsOsBr and Sr,BsOgCl samples with different concentrations
of Ce*" between 0.05 and 5 mol%

series of co-doped compounds: Sra(;x)CexNayBsOgBr (x=0, 0.01 and 0.001),
Srz(l_x)CexKstogBr (X=0.001) and Srz(;.x)CexNaxB509C1 (X= 001)

4.3 Results

4.3.1 Optical properties of cet in SraBsOqBr and Sr>BsOyCl.

Monovalent cations K' or Na’ are commonly used co-dopants to provide charge-
compensation for trivalent rare-earth ions on divalent cations sites. The emission spectrum of
Sr21.nCexNaBsOgBr (x=0.01) upon X-ray excitation results in a resolved Ce** emission
doublet at 330 and 350 nm (Figure 4.2, curve b). The replacement of bromine by chlorine
leads to a shift of Ce** emission in Sr21-xCexNaBsOsCl (x=0.01) towards shorter wavelength
(Figure 4.2, curve a). The band in the emission spectrum of Srz(1.xCexNaBsOsCl (x=0.01)
(Figure 4.2, curves a) between 280-303 nm might be due to SrB4O; which is present in the
sample as a phase impurity. The emission band due to the 5d-’Fs), transition in Ce** in
strontium tetraborate has a maximum at 293 nm [6].

The excitation spectra of Ce®" emission in chlorides and bromides are shown in Figure
4.3. Time resolved excitation spectrum of Sry(1.CexKxBsOsBr (x=0.001) emission at 350 nm
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has been recorded under synchrotron radiation at 12 K. In the short time excitation spectrum
the five dominant bands with maxima at 223, 243, 268, 280 and 315 nm are attributed to the
transitions to the five levels of the 5d Ce** configuration. In addition, two low intensity bands
are located at 165 and 202 nm. The origin of the band at 165 nm (7.5 eV) can be attributed to
the host excitation, since the typical band gap energy of borates is about this value [7-9].

Intensity, a.u.

250 300 350 400 450 500
Wavelength, nm

Figure 4.2: X-ray excited emission spectra of Srz.xCexNaBsOyCl (x= 0.01) (curve a),
Sra1-yCeNaBsOyBr (x= 0.01) (curve b) and Sr(15CexBs0¢Cl (x=0.01) (curve c) recorded

at room temperature.
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Figure 4.3: Excitation spectra of 350 nm emission of Srz;.gCeKiBsOgBr (x= 0.001)
recorded under synchrotron radiation at 12 K in short time (solid curve) and time delayed
(dotted curve) mode. In the inset the excitation spectrum of 350 nm emission of
Sra1xCeNaBs0oCl (x=0.01) recorded at room temperature is shown. The arrows indicate
the positions of Ce’* 5d bands.
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In the time delayed excitation spectrum the intensity of the band at 202 Jm is dominant.
This evidences that this band is not related to the 5d configuration of Ce®*. The excitation
spectrum of Sry(1.xCexNa,BsOgCl (x=y=0.01) has been recorded at room temperature using
the VUV-spectroﬂuorometer. The excitation spectrum consists of the expected five bands of
the 5d Ce** configuration with maxima at 219, 234, 270, 279 and 308 nm and two additional
bands at 170 and 202 nm, see the inset of anure 4.3. The positions of the 5d excitation bands
of Ce** in haloborates do not change whether K* or Na* is the monovalent co-dopant.
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Figure 4.4: Emission spectra of Sryi.xCexBsOsBr (x =0.01) recorded at A=315 nm
(curve a) and A=260 nm (curve b) excitation. Excitation spectra of emission at A=350 nm
(curve c) and A=315 nm (curve d). All the spectra are recorded at room temperature.

Various types of Ce®* emission centres in compounds where Ce®* substitutes for a
divalent cation without additional co-dopants are expected due to different charge
compensation mechanisms [10]. Excitation and emission spectra of Ce** in
Sry(1-Ce2:BsOsBr (x=0.01) are shown in Figure 4.4. Two non-resolved emlssxon bands at

330 and 352 nm observed under excitation at 315 nm are indicated as Ce,>* centre emission.
This Ce;** emission doublet is well resolved at 325 and 347 nm in the X-ray excned emxssnon
spectrum of Sry1.Ce2Bs0gCl (x=0.01). The position of the lowest 5d-level of Cel centres
is the same as that of Ce®* centres in co- doped compounds. Another broad emlssmn band
appears at about 375 nm under X-ray or photo-excitation and is indicated as Ce,*" centre
emission in Flgure 4.4. The intensity of this long wavelength emission increases with
increase of Ce®* concentration. In the sample with 0.05 mol% of Ce®* it has a very low
intensity upon X-ray and photo excitation at 315 nm, but the doublet at 330 and 352 nm is
well resolved. It was not possible to resolve the 5d-excitation bands of these Cez centres
with synchrotron radiation at 12 K.

Probable charge compensation mechanisms, which occur when a trivalent ion is
introduced on a dlvalent site, can be performed by the creation of one vacancy at a strontium
site per two Ce®* ions or by an oxygen on a bromine site [3]. Usually Ce" centres w1th
nearby charge compensators produce the emission at longer wavelength than isolated ce™
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centres [11]. We therefore attribute the emission band at 375 nm to Ce’* centres with nearby
charge compensating defects.

A weak emission, see curve b in Figure 4.4, with the resolved doublet at 315 and 334 nm
has been detected at excitation with A=260 nm. This emission is associated with Ce;**
centres. This luminescence is not observed in all studied samples. When the sample showmg
the luminescence at 315 and 334nm is fired in a very dry nitrogen atmosphere at 500 °C for
1.5 hour this luminescence disappears completely. This provides an argument that the
luminescence at 315 and 334 nm is caused by Ce*" centres associated with OH" groups
replacing the Br ions, i.e., this luminescence is a result of slow hydrolysis in air.

4.3.2 EPR spectra of Ce™ ions

Figure 4.5 displays EPR spectra of Sr;BsOoBr:Ce’",K* taken at 9 and 20 K. Both spectra
exhibit a resonance at magnetic field B= 1578 G, which can be assigned to the presence of
Fe®* jons [12]. The narrow lines at B= 2035 and 2180 G, as well as the broad band at B=4380
G, are clearly seen at 9 K but are absent at 20 K. It is known that Ce’" ions are usually
difficult to detect at temperatures above 30 K because of the strong spin—orbit coupling and
the short relaxation time of the lower 4 f' state [13]. This gives us grounds to attribute these
ESR lines to the Ce™ centres.
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Figure 4.5: ESR spectra of an Sr,BsO¢Br:0.1% ce0.1% K" sample measured at 9 and
20 K. The arrows identify lines corresponding to Ce®* centres.

The falloff in the 20 K EPR spectrum observed for B> 2200 G (Figure 4.5) is due to the
Ce** resonance being broadened as a result of spin—lattice relaxation. The nuclear spin of all
stable Ce isotopes is zero, and, therefore there is no hyperfine structure. The g-tensor
components corresponding to the Ce’* ions occupying low symmetry crystallographic
positions have been obtained earlier for YAIO; (3.162, 0.402, 0.395) [14], barlum—slrontlum
niobate (3.55, 0.89, 0.54) [15], and LaCl; (4.037, 0.23, 0.23) [16], i.e., for crystals where ce**
ions sit at sites with C3;, symmetry. For all these systems, the first component of the g tensor
is considerably larger than the others. Because some components of the g tensor can be very
small, the corresponding EPR lines may not fit within the span on the abscissa axis in Figure
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4.5. This suggests that the two narrow EPR lines in Figure 4.5 are related to the first g-tensor
components (with g, = 3.32 and 3.16) of Ce’* centres in two different crystallographic
positions shown in Figure 4.1. The EPR lines corresponding to the second g —tensor
component are indistinguishable for the different Ce®* positions, and this accounts for the
broad band with g» =1.54.

The effect of cerium ion concentration on the EPR spectra of Sr:Bs04Br:Ce*" is
illustrated in Figure 4.6. The signals due to Fe®* ions are seen to have approximately the same
intensity for all the samples studied. An increase of Ce** content in the samples is
accompanied by a corresponding increase in the EPR line intensity with g; of 3.32 and 3.16.
This relation supports the conclusion that it is the Ce’* ions that are responsible for these
resonances. At the same time, a broad resonance line with g~3.6 appears in the EPR spectra
at 9 K of samples with a high Ce** concentration. This resonance is not observed at 20 K. As
shown in 4.3.1, an increase in Ce*>* concentration leads to an increase in the contribution to
the total luminescence intensity from Ce*" centres with local charge compensation. At a low
Ce** concentration (0.05 mol %), there is no band with g ~3.6, which may indicate the
presence of isolated Ce>* centres only. The latter conjecture correlates with the results of the
optical study ?resented above. Because the intensity of the EPR line with g ~3.6 grows with
increasing Ce’" centre concentration, we can assign this line to the first g-tensor component
of Ce’* ions with local charge compensation.

As for the narrow ESR line in Sr2B509Br:l%Ce3+ with g ~3.94, it can likewise be related
to the Ce’* centres.
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Figure 4.6: The experimental EPR spectrum recorded at 9 K of Sr,BsQ¢Br doped with
different concentrations of Ce*: (@) — 1 mol%, (b) — 0.5 mol%, (c) — 0.2 mol%, (d) —
0.05mol%. Arrows indicate the lines attributed to Ce’. In the inset the EPR spectrum of
Sr:BsOsBr:1%Ce’" recorded at 20 K is shown.
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4.3.3 Thermoluminescence

The TL glow curves of Sr.BsOyBr with different concentrations of Ce*" jons are shown
in Figure 4.7. For all Ce** concentrations there are two main TL glow peaks and the positions
of these peaks do not change with concentration. The integral intensity of TL signal increases
with increasing Ce>* concentration up to 2 mol% as is shown in the inset.
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Figure 4.7: TL glow curves of SraBsOsBr:Ce’* for different concentrations of Ce’* .
Heating rate is =1 K/s. In the inset the integral TL intensity as a function of Ce’*
concentration is plotted.
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Figure 4.8: The TL glow curve (curve a) of Srz.xCe2BsOeBr (x= 0.01) recorded with the
heating rate of 1 K/s. Dashed curves correspond to approximation of TL glow curve (a) with
3 first order TL peaks. Curve (b): calculated TL glow curve based on fitting parameters of
curve (a), corresponding to the heating rate of 0.1 K/s. Curve (c): The TL glow curve
recorded with 0.1K/s heating rate. In the inset the TL glow curves of Srz;) CexBsOoBr (x=
0.01) recorded after different irradiation doses.
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The intensity ratio between low and high temperature peak changes with the Ce
concentration. The positions of both TL peaks do not change with absorbed radiation dose,
which is consistent with a first order kinetics as described by the Randall-Wilkins equation
[17]. Physically it is a case of negligible retrapping of carriers during the thermal stimulation.
However the symmetrical shape of the peak at 430 K is not con51stent with the first order
kinetics. The assumption that the TL curve of Sr,BsOgBr: 1%Ce*" is composed of several first
orders TL peaks has been made. The TL curve has been fitted well with three first order
kinetics peaks in the region between 300 and 500 K (Figure 4.8). The consistence of this
mathematical fit with the real physical processes occurring during thermal stimulation has
been checked by changing the heating rate during the TL measurements. Observed results
show a large contradiction between experimental and fitted data. Such a contradiction means
that none of the peaks at 430 K can represent a composition of several first order peaks. Most
of the functions describing TL glow curves consider the trap depth associated with the defect
to be a single-value in energy, i.e., an ideal case. However, the activation energy of trapped
charges is distributed continuously within a certain range. This implies a significant

complication of the mathematical modelling of TL kinetics. We did not perform any further
attempts of TL glow curves fitting.

The influence of monovalent cations, Na* or K™ on TL glow curves of Sr;BsOgBr(Cl): Ce’
is shown in Figure 4.9. The TL intensity increases approximately by a factor of 2 when Na'is
introduced. Monovalent co-dopants do not influence the shape of TL glow curve and peak
positions. However, the intensity of the low temperature peak relative to that at high
temperature is much higher in the presence of co-dopants. If one compares the TL glow
curves of bromides and chlorides, the position of the low temperature peak does not depend
on the ligand anion (CI" or Br’). The position of the high temperature peak is shifted towards

lower temperature in the case of chlorides.
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Figure 4.9: The TL glow curves of Sryu.xCexnBsOoBr (x= 0.01) (solid curve), Sraq.
»CeNa.BsOoBr (x=0.01) (dashed curve), Srz1.5)CezBsO¢Cl (x= 0.01) (dotted curve), Srz.
yCexNaxBs0yCl (x= 0.01) (dashed-dotted curve) recorded with 1K/s heating rate.
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4.3.4 Emission spectra upon thermal stimulation

The structure of a TL glow curve gives the possibility to determine the characteristics of
various traps. To know the features of luminescence centres the TL emission spectra should
be measured. Emission spectra recorded at different temperatures during TL readout are
shown in Figure 4.10. Emission related to the TL peak at 350 K in Sry.xCe2xBsO¢Br
(x=0.01) coincides with the emission of Ce,** centres. But the emission related to the TL
peak at 430 K is shifted towards longer wavelength and resembles the superposition of the
emissions from Ce,*" and Ce,*" centres. The emission spectra of co-doped compounds
measured near the low and high temperature TL peaks are very slightly different.

The TL emission as a function of the Ce** concentration and the type of co-dopant has
been further investigated. TL measurements were performed with different band pass filters
U-340 and HA-3. When the U-340 filter is placed between sample and PMT, the long
wavelength emission of Ce;* centres is absorbed. With HA-3 filter all types of Ce’* emission
are transmitted. The ratio of TL signals measured with the two filters, i.e. TLya.3/TLy.349 i 2
measure for the contribution of the long wavelength emission to the total TL signal. The
results are listed in Table 4.1. The ratio TLya.3/TLys40 increases with increase of Ce**
concentration. In compounds co-doped with Na® or K" the TLya.3/TLy340 ratio is smaller
than that for the sample with the same concentration of Ce>* but without co-doping.

Table 4.1: Integral intensity of TL signal and its dependency on the filter used. The fifth
column represents the attenuation of the emission light from the sample passing through the
U-340 filter, i.e. the contribution of the long wavelength Ce,’* emission to the total emission
spectrum

. TL TL

Compound Com;entratmn of intensity | intensity g:““/
opants HA-3 U-340 U-340

0.05% 2.6 1.3 1.9

0.1% 53 23 2.3

0.2% 10.9 4.3 2.5

Sr,B;s00Br:Ce’ 0.5% 19.2 6.0 3.2

1% 24.3 6.5 3.8

2% 29.2 5.6 5.2

5% 20.6 3.6 5.7

0, 9,
Sl 1. 1
Sr,Bs0.Br:Ce** K* 0.1%,0.1% 55.6 25.3 2.2
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Figure 4.10: TL emission spectra of Sry.4CexBsO¢Br (x= 0.01) (a), SryiyCeKBsOoBr
(x=0.001) (b), Sr2qwCeNaBsOsBr (x=0.01) (c). Measurements have been performed with
1K/s heating rate after received dose of 1kGy with %Co gamma source. The temperatures at

which emission spectra have been taken are given
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4.4 Discussions

The relative positions of Ce** 5d levels are very similar in bromo- and chloroborates, as
can be seen in Fi gure 4.3. Since the relative positions of 5d levels are strongly determined by
the shape and Slze of anion coordination polyhedron, this confirms that the polyhedral
coordination of Ce** is practically the same in both compounds The energy of the lowest 5d
level in chloroborates is at 32470 cm™ against 31745 cm™' for bromoborates. The difference
of 720 cm™' is practically the same as the difference between the average energy, i.e. centrond
shift of the 5d configuration, which is 12480 cm’ for SrBsO4Cl and 13115 cm™ for
SI’zBSOQBl‘

Morrison [18] and Aull and Jenssen [19] developed a model in order to explain the
behavior of the centroid shift of the 5d conﬁguratlon of Ce** ions in fluorides. According to
this model the shift is proportional to a/R® , where o is the polarizability of the ligands and R
is the metal-ligand distance. The ligand polarization model was further developed by
Dorenbos in [20,21] and applied to interpret the centroid shift in fluorides, chlorides,
bromides and oxide compounds. Generally, a larger polarizability of bromine ions as
compared to chlorine ions leads to larger centroid shift. If one takes the crystallographic data
on strontium haloborates, the difference in mean strontium to oxygen distances in bromo- and
chloroborates raised to the power six would be too small to explain the observed difference in
centroid shift. But in real situation there could be significant difference in relaxation of
ligands around trivalent cerium ion substituted for a smaller divalent strontium ion in bromo-
and chloroborates. Therefore, the observed difference in centroid shifts, which amounts to
720 cm™ appears to be too small to apply the ligand polarization model.

The formation of (Ceg-Ks;) complexes during the co-doping was considered in [3]. Adding
a monovalent cation enhances the solubility of Ce** ions in the matrix and does not require
additional charge compensation. That is why the EPR spectrum of Sr;BsOgBr:Ce** K*
consists only of the lines corresponding to the two Ce** crystallographic positions. The values
of the first g—tensor components of these Ce>* centres are practically identical to those of
isolated Ce** ions in samples not subjected to monovalent co-doping. The small effect of the
co-dopant (the K" ion) should be attributed either to the two neighbouring Sr** ions being
separated by B,Oo networks or to the K* ions occupying a site not adjacent to the Ceg,
position.

In some compounds like SrB4O7 and CaSQ4 two different Ce** emission centres have been
found [11,22]. Centres with the largest redshift were attributed to Ce’* ions with nearby
charge compensation — strontium vacancy. Another possibility for charge compensation in
Sr,Bs0y(Br,Cl1):Ce** can be an oxygen in a bromine site next to Ce**. In this case the higher
intensity of the long wavelength emission for the sample synthesised in air than i m mtrogen
atmosphere is expected But the emission at 375 nm of SrngogBr 0.3%Ce’* sample
synthesised in air has lower intensity than that of Sr.BsOsBr:1%Ce*" synthesised in nitrogen
atmosphere. Our optical measurements did not succeed in resolving the 5d-excitation level
structure of the Ce,*" centres with neighbouring charge compensating defect into individual
components even at 12 K.

The EPR band w1th g1 ~3.6 is seen in samples without monovalent co-doping. It was
attributed to the Ce** centres whose additional charge is compensated by ne 3ghbourmg
defects. This resonance is broader than that observed in the case of isolated Ce,” centres.
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This implies that charge compensation may occur through more than one mechanism. Thus,
the EPR band with g; ~3.6 and the long wavelength optical emission band are actually
superpositions of contributions from several Ce** centres with different kinds of local charge
compensation defects.

The Ce** emission doublet at 315 and 334 nm detected in Sr,BsO9Br (see Figure 4.4) was
assumed to originate from Ce*" with nearby OH-groups in halogen site. The shift of this
Ce;*" emission towards shorter wavelength is consistent with the ligand polarization model,
since polarizability of OH-groups is smaller than that of Br or Cl ions and thus the centroxd
shift of Ces*" levels is expected to be smaller [21]. However the 5d configuration of Ce;**
centres must be known to base this conclusion more firmly.

The probability that a charge—compensatmg defect is placed near a Ce®* site becomes
higher with an increase of Ce concentration. The assumption that the emission at 330 and
350 nm is caused by Ce,>* ions without nearby charge compensators then seems to be
reasonable, since this emission is dominating upon X-ray and optical excitation of ce* doped
samples with very low concentrations (0.05% and less). X-ray and optically excited emission
measurements show that the contribution to the total light output from long wavelength
emission, 1i.e. Cez3+ centres with nearby charge compensatory increases with the
concentration of Ce** 1ons

Two types of Ce®" emission centres have been detected in TL emission spectm of
Sr,Bs0oBr:Ce**. Only the emission from Ce;** centres, i.e. locally uncompensated Ce* ions,
gives rise to the TL peak at 350K. The emission spectrum corresgondmg to the second TL
peak at 430 K is the superposition of two types of Ce,** and Ce,’" emissions. It is seen in

%ure 4.7 that the intensity of this glow peak i mcreases significantly with concentratlon of

. Also the contribution to TL signal from Ce** centres  grows with Ce** concentratlon

(see Table 4.1), which is the result of a larger number of Ce,** centres than of Ce,”" centres at
high concentrations.

4.5 Conclusions

The two strontium sites in Sr,BsO9Br have very s1m11ar anion coordination polyhedra.
Using optical spectroscopy we could not distinguish two Ce’" sites. At the same time the EPR
lines from Ce** centres in two crystallographic posmons are very well dlstmgnshable

Two types of ce* centres have been detected in SrzB509(Br Cl): Ce** and they can be
associated with isolated Ce,** and charge compensated Ce,’" centres. Several kmds of charge
compensation defects are responsible for the Ce,’" emission. Only one type of Ce** emission
centre was detected in the samples co-doped with Na* or K*. The emission is the same as that
of the isolated Ce,>* centres. Two peaks appear in TL glow curves at 350 and 430 K for both
co-doped and non-co-doped samples. The relative intensity of the peak at 350 K is higher in
the case of co-doping. Also the integral TL intensity doubles when monovalent cations are
introduced. The TL emlsswn of SrBsOs(Br,Cl):Ce* related to the low temperature peak
onglnates from (Ce;**) centres. The emission in the 430 K peak is from both Ce;*" and
Ce,>"centers. The TL emission corresponding to both TL peaks in co-doped samples
originates from the only one type of Ce** centre.
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5 Complex study of radiation induced defects in
Sr2B509Br:Ce3+ storage phosphor

5.1 Introduction

In the previous chapter we presented the optical, thermoluminescence and EPR
properties of SrBsOeX:Ce’*, A" (X=Cl,Br, A=Na",K") phosphors. It will be shown in
Chapter 6 that the storage characteristics of these phosphors are close to those required for
application. That is why here we will present the results of experiments aimed at
understanding the storage mechanism in haloborates. The chapter is organised as follow: first,
the EPR results on irradiated pure Sr.BsO¢Br will be presented. After that the radiation
induced optical absorption spectra will be discussed. Next, the thermoluminescence and
luminescence spectra of haloborates doped with different rare earth, such as Yb** and Sm?*
will be analysed.

The TL glow curves of haloborates doped with Ce** consist of two main peaks. The
discussions of the origins of both peaks will be presented separately.

5.2 Results

5.2.1  EPR measurements on irradiated pure Sr:BsOoBr

Before irradiation no EPR signal in pure Sr;BsOg¢Br was detected. The EPR spectra of
irradiated pure Sr,BsOqBr recorded at 120 K just after irradiation, one day and one week after
irradiation are shown in Figure 5.1. The spectrum measured just after irradiation shows the
presence of at least two overlapping EPR spectra: one is the broad line with maxima at 334
and 339 mT and another one is the narrow line in the 336 to 337 mT range. Defects due to the
broad EPR line are not stable at room temperature, since this line can not be observed one
day after irradiation, while storing the sample at room temperature. Therefore it is possible to
separate both overlapping signals. Performing measurements one day after irradiation we can
assume, that only room temperature stable defects are present in a sample. From here, the
discussion of EPR spectra will concern only room temperature stable defects.

In Figure 5.2 the evolution with temperature of the EPR spectra recorded one day after
irradiation is shown. The shape of the lines changes dramatically with temperature.
Moreover, at low temperatures an additional EPR signal at about 340 mT appears. Such a
trend in EPR spectra suggests the existence of two types of paramagnetic defects with
overlapping EPR spectra in the 336-340 mT range. This point will be discussed later on.

Development of new storage phosphors for thermal neutron detection
© 2004 — A.V. Sidorenko — All rights reserved
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Figure 5.1: Experimental EPR spectra of X-ray irradiated pure Sr,BsOqBr recorded at
120 K. Each curve was recorded at different time after irradiation: 10 min (curve 1), 1 day
(curve 2) and one week (curve 3) after irradiation. The “broad” and “narrow” EPR lines are
indicated (see text). Between experiments the sample was kept in darkness at room
temperature.

EPR

1 i 1

325 330 335 340 345 350
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Figure 5.2: The EPR spectra of X-ray irradiated pure Sr:BsOsBr recorded at different
temperatures. Measurements were carried out one day after irradiation. The EPR spectrum
measured at 8 K one week after irradiation is shown as dotted curve. The attribution of EPR
lines to F(Br’) and O, is explained in the text.
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5.2.2 Radiation induced optical absorption spectra of irradiated pure and Ce’* doped
Sr2BsOqBr

The diffuse reflection spectra of pure and Ce** doped SrBsO¢Br were measured. In
Figure 5.3 and 5.4 the differences between the reflection spectra recorded prior and after
irradiation are plotted. The difference between these spectra represents the radiation-induced
absorption. The absorption curve of pure Sr.BsOsBr was fitted with two Gaussians with
maxima at 365 and 560 nm as it is shown in Figure 5.3. The broad structures of these peaks
must be due to polycrystalline nature of the sample [1]. It is seen from Figure 5.3 that the
relative contribution to the total absorption from these two peaks is the same just after
irradiation and two days after irradiation. Therefore we assume that the two bands originate
from trapped hole and electron centres, created under irradiation. Thus, the ratio between the
number of electron and hole centres stays constant, but part of them recombines with each
other at room temperature, what leads to the decrease in total absorption in Figure 5.3. The
nature of these centres will be discussed later.
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Figure 5.3: In the inset reflection spectra of pure Sr:BsOyBr recorded before irradiation
and after irradiation (10 kGy with ®Co gamma source) are plotted. The difference between
them just after irradiation (upper curve) and two days after irradiation (lower curve) is
plotted in the main figure. Dotted curves represent the Gaussian fit of the absorption curve
measured two days after irradiation.

The treatment of reflection spectra of Sr.BsOsBr doped with Ce** is more complicated
than in case of pure material. The measurement system is equipped with diode array for light
detection and with Xenon lamp. During the measurements a sample is excited with the whole
spectrum of the Xenon lamp (270-820 nm). Therefore, in reflection curves the bands due to
Ce*" absorption and Ce** luminescence at 330 and 350 nm are very intense. As can be seen in
the inset of Figure 5.4, at a particular wavelength the reflectivity is more than 100%, which is
caused by Ce*" luminescence. In a spectrum obtained just by subtraction of reflection curves
before and after irradiation the intense band due to Ce** luminescence is still present. It can
be explained by partial absorption of Ce** luminescence in the material after irradiation.
Therefore Ce®* emission intensities in reflection curves measured before and after irradiation
are different. Because of this an additional subtraction of Ce®" emission band was done to
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obtain a correct differential spectrum, and the result is shown in Figure 5.4. This spectrum
was fitted with two Gaussians with maxima at 380 and 580 nm.
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Figure 5.4: Reflection spectrum of Sr2BsQOgBr:1 %Ce’" recorded prior to irradiation minus
the reflection spectrum recorded after irradiation with %Co gamma source. The received
dose was 10 kGy. Below 350 nm the differential spectrum is not plotted, because of the large
error caused by the presence of Ce’* absorption and emission bands. The dotted curves
represent a fit of the spectrum with two Gaussian peaks. In the inset reflection spectra of
SraBsOsBr:1%Ce>* recorded before irradiation and after irradiation (10 kGy with *Co
gamma source) are plotted.

5.2.3  Luminescence and TL of Eu, Yb and Sm doped Sr,BsQqBr

To establish the influence of the type of rare-earth ion on TL bromoborates doped with
different rare-earth ions have been synthesised.

The X-ray excited luminescence spectrum of Sr;BsOoBr:Yb measured at 295 K is shown
in the inset of Figure 5.5. It is seen that this spectrum consists of the superposition of at least
two bands with maxima at 340 and 420 nm. The Yb ions can be incorporated in Sr,BsOqBr as
Yb?* and as Yb**. The emission band at 420 nm has been attributed to the 5d—4f transitions
in Yb*" ions [2]. The intensity of this luminescence is reduced when the sample is fired in air.
It can be due to oxidation of Yb*" during the firing. The emission band at 340 nm, which
intensity is increasing after oxidation, was attributed to charge transfer luminescence of Yb**
ions [2]. The reduction of Yb** luminescence has been detected also after irradiation with X-
rays. At the same time no increase of Yb** luminescence has been noticed. The TL curves of
Sr,BsOyBr:Yb samples before and after oxidation are shown in Figure 5.5. The intense peak
at 350 K is followed by a less intense one at 420 K. The TL emission measurement revealed
that the emission corresponding to the TL peak at 350 K exhibits superposition of Yb** and
Yb** luminescences. The emission spectrum corresponding to the low intensity TL peak at
420 K could not be measured due to low sensitivity of the setup.
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Solid solution of Sr,BsO¢Br doped with Eu synthesised in neutral atmosphere contains
Eu”" as well as Eu’* ions (Figure 5.6). Emission spectra of SroBsO¢Br:Eu upon X-ray
irradiation exhibit the superposition of 4f°5d—4f  transitions in Eu®" and the series of
transitions between 41" states in Eu’*. The TL curve consists of two most intense peaks at 346
and 400 K. The emission, corresponding to these TL peaks originates only from Eu”* ions.

The Sm ions are introduced in Sr;BsOyX as Sm’* if synthesis occurs in hydrogenated
atmosphere [3]. The luminescence of Sm?* ions in Sr;BsOyBr is determined by 4f°5d—4£°
transitions. The TL curve of the irradiated SrgBSOqu:Sm2+ sample represents an intense peak
at about 355 K, and another one at 490 K of low intensity (Figure 5.6).
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Figure 5.5: TL glow curves of [-irradiated Sr,BsQoBr:1%Yb:before the firing in air
(solid line) and “oxidised” sample (dotted line). The heating rate is 1 K/s. In the inset the
comparison of X-ray excited luminescence spectra of Sr:BsQeBr:1%Yb before (solid line) and
after (dotted line) firing in air is shown.

120

100
80
60 |

40

TL intensity, arb. unit

20t [ 7
/. L =
. 1 N Sobieiiiiopoocovacd gooont

o K&
300 350 00 450 500 550
Temperature, K

Figure 5.6: TL glow curves of p-irradiated Sr:BsOyCl:0.2%Sm (dashed line) and
Sr:Bs0sCl:0.2%Eu (solid line). The heating rate is 1 K/s
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5.2.4  Thermoluminescence after UV-illumination

A TL response afier UV-illumination has been observed in the studied materials. The
band gap of Sr,BsOgBr is about 7.6 eV [4.3.1]. Apparently, the excitation by UV-light can
not cause band-to-band transitions with subsequent creation of free e-h pairs. The TL glow
curve of Sr;BsO¢Br:Ce** recorded after illumination with photons of A=220 nm wavelength is
compared with that after § -irradiation in Figure 5.7 (upper graph). They are almost identical.
The TL glow curves after illumination with photons of longer wavelength have the same
structure, but their intensity decreases significantly. The intensity of the TL signal caused by
illumination at A=220 nm is several orders of magnitudes higher than that obtained from
A=315 nm illumination.

For the co-doped sample SrzBsOg;Br:Ce3+,Na+ UV illumination with photons of A=220
nm wavelength does not create defects which are responsible for a TL peak at 350 K as is
seen from Figure 5.7 (lower graph). As in the case of the non-co-doped compound the total
TL signal decreases when irradiation at longer wavelength is applied.
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Figure 5.7: TL glow curves of Sr2BsOgBr:Ce®* (upper graph) and SriBsOeBr:Ce’* Na*
(lower graph) after illumination with UV light of A=220 nm wavelength (dotted curves) and
comparison with data from [-irradiated samples. The heating rate is 1 K/s.
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5.3 Discussions

5.3.1 Room temperature stable defects and high temperature TL peak

EPR results

The EPR measurements performed at 120 K on irradiated pure Sr;BsO¢Br showed the
presence of defects, which are stable at room temperature and exhibiting the line between 335
and 338 G (Figure 5.2, curve a). This spectrum can be simulated well by assuming an axial
centre with the g-values of g,=2.017(0) and gj= 2.008(5). The positive shift of g-values
indicates that it is a hole centre. The absence of hyperfine interaction of the spin with boron
nuclei (''B has 1=3/2 and 91.2% abundance), evidences that the hole is not trapped in borate
network [4].

Based on crystal structure of haloborates two hypotheses about the nature of this defect
are proposed. The first one is the creation of a V\ —centre (Br,” molecule). Usually Vi centres
diffuse at temperatures above 120 K, and only some Vjy, centres, i.e. Vi centres localised
close to a defect or impurity can be stable at room temperature [5]. For the creation of Vi
centres a high local symmetry and small distance between halogens is needed [5]. In
SrBsOoBr the Br-Br distance is 5.9 A and that is too large for creation of Vi centres.

The absence of hyperfine splitting in Figure 5.2 suggests a centre whose central element
has a low abundance of magnetic isotopes. The natural abundance of ''O (I=5/2) is just
0.038%, thus no hyperfine interaction can be observed. Oxygen is a major contaminant of
alkaline-halides crystals grown in air and almost unavoidable. Hence, it is reasonably to
propose the formation of an oxygen ion in a bromine site (Og,>) during the synthesis. Such a
defect has an additional negative charge and can trap a hole. The mean distance 09,2'-B is
about 4.44+4.96 A and Og, -Br distance is 5.9 A. This is sufficiently large to prevent
observation of superhyperfine interaction with neighbouring boron and bromine nuclear spin.

In Figure 5.2, curves b+d display the behaviour of the EPR spectra of pure Sr,BsOoBr
with temperatures below 120 K. A small deviation of the EPR line from Og, centres at
336+337 mT can be explained by a change of the local symmetry of the defect with
temperature. It is difficult to determine precise g-values of Og, centres down to 8 K because
of the appearance of the additional signal at about 340 mT. This signal must be due to another
kind of defect, with very fast spin-lattice relaxation above 120 K, since above this
temperature it can not be observed. The EPR signal at 340 mT and higher have g values
lower than g., and originate from electron trapped centres [1]. Therefore in the EPR spectra
shown in Figure 5.2, curves b-d represent the overlapped lines from electron and hole defects.
In Figure 5.2 the EPR spectra measured at 8 K in one day and one week after irradiation,
while keeping the sample at room temperature are compared. The total intensity of EPR
signal decreases. However the relative contribution from electron and hole trapped centres
remains constant. This allows us to conclude that these electron/hole trapped centres are
correlated, and at room temperature partly recombine with each other.

Optical absorption studies

The absorption energy of 365 nm (Figure 5.3) seems to be too high for 1s—2p transitions
of F- centres in bromides [6]. In stead this band can be attributed to the absorption of Og,
centres. This assignment is based on three factors. First, the radiation induced EPR signal
related to the Og, centres was observed. Second, similar radiation absorption was observed in
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oxygen-contaminated BaF, crystal, and the absorption band of O centres was found in UV
region [7]. Finally, a very similar radiation induced absorption band at 360 nm was found in
BassiO4Br6:Eu2+ [8]. The only one similar radiation induced defect is obvious in BasSiO4Brg
and Sr,Bs0yBr and is not a F(Br’) centre: it is an Og, .

Radiation induced broad optical absorption band have been observed in many oxide
materials and this absorption was ascnbed to hole trapped at O centres. Attempts to explain
the optical absorptron of these O (2p°) centres as the transitions between the p levels have
met difficulties, since these transitions are forbidden and can not cause the observed high
oscillator strength of the absorption bands [9]. Another model was proposed in [10], where
the optical absorption is explained by a hole transfer from one to another O7 site near the
defect. This model is more plausible, since the charge transfer process is known to exhibit a
broad optical absorption band [11]. Thus the absorption band at 365 nm can be caused by a
hole transitions from Og,> to one of the 12 adjacent oxygen atoms belonging to the borate
network.

If oxygen impurity is created in a bromine site during the synthesis, the anion vacancy is
needed for charge compensation. After irradiation the anion vacancy can trap an electron and
form F-centre. The radiation induced optical absorption band at 560 nm (Figure 5.3) can be
caused by 1s—2p absorption band of F(Br’) centres. The position of the F centre absorption
band reflects the distance between the anion site and the surrounding first cation coordination
sphere sites. The mean Sr-Br distance in bromoborates is 3.075 A. For example, a Na-Br
distance in NaBr is 3.0 A, and F-centre absorption band is located at 590 nm [6]. Absorption
energies of F-centres due to 1s—2p transitions in alkali-bromides are about 2 eV (~ 600 nm)
[6]. Therefore, it is reasonable to assume that the broad absorption band at 560 nm in Figure
5.3 is caused by F(Br’) centres.

Thus the formation of Vg, + Op,” pairs during the synthesis in pure Sr,;BsOsBr must be
proposed Created upon irradiation F(Br) and Og, defects are stable at room temperature and
give characteristic lines to EPR and optical absorption spectra.

The formation of the same types of defects can also be accepted in Ce** doped
Sr,Bs04Br. However, the optical absorption bands due to these defects are slightly shifted to
a longer wavelength range (Figure 5.4), which can be attributed to the presence of high
content of Ce** ions (1 mol %).

Origin of TL peak at 430 K in Sr:BsOqBr:Ce’*

The high temperature peak is of interest from a practical point of view, because it is
stable at room temperature and gives the largest contnbutron to the TL signal. It is located at
430 K in Ce®* doped bromoborates and at 415 K in Ce®** doped chloroborates (Figure 4.9).
Hence, the high temperature TL peak can be somehow attributed to the defects related to the
halide anion or its vacancy.

The formation of Vg, + Og pairs during the synthesis in Sr.BsOoBr was proposed
above. Created upon irradiation F(Br) and Og, defects are stable at room temperature. So,
they are likely candidate defects responsible for the TL peak at 430 K.

The creation of Of —anion vacancy pairs during the synthesis was also observed in
stoichiometric BaFBr:Eu?*. Moreover, there a spatial correlation between the Og-anion
vacancy pairs and the Eu®" activator generated during the productron of the material was
found. It was also established, that the oxygen content in stoichiometric BaFBr: Eu®*
influences the PSL and TL intensity. With use of cross-relaxation spectroscopy was shown
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that irradiation produced F-centres, Of centres, and Eu’* activator ions are spatially
correlated with each other although their local environments are regular [12].
A similar model can be accepted for the studied haloborates.

5.3.2  Low temperature TL peak

Haloborates with monovalent co-dopants

The TL glow curves of Sr2B509(Br,Cl):Ce’H,Na+ after B-irradiation are very similar to
the TL glow curves of the samples without co-doping, but the low temperature peak at 350 K
is much more intense in the presence of co-doping ions (Figure 4.9). The absence of the low
temperature peak in the TL glow curve of the co-doped sample after UV illumination arises
the question whether the defects related to this low temperature TL peak have the same
nature in materials with and without co-doping. We did not investigate this fact further, since
this peak fades very fast and therefore is not of interest from the application point of view.

Haloborates without monovalent co-dopants

The TL curves of haloborates doped with different rare-carth ions, like Ce**, Yb**, Yb?*,
Sm** and Eu** all contain the TL peak at 350 K (Figure 4.7, 5.5 and 5.6). The TL intensity of
haloborates doped with Yb, and Sm is lower than that of those doped with Ce*" or Eu®*;
however, the luminescence of Yb and Sm upon X-ray irradiation in this matrix is also less
intense. The fact, that both, di- and trivalent rare-earth ions act as recombination centres is a
strong argument that the TL peak at 350 K corresponds to intrinsic defects of the haloborate
matrix. The position of this TL peak does not change with the type of ligand anion (Cl or Br)
(Figure 4.9). Thus, we can conclude that any kinds of defects connected to the anion or its
vacancy (i.e. in form of F centre) are not involved in charge trapping. The precursor to the
charge trap can be found from EPR measurements. The broad EPR line, which can be
ascribed to the hole trapping defect has been detected (Figure 5.1). These defects are not
stable at room temperatures. The TL peak at 350 K also fully disappears in four hours after
irradiation. Thus, it is possible to connect the broad EPR line with the defects, which are
responsible for the TL peak at 350 K. However, the question about the nature of this peak is
still open. If these defects are not connected to an anion or its vacancy, it must be placed in
the boron-oxygen carcass. The broad EPR lines are typical for boron-oxygen-hole-centres
[4]. However, no superhyperfine interaction with boron nuclei has been observed even at 4 K.
Only an EPR study on the haloborate crystal can bring clarity on this point.

One question about the TL peak at 350 K remains - why do only charge uncompensated
Ce’" centres give rise to TL emission at 350 K? It was shown in [4.3.4] that no long
wavelength emission from charge-compensated Ce’* centres gives rise to the TL peak at 350
K. The charge uncompensated Ce®" centres have an extra local positive charge. If we suppose
that upon thermal stimulation a quasi-free electron is formed, the uncompensated Ce** centres
would attract them with higher probability than locally neutral charged compensated Ce**
centres. Thus, the recombination probability of electron-hole pairs on charge uncompensated
centres would be much higher. A similar situation was observed in the CsBr:Ga™ and
RbBr:Ga" storage phosphor, where PSL active (Ga*)' centres, i.e. positively charged centres
without nearby cation vacancy, clearly dominate over PSL inactive (Ga®*)’ centres, i.e.
neutrally charged with a nearby cation vacancy [13]. This can also explain why only Eu**
centres take part in recombination processes at 350 K. In a Eu doped sample, where Eu has
been found in di- and trivalent states, free electrons are captured by Eu™ ions, which is
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followed by Eu®* luminescence and the hole resides on Eu’* centres. In an Yb doped sample a
free electron can be attracted by Yb®* centres, which is followed by 5d—4f transitions in
Yb** ions or CT transitions of Yb’* ions.

5.4 Conclusions

The EPR study on irradiated pure Sr,BsOqBr revealed a room temperature stable defect,
which was attributed to Og,” center. The EPR signal from F(Br) centres can be observed at
temperatures below 120 K. The 1s—2p transitions of these F(Br’) centres cause the optical
absorption band at 560 nm. The optical absorption band at 365 nm was attributed to O
centres. Thus electron and hole trapping in pure Sr;BsO¢Br occurs in Vg, and Op’
aggregates, which are created during the synthesis.

The EPR and radiation induced absorption measurements on ce* doped Sr.BsOqBr
revealed the same defects as in pure material, It is very likely that these defects take part in
the processes of thermostimulated luminescence, which correspond to the high temperature
peak.
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6 Storage properties of Ce** doped haloborate phosphors
enriched with '’B isotope

6.1 Introduction

In the previous two chapters the spectroscopy and thermoluminescence properties of
Ce*" doped haloborates were presented together with the results of other experiments
providing information about the physical mechanisms responsible for the storage effect. The
nature of charge trapping defects was discussed. In this chapter we consider the suitability of
haloborate phosphors with the general formula M,BsOsX:Ce®" (M=Sr or Ca; X=Br or Cl) for
practical application.

The chapter is organised as follows. First, yields of photostimulated luminescence (PSL)
and TL upon B -irradiation for the series of studied haloborates with different anion, cation
and impurity ions will be presented and charactensed Next, the PSL and TL yields of the
series of haloborates with 99% enrichment of '°B will be reported.

After that the PSL characteristics of several haloborates irradiated with cold neutrons and
read-out with the commercial image plate BAS-scanner will be given and compared with
those of the Gd-Image Plate. It will be shown that the read-out parameters of the commercial
scanner are far from optimal for haloborates.

Finally, the PSL yields of '°B enriched haloborates will be compared with a common
mixture of BaFBr:Eu®* (40 wt%) and Gd,0s3(60 wt%) after y— and neutron irradiation,
employing optimised read-out parameters.

6.2 Experimental procedures

6.2.1 Standard TL and PSL read-out system

The measurements of thermo- and photostimulated luminescence intensities of the series
of haloborates were performed by means of the Rise-TL/PSL-DA-15A/B reader with an
installed Sr*/Y*® B-source with a dose rate 1.0 mGy/s in air. As photostimulation source a
ring of blue emitting diodes (Blue LEDs) with A=470+20 nm was used. A set of three U-340
filters (A;~340 nm, FWHM ~80 nm) with a total thickness 7 mm was employed in order to
shield the PMT window from the scattered light of the stimulation source.

We compared the storage characteristic of the studied haloborates with common neutron
storage phosphors using two different techniques and under different irradiation conditions.

Development of new storage phosphors for thermal neutron detection
© 2004 — A.V. Sidorenko — All rights reserved
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6.2.2 Read out with the commercial BAS scanner

The first comparison was done upon irradiation with cold neutrons, i.e. A~7.6 A. For
irradiation samples were installed in a neutron guide N29 in the experimental hall of the
ILL/EMBL nuclear reactor. The neutron beam is collimated by means of CB4 (Figure 6.1).
The neutron beam size is 1.5x1 cm® and the neutron flux is about 10° n-cm™s™. A significant
amount of y-rays is also present in the beam.

Several powder samples were put in an aluminium plate holder with circular wells of 200
pum deepness (Figure 6.1). The weights of the powder samples are given in Table 6.2. With
the help of a gas-filled detector installed in front of the neutron beam it is possible to measure
the relative neutron flux. Thus, measuring the neutron flux with and without sample in front
of the detector window it is possible to know directly the amount of neutrons absorbed in the
sample layer.

As a reference a commercial Fuji Neutron Image Plate (Fuji - NIP) representing a
mixture of BaFBr:Eu”* and Gd,0; was used.

Gamma + neutrons
/ Al Sample holder

g / et e 20 e
4 soios]

Powder samples

Neutron beam profile
w—s Phosphor layer

Figure 6.1: On the lefi: sketch of the collimator for the neutron beam and the holder for
the powder sample. Irradiation is carried out sample-by-sample. On the right: Picture
received by scanning the sample holder with irradiated samples: Fuji-NIP (on the left) and
Ca;Bs04Br:1%Ce,Na (on the right).

Read out was performed by means of a commercial BAS Image Plate scanner. It is
equipped with a He-Ne laser (A=635 nm) as stimulation source and a band pass filter (A~390
nm) in front of the PMT for separation of scattered laser light. The scanned images of several
irradiated samples are shown in Figure 6.1. The rectangular black spot represents the neutron
flux profile.

6.2.3  Read out with the Risa-PSL single-grain reader

As will be shown later, the read out parameters of the BAS Image Plate scanner are
highly inefficient for haloborates. That is why the second stage of the comparative study had
to be performed with optimised read-out parameters. It was also aimed at getting the real
values of neutron and gamma sensitivities of haloborate phosphors and comparing them with
those of a reference neutron storage phosphor. As a reference material the mixture of
BaFBr:Eu? (40 wt%) with Gd,O; (60 wt%) was used.

Irradiation with neutrons was performed using one of the beam lines (L2!) of the IRI
nuclear research reactor. The energy spectrum of the thermal neutrons is close to a Maxwell
distribution with a maximum at 25 meV. The neutron flux was measured to be about 5-10*
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n-cm™>s™. Irradiation with y-rays was performed by means of a '*’Cs source (662 keV) with
a dose rate ~2 mGy/h.

Read out of the haloborates and BaFBr:Eu**xGd,0; was performed by means of a single
grain attachment to the Risg-TL/PSL reader [3.4.3]. As a photostimulation source a 10 mW
Nd:YVO; solid state diode-pumped laser was used, emitting at 532 nm and producing a spot
approximately 120 pm in diameter at the surface of the sample disc. In our PSL experiments
we used 10 % of the full laser power, i.e. ImW. Powder samples were put into the wells of 10
mm diameter in the surface aluminium disk. The depth of the well is about 300 pm. The laser
beam can scan the wells in the ten by ten grid pattern giving a total of 100 pixels of
photostimulated phosphor on each sample disk. Therefore, the read-out procedure is very
similar to that in commercial image plate scanners.

Each pixel was read out during 2 s, and the PSL signal was recorded in a histogram of
100 channels. The value of the first channel represents the detected PSL signal in the first 20
ms of laser stimulation. The PSL yield of the studied phosphors was characterised by this
value.

6.3 Results

6.3.1 TL and PSL study of haloborates with natural abundance of "°B (18.8%)

The TL technique is usually used to predict the yield of the studied materials upon
photostimulation. The measured TL yields of the series of B-irradiated haloborates with
natural abundance of '°B and different types of anions and cations as well as monovalent co-
dopants are listed in column 3 of Table 6.1. All the samples exhibit a TL yield of the same
order of magnitude. The TL glow curves of Sr;BsOoBr:Ce**,Na’, Sr,BsOsBr:1%Ce** and
Ca,;B504C1:Ce®" Na* are shown in Figure 6.2a-c (solid curves). The intensity of the low
temperature peak at 350 K relative to that at the high temperature, 400-430 K, is much higher
in the presence of monovalent co-dopants.

It has been shown in [1] that haloborates doped with Eu®* show a 30 times lower integral
PSL yield and 30-80 times less stimulation efficiency than BaFBr:Eu** upon stimulation at
A=635 nm. It has also been established that stlmulatlon of PSL by light with shorter
wavelength would enhance the stimulation efficiency of Eu®* doped haloborates. The position
of the emission band of Eu®* luminescence in haloborates depends on the cation and ligand
type and varies between 415-447 nm. Therefore, the application of a stimulation source with
shorter wavelength will certainly cause a problem in the separation of the scattered
stimulation light and the induced PSL.

Emission bands of Ce'" luminescence in haloborates are located in the 325-360 nm
region depending on cation and anion type. The so-called stimulation spectrum of
photostimulated luminescence of Sr;BsOoBr:1%Ce** is shown in Figure 6.3 (solid curve).
The spectrum was recorded after y-ray irradiation of the sample and detecting Ce**
luminescence at 350 nm. The spectrum is almost structureless and increases monotonically
with shortening of the wavelength. All the studied haloborates show a similar behaviour of
the stimulation spectrum. It is seen that stimulation with the common He-Ne laser wavelength
A=632 nm is inefficient. Applying a stimulation source with shorter wavelength down to 430
nm can increase the stimulation efficiency.
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Figure 6.2: The TL glow curves of [irradiated SriBsOyCl:Ce’*,Na' (a),
Sr:BsOoBr:1%Ce’* () and Ca;Bs04CIl:Ce’*\Na* (c), which were recorded after
photostimulation of different duration — from 0 to 100 s. Blue LED's (A=470 nm) were used
as a stimulation source. The TL curves were recorded with a heating rate of 1 Kis.
Irradiation was performed with *’Sr/°Y B-source. In the inset the integral intensity of the
residual TL signal, PSL signal measured before TL measurements and the sum of both are
plotted as a function of optical stimulation time.
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Figure 6.3: PSL stimulation spectra of SraBsQoBr:1%Ce’" (solid curve) measured at
A=350 nm emission and of BaFBr:Eu’" (dotted curve) measured at A=390 nm emission. The
spectra were corrected for the intensity of the xenon lamp.

Table 6.1: Summary of TL and PSL yields of investigated compounds. All the samples
were measured under the same conditions. Irradiation was performed with a *’Sr/°Y -
source. The fourth column shows TL yields measured with a U-340 filter. This filter is used
Jor PSL measurements with blue LEDs, and the fifth column represents the attenuation of the
emission light from the sample passing through the U-340 filter. The sixth column shows the
integral PSL signal during 20 s of photostimulation with A=470 nm.

Total TL ’ill‘llt-‘ensity PSL
Conc. intensity Ratio intensity

Compound Mol%  arb. 2;340 TL/TLysw arb.

units . units

units
Sr,"Bs0sBr:Ce** 1% 24.3 6.5 3.8 5.8
Sr,"™Bs0sBr:Ce>* Na*  1%,1%  61.5 23.0 2.7 12
Sr,"*BsOsBr:Ce’* K'  1%,1%  55.8 14.3 3.9 9.9
Sr,"Bs0yCl:Ce" 0.5% 22.6 7.7 2.9 5.4
0,

Sr,"™B;0,Cl:Ce’* Na® &;5 %05 478 26.7 1.8 15
Ca;™B;s0oBr:Ce** 1% 31.2 6.6 4.8 55
Ca,""BsOsBr:Ce** Na*  0.5% 25.8 9.3 2.8 6.5
Ca,™Bs0CL:Ce* Na' 1% 31.9 14.6 22 9.4
Sr,'°Bs0oBr:Ce>* 1% - 6.7 - 3.7
Sr,'°Bs0gBr:Ce* K* 1%,1% - 7.2 - 4.8
Sr,'’BsOgBr:Ce** Na* 1%,1% - 7.1 - 4.5
Ca,''Bs0oBr:Ce** Na*  1%,1% - 6.2 - 3.7
Cay'’BsOoCl:Ce* Na*  1%,1% - 8.3 - 6.1
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In our PSL experiments as stimulation source the ring of Blue LEDs with A=470 nm
installed in the Risg reader was chosen and a pack of three U-340 cut-off filters was placed in
front of the PMT. The measured TL yields with U-340 filters are listed in column 4 of Table
6.1. The degree of attenuation of a TL signal due to the mismatch of cut-off filter
transmission spectrum and the TL emission spectrum is shown in column 5 of Table 6.1. For
some compounds, especially with a high concentration of Ce** the use of U-340 filters cut-off
a significant part of the PSL light. For example for Ca;BsOsBr:Ce*" only one fifth part of the
PSL light passes through the filter. With an increase of Ce** concentration the emission
spectrum of the Ce®" luminescence shifts more to the long wavelength part. The origin of this
shift has been discussed in [4.3.4].

We used the TL technique to estimate the yield of PSL. However, the results of Table 6.1
show that for some samples there is a discrepancy between TL and PSL response. Especially
it is pronounced for compounds co-doped with Na'. Different recombination processes
occurring upon thermal and optical stimulation can explain this.

A combined PSL and TL technique was applied to investigate the observed differences
between PSL and TL signals. The procedure of this technique is as follows. After (-
irradiation the integral PSL signal was measured during a certain stimulation time.
Immediately after photostimulation the residual TL glow curve was recorded. The residual
TL signal is proportional to the number of trapped carriers, which were not released upon the
preceding photostimulation. Varying the duration of the photostimulation time, information
about efficiency of photostimulation of certain types of traps can be extracted. In Figure 6.2
the results are shown for Sr;BsOsBr:Ce**,Na*, Sr,Bs0sBr:Ce’*1% and Ca;BsOoCl:Ce’*,Na*
compounds. In the insets integral intensities of PSL, TL and both PSL+TL signals are plotted
versus the time of photostimulation applied before the TL measurements.

For the samples with Na* co-doping where the intensity of 350 K TL peak is high, the
integral PSL+TL signal decreases with an increase of photostimulation time, as it is seen in
insets in Figures 6.2. But after a certain stimulation time it becomes constant. We have
performed the same type of experiments described above with B-irradiated samples that were
annealed at 350 K, i.e., samples, in which only traps corresponding to the high temperature
peak are left. In that case no decrease of integral PSL+TL signal was observed. Thus the
trapped charges corresponding to the 350 K TL peak are efficiently emptied upon
photostimulation, but there are non-radiative losses occur along with recombination with Ce**
emission centres. Therefore only the traps, which correspond to the high TL peak appear to
be active in the PSL process.

6.3.2 TL and PSL study of haloborates with enriched abundance (99%) of "’B isotope

Five samples of haloborates with 99% enrichment of '°B were synthesised. The TL and
PSL yields of these samples were compared with those with natural abundance and the results
are compiled in Table 6.1. The TL and PSL yields of the enriched haloborates are lower than
those with natural abundance. Different starting materials used for synthesis can explain this.
Boric acid was used for synthesis of haloborates with "B and boron oxide was used for
synthesis of enriched samples. The studied samples with 99% enrichment of '°B represent a
“pilot” series and synthesis conditions are not yet optimised.




10

Storage properties of Ce'" doped haloborate phosphors enriched with '°B isotope 63
g b p

The results of Table 6.1 lead to the conclusion that Ca;BsOsCl:Ce**,Na* is the most
promising of the studied series for detection of thermal neutrons with reduced sensitivity to
y-rays, since it has the lowest Z s number and, at the same time, a relatively high PSL yield.

6.3.3  Quantitative comparison of the studied haloborates (natural abundance of "’B) with Gd-IP
after cold neutron irvadiation and read-out with a commercial BAS-scanner

During irradiation the transmission of cold neutrons through the sample layers of 200 pm
thickness was measured. The results are listed in Table 6.2. The neutron absorption efficiency
is proportional to the number of 1B nuclei. This value depends on the chemical composition
and the amount of a compound in a sample holder. The linear absorption coefficients divided
by weight fractions of the neutron absorber are given in the fifth column of Table 6.2. These
values, as it follows from Equation 6.2, should be independent on the material composition.

Table 6.2: The results of neutron absorption and PSL measurements on studied samples.
The amount of each material used in the experiments is shown in the second column. The
measured neutron absorption efficiency, ie. the probability for a neutron to be absorbed
while passing through the sample is presented in the third column. The weight fraction (W)
of '°B nuclei in each compound was calculated. In the fifth column, the presented coefficients
of neutron absorption were derived from Equation 6.2. The PSL yield in the last column was
defined as an average number of counts per pixel in neutron beam profile.

Amount of  Neutron Weight

c asample  absorption fraction -In(1-P) PSL yield,
ompound y . 1 / j
material efficiency, of '’B, W-W. counts per pixel
W,g P W; !

Ca,"*B;s04Cl: 2%Eu 0.1428 0.79 0.17 63 30
Sr,"*Bs0yBr: 1%Ce,K 0.1932 0.73 0.12 56 90
Ca,""B;sOyBr: 1%Ce,Na 0.1011 0.62 0.15 62 10
Sr,"™'BsO¢Br: 1%Ce,Li 0.1515 0.66 0.12 59 12

Gd-IP (Fuji) -- 100 -- -- 40000

After neutron irradiation the samples were put in the BAS scanner and read-out. The
mean PSL intensities in the neutron beam profile (left picture in Figure 6.1) are listed in
Table 6.2. Tt is seen that the haloborates exhibit very low PSL yield in comparison with Gd-1P
in the given read-out conditions. Indeed, the stimulation of PSL with A~630 nm is highly
inefficient (Figure 6.3). The transmission of the band-pass filter with A=390 nm in front of
the PMT does not match the emission spectrum of Ce’* in haloborates (Figure 6.4). In
addition, having a sample with 100% of B enrichment the neutron absorptlon and
consequently the PSL yield can be increased. The quantitative comparison of '°B enriched
samples with commercial neutron storage phosphors under optimised read-out conditions will
be given in [6.3.4]

One sample of calcium chloroborate w1th Eu?" was measured. The PSL yield i is not very
much different from the samples with Ce** doping. However, haloborates with Eu’* are not
very promising, since PSL emission occurs at relatively long wavelength (415 - 447 nm), and

consequently implementation of a stimulation source with shorter wavelength would be
difficult.
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6.3.4 Quantitative comparison of the studied haloborates with BaFBr:Ev’ xGd,0; after
thermal neutron irradiation and read-out with the Risa-PSL single-grain reader

To perform a correct comparison between two different types of storage phosphors, the
experlmental conditions must be equally optimal for both of them. The read-out of
BaFBr:Eu** storage phosphor is usually performed with a He-Ne laser (A=632 nm). However,
as it can be seen from Figure 6.3, the maximum of PSL excitation spectrum of BaFBr:Eu®*
at 550 nm. The stimulation of haloborates is also very inefficient at A=632 nm. For our
experiment we used a Nd:YWO, laser with A=532 nm, which is about optimal for both
haloborates and BaFBr:Eu®".

As a cut-off filter for protection of the PMT we used a set of BG-4 and UG-1 filters. The
ﬁlters transmission curves and X-ray excited emission spectra of BaFBr:Eu**
Caz B509C1 Ce3+ Na'1% are shown in Flgure 6.4. These filters attenuate the emission from
BaFBr:Eu”" by a factor of 5, and the emission from Ca,'°BsOsC1:Ce**,Na* by a factor of 2.
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Figure 6.4: Transmission s gectrum of BG4+UG]I filter (dotted curve), X-ray excited
emission spectrum of BaFBr:Eu’* phosphor and of Ca,Bs0,Cl:Ce’* Na®.

The typical PSL curves of BaFBr:Eu’*xGd,0; and Ca,'°BsO4Cl:Ce,Na upon continuous
laser stimulation after neutron irradiation are shown in Figure 6.5. The measurements were
carried out 1 hour after irradiation. The PSL signal of BaFBr:Eu®* phosphor (without adding
Gd,O3) after neutron irradiation is two orders of magnitude lower than that of
BaFBr:Eu*'xGd,0; or Ca,'®BsOyCl:Ce,Na. Pure BaFBr:Eu®** does not interact with thermal
neutrons and the PSL signal is attributed to the y—rays in the neutron flux.

The results of PSL experiments are collected in Table 6.3. The values represent the
average of PSL signals within the first 20 ms of laser stimulation from 100 pixels in the
sample disc. The mean measured PSL signals after neutron and y-ray irradiation are denoted
as Sp and Sy. The values are corrected for the attenuation of the cut-off filters, i.c. the detected
signal from BaFBr:Eu**xGd,0; is multiplied by 5, and that from haloborates is multiplied by
2.
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Figure 6.5: The PSL curves of BaFBr:Ew’*xGd»0; and Ca,'’B sOgCl:Ce,Na under
continuos stimulation by means of Nd:YVO, laser (A=532 nm). Laser power is 1 mW and the
beam diameter approximately 120 pam on the sample surface.
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Figure 6.6: Fading of PSL signal in BaFBr:Eu* xGd>0; and Ca>Bs0yCl:Ce,Na (1%) at

room temperature.

The results of Table 6.3 show that the neutron sensitivity of BaFBr:Eu**xGd,0; is 16
times higher than that of Ca, 0B509Cl Ce,Na (1%). At the same time, the y-ray sensitivity of
BaFBr Eu *xGd,0; is 125 times higher than that of Ca210B509CI Ce Na (1%). Thus, the S,/S,
of Ca,'®B5s04Cl:Ce,Na (1%) is 8 times beiter than that of BaFBr:Eu®"xGd,0s.
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The fading properties of the studied materials are presented in Figure 6.6. It is seen that

10 hours after irradiation 46 % of the initial PSL signal is left in CazloBsogCl:Ce,Na (1%),

and this value is 77 % for the BaFBr:Eu*xGd;0;.
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Table 6.3: The measured PSL yields (S, and S)) of some studied materials after neutron
(1.8 A) and y— irradiation (662 keV). The yields are normalised to the one of
BaFBr:EuHdegO;. The samples were measured at the same conditions.

Items Sr,"BsOyBr:Ce’*  Ca,'’Bs0yCl:Ce,Na BaFBr:Eu’*'xGd,0;
S, 32 6 100
S, (at 662 keV) 0.26 0.14 18
5,/S, 12 43 55

6.4 Discussions

6.4.1 The difference between S,/Sy haloborates) and S,/SBaFBr-Ev’*xGd0;)

As discussed in [2], the energy deposition in the phosphor from the '°B(n,«)’Li reaction
is 40 times higher than that from Gd(n,y) reaction. Thus, the gain of haloborates upon neutron
irradiation in comparison with y-ray irradiation should be at least 40 time higher than that of
Gd-phosphors. The results of Table 6.3 show that S,/S, of Sr,"*BsOqBr:Ce’" is 2.2 times and
S4/S, of Ca;'°BsOgCl:Ce,Na (1%) is 8 times higher than that of BaFBr:Eu’*xGd,03. The
question arises: why are these values much less than the expected factor of 40 ?

Gd and "°B nuclei produce different secondary particles after neutron capture. In case of
Gd these are conversion electrons (ce’s), y-rays and X-rays with the energy range between 25
and 200 keV. In case of boron, “He and "Li particles are produced with a total energy of 2.30
MeV. The ionisation density of these heavy particles is very high in comparison with y-rays
and ce’s. It was found for scintillators that the light yield per unit of absorbed alpha particle
energy relative to the light yield per unit of absorbed y-ray energy can vary between 0.5 for
Nal:TI* and 0.08 for plastic scintillators [3]. Thus, the ratio of the number of created PSL
active defects per incident neutron to the number of created PSL active defects per incident
y— ray can be the same order of magnitude for Gd-phosphor and for borates. This effect can
explain the smaller than expected difference between S,/S, for Gd-phosphor and for
haloborates.

To check this point, TL and PSL experiments upon irradiation with a-particles have been
performed. *'Am was used as irradiation source. The decay of 2*'Am produces one -
particle with the energy about 5.57 MeV and in 37% of the cases a y-ray with energy ~60
keV. Since the range of a-particles in a material is just several microns, the surface defects
can play a significant role. The TL glow curves of CazB509C1:Ce3 * after irradiation with o-
and y-ray irradiation were recorded. The shapes of TL glow curves are identical after y-ray
and a-irradiation. Thus, it is possible to conclude that surface effects do not influence the
type of created defects and the trap filling upon irradiation with a-particles.

The influence of 60 keV y-rays from the **' Am on TL or PSL intensity also must be
investigated, especially if the ratio of the signal per unit of absorbed alpha particle energy
relatively to the signal per unit of absorbed y-ray energy (S o/Sy) is very small. If the sample is
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covered by Teflon tape with of 100-um thickness, all alpha particles will be stopped in the
Teflon tape. The measured TL signal at these conditions is caused only by the y-ray
component from the **' Am source. It has been established that the TL signal after irradiation
with y-ray component from the **'Am source is about 200 times less than that from o-+y
irradiation from the same source. The energy deposition in the phosphor from the o
component is about 250 time more than that from y component (5.517MeV/0.37*60keV).
Therefore we may conclude that the value TL/TL, is in the order of 1 in the studied
haloborates. Apparently, the same relation must hold for PSL process.

Thus, another explanation of the smaller than expected difference between S./S, for Gd-
phosphor and for haloborates must be found.

6.4.2 Absorption of PSL light in the phosphor layer

The TL or PSL photons in the phosphor travel to the surface of the phosphor suffering
from a number of scatterings on grains. If the phosphor represents even a very low absorbing
substrate for the emitted light, the probability for the photon to be absorbed is much higher
than in a crystal. We have studied the attenuation of the emitted light in powdered phosphors.
Three samples have been made by pressing Sr,BsO9Br:Ce’* phosphor powder in pills with
different thickness d = 200, 375 and 650 pm applying the same pressure. All the samples
have been irradiated by a **’Am source and put in the TL reader with the irradiated side
directed to the PMT. With the sample in this orientation the TL signals have been recorded
(TLgont). After annealing, samples were irradiated again, and TL signals have been recorded,
but during the measurements the irradiated side of the sample was positioned to the opposite
direction of the PMT window (TLyea). During the irradiation with o particles, all the e-h pairs
are created in a layer much thinner than the thickness of the sample due to the small range of
alpha particles (several microns). Thus, the ratio TLgon/TLrear represents the attenuation of
the emitted light in the phosphor layer. For the sample with the thickness d=200 pm the
TLfon/ TLrear ratio equals 20, and for the samples with d=375 and 650 pm it is more than
100. It means that if a photon is created at a depth of 200 microns from the surface of the
phosphor, it will escape with a probability of 5%. Note, that this value for absorption of
emitted light is very close to that measured for Y20,S:Eu screen phosphor in [4].

The results mentioned above bring to the conclusion that not only the value of energy
deposition, but also the depth distribution of the deposited energy is of main importance to
observe a high PSL and TL signal in the phosphor material.

The expressions for absorption of emitted light passing trough the phosphor layer can be
found in [4,5]. For rough estimations we assume that the absorption of light passing through
the phosphor layer depends exponentially on the thickness of the layer. Based on results
presented above, the attenuation coefficient u=150 [1/cm] has been derived.

Thus the probability for the PSL photon that created at a depth x to escape from the
surface:

Escape(x)=exp(—p-x) 6.1)

The probability for the neutron to be absorbed in a phosphor layer with the thickness x

can be found from the next well-known formula:



Chapter 6

68
1.0 aemmemeESTTEISTossssssososessecoe E
o8y Gd-IP -
06f o e neutron absorption 1
oo e photon escape probability
0.4} A — Light Yield E
0.2 4
0.0 1 T " 1
0 100 200 300 400
Thickness, micron
1.0 3 ‘
Ca,B,0,Cl with 18.8% of "B
08}
----- neutron absorption ‘
06F v 0 e photon escape probability
——— Light Yield
o4t v
02f T
0.0 e i N .
0 100 200 300 400
Thickness, micron
CaB.OCl with 100% of B

10f
08}
0sr .
ol neutron absorption
oo e photon escape probability
04r — Light Yield
0'2 B lll “V‘\
\ e . .
100 200 300 400
Thickness, micron

0.0
0
Figure 6.7: Calculated neutron absorption probability, PSL photon escape probability
and the stimulated Light Yield per incident neutron as a function of phosphor layer thickness

Jor Gd-IP (a), haloborates with natural abundance of "B (b) and with 100% of '’B (c).
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Absorb(x) =1 —exp(—p-%-NA co-x)  (6.2)

where p — density of the material (p=BaFBrxGd,0; g/cm’ for Gd-phosphor, and p=2.04g/cm’
for studied haloborates), M- molar mass of the absorbed element (g-mol™), Na- Avogadro
constant (mol”), w- weighting factor of absorbed element in the phosphor (w("B) in
Ca;Bs0Br is 0.027 in case of 18% enrichment of '°B and 0.151 in case of 100% enrichment
of '°B, w("™Gd) is 0.525 in BaFBrxGd,O; with 1:1 molar ratio of BaFBr to Gd;0s), & —
cross-section of thermal neutron capture (3837 barn for '°B and 48890 barn for "™Gd at
neutron wavelength A=1.8 A).

Thus, the light yield (LY) of the TL or PSL per incident neutron is proportional to the
probability for the incident neutron to be absorbed - Absorb, the number of TL or PSL
photons created per absorbed neutron Nphomerneurron and the probability that this photon will
escape from the surface of the phosphor with thickness -

LY(d) ~ Ny e eweon | ESCpe(x) QAbsorb(x) 4.
J ox
The calculated neutron absorption probability, probability of PSL photons to escape and
the light yield per incident neutron as a function of phosphor layer thickness are plotted in
Figure 6.7 for haloborates with 18.8% and 100 % enrichment of 198 and for BaFBrxGd,Os.
For BaFBrx(Gd,O; the photon attenuation coefficient has been taken the same as for
haloborates. It is seen that an increase of phosphor thickness after a certain value leads to the
higher probability of neutron capture, but this does not lead to a higher light yield. The deeper
from the surface the neutron is captured the lower the probability that the created PSL photon
will reach the surface of the phosphor. Due to the high absorption probability of thermal
neutrons in BaFBrxGd,0; most of the PSL photons are created in the layer close to the
surface, and thus there is a higher probability for the created PSL photons to be emitted than
in case of borates.
For the fixed thickness d = 200 micron the LY/ Nppoperneurron for BaFBrxGd,0O; is about 10
times more than that for haloborates with natural abundance of '"B. Thus, despite the
[ohotperneutron’ Nphotp ratio for borates is 40 times higher than for BaFBrxGd,O;, the
difference in PSL yield of haloborates and BaFBrxGd,Oj; is about the same after y— and
neutron irradiation due to the lower neutron absorption efficiency of borates and attenuation
of PSL light in phosphor layer. The use of haloborates with 100 % of '°B increases the PSL
yield by a factor of 4 (Figure 6.7). This explains well the results in Table 6.3.

(6.3)

6.5 Conclusions

The TL and PSL properties of the series of haloborates with general formula
M,B;s0yX:Ce*", A" (M=Ba,Sr,Ca, X=CI,Br, A=Na',K") were studied. The results of this study
led to the conclusion that the Ca;BsO¢Cl:Ce** Na" compound is the most promising of the
whole studied series for detection of thermal neutrons and with reduced sensitivity to y— rays,
since it has the lowest Z.s number and, at the same time, a relatively high PSL yield.

The read-out parameters, i.e., stimulation wavelength and band-pass filter of commercial
image plate scanners are highly inefficient for haloborates.
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When optimised read-out parameters are implemented, the PSL light yield of
Ca,'°Bs0qCl:Ce,Na (1%) after neutron irradiation at A~1.8 A is 16 times less than that of
BaFBr:Eu>'xGd,03. However the neutron to gamma discrimination of Ca,'*Bs0yCl:Ce,Na
(1%) is almost an order of magnitude better than that of BaFBr:Eu2+de203. Therefore
haloborate phosphors could be more attractive when utilised in environments with a high
y-ray background.

The observed difference between S./S, of the Gd-phosphor and haloborates, when
irradiated at 1.8 A is smaller than expected. The lower neutron absorption efficiency of
haloborates and the absorption of PSL photons in the phosphor layer allow us to explain the
observed results. The better S,/S, of haloborates is expected when thegl are applied in
experiments with cold neutrons, since the neutron capture cross section of '°B increases with
decreasing neutron energy.
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7 Spectroscopic and storage properties of LiLnSiO,:Ce*",Sm*"
p

7.1 Introduction

It was already discussed in [2.3.2] that activation of a phosphor with two specific rare-
earth impurities could lead to the storage effect. In this chapter a new type of such storage
phosphor is introduced. The storage mechanism is related to the presence of two types of
activator ions: Ce’" and Sm**, which play the role of hole and electron trap respectively.

An ions tendency to capture a hole or an electron, i.e. to become stabilised in different
valence states depends on the energy position of its ground 4f state relatively to the host
band. If this information is known for one of the 14 lanthanides, the energy level diagram can
be constructed for all 13 other lanthanides [2.3.2]. These diagrams can be very helpful for
determination of the hole and electron trap depth of lanthanide impurities.

This chapter is organised as follows. First, a general introduction to the infrared
stimulable phosphors will be given, where the storage effect is based on double activation
with lanthanides.

After that the spectroscopy of Ce**, Sm** and Eu®* doped LiLnSiO4, where Ln=Y, Lu
will be presented. Based on these data the energy level diagram of lanthanide ions in LiYSiO4
and LiLuSiO4 will be plotted.

Afterwards, the TL, PSL and some other properties of yttrium and lutetium silicates with
different rare-earth dopants will be presented, and the nature of trapping defects in these
phosphors will be elucidated. The results will be compared and a consistent model of the
storage and recombination mechanism in LiYSiO4 and LiLuSiO4 will be constructed.

An additional section will concern the quantitative properties of these novel phosphors in
comparison with commercial image plates.

7.2 Infrared Stimulable Phosphors (ISP)

There have been many reports about ISPs such as MgS:Eu®*,Sm** [1], MgS:Ce*",Sm**
[1], CaS:Eu*",Sm™ [2-6], CaS:Ce**,Sm® [7], SrS:Eu®*,Sm®" [8-10], SrS:Ce’*,Sm’" [8,9].
Among those phosphors CaS:Eu**,Sm®* exhibits fast PSL kinetics and has a high chemical
stability. The samples with Ce®*,Sm®* double doping were less studied than those with Eu?*
and Sm*".

Emission spectra of these materials upon UV or X-ray excitation exhibit the S5d—4f
transitions of Ce®* or Eu®" centres and 4f—>4f emission lines of Sm** ions. There are two
types of Sm** centres — in symmetric and asymmetric sites. The latter is probably related to
nearby charge compensation defects [2]. The PSL emission spectra, i.e. emission spectra

Development of new storage phosphors for thermal neutron detection
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upon photostimulation of irradiated ISPs, show the emission from Ce** or Eu®* centres, while
no emission from Sm®* has been observed.

The spectrum of trap-filling efficiency, that corresponds to PSL in CaS:Eu*",Sm**
represents a composition of three bands. These bands were attributed to the transitions from
the %S, state to the two 5d states and one 6s state of Eu**. Therefore the trap filling occurs by
jonisation of Eu®" centres.

The general storage mechanism of ISPs can be described as follows. Upon irradiation,
ionisation of Eu®" occurs. This is well confirmed by the presence of Eu?* excitation bands in
the trap-filling spectrum, i.e. excited to 5d or 6s state the electron “looses its identity” and
becomes free, leaving Eu in a trivalent state. Next, it is captured by Sm** ions, forming Sm”*
centres. This possibility was discussed already in [2.3.2]. A creation of Sm?* centres after UV
illumination has been confirmed in [10]. However, which mechanism leads to ionisation of
Sm?* during photostimulation is not known yet. Direct injection of an electron to the
conduction band or ionisation of Sm®" via 4f—5d transitions could be proposed. After
ionisation a free electron recombines with Eu®* creating Eu®* in an excited state, followed by
5d—4f emission.

PSL stimulation spectra of CaS:Eu?*,Sm®* and CaS:Ce*",Sm’* irradiated samples look
very similar and represent a broad band between 1050 and 1400 nm (taken as FWHM from
[6]) with some structure. There is still a lot of discussions on whether this band is related to
4f-»5d transitions in Sm”" ions.

Unlike the PSL spectra, the TL emission spectra of MgS:Eu",Sm** and MgS:Ce’*,Sm>
exhibit only emission from Sm*" centres [1]. This can be explained by hole migration from
Eu** to Sm** with further Sm®* luminescence.

7.3 Synthesis of silicates

Samples of LiLn;.,.,CexSm,SiOs, LiLn«,CexTb,SiO4 and LiLny...,CesEu,SiO4 were
prepared by solid state reaction from Li;COs, Ln2O3 (Ln=Y,La,Gd or Lu), SiO; and CeF;
and/or Smy0; , TbyO3 or Eu,0;. The mixture was fired for 8 hours at a temperature of 800 ’c
in Ar atmosphere. After that, samples were ground and fired again for 15 hours in Ar
atmosphere. The firing temperature in the last procedure varied depending on the dopant or
the host lattice.

The crystal structures of LiLnSiO4 are known from Blasse [11] and Nakayama [12]. A
large number of structures found reminds of the polymorphism of Ca;SiO4. The present
compounds can be derived from Ca,SiO4 by the substitution of 2Ca**—Li" + Ln™.
Compounds with Ln=La...Dy are hexagonal [11,12]. Compounds with Ln=Ho...Lu and Y
are orthorhombic. Six oxygen atoms of SiO, tetrahedrons surround the Ln’* ion that occupies
a site with C, point symmetry.

All the samples were checked by X-ray diffraction analysis and compared with
diffraction patterns known from [12]. In the X-ray diffraction spectra of LiYSiO4 samples,
fired at 1075 °C in the second stage, additional lines from a parasitic phase were found and
attributed to the Y467(Si04);0 phase. For the sample fired at 1000 OC these lines are absent.
The latter can be explained by Li evaporation from the yttrium samples at temperatures,
higher than 1000 °C. Since the LiYSiO4 and LiLuSiOs are orthorhombic and the phases
without Li are hexagonal, it became possible to distinguish the “parasitic” phase. For
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LiLuSiOy series the final firing temperature was 1150 °C, for LiYSiOs — 1000 °C. All the
synthesised samples are listed in Table 7.1.

Table 7.1: Compounds synthesised for the current study. X-ray diffraction patterns were
compared with those reported in [12].

x=0.01, y=0
x=0.01,y=0.002
LiLu}.xyCexSm,SiOy4 x=0.01,y=0.01
x=0.001,y=0.01
x=0,y=0.01
x=0,y=0.01
x=0.005,y=0.005

LiLu;x.yCeTby,SiO4

LiY.xyCexSm,SiOy
LiLa;,.,CeSm,SiO,4
LiGd.xyCexSm,SiOy4
LiLu;.x.yCexEu,SiO4 x=0, y=0.01
LiY|.,.,CexEuySiO4 x=0.01,y=0.001

x=0.01, y=0
x=0.01,y=0.002

7.4 Spectroscopic properties of LiLnSiO, doped with rare-earth

7.4.1 X-ray excited luminescence of LiLnSiO4:Ce,Sm, Ln=Y,Gd,La,Lu

In Figure 7.1 the X-ray induced emission spectra of the LiLnSiO4:Ce,Sm series, where
Ln=Y,Gd,La,Lu are presented.

Counts
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Figure 7.1: X-ray excited emission spectra of LiLuSiOy:1 %Cée’,0.2%Sm’ (curve a),
LiYSi04:1%Ce’,0.2%Sm®" (curve b), LiLaSiOy: 1%Ce’,0.2%Sm®" (curve ¢) and LiGdSiO,:
1%Ce’,0.29%Sm>* (curve d) recorded at room temperature.
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The spectra consist of the known emission band of Ce** 5d—4f transitions with a
maximum at 400 nm and Sm®>* 4f—>4f transitions in the 550-800 nm range. In the Ce*
emission spectrum the ground state co 3ponents (*Fsn2 and %Fs) can not be resolved. The
emission intensities of both Ce*" and Sm®* centres in LiLaSiO4 and LiGdSiO, are more than
two orders of magnitude lower than those in LiLuSiO4 and LiYSiOs4. Also the structure of
Sm>* 4f—4f transitions in LiLnSiO4, Ln=La,Gd is different from that in LiLnSiO4, Ln=Y,Lu.
The latter is an evidence of different crystallographic structures and consequently different
site symmetries occupied by Sm®" in LiLnSiOs, Ln=La,Gd and LiLnSiO,, Ln=Y,Lu. The
hexagonal LiLaSiO, and LlGdSlO4 will not be considered in this work anymore.

The emission spectrum of Sm’" in LiLuSiO4 has been measured more accurately at 77 K
as it is shown in Figure 7.2. The 4f° electrons of the Sm*" ion substituting a cation in a crystal
are free from the electron-phonon interaction, since they are electrically shielded by 55% 5p
electron clouds. The crystal field around the Sm®* jon splits each 4f level into Stark
components. In case of a low-symmetry crystal field (Cl-symmetry of Lu ions in LILUSIO4)
each level splits in a number of (J+1/2) Stark components. The emission spectrum of Sm**
expected to be composed of 12 groups of transitions within the 4f° configuration: *Gsp—® HJ
(J=5/2, 712, 912, 11/2, 13/2, 15/2) and *Gsp—>°F; (0=1/2, 3/2, 5/2, 7/2, 9/2, 11/2) [13]. The
crystal field splits each group into J+1/2 lines. In the 550-750 nm wavelength range only four
groups 4Gslz-—>6Hj (J=5/2,7/2, 9/2, 11/2) can be observed.

ba 6 4 58 4 8 4 8
- Gy, => He, Gy, -> H,, Gy, > Hy, Gy > Hyp
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3 : 16516 666.6
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Figure 7.2: X-ray excited emission spectrum of LiLuSiOy:1%Ce’,0.2%Sm’" recorded at
77 K. The peak positions are given in nm.

In the first group of “Gs;—*Hs), transitions three lines of high intensity and two lines of
low mtensuy are observed. However only 5/2+1/2=3 lines are expected. Therefore, either two
types of Sm®* centres are present in the material or the extra low intensity lines at 563.8 and
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568 nm correspond to phonon satellite lines. The electron-phonon coupling is very weak for
the 4f electrons, which matches with positions of vibronic lines. In the group of 4G..;/2—>6H9/2
transitions five lines are observed, as is predicted. This is an evidence for only one type of
Sm’*" centre present in LiLuSiO,.

7.4.2  X-ray excited luminescence of LiLnSiO4,Ln=Y,Lu doped with cet and Ev’"

Yttrium and lutetium silicates doubly activated with Ce®", Eu®* were synthesised. The
measured emission sgectra of yttrium and lutetium silicates are the same.

LiLuSiO4:1%Ce ,0.2%Eu3+ shows quite intense emission from both Ce** and Eu’*
centres (Figure 7.3). The emission of Eu®" centres is mostly determined by forced electric-
dipole 5D0—>7F3 transitions.
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Figure 7.3: X-ray excited emission spectrum of LiLuSiO4:1%Ce’,0.2%Eu*" recorded at
room temperature.

7.4.3  Excitation spectra of cein LiLnSiOy, Ln=Y,Lu

The excitation spectra of Ce’* emission in LiLuSiOs and LiYSiO4 are presented in
Figure 7.4. The bands at 351,315,300 and 354, 317, 304 nm are attributed to the Ce** 5d
components in LiLuSiO4 and LiYSiO4 respectively. This attribution is confirmed by the
decay time measurements of Ce’*, shown in Figure 7.5. The decay curves of Ce** emission
excited at 302 and 320 nm have 30 ns decay time, which is typical for fast dipole allowed
5d—4f emission.

The small relative shift of 5d states in the two compounds can be attributed to the
difference in ionic radii of Y (R=1.040 A) and Lu (R=1.001 A) in six-fold coordination for
the substituting Ce** ions [14].
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Figure 7.4: The excitation spectra of Ce’" emission at 390 nm in LiLuSiO4:1%Ce’" (solid
curve) and LiYSiOy (dotted curve). Measurements below 335 nm were carried out at 10 K
using synchrotron radiation. A quartz window was used to cut off 2" order effects from the
radiation below 150 nm. Measurements above 335 nm were carried out at room temperature
using a spectrofluorimeter. The bands indicated by solid arrows are attributed to the first
three 5d bands of Ce’*. The bands indicated by dotted arrows are attributed indirectly to the
remaining 5d bands of Ce’".
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Figure 7.5: The decay time curves of Ce®* emission at 390 nm in LiLuSiO,: 1%Ce’* upon
excitation at different wavelengths. The measurements were carried out using synchrotron
radiation at 10 K.
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7.4.4  Excitation spectra of Ew’" in LiLnSiOy Ln=Y,Lu

Excitation and emission spectra of LiYSiO4:Eu’ measured at 10 K under synchrotron
radiation are shown in Figure 7.6. The excitation spectrum of Eu®* emission at 610 nm shows
a broad band with some structure near 220 nm. When the sample is excited at 206 nm, two
types of emissions can be observed. The first is a typical sharp-line emission due to Eu’
4f—>4f emission and the second is a broad band at about 350 nm. The excitation spectrum of
this emission at 350 nm is shown in Figure 7.6a and has a threshold at about 210 nm. It was
established that excitation at 225 nm causes only the 4f—>4f emission and no emission at 350
can be observed. The origin of the centre responsible for the 350-nm emission is unknown.

025} i )
" N\ a b
= s =
S b [ 153
. =2
s / iy s
« J 610 nm emission = 4 ©
B 015 - / - [' excitation at 206 nm —E
w 11 o=
[=1 7 D
S 2
z 0.10-/ L ] =
/ ~
ay L )
0.05 -//’ 350 nm emission
v / - B
0.00 L . RN, SO MR P\
180 200 220 240 260 280 300 350 400 450 500 550 600 650 700
Wavelength, nm
Figure 7.6: “a”: the excitation spectrum of Ev’* emission at 610 nm and the axcitation

spectrum of unknown emission at 350 nm. “b”: the emission spectrum of LiYSiO4:1%Ew’" at
206 nm excitation. Measurements were carried out at 10 K using synchrotron radiation.
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sample. Dotted curves represent the Gaussian fit. Measurements were carried out at 10 K
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The edge at 210 nm is more clearly visible in the excitation syectrum for LiLuSiO4:Eu®*
in Figure 7.7b. We conclude that the excitation spectrum of Eu’" emission consists of the
superposition of two bands. One is from the unknown centre that can only be excited at
A<210 nm and the other has been fitted by a Gaussian shaped broad band, see Figure 7.7. We
attJ;iPute this band to the charge transfer of an electron from the top of the valence band to
Eu™.

7.4.5  Excitation spectra of Sm’* in LiLnSiO,, Ln=Y,Lu

The excitation spectrum of Sm** emission in LiLuSiO4:1%Sm®" is shown in Figure 7.8.
Three bands at 210, 183 and 173 nm are clearly resolved. The host absorption edge is not
pronounced, which is evidence of low efficiency of the energy transfer from free e-h pairs to
Sm** centres.

It was discussed in detail in [15] that the energy of the first spin allowed 4f—>4f5d
transition of any lanthanide in a particular compound can be predicted with an accuracy of
less than 0.7 eV, if the 4f—>4f5d transition of at least one lanthanide is known. The energy of
the first 4f>5d transition of Ce®" in LiLuSiOy is 3.53 eV (351 nm). According to [15] the
lowest 5d band of Sm®>" must be located at 3.29 ¢V higher energy, i.e. at 6.82 eV (182 nm).
Thus, the band at 183 nm in the excitation spectrum in Figure 7.8 can be attributed to the first
4f—>4£5d transition in the Sm’" ion. Since the 5d level in Sm®" is placed above the quite dense
structure of 4f levels, the 5d—4f luminescence in Sm>* is not possible. Excited 5d electrons
further relax via 4f states resulting only in 4f—4f emission (Figure 7.2).

The band at 173 nm has about the same width and intensity as the 5d band at 183 nm.
Thus it can be attributed to the second Sm** 5d state.

The band at 210 nm is clearly resolved in LiLuSiO4:Sm®*, however it is absent in the
excitation spectrum of Sm* of doubly co-doped LiLuSiO4:Sm*,Ce** (Figure 7.8). The origin
of this band is not known, but it is probably the same as observed in Figures 7.6 and 7.7.
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Figure 7.8: The excitation spectrum of Sm’* emission at 600 nm in LiLuSiO1%Sm®*
(solid curve) and in LiLuSiO,:1%Sm’",1%Ce’" (dash-dotted curve); and the excitation
spectrum of Ce’* emission at 390 nm in LiLuSiO.1%Sm®",1%Ce’* (dotted curve).
Measurements were carried out at 10 K using synchrotron radiation.
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In the excitation spectrum of Ce’* emission in LiLuSiO4:Sm**,Ce** no presence of bands
due to Sm®" is found. Therefore, Ce-Sm interaction seems to be very weak, and Ce to Sm
energy transfer is not significant either, as can be seen from Figure 7.8.

7.5 Thermoluminescence of LiLnSiO,, Ln=Y, Lu doped with rare-earth

7.5.1 Thermoluminescence of LiLuSiO,:Ce’, 5" or Sm®*

TL glow curves of LiLuSiO,4 with different activators are shown in Figure 7.9. For the
samples doped with Tb®>" and Ce** there is a well-pronounced TL peak at 480 K. The peak
position does not change with the type of activator. The emission during the TL at 480 K
corresponds to Ce®* emission in LiLuSiOs:Ce™, typical Tb’* 4f*—»4f* emission in
LiLuSiO4Tb>" and a superposition of both in LiLuSiO4:Ce**, Tb**.
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5.0x10° , P
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Figure 7.9: TL §low curves  of LiLuSiO4:1%Ce’*  (dashed  curve),
LiLuSiO4:0.5%Ce**,0.5%Th>"  (solid curve), LiLuSiO40.5%Tb*"  (dotted curve) and
LiLuSiO4:1%Sm®" (dash-dotted curve) after P-irradiation. The TL was recorded 100 s after
irradiation at a heating rate of 1K/s. All the samples have the same size.

In doubly doped LiLuSiO4:1%Ce**,0.2%Sm’ the TL peak at 480 K has about the same
intensity as in LiLuSiO4:1%Ce*", see Figure 7.10. Additionally, a strong peak appears at 340
K in the TL glow curves measured 100 seconds after irradiation. Measurements of the
emission spectrum during thermal stimulation show that the emission of the peak at 340 K
originates only from Ce** centres.

In Figure 7.10 the TL curves of LiLuSiO4:1%Ce’, 0.2%Sm*" recorded at different times
after irradiation are plotted. The traps responsible for the TL peak at 340 K are emptied
within 5 hours.

In Figure 7.11 the TL curves of LiYSiO4: 1%Ce*", 0.2%Sm’* recorded at different times
after irradiation are plotted. The low temperature peak is now positioned at 400 K and it is
stable at room temperature. The high temperature TL peak in LiYSiO4:1%Ce’*,0.2%Sm’" is
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shifted 20 K to higher temperature than in LiLuSiO4:1%Ce**,0.2%Sm>" and it is located at
500 K. Intense TL signals were not observed in LiLuSiO,:Ce**,Eu** and LiYSiO4:Ce** Eu*

samples.
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Figure 7.10: TL glow curves of LiLuSiO.:1%Ce®*,0.2%Sm’ recorded at different times

after irradiation at a heating rate of 1K/s.
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Figure 7.11: TL glow curves of LiYSiOs1%Ce’", 0.2%Sm" recorded at different times

after irradiation at a heating rate of 1K/s.

The TL glow curves of LiLuSiO4 with various concentrations of Ce and Sm are shown in
Figure 7.12. It is seen that LiLuSiO‘;:I%Cc?,O.Z%Sm3+ sample exhibits about 4 times higher
TL signal than others. This sample was synthesised 1 year before the others. The other three
samples were synthesised in one series. It could be that chemical properties of this sample
were changed during the storing time. But it can also be because of slight difference in
synthesis conditions. However this point needs further investigation.
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Figure 7.12: The TL glow curves of LiLuSiO,:1%Ce’,0.1%Sm>* (curve 1),
LiLuSiO4:1%Ce,  0.2%Sm™  (curve 2), LiLuSiO4:0.1%Ce’ 1%Sm®"  (curve 3) and
LiLuSiO4:1%Ce, 1%Sm’™ (curve 4). The TL glow curves were recorded 300 s after
irradiation at a heating rate of 1K/s. All the samples have the same size.

7.5.2  Trap-filling spectrum of LiLuSiO, doped with rare-earth

To study the conditions required to fill the charge traps, the samples were illuminated
with photons of particular wavelength and the resulting TL curves were recorded. The area
under the TL peak at 480 K was integrated and corrected for the intensity of the illumination
source. The so-called trap-filling spectra of LiLuSiO4:1%Ce*" and LiLuSiO4:0.5%Tb" are
depicted in Figure 7.13. The results show that the trap-filling spectrum of LiLuSiO4:1%Ce**
is single exponential without any further structure. For the sample doped with Tb*" a clear
threshold at 230 nm is observed.

In the sample doubly doped with Ce** and Sm®* two TL peaks are observed (Figure 7.10)
that correspond to two types of trapping defects. To understand the nature of the traps, trap-
filling spectra corresponding to both peaks were recorded. For LiLuSiO4:1%Ce**,0.2%Sm>*
these measurements are difficult to perform due to a very fast fading of the peak at 340 K.
However for LiYSiO41%Ce**,0.2%Sm®" the low temperature peak is stable at room
temperature. The trap-filling spectra for both TL peaks in LiYSi04:1%Ce**,0.2%Sm’" are
shown in Figure 7.14. The curves are single exponential without any structure and they run
parallel to each other.
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Figure 7.13: Trap-filling curve of LiLuSiOs1%Ce’ (squares) and LiLuSiOq:0.5%Tb
(circles). Each point represent the integral TL signal corresponding to the high temperature

peak at 480 K after illumination with photons of certain wavelength. The curves were
normalised and corrected for the spectrum of the excitation source.

10F

01k

13| \

1 2 1 1 ol 1 L

200 220 240 260 280 - :300 320 340
Wavelength, nm

Figure 7.14: Trap filling curve of LiYSiO4:1%Ce’, 0.2%Sm’". Each point represents the
integral TL signal corresponding to the low temperature peak at 400 K (squares) and to the
high temperature peak at 500 K (circle) after illumination with photons of certain
wavelength. The curves were normalised and corrected for the spectrum of the excitation
source.
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7.6 Photostimulated luminescence of LiLuSiO,:Ce’",Sm** and
LiYSiO,:Ce*",Sm**

7.6.1  PSL stimulation spectra of LiLuSiO:Ce**,.Sm** and LiYSiOCe®* ,.Sm®™

To study the conditions required to empty the filled traps, the irradiated samples were
stimulated as a function of photon wavelength. During the photostimulation, the released
charges recombine on luminescence centres and the resulting luminescence is detected. In
Figure 7.15 the photostimulation spectra of LiLuSiO4:1%Ce’",0.2%Sm’" are plotted. They
were recorded immediately (curve a) and two hours (curve b) after *°Co-irradiation for 20
min with a dose rate of 6 kGyhour. The photostimulation curve of
LiLuSiO4:1%Ce**,0.1%Sm*"  recorded immediately after irradiation represents the
stimulation spectrum of the two traps corresponding to TL peaks at 340 and 480 K. This
curve starts at 650 nm and monotonically increases with photon energy with a plateau at
about 580 nm (curve a, Figure 7.15). The photostimulation curve recorded two hours after
irradiation has a threshold at 570 nm, see curve b in Figure 7.15. As can be seen in Figure
7.10 the TL peak at 340 K completely disappears two hours after irradiation. Therefore, curve
b in Fig. 11 represents the stimulation spectrum of trapped electrons corresponding to the TL
peak at 480 K. Subtracting curve “b” from curve “a”, see the insert of Figure 7.15 one obtains
the stimulation spectrum of trapped electrons corresponding to the TL peak at 340 K.

The same type of experiments has been performed with LiYSiO4:1%Ce**,0.2%Sm>"
sample, and the results are shown in Figure 7.16. Since the low TL peak at 400 K does not
fade at room temperature, the sample was treated with an infra-red laser for 10 min. After this
action the TL peak at 400 K disappears, and curve b represents the photostimulation spectrum
of traps corresponding to the TL peak at 500 K. The resulting curve “a-b” corresponding to
the TL peak at 400 K represents a broad band with a maximum between 570-580 nm and
resembiles the stimulation curve of LiLuSiO4:1%Ce®*,0.2%Sm>".

7.6.2 PSLof LiLuSiOyCe’",Sm®" and LiYSiOCe™* Sm’

The previous results show that photostimulation of traps corresponding to the TL peaks
at 340 and 400 K in LiLuSiO4: Ce’*,Sm® and LiYSiO4: Ce*,Sm’" is most efficient at about
580 nm, or with photons of higher energy. Due to separation problems of PSL and scattered
stimulation light the use of shorter stimulation wavelength becomes difficult.

A combined PSL and TL technique was applied to investigate the differences between
the PSL and TL response in the studied silicates. The procedure of this technique was already
presented in [6.3.1]. As a photostimulation source a red diode was used with A=630 nm and
an output power 1 mW. The results are shown in Figure 7.17.

The results in Figure 7.17 indicate that only the low temperature peak can be stimulated
by the photons with A~630 nm. The low temperature peak in residual TL curves stays at the
same position. No decrease of integral PSL+TL signal was observed with the increase of
stimulation time, in contrast with what has been observed in haloborates (Figure 6.2).
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Figure 7.15: Photo stimulation spectra of LiLuSiO4:1 %Ce’*,0.2%Sm®" measured at
A=390 nm emission. Curve a) was measured just after irradiation. Curve b) was measured 2
hours after irradiation. In the inset a subtraction of curve b) from a) is presented. All the
spectra are corrected for the intensity of the stimulating lamp.
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Figure 7.16: Photo stimulation spectra of LiYSiOy: 1%Ce’,0.2%Sm*" measured at =390
nm emission. Curve a) was measured just after irradiation. Curve b) was measured after the
sample had been illuminated with IR laser for 10 min. All the spectra are corrected for the
intensity of the stimulating lamp.
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Figure 7.17: TL glow curves of Pirradiated LiLuSiO40.1%Cée’1%Sm’ (@) and
LiYSiO4:1%Ce’,0.2%Sm®" (b), which were recorded after photostimulation for different
duration — from 0 to 100 s. Red diode (A~632 nm) with an output power ~ 1 mW was used as
a stimulation source. The TL curves were recorded with a heating rate of 1 K/s. Irradiation
was performed with *’Sr/°Y B-source. In the inset the integral intensity of the residual TL
signal, PSL signal measured before TL measurements and the sum of both are plotted as a
function of optical stimulation time are shown.

7.7 Discussions

The excitation spectrum of Ce** emission in Figure 7.4 shows a steep increase below a
threshold at 171 nm, for both LiLuSiO,:Ce*" and LiYSiO4:Ce®* materials. We conclude that
the threshold relates to the onset of fundamental absorption due to the SiO4* silicate group.
This threshold value is comparable with host absorption edges at 165 nm in Li,CaSiO4 and at
177 nm in Lu,Siy07 [16,17]. Therefore, silicate groups provide the bottom levels of the
conduction band in the studied materials. If Y or Lu levels determine the bottom of the
conduction band, then the host absorption edge in LiYSiO,4 is expected at slightly lower
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energy than in LiLuSiO;. The slightly larger size of Y** ion as compared to Lu®* reduces the
negative Madelung potential at the Y-site leading to slightly reduced band gap.

The spin-orbit interaction splits the 5d configuration of free Ce* in two D/, and *Ds);
levels. In a crystal on a site of low symmetry they are further split by the crystal field into
five distinct 5d states [16]. Ce** centres in the studied silicates occupy a site with low C,
symmetry. The first three bands in the excitation spectra in Figure 7.4 are certainly due to the
Ce* 5d states. With increasing energy these states and bands are denoted as 5d,, 5d; and 5d;.
The question arises where the other two 5d4 and 5ds bands are located. For Ce*" in a distorted
octahedral coordination of 6 oxygen atoms at average distance of 232 pm splitting between
the 5d; and 5ds of about 2.5 eV is expected [16,17].

This suggest that the 5d; and Sds bands must be located in the shorter than 210 nm
wavelength range. In the excitation spectra of Ce** emission shown in Figure 7.4, two broad
bands at 200 and 180 nm are present that we attribute to the 5d4 and 5ds bands. Decay curves
of Ce** emission when excited in these bands are clearly not exponential, see Figure 7.5. A
very fast component with a decay constant less than the radiative decay time of Ce** 5d—4f
transitions is followed by a very slow component with a decay constant of several ps. These
features indicate that the two 5d bands are located inside the conduction band. The d—f
emission is thus quenched by auto-ionisation of the 5d electron to the conduction band
leading to shortening of the excited Ce** life time and low intensity of these excitation bands.
The presence of the slow component in the curve can be connected to re-trapping of the auto-
ionised electron at longer time scale.

In Figure 7.18 the onset of fundamental absorption is drawn at 7.25 eV. At this energy
bound electron hole pairs are excited near the excitonic absorption band of the host lattice.
The bottom of the conduction band should be at somewhat higher energy. We conclude that
5d, and 5ds Ce** bands are above the bottom of conduction band and 5d; is below. 5d; and
5d; levels can also be inside the conduction band, but then the phonon relaxation from the 5d;
and 5d; to 5d, should be much faster than auto-ionization.

In Figure 7.18 the 5d4 band is positioned just above the conduction band and from that
the Ce** ground state is at about 2 eV above the valence band. We also might have positioned
the 5d; level close to the conduction band bottom leading to the Ce®* ground state at about 4
V. From this it follows that the ground 4f' state of Ce®" locates above the valence band,
however the exact position is still undetermined. The ground state of Tb®" ions is expected to
lie at about 0.83 eV lower than that of Ce®* [18]. Despite the possible error, it is also located
above the valence band.

The excitation spectrum of Eu’* emission in Figure 7.7 is a superposition of two bands.
We attributed the excitation band in Figure 7.7 fitted with Gaussian functions to the CT
absorption bands of Eu*". The values of Eu®* CT energies in LiLuSiO4 and LiYSiO4 were
reported earlier by Blasse [11] at 5.34 eV (232 nm) and 5.30 eV (234 nm) respectively.
However, our results reveal that CT absorption band of Eu** in LiLuSiO4 and LiYSiO, are
5.61 eV (221 nm) and 5.51 €V (225 nm) respectively.

The initial stage in the CT process is a trivalent lanthanide ion in its ground state and an
electron on a ligand ion, i.e. an electron on the top of the valence band [18]. In the case of
oxides this is the 2p electron on oxygen. The final state, i.e., after CT is a divalent lanthanide
in its ground state and a hole resized at the ligand ion. Therefore, the quantity of CT energy
must determine the absolute position of the ground state of the divalent lanthanide relatively
to the top of valence band.




Spectroscopic and storage properties of LiLnSiQ:Ce**,Sm™ 87

It was argued in [18] that the CT band energy overestimates the energy of the RE>"
ground state by ~0.5-1.0 eV because of the relaxation that follows the CT. It was also
estimated that the CT band energy underestimates the energy of the RE** ground state by 0.5-
1.0 eV because of the residual Coulomb interaction with the hole left in valence band.
Therefore, the CT energy provides a good measure of RE** ground state with the error of the
order of 0.5 eV. The data on CT energies of different lanthanides in a large number of
compounds were collected by Dorenbos [18], and a general method to determine the CT
energies of all the other lanthanides relative to that of Eu>* was established.

Taking the known values of the band gap and assuming that CT energy is equalled to the
energy difference between the Ln”" ground state and the top of valence band, the energy level
schemes of divalent lanthanides in LiLuSiO4 or LiYSiO4 can be drawn. The result is shown
in Figure 7.18.

From Figure 7.18 two very important conclusions can be drawn. First, since the Ce*" and
Tb** ground states are inside the conduction band, Ce** and Tb* can not trap an electron,
However, they can act as efficient hole traps, since the ground state of Ce** and Tb*" are
above the valence band. The second conclusion is that Eu®* and Sm®" are effective electron
traps, since divalent states of these centres are well below the conduction band, and therefore
stable.

W
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number of electrons in the 4f shell

Figure 7.18: Schematic representation of the 4f ground state emergy positions of
lanthanides relative to the valence and conduction band in LiYSiOy (solid line) and LiLuSiOy
(dotted line). The ground states of Eu’* were estimated Jfrom the measured value of CT
absorption energy. The extrcspolation to other lanthanides was done according to [18]. The
ground state of Ce’* and Tb" ions is above the valence band, however the exact position is
not known.

With the help of the level diagram it is possible to explain quantitatively the TL result.
LiLuSiO4 doped with Ce** and/or Th®" shows an intense TL peak at 480. It is obvious to
suggest that Ce* and Tb*" jons are responsible for the hole trapping. For the charge balance a
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residual electron is trapped somewhere in the lattice. The suggestion that Tb** and Ce™* jons
are involved in hole trapping, and no other lattice defects, is confirmed by the absence of the
TL peak at 480 K in the LiLuSiO4:Sm** sample. As it follows from Figure 7.18, the Sm*" ion
can not be a stable hole trap. Thus, in the absence of Ce** or TH*" impurities in LiLuSiO4
there are no possibilities for a hole trapping. We attributed the origin of the peak at 480 K to
the re}fase of an electron trapped at an intrinsic defect of the host and recombination at ce*
or Tb™.

In LiLnSiO4 doubly doped with Ce and Sm an intense strong peak appears at 340 or 400
K in TL glow curves (Figures 7.10 and 7.11). We conclude that co-doping with Sm** ions
provides an additional channel for electron trapping. After electron capture, divalent
samarium is created, and its ground state is located below the conduction band. Upon thermal
stimulation the electrons released from Sm?* recombine with Ce** centres. The resulting Ce**
luminescence gives rise to the TL peak at 340 or 400 K.

According to the considerations above, the Ce and Sm concentration determines the
number of available hole and electron trapping centres. The increase of Sm>" centres can lead
to multiple re-trapping of the electron released from Sm?* upon stimulation. Therefore, the
low temperature TL peak of the sample with low content of Sm®*" must follow an ideal
Randall-Wilkins first-order kinetics glow curve. Indeed, as it can be seen from Figure 7.12
for the LiLuSiO4:1%Ce*,0.1%Sm>" and LiLuSiO4:1%Ce**,0.2%Sm*" samples the low
temperature peak resembles first-order asymmetrical shape, and for the sample with higher
content of Sm®" the shape becomes more like second-order kinetics. The intensity ratio
between the TL peaks at 340 and 480 K in the samples with 1 mol.% of Sm>" is about two
times higher than that in the sample with 0.1 mol.% of Sm**. The position of the TL peaks
does not depend on the activator concentration, however the intensity changes unpredictably
with Ce and Sm content.

A mechanism similar to the hole trapping by Ce** or Tb*", is the ionisation of Ce®* or
Tb*, i.e., removing of an electron by photon excitation. In both cases, the final state is a
tetravalent Ce*" or Tb*" centre. The threshold of the trap-filling curve in Figure 7.13 of the
Ce** doped sam?le is at lower photon energy than of that with Tb*" doping. Therefore
ionisation of Tb>* ions requires photons of higher energy than for Ce**, if ionisation is
defined as the energy required for an electronic transition from the ground state of a rare earth
ion to the conduction band. This is in agreement with the fact that the ground state of Tb**
ions at about 0.83 eV below that of Ce’** [18].

In the compound doubly doped with Ce®* and Sm*" the trap filling spectra in Figures
7.15 and 7.16 for low and high temperature TL peaks are the same. Therefore, filling of both
the traps related to lattice defects and Sm’" should occur via the same mechanism. This
agrees with the mechanism that in both cases the trapped electron originates from ce’.

The nature of the intrinsic lattice defects responsible for electron trapping and the high
temperature peak was further investigated. We suspected that an oxygen vacancy plays the
role of electron trap. Ar atmosphere was used during synthesis to prevent formation of
tetravalent Ce. One expects that additional firing of the material in oxygen atmosphere will
lead to a higher content of Ce*" and lower content of oxygen vacancies. We annealed
LiLuSiO4:Ce™",Sm®* and LiYSiO4:Ce™,Sm*> at 900 °C for 4 hours. As a result the high
temperature peak disappears and the intensity of the low temperature peak was halved, see
Figure 7.19. The absence of the high temperature peak is attributed to a complete absence of
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oxygen vacanc1es The decrease of the low TL peak can be caused by partial reduction of
Ce’" into Ce*, i.e. decrease of the number of available luminescent and hole trapping centres.
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Figure 7.19: On the left: the TL glow curves of the LzLuSzO4 0.1%Cé’ 1%Sm’ sample
recorded before (a) and after (b) armealmg m air at 900 °C for 4 hours. On the right: TL
glow curves of the LIYSIO4 1%Ce’,0.2%Sm’ sample recorded before (a) and after (b)
annealing in air at 900 °C for 4 hours. The samples have the same size. Heating rate 1K/s.

The TL mechanism related to the appearance of the low temperature peak was also
investigated more in detail. From the results leading to the scheme in Figure 7.18, we find
that the energy difference between the Sm®* ground state and the bottom of the conduction
band in LiLuSiO, is 0.48 eV against 0.57 €V in LiYSiO4. This implies that the samarium
electron trap in LiYSiO4 is AEg ~ 0.1 €V deeper than in LiLuSiO,. The prediction that
samarium is a more stable electron trap in LiLuSiOy than in LiYSiOy4 is confirmed by the TL
measurements in Figures 7.10 and 7.11. The low temperature peak is shifted by AT = 60 K to
higher temperature in LiYSiOj.

The low temperature TL peaks of LiLuSiO4 and LiYSiO4 were fitted assuming Randall-
Wilkins first order kinetics (equation 3.1). The two parameters, i.e. activation energy and
frequency factor can be varied during the fit. Since the nature of the recombination
mechanism is the same in LiLuSiO4:Ce**,Sm>" and LiYSiO4:Ce*",Sm** we assumed the same
frequency factor for both com ounds The results of the fitting procedure yield s=10% s and
Er=0.82 eV for LiLuSiO4:Ce™,Sm* and Er = 0.95 eV for LiYSiO4:Ce**,Sm’*.

In thermoluminescence, the release of charge occurs via excited states with unknown
energies. Therefore, the value of the activation energy parameter itself used in
thermoluminescence theory is difficult to be compared with other experimentally derived
parameters. However, a difference between the Er values in the two compounds gives the
relative position of the traps, assuming the same nature of the TL mechanism in both
materials. Thus the depth of samarium electron trap in LiYSiOy4 is AEr ~ 0.1 eV deeper than
in LiLuSiOy. It is seen, that the values AEr and AE are very close to each other, which is a
good proof that recombination upon thermal stimulation occurs via release of an electron to
conduction band.

The results show, that the trap depth difference of 0.1 eV has a significant effect on the
TL peak position and conseq3uentl¥ on fading characteristics. This can explain the absence of
a TL signal in LiLuSiO4:Ce’",Eu’* and LiYSiO4:Ce**,Eu**. The position of Eu®* is at ~ 1.2
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eV lower energy than that of Sm?*, see Figure 7.18. So, Eu’* produces too deep an electron
trap, and can not lead to storage effect.

Upon photostimulation two possibilities should be considered: the 4f—>5d transitions in
Sm?* with further ionisation and ionisation of an electron directly to the conduction band. In
the photostimulation spectrum the band at about 580 nm, which is at a much higher energy
than the difference between the Sm** ground state and the bottom of the conduction band.
The band at 580 nm is attributed to Sm** 4f—>5d transmons Thus the recombination
mechanism upon photo stimulation occurs via exmtatlon of Sm?* to the 5d state with further
ionisation and subsequent electron capture by ce*

7.8 Remarks

Other compounds with double ce**.Sm’* co-doping

We have tested several other compounds, like YBO3: Ce**,Sm™, LisY(BO3)3: Ce“ Sm3+
and Li;CaSiO4:Ce**,Sm*" on the presence of storage effects Upon X-ray excitation Ce** and
Sm’>* centres give rise to emission spectra, and no Sm*" emission can be observed. According
to {11,20] the CT absorption energies of Eu*" in YBOs and LisY(BOs); are 5.43 eV and 4.81
eV respectively. The band-gap of YBO; and LisY(BOs); is about ~7 eV [21]. According to
calculations done in [21] the conduction band in YBO; is formed by B (2p) orbitals.

Based on the considerations developed in this chapter, the ground states of Sm** in
YBO; and in L16Y(B03)3 are located at 0.58 eV and 1.06 eV below the conduction band
respectively. Thus Sm* jons in these materials are expected to be stable electron traps.
However, no TL signal and PSL signals upon 630 and 830 nm stimulation of irradiated
YBO;: Ce**,Sm*, LisY(BO3)s: Ce**,Sm® have been detected.

Even a small difference of 0.1 eV in the position of the trap depth has a significant
influence on storage properties. We did not perform measurements to determine the position
of CT energies as well as band gap energy for YBO; and L16Y(3BO3)3 The materials doped
with other potential electron trapping impurities — Tm®* or Yb** should be studied for the
presence of storage effects. Thus, more investigations are needed to bring clarity to this point.

In Li;CaSiO4:Ce* ,Sm* intense TL s1gnal has been detected. However, the origin of this
was established to be not due to Ce*" " pairs. No PSL signal signals upon 630 and 830 nm
stimulation have been detected in thls sample The absence of storage effect due to ce**,Sm*
pairs can be explained by a low stability of Ce*" centres at a divalent Ca site.

7.9 Quantitative comparison with commercial storage phosphors
7.9.1 Comparison of LiLuSiOy1%Ce> ,0.2%Sm’" with Gd-IP afler cold neutron irradiation
and read-out with commercial IP scanner

The conditions for the experiments are exactly the same as described in [6.2.2].
LiLuSiO4:Ce,Sm powder samples were put in a holder; a circular wells of 200 pm depth in an
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aluminium plate (Figure 6.1). As a reference a commercial Fuji Neutron Image Plate (Fuji -
NIP) containing a mixture of BaFBr:Eu®* and Gd,0; was used. Samples were irradiated for
30 s with a neutron flux of about 10® n-cm™-s”'. During irradiation the transmission of 7.6 A
neutrons through the samples was measured. Only 19% of neutrons are absorbed in the 200
pm of LiLuSiO4:Ce,Sm phosphor layer, whereas Fuji NIP absorbs 100%.

The read-out phase was carried out 15 minutes after irradiation. The low temperature TL
peak of LiLuSiO4:Ce,Sm fades by about a factor of 2 in this time interval (Figure 7.10). The
Image Plate scanner is equipped with a He-Ne laser (A=635 nm) as a stimulation source and a
band pass filter (A~390 nm) in front of the PMT for separation of scattered laser light. The
emission spectrum of LiLuSiO4:Ce,Sm has its maximum at 390 nm (Figure 7.1). Therefore
read-out parameters are about optimal for LiLuSiO4:Ce,Sm.

The measured PSL yield of the silicate sample is 250 counts per pixel against 40000 for
the Fuji NIP. The amount of °Li in the sample is about 6%. When using a sample with 100%
of °Li enrichment the PSL yield can be increased at most by a factor of 16 [6.4.2]. Thus it can
reach 4000 counts per pixel. This would still be 10 times smaller than the PSL yield of
commercial NIP.

The drawback of LiLuSiO4:Ce,Sm is the fast fading at room temperature. The use of
LiYSiO4:Ce,Sm can overcome this problem.

7.9.2  Comparison of LiLuSiOy:Ce**, Sm’* and LiYSiOy:Ce®*, Sm** with BaFBr-Eu’" after B
irradiation and read-out with Rise-PSL single-grain reader

The stimulation spectra of BaFBr:Eu”* and LiYSiO4:Ce®, Sm* phosphors are compared
in Figure 7.20. They were measured under similar conditions and after the same radiation
dose. The aim to perform these measurements was to compare the stimulation efficiencies
obtained from stimulation spectra with the values of PSL yields. It is seen in Figure 7.20 that
stimulation efficiency of LiYSiO4:Ce’*, Sm®" is about 20 times smaller than that of
BaFBr:Eu”* stimulating at about 550 nm,
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Figure 7.20: PSL stimulation spectra of LiYSiOs:1%Ce*", 0.1%Sm>" (dotted curve)

measured at A=350 nm emission and of BaFBr:Ex’" (solid curve) measured at A=390 nm

emission. The spectra were corrected for the intensity of the xenon lamp. Sample size and
irradiation doses are the same for both samples.
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The read-out of storage phosphors with the help of the Risg-PSL single-grain reader was
already described in Chapter 6. The read out parameters of this system are equally optimal
for BaFBr:Eu’* as for the studied silicates. The typical PSL curves of BaFBr:Eu*',
LiLuSiO.;:Ce“, Sm** and LiYSiO4:Ce3+, Sm* upon continuous laser stimulation after -
irradiation are shown in Figure 7.21. The measurements were carried out 15 minutes after
irradiation. The results show that the PSL yield of the silicates in the first 20 ms of laser
stimulation is about 30 times smaller than that of BaFBr:Eu*".
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Figure 7.21: The PSL curves of BaFBr:Ew’*, LiLuSiO1%Ce*,0.2%Sm®" and
LiYSiO4:1%Ce™, 0.1%Sm’* under continuos stimulation by means of Nd:YVOy laser (A=532
nm). Laser power is 10 mW and the beam diameter approximately 120 pm on the sample
surface.

7.10 Conclusions

The possibility of controlled creation of electron and hole-trapping centres by activation
of an inorganic material with appropriate Ln®* ions was demonstrated. The depth of the
electron trap can be derived from charge transfer absorption energy of any lanthanide and the
value of the band gap energy. As an example, the storage and recombination mechanism in
lithium lutetium and lithium yttrium silicates doped with Ce®" and Sm*" was investigated.
The derived values of electron trap depth energies obtained from spectroscopic and
thermoluminescence experiments are in a good agreements. It was established that changing
of the electron trap energy by 0.1 eV has a significant effect on TL peak position and fading
properties.

Concerning practical application, the PSL yield of the silicates can be optimised by using
starting materials with 100% of Li enrichment. In that case, the PSL yield upon neutron
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irradiation of the silicates can reach up to one tenth of that of the commercial Gd-IP. Note
that the quantitative results were obtained for the test-grown samples, i.e. by optimising the
synthesis procedure, better performance of silicates can be achieved.
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Concluding remarks

The most common and general approach to the development of new X-ray storage
phosphors is a search among alkali-halide materials activated with different rare earth or
mercury-like ions. The scenario of the storage mechanism is a well-known pair mechanism:
upon X-irradiation F centres are generated as electron traps and the activator itself acts as a
complementary hole trap.

The routine way to optimise neutron storage phosphors is to take one of the known X-ray
phosphors and mix it with a neutron converter. In spite of the large number of activities in
this field the mixture of BaFBr:Eu**xGd,0s is essentially the only one applied.

The goal to find a neutron storage phosphor among borates or lithium containing
materials, competitive with BaFBr:Eu’"xGd,0; mixture represents a formidable problem. In
the beginning we assumed the following storage mechanism in borates. It was suggested that
the storage effect in borates could be realised only at a certain structure of the anion borate
skeleton, namely a network of BO; and BO, groups. A similar anion skeleton structure exists
in efficient TLD materials, like MgB204:Dy3+ or Li;B407:Cu. Unfortunately, these materials
exhibit only TL signals. The observation of PSL is obscured by the location of the emissions
in the long wavelength region.

We also supposed that if the basis of the anion sublattice consists of isolated BO;
triangles (this is the case of LisY(BO3); or YBOs and in series of other borates investigated
by M. Knitel [1]) or a rigid network of BO, tetrahedra (like in SrB4O7), the observation of
storage effect at any activator is impossible. We became more convinced of this hypothesis,
after establishing the absence of storage effect in SrB4O7:Ce®", Sr;Bs05:Ce®", SrBO10:Ce™",
LigY(BO5);:Ce*" and YBO;:Ce** materials, which exhibit efficient prompt luminescence.

A systematic study of TL properties of a number of non-isostructural borates with BO;
and BOy groups is needed in order to provide a definitive answer to the question of the
influence of a borate network structure on the storage properties. Due to the difficulty of the
synthesis procedure of borates and the absence of predictability of results the decision was
made to stop activities in that direction.

The borate network of Sr(Ca);BsO9Br(Cl) haloborates studied in this work represents
two BOjs triangles connected with three BO, tetrahedra. Therefore, according to our previous
suggestion the observed storage effect in haloborates is related to the structure of the borate
skeleton, From more detailed investigations of the storage mechanism in haloborates
presented in chapter 5, we came to the conclusion that the room temperature stable defects
are not due to charge trapping in the borate network. The storage effects in haloborates are
due to the presence of halogen anions, as was quite consistently proven. Therefore, again F-
centres take part in the storage process.

The number of matrixes that include halogen ions and borate groups in their crystal
structure is limited. There is probably only one structure left - LisB70,2Cl, which activated
with a mercury-like ion, might exhibit storage effect. However, we did not manage to
synthesise this material or to get it from elsewhere. Therefore our further activities were
concentrated on search and development of yet another storage mechanism.

Development of new storage phosphors for thermal neutron detection
© 2004 — A.V. Sidorenko — All rights reserved
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The first idea to use a phosphor, doubly doped with lanthanide ions comes from the late
60s. Storage properties of sulphides doped with Eu>* and Sm*" ions have been intensively
studied. However, except for sulphides and YzSi205:C<:3",Sm3+ no compounds doubly doped
with lanthanides and exhibiting desired storage properties have been found.

The results and discussion presented in chapter 7 on LiLu(Y)SiO4 doped with Ce** and
Sm®* confirms that this pair could be used for creation of electron and hole trapping centres
in inorganic materials. Moreover, the parameters of electron trapping centres such as the
activation energy can be estimated and even predicted, if the position of the charge transfer
absorption band of any lanthanide and the band gap of the material are known.

As for application, it was shown that haloborates enriched with '°B can compete with
BaFBr:Eu’"xGd,0; when utilised in environments with a high gamma-background. The
presented lithium silicates could be promising not only for neutron but also for X-ray
detection. The results of the study of the lithium silicates are most important for further
development of neutron and X-ray storage phosphors for various applications.

As a conclusion, the most success for future development of storage phosphors is
anticipated in compounds doubly doped with lanthanide ions. The matrix could be chosen
depending on the application requirements.
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Summary

The aim of the work presented in this thesis is the development and improvement of
neutron storage phosphors with low sensitivity to y-ray background. In order to reach the
main goal the following problems had to be solved:

i. To define the optimal parameters of neutron storage phosphors.

ii. The search and selection of a host matrix and activators for potential neutron storage
phosphors. This step required the in-depth study of the known physical processes
occurring in scintillators and storage phosphors.

iil. Investigation of luminescence and storage properties of chosen phosphors, elucidation of
the nature of luminescence centres and radiation induced defects. Further optimisation of
storage phosphor performance based on obtained results and developed hypotheses.

The requirements for neutron storage phosphors are established in Chapter 2. The known
X-ray storage phosphors, their properties and performances are reviewed. Special attention is
devoted to the elucidation of the storage mechanism, using existing data on the nature of
electron and hole trapping centres. Despite the large number of publications on this topic the
trapping and recombination mechanisms occurring in most storage phosphors are still not
clear.

The techniques used to study the storage properties of materials are described in Chapter
3. In Table I, the materials studied or just checked on the presence of storage effect are listed.

Table I: Materials studied in this work. In the last column the yields of X-ray excited
luminescence, thermoluminescence (TL) or photostimulated luminescence (PSL) are
indicated as “high” or “low”. The integral yield of X-ray excited luminescence is defined as
“high” if it is of the same order of magnitude as that of BaF,. The integral TL or PSL yield is
defined as “low” if it is lower than 1% from that of BaFBr:Eu’*.The materials indicated in
bold are described in separate chapters of the thesis. Others were just checked on the
presence of a TL or PSL signal.

X-ray/TL/PSL

Compound Activator “+” — high

“ _ low
YBO; ce*: e sm® +/-/-
SrB,O; Ce*; Ce*,Sm*** +/-/-
Sr,B,0s Ce™ +/-1/-
StBsOio Ce’; Ce’’ Sm”™™* +/-/-

C e3+’
SrBPO; Ce3+,Na+ +/-/-
Sr(Ca),Bs0,Br(Cl) Ce*; Ce* \Na* +/+]+
LigY(BOs) ce*; Ce*,Sm* +/-/-
Li,CaSiO, ce*; ce* . sm* +/+/-
LiLl'lSiO4, 3+, 3+ 3+

Ln=Y, Lu Ce’"; Ce",Sm +/+/+

Development of new storage phosphors for thermal neutron detection
© 2004 — A.V. Sidorenko — All rights reserved
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Three chapters of the thesis are devoted to the haloborate phosphors doped with ce™.

In Chapter 4 we performed an extended spectroscopic study of series of
Sr,Bs0,X:Ce** A" (X=Cl,Br, A=Na’,K") phosphors by means of optical and EPR techniques.

The two strontium sites in Sr.BsO9Br have very 51m11ar anion coordination polyhedra.
Using optical spectroscopy we could not distinguish two Ce®" sites. At the same time the EPR
lines from Ce** centres in two crystallographic posmons are very well distinguishable.

In the luminescence spectra two types of Ce’" centres have been detected in
Sl‘zBsOg(Br CI):Ce** and they can be associated with isolated Ce;*" and charge compensated
Ce,** centres. Based on EPR results we concluded that several kinds of charge compensation
defects are responsible for the Ce,*" emission. Only one type of Ce** emission centre was
detected in the samples co-doped w1th Na* or K. Optical and EPR characteristics of this
centre coincide with isolated Ce,*" centres. The thermoluminescence properties of these
materials and the contributions of different Ce®* centres in the TL emission spectra are
discussed.

Chapter 5 is dedicated to elucidation of the nature of the trapping centres in haloborates.
The EPR study of irradiated pure Sr,BsOoBr revealed a room-temperature stable defect,
which was attributed to an Og, centre. The EPR signal from F(Br) centres can be observed at
temperatures below 120 K. The 1s—2p transitions of these F(Br’) centres cause the optical
absorption band at 560 nm. The optical absorption band at 365 nm was attributed to O
centres. Thus electron and hole trapping in pure Sr.BsOoBr occurs in Vg, and Op
aggregates, which are created during the synthesis.

The EPR and radiation induced absorpuon measurements on Ce>* doped Sr:BsO9Br
revealed the same defects as in pure material. It is very likely that the same defects take part
in the thermoluminescence corresponding to the high temperature peak. The nature of charge
trapping defects in haloborates seems to be the same as in the well known stoichiometric
BaFBr:Eu®* storage phosphor.

In Chapter 6 the suitability for practlcal application was checked of haloborate phosphors
with the general formula M2BsOoX: Ce** (M=Sr or Ca; X=Br or CI). The TL and PSL
properties were studied. The results of this study led to the conclusion that the
Ca;Bs00Cl: ce* , Na* compound is the most promising of the whole studied series for
detection of thermal neutrons, with reduced sensitivity to gamma rays, since it has the lowest
Z.ss number and, at the same time, a relatively high PSL yield.

The read-out parameters, i.e. stimulation wavelength and band-pass filter of commercial
image plate scanners are highly inefficient for haloborates When optimised read-out
parameters are implied, the PSL light yield of Ca,'"BsOgCl:Ce,Na (1%) after neutron
irradiation with A~1.8 A is 16 times less than that of BaFBr:Eu’'xGd,0s. However the
neutron to gamma discrimination of Caz %B:04Cl:Ce,Na (1%) is almost an order of
magnitude better than that of BaFBr: Eu? *xGd;0;. Therefore haloborate phosphors could be
more attractive when utilised in environments with a high gamma -background.

The part of the work devoted to the understanding and model development of the storage
mechanism based on double doping of inorganic compounds with two types of lanthanide
ions is presented in Chapter 7.
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A strong storage effect has been observed in LiLnSiO4:Ce’,Sm®*, Ln=Y,Lu. We
presented strong arguments that in the studied materials the Ce’* ions play the role of hole
trapping defects and the Sm’* ions of electron trapping centres. Additionally, oxygen
vacancies are also involved in electron trapping, however they can be removed by appropriate
thermal treatment.

We showed that the depth of the electron trap associated with the Ln®* impurity could be
derived from the charge transfer absorption energy of any lanthanide and the value of the
band gap energy. From the spectroscopic studies we established that the samarium electron
trap in LiYSiOy is located 0.1 eV deeper relative to the bottom of conduction band than in
LiLuSiOs.

During thermal stimulation in irradiated LiLnSiO4:Ce3+,Sm3+, Ln=Y,Lu an electron of
Sm?" is released to the lower energy states of the conduction band, formed by SiO4, and
migrates further to Ce*" centres. This causes the TL peaks at 340 K in LiLuSiO,:Ce**,Sm*
and at 400 K in LiYSiO4:Ce®",Sm*". Thus, the difference in the trap depth energy of 0.1 eV
has a significant effect on the TL peak position (AT~60 K) and consequently on fading
characteristics.

Concerning the practical application, the PSL yield of silicates can be optimised by using
starting materials with 100% of °Li enrichment. In this case, the PSL yield upon neutron
irradiation of silicates can reach up to one tenth of that of a commercial Gd-IP. This is a first
study of silicates with double rare earth doping and improvements can be expected when
further synthesis optimisation be performed. The LiYSiO4:Ce’*,Sm®" material seems to be
more suitable for application because of its very slow fading.

Future developments of storage phosphors should be performed using double co-doping
with lanthanide ions. The matrix could be chosen depending on the application requirements.
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Samenvatting

Het doel van het werk dat in dit proefschrift wordt beschreven is de ontwikkeling en de
verbetering van neutron-opslagfosforen met een lage gevoeligheid voor y-achtergrond
straling. Om dit doel te bereiken moesten de volgende problemen worden opgelost:
¢ Het bepalen van de optimale parameters van neutron opslagfosforen.
¢ Het onderzoek en de selectie van een gastheermatrix en activatoren voor potentiéle

neutron-opslagfosforen. Deze stap vereiste een diepgaande studie van de fysische

processen die in scintillatoren en opslagfosforen voorkomen.

¢ Onderzoek van luminescentie en opslageigenschappen van gekozen fosforen, opheldering
van de aard van luminescentiecentra en door straling veroorzaakte materiaal-defecten. De
verdere optimalisering van de prestaties van de opslagfosforen wordt gebaseerd op de
verkregen resultaten en ontwikkelde hypothesen.

De eisen ten aanzien van neutron-opslagfosforen worden bepaald in Hoofdstuk 2. De
eigenschappen en prestaties van bekende rontgenopslagfosforen worden samengevat.
Speciale aandacht is geschonken aan de opheldering van het opslagmechanisme en het
gebruik van de bestaande gegevens over de aard van de elektronen en gaten-vangst centra.
Ondanks het grote aantal publicaties over dit onderwerp, zijn de opslag en
recombinatiemechanismen die in de meeste opslagfosforen voorkomen nog niet duidelijk.

Tabel 1: Materialen die in dit werk zijn bestudeerd. In de laatste kolom zijn de
opbrengsten van direct met rontgenstraling opgewekte luminescentie, thermoluminescentie
(TL) of met fotonen gestimuleerde luminescentie (PSL) vermeld als "hoog" of "laag". De
integrale opbrengst van met ronigenstraling opgewekte luminescentie is aangeduid als
"hoog" indien deze van dezelfde grootte orde is als die van BaF,. De integrale opbrengst van
TL of PSL wordt gedefinicerd als "laag" indien deze lager is dan 1% van die van
BaFBr:Eu’* De materialen die in vette letters vermeld, worden beschreven in afzonderlijke
hoofdstukken van dit proefschrifi. De andere materialen werden enkel gecontroleerd op de
aanwezigheid van een TL of PSL signaal.

Verbinding Activator « +,§f::;g:gn/;’l;lj,{l’§hag
YBO; ce’; ce* . sm™ +/-1-
StB,0; ce*; ce*,sm** +/-/-

Sr;B,0; ce*” +/-/-
SrBsOy ce™; Ce¥' . sm™ +/-/-

Ce*’

SrBPOs Ce3',N,a+ +/-/-
Sr(Ca),B:0sBr(CI) Ce**; Ce*' \Na* +/+/+
LisY(BO,); ce*; et Sm’ +/-/-
Li,CaSiO, ce™; ¢’ Sm* +/+/-
Ii'::;i‘g: Ce'*; Ce™,Sm™ +/+/+

Development of new storage phosphors for thermal neutron detection
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De technieken die worden gebruikt om de opslageigenschappen van materialen te
bestuderen worden beschreven in Hoofdstuk 3. In Tabel 1, worden de materialen die op de
aanwezigheid van opslageffect zijn bestudeerd of enkel zijn gecontroleerd, vermeld.

Drie hoofdstukken van dit proefschrift zijn gewijd aan de haloboraatefosforen gedoteerd
met Ce®" ionen.

In Hoofdstuk 4 beschrijven we een uitgebreide spectroscopische studie van de reeks van
SrBsOsX:Ce**, A™ (X=Cl,Br, A=Na', K") fosforen door middel van optische en EPR
technieken.

De twee strontiumplaatsen in SrBsOoBr hebben gelijksoortige anioncodrdinatie in de
vorm van regelmatlge veelvlakken. Gebruik makend van optische spectroscopie konden wu
de twee Ce®" plaatsen niet onderscheiden. Tezelfdertijd waren de EPR lijnen van de Ce**
centra in de twee kristallografische posities zeer goed te onderschelden

In de luminescentiespectra zijn twee types van Ce" centra ontdekt in
SrBsOy(Br,C1):Ce**; zij kunnen met geisoleerde Ce, * en lading-gecompenseerde Ce,>*
centra worden geassociecerd. Gebaseerd op EPR resultaten besloten wij dat verscheidene
soorten van de ladingscompensatie defecten verantwoordelijk zijn voor Ce,>" emissie. Slechts
één type van Ce’* emissiecentrum werd gedetecteerd in de samples met Na* of K*. De
optische en EPR kenmerken van dit centrum vallen samen met die van geisoleerde Ce; 3+
centra. De thermolummescentle eigenschappen van deze materialen en de bijdragen van de
verschillende Ce** centra in TL emissiespectra worden besproken.

Hoofdstuk 5 is gewijd aan opheldering van de aard van de vangst centra in de
haloboraten. De EPR studie van bestraald zuiver Sr;BsO9Br openbaarde een stabiel defect bij
kamer-temperatuur, dat werd toegeschreven aan een Op, centrum. Het EPR signaal van
F(Br) centra kan worden waargenomen bij temperaturen onder 120 K. De 1s—2p
overgangen van deze F(Br’) centra veroorzaken de optische absorptieband bij 560 nm. De
optische absorptieband bij 365 nm werd toegeschreven aan O centra. We concluderen dat
elektronen en gaten in zuiver Sr,BsOqBr worden ingevangen in Vg, - 03,2’ complexen, welke
tijdens de synthese zijn gecreéerd. EPR en de door straling geinduceerde absorptiemetingen
aan Ce* gedoteerd SroBsOqBr toonden dezelfde defecten als in het zuivere materiaal. Het is
zeer waarschijnlijk dat dezelfde defecten aan de thermoluminescentie deelnemen die aan de
piek bij hoge temperatuur beantwoordt. De aard van de ladingsvangst-defecten in haloboraten
lijkt hetzelfde als die in het bekende stoichiometrische BaFBr:Eu** opslagfosfor.

In Hoofdstuk 6 werd de geschiktheid voor praktxsche toepassing gecontroleerd van
haloboraatfosforen met de algemene formule M,BsOoX:Ce®" (M=Sr of Ca; X=Br of Cl). De
TL en PSL eigenschappen werden bestudeerd. De resultaten van deze studie leidden tot de
conclusie dat de Ca;BsO¢Cl:Ce’*, Na* samenstelling het veelbelovendst is van de hele
bestudeerde reeks voor detectie van thermische neutronen met verminderde gevoeligheid
voor y-stralen, vanwege het laagste Z.irgetal en tegelijkertijd een vrij hoge PSL opbrengst.

De uitleesparameters, d.w.z. de stimulatie golflengte en het doorlaatfilter van de
commerci€le scanners van de beeldplaat zijn zeer inefficiént voor haloboraten. Wanneer
geoptimaliseerde uitleesparameters worden gebruikt is het PSL signaal van
Ca,'°Bs0sCl:Ce,Na (1%) voor neutronenbestraling bij A~1.8 A 16 keer kleiner dan dat van
BaFBr:Eu?'xGd,0s. Nochtans is het onderscheidend vermogen tussen neutronen en y-straling
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van Ca,'Bs04C1:Ce,Na (1%) bijna een grootte orde beter dan dat van BaFBr:Eu**xGd,0s.
Daarom zou het haloboraat fosfor aantrekkelijker kunnen zijn voor gebruik in een omgeving
met hoge y-achtergrond.

Het deel dat is gewijd aan het begrip en de modelontwikkeling van het
opslagmechanisme dat bij dotering van anorganische materialen met twee typen van
lanthanide ionen optreedt, wordt besproken in Hoofdstuk 7.

Een sterk opslageffect is waargenomen in LiLnSiO4:Ce*",Sm*, Ln=Y,Lu. Wij vonden
sterke argumenten dat Ce®™ -jonen de rol van gatenvangstcentra spelen en Sm**-ionen de
elektronenvangst centra zijn in de bestudeerde materialen. Daarnaast zijn ook zuurstof
vacatures betrokken bij elektronenvangstcentra. Deze kunnen eventueel door een geschikte
thermische behandeling worden verwijderd.

Wij hebben aangetoond dat de diepte van het elektronvangstcentrum verbonden aan Ln*
ionen, kan worden afgeleid uit de absorptieenergic van de ladingsoverdracht van de
lanthaniden en de breedte van de verboden band. Uit de spectroscopische studies hebben wij
vastgesteld dat de samarium niveau in LiYSiO4 0.1 eV dieper t.o.v. de bodem van de
geleidingsband ligt vergeleken met LiLuSiOy.

Tijdens thermische stimulatie van bestraald LiLnSiO4:Ce3+,Sm3+, Ln=Y,Lu wordt een
elektron van uit Sm®" afgegeven aan de lagere energietoestanden van de geleidingsband,
gevormd door SiOy4 groepen, en het migreert verder naar Ce** centra. Dit veroorzaakt een TL
pick bij 340 K in LiLuSiO4:Ce**,Sm®" en bij 400 K in LiYSiO4:Ce’*,Sm’". Het verschil in de
energie van de valdiepte van 0.1 eV heeft dus een significant effect op de TL piekpositie
(AT~60 K) en daardoor ook op de “fading”.

Betreffende de praktische toepassing kan de PSL opbrengst van silicaten worden
geoptimaliseerd door startmaterialen met 100% verrijkt SLi te gebruiken. In dat geval zal de
PSL opbrengst van silicaten eentiende van dat van commercieel BaFBrxGd,O3 bedragen. Dit
is een eerste studie van silicaten met dubbele doping met Ln ionen. Verbeteringen kunnen
worden verwacht wanneer een verdere syntheseoptimalisering wordt uitgevoerd.
LiYSiO4:Ce®",Sm® lijkt geschikter voor toepassing te zijn omdat dit materiaal een zeer
langzame “fading” heeft.

De toekomstige ontwikkelingen van opslagfosforen zouden moeten worden gericht op
gebruikmaking van materialen die dubbel gedoteerd zijn met lanthanide ionen. De matrix kan
afhankelijk van de toepassingsvereisten worden gekozen.
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