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Figures du chapitre 1 / Abrak az 1. fejezethez 

E 

E (eV) Be 

--- piège à électron (elektroncsapda) 

Ef BI 

--------------------------------------_. --- piège à trou (lyukcsapda) 

BV 

Figure 1 . 1 : Schéma des bandes d'un matériau isolant imparfait (symboles dans le texte) 

1 . 1 .  abra: A szigetelôk savszerkezetének âbrazolasa kristâlyhibâkkal 
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Figure 1.2 :  Interprétation de la TL dans le cas d'un modèle simplifié. (symboles dans le texte) 

1.2. âbra: A termolumineszcencia jelenségének egyszerusitett savszerkezeti modellje 



Figures du chapitre 1 / Abrcik az 1. fejezethez 
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Figure 1.3 : Interprétation de la TL dans le cas du modèle de centre luminogène isolé 

1.3 .  âbra: TL mechanizmus csapda és emisszi6s centrum k5zti k5zvetlen âtmenettel 
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Figure 1.4 : Modèle cinétique simplifié de la TL 

1.4. âbra: A termolumineszcencia jelenségének egyszerusitett kinetikai modellje 
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Figures du chapitre 1 / Abrâk az 1. fejezethez 
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Figure 1.5 : Représentations de l'alumine a: maille rhomboédrique (a) et hexagonale (b) [V AL99] 

1.5. abra: A korund kristalyszerkezete: romboéderes (a) és hexagonalis (b) abrazolas [V AL99] 
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Figure 1.6 : Représentation de la structure corindon [BIG96] 

1.6. âbra: A korund kristâlyszerkezetének vâzlata [BIG96] 
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Figures du chapitre 1 / A.brcik az 1. fejezethez 
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Figure I. 7 : Structure électronique des centres F et F+ [LEE79, ST A94] 

I.7. âbra: Az F és F+ centrumok elektronszerkezete [LEE79, STA94] 
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Figure 1 .8 : Le pic dosimétrique du TLD-500 [MCK95] 

1 .8 .  âbra: A d6zismérésre hasznâlt TL csucs a TLD-500 doziméter esetében [MCK95] 
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Figures du chapitre II 1 Âbrak a 2. fejezethez 
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Figure 11. 1 : Schéma de principe du dispositif de TLBT 

II. l .abra: Az alacsony hômérsékletü TL készülék felépitése 
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Figure 11.2 : Réponse spectrale du photomultiplicateur XP-20 18B 

II.2.abra: Az XP-20 18B fotoelektronsokszorozo spektralis érzékenysége 



Figures du chapitre II / Abrdk a 2. fejezethez 
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Figure II.3 : Schéma de principe du dispositif de TLHT 

IL3.âbra: A magas hômérsékleru TL készülék felépitése 
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Figure II.4 : Réponse spectrale du photomultiplicateur XP-2262B 

II.4 .âbra: Az XP-2262B fotoelektronsokszorozo spektnilis érzékenysége 
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Figures du chapitre II / Abrak a 2. fejezethez 
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Figure ILS : Schéma de principe de l'analyse spectrale de la TL 
(1 : spectrographe, 2 : miroir, 3 : échantillon, 4 : faisceau de fibres optiques, 5 : dispositif de 

focalisation sur la fente, 6 : fente d'entrée, 7 : réseau, 8 : matrice CCD) 
IL5 .âbra: A TL emisszi6s spektrum mérésére hasznâlt spektrogrâf elvi vâzlata 
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Figure 11.6 : Réponse spectrale du CCD-I 100PB-UV/AR (notre système) 

IL6.âbra: A 1 1 00PB-UV/AR CCD kamera spektrâlis érzékenysége 
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Figures du chapitre II / Abrak a 2. fejezethez 
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Figure II.7 : Spectral irradiance de la lampe à deutérium (Oriel-63 1 6) 

II. 7 .abra: Az Oriel-63 1 6  deutérium lampa fényének spektruma 
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Figure II.8 : Détermination de l'ordre de cinétique (b) à partir d'un pic isolé de TL 
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II. 8 .  abra: A kinetikai rend meghatarozasara hasznalt m6dszer egy izolalt TL csucs esetében 



Figures du chapitre II / Abrdk a 2. fejezethez 
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Figure 11.9 : Schéma du cryostat DN- 1 754 

II .9.abra: A DN- 1 754 kriosztat felépitése 
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Figure 11. 10 : Schéma du dispositif d'étude de la photoluminescence (excitation et émission) 

IL10.abra: A fluoreszcens spektrométer felépitésének elvi vazlata 
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Figures du chapitre II / Abrcik a 2. fejezethez 
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Figure 11. 1 1  : Répartition spectrale de l'émission de la lampe à xénon (Oriel-6261) 

II. 1 1.âbra: Az Oriel-626I xenon lampa fényének spektruma 
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Figure II. I 2  : Réponse spectrale du photomultiplicateur R928 

II. 12.âbra: Az R928 fotoelektronsokszoroz6 spektrâlis érzékenysége 
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Figures du chapitre Il / Abr6k a 2. fejezethez 
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Figure II.13 : Schéma du dispositif d'étude de la photoluminescence 

en fonction de la température 

II.13.abra: Spektrométer a fluoreszcencia h6mérsékletfüggésének vizsgalatara 
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Figure II. 1 4  : Dispositifs pour mesurer les déclins de la luminescence 

II. 14.abra: A fluoreszcencia élettartam meghatarozasara hasznalt készülék el vi vazlata 
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Figures du chapitre II / Abrak a 2. fejezethez 
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Figure II. 1 5  : Schéma de principe du spectromètre Mossbauer 

11. 1 5 .abra: A Mossbauer spektrométer felépitésének elvi vâzlata 

source 

détecteur 1 DI détecteur 2 
,-

(BaF2) r---(BaF2) 

échantillon 
1 retard J 

1 discriminateur 1 1 discriminateur 1 
START STOP 1 

CTA 

1 
analyseur il multicanal + PC 

.. � 

Figure II. 1 6  : Dispositif de mesure du déclin des positrons 

IL 1 6 .abra: A pozitron élettartam meghatârozasâra hasznalt készülék elvi vazlata 
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Figures du chapitre III / Abr6k a 3. fejezethez 
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Figure IILl : Orientation cristallographique des cristaux étudiés 

IIL l .  abra: A vizsgalt kristéilyok krisztallografiai orientaci6ja 
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Figure III.2 : Courbes d'absorption optique d'un cristal initial, a : à 300 K, b : à 77 K 

IIl,2. abra: Egy kiindulasi kristaly abszorpci6s spektruma, 300 (a) és 77 (b) K-en 
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Figure III.3 : Spectres d'excitation et d'émission des centres F (obtenus à 300 K) 

III.3 . âbra: Az F centrumok gerjesztési és emisszi6s spektruma (300 K-en) 
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Figure III.4 : Spectres d'excitation et d'émission des centres F+ (obtenus à 300 K) 

IlIA. âbra: Az F+ centrumok gerjesztési és emisszi6s spektruma (300 K-en) 
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Figures du chapitre III / Abrak a 3. fejezethez 
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Figure III.S : Spectre d'émission des ions Cr3+ (obtenus à 300 K) 

III.5. âbra: A Cr3+ ionok emisszi6s spektruma (300 K-en) 
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Figure III .6 : Spectres d'excitation et d'émission des ions Ti3+ (obtenus à 300 K) 

III.6. âbra: A Ti3+ ionok gerjesztési és emisszi6s spektruma (300 K-en) 
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Figures du chapitre III / Abrak a 3. fejezethez 
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Figure IIL7 : Bande d'émission à 565 mn et son spectre d'excitation (obtenus à 300 K) 

IIL7. abra: Az 565 mn-es emisszi6s Say és gerjesztési spektruma (300 K-en) 
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Figure IIL8 : Evolution de l'intensité de l'émission à 565 nm en fonction de la température 

IIL8 . abra: Az 565 nm-es emisszi6s sav intenzitasa a hômérséklet ruggvényében 
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Figures du chapitre III / Abrak a 3. fejezethez 
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Figure III.9 : Déconvolution des bandes d'émission entre 500-600 nm et de leurs spectres d'excitation 

III.9. abra: Az 500-600 nm kozti emisszi6s savok és az ezeknek megfelela gerjesztasi spektrumok 

6 5 
E (eV) 4 3 2 

0,20,,---.-----,.--....----,---,---,-----,---..,..---,--, 

0,1 5  

0,10 

0,05 

0,00 

3.6 3,0 l.5 l.O O.002..,......-��--r-----,..__-�-_i----, 

450 500 700 

.. . . . . . . . . .. . .. . . . . . . . . . . . . . . ......... .. 

. ... ... .. . .. . .. . . . . . . . . . . . .. .. . . . . . . . ... . . 

-0,05 ..J....-,--------,----.... ----,--.----.-.--.--,--.--r-rl 
200 250 300 

À. (nm) 
400 500 600 700800 

Figure HUO a: Spectre d'absorption induite par irradiation X (3 kGy) à 300 K dans un cristal initial 
(absorption induite = absorption du cristal irradié - absorption du même cristal non irradié) 

III. 1 O .a abra: Az optikai abszorpci6s spektrum vâltozasa rontgensugarzas (3 kGy, 300 K-en) hataséira 
egy kiindulasi kristalyban (abszorpci6s referencia: a kristaly besugarzas elatt) 
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Figure III.10  b : Déconvolution des bandes d'absorption induites par irradiation X (3 kGy à 300 K) 

III. 1 0.b âbra: A II1.10.a spektrum dekonvolûci6ja 
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Figure III. 1 1 a: Spectre d'absorption induite par excitation UV à 300 K dans un cristal initial 
(absorption induite = absorption du cristal irradié - absorption du même cristal non-irradié) 

III.Il.a âbra: Az optikai abszorpci6s spektrum vâltozâsa UV sugârzâs (deutérium lampa, 300 K-en) 
hatâsâra egy kiindulâsi kristâlyban (abszorpci6s referencia: a kristâly besugârzâs elôtt) 
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Figures du chapitre III / Abrak a 3. fejezethez 
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Figure IIL11 b :  Déconvolution des bandes d'absorption induites par excitation UV à 300 K 

IIL11.b âbra: A IIIll.a spektrum dekonvoluci6ja  
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Figure III. 12  a : Evolution de la densité optique (concentration) des centres F et F+ en fonction 
de la température par référence à leur concentration après irradiation X de 3 kGy à 300 K 

III. 1 2 .a âbra: Az F és F+ centrumok koncentrâci6janak (optikai abszorpci6) vâltozasa hevités 
hatasara egy kiindulasi kristâlyban rontgen besugârzas utan (3 kG y, 300 K-en) 
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Figure III . l 2 .b : Evolution de la densité optique (concentration) des centres F et F+ en 
fonction de la température par référence à leur concentration après excitation UV à 300 K 

III. l 2 .b âbra: Az F és F+ centrum abszorpci6jânak vâltozâsa hevités hatâsâra 
egy kiindulâsi kristâlyban UV besugârzâs utân 
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Figure III. 1 3  : Vidage thermique des bandes d'absorption induites 
par irradiation X (6 kGy à 25 OC) dans un cristal initial 

IIL l 3 .  âbra: Az optikai abszorpci6s spektrum vâltozâsa hevités hatâsâra 
egy kiindulâsi kristâlyban rontgen besugârzâs utân (6 kGy, 25 OC-on) 
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Figure III. 1 4  : Courbe de TL d'un cristal initial après irradiation X à 77 K (3 Gy) 

III. 1 4  abra: TL gorbe egy kiindulasi kristalyban rontgen besugarzas utan (3 Gy, 77 K-en) 
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Figure III . 15  : Spectre d'excitation (pour un flux constant de photons) du pic D' 

III.15  abra: A D' TL csucs gerj esztési spektruma 
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Figure III. 16 : Courbe de TL enregistrée à 340 nm d'un cristal initial 
après excitation UV (206 nm) à 500 K 

III. 16 âbra: TL gorbe 340 nm-en regisztrâlva egy kiindulâsi kristâlyban 
UV besugârzas utan (206 nm, 500 K-en) 
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Figure IIL17 : Analyse spectrale de la TL à 230 K (pics B et B') et 
à 260 K (pic B') d'un cristal initial après irradiation X à 77 K (12 Gy) 
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III.17 âbra: TL emsissziôs spektrum 230 és 260 K-en rontgen besugarzâs utan (12 Gy, 77 K) 
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Figure III. 1 8  : Image d'analyse spectrale « 3D » de la TL après irradiation X de 1 2  Gy à 77 K 
III. 1 8  :ibra: 3D-TL egy kindul:isi kristâlyr6l rontgen besugarzas utan ( 12  Gy, 77 K) 
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Figure III. 1 9: Courbe de TL d'un cristal initial enregistrée à 565 nm après irradiation X (12 Gy à 77 K) 

III.19 ibra: TL g6rbe 340 nm-en regisztrilva egy kiindulâsi kristâlyban 

rontgen besug:irzas utan ( 12  Gy, 77 K) 
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Figure III.20 : Analyse spectrale des pics de TL à 580 K (E'), à 750 K (F) 
et à 950 K (G) d'un cristal initial après irradiation UV (206 nm) à 500 K 

IIL20 abra: TL emisszi6s spektrum 580, 750 és 950 K-en 
UV besugârzâs (206 nm, 500 K) utan egy kiindulâsi kristâlyban 
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Figure III.2 1 : Variation de la profondeur des pièges en fonction de la température des pics 

III.2 1 .  abra: A tOltéscsapdâk aktivaci6s energaja  ("mélysége") 
a TL csucsok h6mérsékletének függvényében 
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Remarque: Lorsque le pic résiduel devient peu intense (vers la fin de la série TSTOI')' 
les approximations de la méthode de la montée initiale ne sont plus satisfaites et la 

valeur de E calculée n'a plus de signification. 
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Figure III.22 : Application de la méthode T STOP au pic D' 

III.22. abra: A TSToP m6dszer alkalmazasa a D' TL csucs vizsgalatara 
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Figure IIL23 : Variation de l'intensité de TL du pic D'en fonction du nombre de mesures, 
à dose d'irradiation constante (UV -206 nm, 1 min) 

1 3  

IIL23. abra: A D'  TL csucs intenzitasa a mérések szamanak függvényében alland6 besugarzasi 
d6zis mellet (UV -206 nm, 1 min) 
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Le protocole de mesure de la réponse de Tl est le suivant : 

l, intense et unique irradiation UV à 20 ·C (lampe à deutérium. 1 h) pour saturer les pièges 

2. vidage à la température T, et refroidissement à la température ambiante 

3. lègère irradiation (1,85 mGy) et enregistrement de la Tl entre 30 et 300 ·C 
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Figure III. 24 : Effet de la température de vidage Tv sur la sensibilité du pic D'. Comparaison 
avec les variations de concentration des centres F et F+ telles que reportées sur la figure IlL 12. 

IlL24 âbra: A D' TL csucs intenzitâsa a kifütési h6mérséldet (Tv) fuggvényében. 
Osszehasonlitas az F és F+ centrumok koncentrâci6janak vâltozasâval (TIL 1 2  âbra). 
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Figure III.25 : Evolution de l'intensité du pic D' 
en fonction de la température d'irradiation (UV, 206 nm, 20 s) 

IIL25 âbra: A D' TL csucs intenzitâsa a besugarzâsi h6mérséklet fiiggvényében (UV, 20 s) 
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1 6  (l'intensité du pic D'est divisée par 1000) 
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Figure III.26 : Evolution de l'intensité des pics de TL 
en fonction de la température d'irradiation (irradiation UV 206 nm, 1 0  min) 

111.26. âbra: A TL csucsok intenzitâsa a besugârzâsi h6mérséklet függvényében (UV, 1 0  min) 
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Figure III.27 a : Observation du pic D'à deux longueurs d'onde (q == 2 Kls) 
Evolution de la position (b) et de la surface (c) du pic D'en fonction de la vitesse de chauffe 

III.27. âbra, a: A D' TL csucs két kü1ënbüzô hullâmhosszon mérve (q == 2 Kls) 
A csucs pozfciôjânak Cb) és területének Cc) valtozasa a kifütési sebesség fuggvényében 
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Figure III.28.  Evolution de la largeur à mi-hauteur Ca), l'intensité Cb) et la position Cc) 
de la bande d'émission des centres F .en fonction de la température 

III.28. âbra: Az F centrum fluoreszcencia sâvszélesség Ca), intenzitâs Cb) és hullâmhossz a 
hômérséklet fiiggvényében 
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Figure III.29. Evolution de la largeur à mi-hauteur Ca), l'intensité Cb) et la position (c) 
de la bande d'émission des centres F+ en fonction de la température 

III .29. âbra: Az F+ centrum fluoreszcencia sâvszélesség (a), intenzitâs (b) és hullârnhossz a 
hômérséklet fiiggvényében 
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Figure III.30 : Déclins de fluorescence des centres F à différentes températures 

III.30. abra: Az F centrum fluoreszcencia 11lecsengésel1 a hômérséklet függvényében 
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Figure IIL3 1 : Evolution de l1intensité et de la durée de vie de la photoluminescence 
des centres F en fonction de la température 
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IIL3 1 .  abra: Az F centrum fluoreszcencia intenzitas é s  élettartam a hômérséklet függvényében 
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Ile :  densité d'électrons dans l a  bande de conduction (cm-3) 
no : densité d'électrons dans les pièges D' (cm-3) 
ND : densité de pièges D' (cm-3) 
CLo : probabilité de dépiégeage des pièges D' (S-I) 

�o : coefficient de repiégeage aux pièges D' (cm3g"1) 
M : densité de centres F+ (cm-J) 
m :  densité des trous dans les centres F+ (cm-3) 
y :  coefficient de recombinaison dans les centres F+ (cm3s-l) 
mF : densité des trous dans les centres F (cm-3) 
nF : densité d'électrons à l'état excité des centres F (cm-J) 

(elektronkoncentraci6 a vezetési savban) 
(elektronkoncentraci6 a D'-csapdâkban) 
(a D'-csapdak koncentraci6ja) 
(a csapdab61 val6 kiszabadulâs val6szinùsége) 
CLo = CLoo exp( -EoIkT) 
(ujrabefogâsi együtthat6 a D'-csapdâkban) 
(az F+ centrumok koncentrâci6ja) 
(tôltéskoncentraci6 az p+ centrumokban) 
(rekombinaci6s együtthat6 az p+ centrumokban) 
("lyuk"-koncentraci6 az F centrumokban) 
(elektronkoncentraci6 az F centrumok gerjesztett 
allapotaban) 

YFa :  coefficient de recombinaison dans les centres F (cm3s-l) (rekombinaci6s együtthat6 az F+ centrumokban) 
YFb : coeff. de relaxation radiative dans les centres F (cm3g"1) (a sugarzasos atmenet egyUtthat6ja az P 

centrumokban) 
CLF : probabilité de retour dans la bande de conduction (5"1) (a vezetési savba visszaj utâs val6szinùsége) 

CLF = CLFO exp(-EFIkT) 
Op : densité d'électrons dans les pièges profonds (cm-3) (elektronkoncentrâci6 a mély csapdâkban) 
Np : densité des pièges profonds (cm-3) (a mély csapdak koncentrâci6ja) 

op : coefficient de piégeage dans les pièges profonds (cm3s- l) (befogasi együtthat6 a a mély csapdâkban) 

Figure 111.32 : Modèle "interactif' du pic D' 

III.32. âbra: A D' TL csucs sâvelméleti modellje 
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Figure IIL33 : Courbe de configuration des centres F, CAbs : absorption, Em : émission) 
Les flechès représentent les chemins de relaxation non radiative : 

1 - Mott-Seitz, 2- modèle interactif, 

IIL33.  abra: Az F centrum abszorpci6jânak CAbs), emisszi6jânak CErn) és a sugarzâsmentes 
atmenetek értelmezése a konfiguraci6s koordinâta diagram segitségével 

sugarzasmentes atmenetek: 1 - Mott-Seitz modell, 2- az altalunk javasolt mechanizmus 
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Figure IV. l  : Réponse de TL (par unité de masse) de quatre cristaux traités sous oxygène 
(échantillons de type 1 00ox) après irradiation X à 300 K (20 Gy) 

IV. 1 .  abra: Reprodukalhat6sagi vizsgalat: oxigénben, azonos korülmények kozotl kezelt 
kristalyok TL gorbéi (egységnyi tomegre) 20 Gy rontgenbesugarzas utan (300 K-en) 
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Figure IV.2 : Spectres d'absorption induite par les différents traitements réducteurs. 
(absorption induite = absorption d'un cristal traité - absorption du même cristal initial) 

IV.2. abra: A reduktiv hôkezelések okozta valtozasok a kristalyok abszorpci6jaban 
(abszorpci6s referencia: ugyanaz a kristaly hôkezelés elôtt) 
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Figure IV.3 : Rapport des intensités des pics de TL avant et après les différents traitements 
réducteurs (TL enregistrée après irradiation X de 3 Gy à 77 K) 

IV.3 . âbra: A külOnbëzô TL csucsok intenzitisanak aranya a reduktiv hôkezelések utan és 
elôtt (A TL-t 3 Gy 77 K-en adott rontgend6zis utan regisztrâltuk.) 

1 ,2  

1 ,0 

0,8 

CO 0,6 

0,4 

0,2 

0,6 

0,4 

0,2 

CO 
0,0 

200 

6 5  

250 

a 

6,0 5,5 5,0 4,5 

Â. (nm) 
300 

4,0 3,5 

400 

3,0 

500 600 700800 

2,5 2,0 1 ,5 
0,004 

0,002 

0,000 

-0,2 
-0,002 

� �� 
+-�.--r-r�-'��r-���-r���--r-���� 

6,5 6,0 5,5 5,0 4,5 4,0 

E (eV) 
3,5 3,0 2,5 2,0 1 , 5  

Figure IV .4 : Spectre d'absorption optique d'un cristal après un traitement oxydant, a : par 
rapport à l'absorption de l'air, b : par rapport à l'absorption du même cristal avant oxydation 

IV.4. âbra: Az oxidâci6 okozta vâltozasok a kristâlyok abszorpci6jâban 
(abszorpci6s referencia: levegô (a) vagy ugyanaz a kristaly hôkezelés elôtt (b)) 
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Figure IV.5 : Spectres d'excitation et d'émission attribués au Ti4+ dans un cristal " l OOox" 

IV.5. abra: A Ti4+ ionok gerjesztési és emisszi6s spektruma egy oxidaIt kristalyban 
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Figure IV.6 : Spectre d'absorption induite par rayons X (800 Gy) à 300 K dans un cristal " l OOox" 
(absorption induite = absorption du cristal irradié - absorption du même cristal non-irradié) 

IV.6. âbra: Rôntgensugarak (800 Gy, 300 K-en) okozta vâltoz3.sok egy oxidâlt kristâly 
abszorpci6jâban (abszorpci6s referencia: ugyanaz a kristâly besugârzas elôtt) 
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Figure IV.7 : Spectre d'absorption (référence : l'air) d'un cristal " l OOox" irradié aux rayons X 
(800 Gy) à 300 K puis recuit à différentes températures (300, 620 et 970 K) 

IV. 7. âbra: Az abszorpci6s spektrurn vâltozâsa hevités hatasâra egy oxidâlt kristâlyban 
Az els6 spektrum 25 Gy rontgen besugârzâs (300 K-en) utan lett regisztrâlva. 
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Figure IV.8 a :  Evolution de l'absorption d'un cristal " l OOox" irradié aux rayons X (800 Gy) à 
300 K en fonction de la température, b : dérivée des "courbes a" 

IV.8 .  âbra a: Az abszorpci6s spektrum vâltozasa hevités hatâsâra egy oxidâlt kristâlyban 
25 Gy rontgen besugârzâs (300 K-en) utan, b :  az "a-gorbe" derivâltja 
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Figure IV.9 : Vidage thermique des bandes d'absorption 
induites par rayons X (800 Gy) à 300 K dans un cristal " l OOox" 
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IV.9. âbra: Az optikai abszorpci6s spektrum vâltozâsa hevités hatâsâra egy oxidâlt kristâlyban 
25 Gy rontgen besugârzâs (300 K-en) utân 
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Figure IV. l 0 : Positions des raies RPE du Cr3+ en fonction de l'angle polaire 8 (cristal : 5hy) 

IV. I O. âbra: A Cr3+ ESR vonalainak pozici6ja  a forgatâsi szog (8) függvényében 
egy redukâlt kristâlyban 
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Figure IV. l l  : Spectres RPE enregistrés à 20 oC et à 8 = 90° (illc) 

IV. l l .  âbra: ESR spektrumok 20 oC-on és 8 = 90° -mil (ille) regisztrâlva 
egy oxidâlt (a) és egy redukâlt (b) kristâlyban 
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Figure IV. l 2  : Spectres RPE enregistrés à 20 oC et à 8 = 0° (Hile) 

IV. l 2. âbra: ESR spektrumok 20 OC-on és 8 = 0° -nâI (Hile) regisztrâlva 
egy oxidâlt (a) és egy redukâlt (b) kristâlyban 
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Figure IV. 1 3  : Spectre RPE d'un cristal oxydé enregistré à - 1 75 °C et à 8 = 1 ° 

IV . 1 3 .  abra: ESR spelctrum - 1 75 °C-on és 8 = 1 ° -mil egy oxidâlt kristâlyban 
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Figure IV. 1 4  : Spectres RPE d'un cristal oxydé enregistré à 20 oC et à 8 = 0° 
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a : après irradiation X, b : cristal irradié et recuit à 1 70 oC, c : cristal irradié et recuit à 200 oC 

IV. 1 4. abra: ESR spektrurnok 20 OC-on és 8 = 0° -nal (H! le) regisztralva 
a: rontgen besugarzas utan, majd 1 70 OC-ra (b) il!. 200 OC-ra Cc) kifütve 
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Figure IV. 1 5  : Spectres de temps de vie des positrons dans des différents cristaux. 

IV . 1 5. ibra: Pozitron élettartam spektrumok külônbôzo mintikban 
és a megfelelo âtlagos élettartam adatok 
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Figure IV. 1 6  : Composantes de durée de vie des positrons et des intensités correspondantes 
dans des cristaux traités sous différentes conditions (avant (0) et après (.Â.) irradiation y) 

IV.1 6 . âbra: KülOnbüzô pozitron élettartamok és a nekik megfelelô intenzitasok a hôkezelt 
mintâkban y besugarzas elôtt (0) és utan (Â) 
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Figure IV. l 7  : Courbes de TL d'un cristal avant et après un traitement oxydant 
TL enregistrée après irradiation X à 77 K (3 Gy) 

IV . 1 7 . âbra: Aluminium-oxid egykristâly TL gorbéje oxidâcio elort és utan 
(A mérés elôrt a kristâlyok 77 K-en 3 Gy rontgen dozist kaptak) 
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Figure IV. 1 8  : Image de l 'analyse spectrale de la TL d'un échantillon « 1 00ox » après 
irradiation X de 1 2  Gy à 77 K et de 1 kGy à 300 K 

IV. l 8 . âbra: Egy oxidâlt kristâly 3D-TL vizsgâlata 12  Gy (77 K-en) és 1 kGy (300 K-en) 
rontgen besugârzâs utan 
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Figure IV. 1 9  a :  Spectre d'émission de la TL d'un échantillon " 1 00ox" à 260 K (irradiation X de 12  Gy à 77 K) 
b :  Spectre d'émission de la TL d'un échantillon " lOOox" à 410 K (irradiation X de 1000 Gy à 300 K) 

IV. 19 .  âbra: Egy oxidâlt kristâly TL emisszi6ja 260 (a) és 410 (b) K-en (12 ill. 100 Gy besugarzas utan) 
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Figure IV.20 : Déconvolution des pics de TL d'un échantillon " 1 00ox" 

IV.20. abra: Egy oxidalt kristaly TL gorbéjének dekonvoluci6ja 
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Figure IV .21 : Courbes de TL (après irradiation X de 20 Gy à 30 OC) des cristaux traités à 
différentes pressions partielles d'oxygène 
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IV.2 1 .  âbra: KülOnbozéS oxigén parciâlis nyomas alatt héSkezelt kristâlyok TL gorbéi 2 0  Gy 
(30 OC-on) rontgen besugarzas utan 
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Figure IV.22 : Image de l 'analyse spectrale de la TL d'un échantillon « 70x » 
après irradiation X à 300 K (1  kGy) 

IV.22. âbra: Egy "7ox" kristâly 3D-TL vizsgâlata 1 kGy (300 K-en) rontgen besugârzâs utan 
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Figure IV.23 : Courbes de TL d'un cristal "7ox" enregistrées à différentes 
longueurs d'onde après irradiation X à - 1 96 oC (9 Gy) 

IV.23 .  âbra: Egy "7ox" kristâly TL gorbéje  külonbozo hullfunhosszakon 9Gy (- 1 96 OC-on) 
rontgen besugârzâs utan 
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Figure IV. 24 : Courbe de TL d'un cristal oxydé avant ( l OOox) et après (2hy- l 00ox) 
un recuit réducteur (TL enregistrée après irradiation X de 1 2  Gy à 77 K) 

IV.24.âbra: Egy oxidâlt kristâly TL gorbéj e  reduktiv kezelés elort ( l OOox) és utan (2hyl OOox) 
(A mérés elort a kristâlyok 77 K-en 3 Gy rontgen d6zist kaptak) 
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Figure IV.25 : Courbes de TL d'un cristal oxydé après un ou deux recuits réducteurs 
(TL enregistrée après irradiation X de 1 8  Gy à 30  oC) 

IV.25.âbra: Egy oxidâlt kristâly TL gorbéje egy ill. két reduktiv kezelés utân 
(A mérés elatt a kristâlyok 30 oC -on 1 8  Gy rontgen d6zist kaptak) 
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Figure IV.26 : Image de l 'analyse spectrale de la TL d'un échantillon « 5hy- l 00ox » après 
irradiation X de 1 2  Gy à 80 K et de 1 kGy à 300 K 

IV.26. âbra: Egy « 5hy- 1 00ox » kristâly 3D-TL vizsgâlata 1 2  Gy (77 K-en) és 1 kGy (300 K
en) rontgen besugarzas utân 



_F�ig�u_r_e_s_d_u __ ch_a�p_i_u_e_I_V_/_A_
'
_br_a_

'k_a 
__ 

4.�fi���
·e_z_et_h_ez 

_________________________________ 1 5  

1 , 0  

0,8 

0,6 

CO 

0,4 

0,2 

6 5 4 

E (eV) 

3 

échantillon : 

---- 1 000x 

-- 2hy-1 00ox 

2 

200 250 300 350 400 450 500 550 600 650 700 

À. (nm) 

Figure N.27 : Courbes d'absorption optique d'un cristal oxydé avant et après un recuit réducteur 

N.27. âbra: Egy oxidâlt kristâly abszorpci6s spektruma redukci6 elott ( l OOox) és utan (2hy- l OOox) 
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Figure IV.28 : Spectres d'absorption induite par irradiation X à 25 oC (800 Gy) 
(Absorption induite = absorption du cristal irradié - absorption du cristal non irradié) 

IV.28. abra: Rontgensugarak (800 Gy, 25 oC -on) okozta valtozasok külonbëzc kristalyok 
abszorpci6s spektrumaban (abszorpci6s referencia: ugyanaz a kristaly besugarzas elctt) 
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Figure IV.29 : Spectres d'absorption optique d'un cristal oxydé 
avant et après un recuit réducteur sous vide 
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IV.29. âbra: Egy oxidâlt kristâly abszorpci6s spektruma redukci6 (vâkuumban) elôtt és utin 
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Figure IV.30 : Courbes de TL d'un cristal oxydé avant et après un recuit réducteur sous vide 
(TL enregistrée après irradiation X de 3 Gy à - 1 95 OC) 

IV.30.âbra: Egy oxidâlt kristâly TL gorbéje reduktiv kezelés (vàkuumban) elôtt és utan 
(A mérés elôtt a kristâlyok - 1 95 oC -on 3 Gy rontgen d6zist kaptak) 
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Figure V. 1 : Courbes d'absorption optique des cristaux RSA 

V. 1 .  abra: Az RSA kristâlyok abszorpci6s spektruma 
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Figure V.2 : Evolution de l'absorption du cristal RSA- 1 7  après irradiation X 
puis chauffage à 300 oC 

Y.2. abra: Rontgensugarzas majd hevités (300 °C-ig) okozta valtozasok az RSA-1 7  kristaly 
abszorpci6s spektrumaban (abszorpci6s referencia: ugyanaz a kristaly besugarzas elôtt) 
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Figure V.3 : Spectres d'excitation et d'émission attribués au divers types de Ti4+ 

dans un cristal RSA- 1 7  
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V.3 .  âbra: KülOnbozô Ti4+ specieszek gerj esztési és emisszi6s spektruma az RSA - 1 7  mintâban 
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Figure V.4 : Courbes de TL des cristaux RSA après irradiation X à 300 K (20 Gy) 

V.4. abra: Az RSA kristalyok TL gorbéi 20 Gy rontgenbesugarzas utin (300 K-en) 
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Figure V.5 : Spectres d'émission du pic D dans les cristaux RSA 
(TL enregistrée après irradiation X de 1 kGy à 300 K) 

V.5 . âbra: A D  jelu TL csùcs emisszi6s spektruma az RSA kristâlyokban 
( 1  kGy rontgenbesugmâs utan (300 K-en)) 

0,8 

Qi' 'CIl 
.!!! 0,6 � 
E 0 
.s 
'CIl 0,4 ..... 
'iii c: CIl ..... 
.5 

0,2 

350 400 450 500 550 600 

T (K) 

Figure V.6 : Courbe de TL de l' échantillon BDX- l après irradiation X à 300 K (20 Gy) 

V.6. âbra: A BDX- l minta TL gorbéje 20 Gy rontgenbesugârzâs utan (300 K-en) 
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Figure V.7 : Spectres d'émission du pic D dans un cristal RSA et dans la poudre BDX-1 
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V.7. abra: A D  jelu TL csùcs emisszi6s spektruma egy RSA kristaIyban és a BDX-l mintâban 
( 1  kGy rontgenbesugârzâs utan (300 K-en)) 
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1 .  MICROW A VE DIGESTION OF THERMOLUMINESCENT ALUMINIUM-OXIDE 

POWDERS AND DETERMINATION OF TRACE IMPURITIES DY INDUCTIVELY 

COUPLED PLASMA ATOMIC EMISSION SPECTROSCOPY 

Abstract. Five commercial and three laboratory prepared thennoluminescent aluminium-oxide powders as 
well as three reference sampi es were digested by a uùcrowave digestion system and the impurities were 
analyzed by ICP-AES method. The physico-chernical properties of the different samples were found to 
influence highly the decomposition efficiency. Optimized decomposition parameters were developed for the 
samples with different physico-chernical properties (phase composition, grain size). The detection limits of the 
impurities of interest are presented, the analysis results of the aluminium-oxide dosimetric samples and the 
standards are given as weil. 

Key words: alurninium-oxide, thennoluminescence, uùcrowave assisted acid digestion. ICP-AES 

Introduction 

Recently, specially prepared aluminium-oxide ceramics (and single crystals as well) have been 
increasingly applied in the field of thennoluminescence (TL) dosinletry ( 1 ] .  Since impurities cao be directly 
involved in TL mechanism, they can deterrnine basic TL properties such as sensitivity and emission spectra. 
Therefore, the analysis of impurities in the se materials is very important. When elaborating the analysis 
procedure, it must be considered that the role of the different impurities is oot well known., consequently, a 
general purity test must be perfonned. Detection limits should be around 5-10 �g. However, for some selected 
trace elements (e. g. Cr, Mg), detection limits should be around 1 �g. 

Analysis of aluminium-oxide powders used for the production of TL dosemeters cao be achieved either 
by solid sampling or solution based methods. Solid sampling methods like slurry [2-5], electrothermal 
vaporisation (ETV) (2-7] and direct sample insertion (DSID) [4-6] sampling coupled with ICP-AES or atomic 
absorption spectroscopy (AAS) proved to be useful only in some special case. Neutron activation analysis 
(INAA) is a highly sensitive method for many elements but cannot be easily used [2,9]. The most wide-spread 
techniques are OC-arc atomic emission spectrography [ 10) and X-ray fluorescence (XRF) spectroscopy [2 4,9J .  
OC-arc AES is  fairly sensitive for many elements but its analytical precision is low (around 5-10 j.LgIg).and 
solid reference materials must be used for calibration [ 10]. XRF technique with melt technology sampling cao 
be applied to eliminate morphologie effects, i.e. the use of solid reference materials, but lhis method is not 
sufficiently sensitive for testing light elements (esp. Mg, Si). Total reflection x-ray fluorescence (TRXRF) 
technique provides higber sensitivity but this can be used only for powders which have small grain size « 1-5 

�m) [2] . 
For solution based methods like ICP-AES or AAS, the complete dissolution of the samples must be 

performed This can be achieved either by fusion [2, 1 1 ] or by acid digestion [2-5,8, 1 1- 14] techniques. In the 
former case one can use lithium carbonate / boric acid or alkali hydroxide fusion systems. The use of fusion 
techniques 1s advantageous for the analysis of the major and minor components in the sample. However, the 
deterrnination of trace elements, especially alkali or a1kali earth clements, is  limited because of the high blank 
values of the flux. Moreover, memory effects can arise in case of those elements (esp. Fe) which can fonn alloys 
with platinum { I l ] .  

Acid digestion techniques are known t o  be more reliable but they are more time consuming and their 
efficiency depends strongly on different physico-chemical parameters of the sample [ 12, 1 3 ]  such as grain size, 
specific surface area, phase composition etc. a.-AhÛ::l used for dosimetric purposes is the most resistant fonn of 
aluminiwn-oxide with higb melting point (2050 oC), hardness (9 on Mohs' scale) and chemical inertness [ 1 ] .  

As i t  was shown by Matusiewicz [ 14 ] .  the aualytical performance of "conventional" and microwave digestion 
melhods is very sintilar, however, tlle fonner technique requires much more time. For this reason the use of 
nticrowave power for acid digestion can be especially helpful in our case. 

The aim of lhis work was to optinùze nùcrowave digestion of different aluminium-oxide powders, to 
deterrnine parameters wltich influence the digestion process and to analyze dosimetric powders by ICP-AES 
technique foUowing sample digestion. 

Experimental 

lep emission speclromeler and microwave digestion system. Digestions were realized by a Milestone 
(Sorisole, haly) MLS 1200 MEGA microwave digestion unit equipped with 6 TFM digestion vessels. Different 
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acids and microwave programs were tested in order to find the most efficient method. The following reagents 
were used: cc H3P04 (Fluka, for trace analysis), H2S04 (96 %), HCl (37 %), HN03 (65 %), HF (48 %) (BDR 
Dorset, England) and deionised water (> 18 MO/cm). From each analyzed sample 4 analogous digestions were 
made. 
A Jobin Yvon (Longjumeau, France) 70 spectrometer with an lCP source was used. Sample solution was 
introduced into a crossflow nebulizer with a peristaltic pump. Table 1 summarizes the operating conditions and 
analytical lines used 

Phvsico-chemical orooerties of the powders. X-ray diffraction studies were performed with a Philips 
(Eindhoven, Holland) system using a PW1730 Cu tube (40 kV, 3 0  mA). Particle size distribution was 
determined by an Analysette 22 laser particle sizer (Fritsch, ldar-Oberstein, Germany). Electron microscopic 
images of the samples were obtained with the aid of an Arnray 1830 Iff6 (KLA-Tencor, San José, CA, USA) 
scanning electron microscope. A preliminary chemical analysis of the samples (nùxed with graphite) was 
achieved by a PGS-2 spectrograph (Carl Zeiss, Jena, Germany) with a dc-arc source (220 V, 10 A, 264 5) and 
by an Extra liA (Atonùka, Munich, Germany) TRXRF spectrometer (Mo-tube, 50 kV, 38 mA, 300 sec) using 
the slurry method for sample preparation. 

Samples. Five commercial aluminium-oxide samples, namely CA-600, CA-320 (Desmarquest, Evreux, France), 
2600-80 (Victoreen, Cleveland, OH., USA), 93/C (Hungalu, Budapest, Hungary) and W (Motim, 
Mosonmagyarovar, Hungary), and three aluminium-oxide reference materials TSAL-2, TSAL-3 and Al53-2-
TMI2 (Spex, Edison, NJ., USA) were investigated Moreover we have also studied three powders prepared in 
our laboratory. Preparation of these samples was achieved using an ultra-pure y-Al2ÜJ powder (CR-140, 
Baikowski Chimie, Annecy, France) that we heated to 1 450 oC for 2 hours in order to obtain the alpha-phase 
that can be used for dosimetry. In this way, a nominally pure (Pure-0223)  and two doped samples were obtained 
with a nominal concentration of 840 Ilglg cerium (Ce-0225) and 920 Ilglg gadolinium (Gd-03 1 7) respectively. 
The physico-chemical properties of the samples are summarized in Table 2. 

Results and Discussion 

Decomposition 

Table 3 shows the digestion parameters and the effectiveness of the microwave decomposition. For all 
the decomposition programs the same amount of sample (50 mg) was weighed into the digestion vessels. After 
decomposition, the concentration of the sample solutions was always adjusted to 1 g Idm3. 

Since we did not have enough experience in the digestion of Al2ÜJ and because our microwave unit is 
not equipped with pressure or temperature control accessories we started with sample-A which is a relatively 
easily decomposable (y-Al2ÜJ) sample. The first method, a Milestone application (table 3) was not effective 
enough - there was sorne residue after the decomposition procedure. When changing the acid composition to 
pure H2S04 (rnethod 2 of table 3), there was still sorne residue and the microwave vessels have been damaged 
Finally, the mixture ofHNÜJ and HCl (method 3 of table 3 )  proved to be good, but only for y-Al2ÜJ. 

Diluted ( 1 :  1) H2S04, used by Tatar et al. (13] ,  was still not effective enough for the digestion of Ct.
Al2ÜJ samples (method 4 of table 3).  Using stronger acids [12] and changing the decomposition parameters 
(methods 5, 6 of table 3 )  about half of our samples, those which have relatively small grain size (F, G and H), 
could have been decomposed without residue but at the end sorne gray rings appeared on the vessels. 

Concentrated H�4 proved to be the best for decomposing our samples. Using this acid (method 7 of 
table 3), aIl the samples, even the most refractory sample-C, which was prepared by grinding corundum single 
crystals, could have been decomposed without residue. 

Analysis 

The solutions after the microwave decompositions (method 7 of table 3)  were analyzed by lCP-AES 
method. It is known that both phosphoric acid and aluminium ions decrease the emission intensity of impurities 
since they reduce the nebulization efficiency [ 1 1 ] .  For this reason, calibration was performed with solutions 
containing the same amount of acids and aluminium ions as the sample solutions. The effect of matrÏ.x 
components on the background had ta be considered also. This was done by the selection of appropriate 
analytical lines (table 1). 

Detection limits, defined as the concentration which gives a net signal equal three times the standard 
deviation of the background signal, and the results for the SPEX standards can be seen in table 4. For sorne 
elements (Na, K, Fe, Mn, Mg) which are normallY in the major concentration range in our laboratory, the 
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detection limits and reproducibility are a bit poorer than they supposed to be according to their ICP-AES 
sensitivity. This is certainly a contamination problern. Also for this reason, we failed to achieve a reliable 
analysis for Si. 

The detailed anaiyticai results of 4 independent decompositions of sarnple-D, which is a rather 
refractory sarnple are shown in table 5 .  The results for ail the examined sampi es are surnmarized in table 6. The 
F, G and H sarnples - which were prepared in the sarne laboratory - are very similar to each other. They are 
highly pure, the only difference is the high Ce and Gd vaiue for the F and G sarnples respectively, which are 
close to the nominal values. The D and E sarnples show similar contaminations probably because of their same 
origin. The sarnple-C contains sorne Mo irnpurity due to the molybdenum crucible used for the preparation 
technology. The iron contamination in sarnples B, C, D and E cao be originated from the iron balls used at the 
grinding procedure. The Na concentration cao change in a wide concentration range depending on the 
preparation method.. Ga is a cornrnon impurity in Al2ÛJ (B, D and E samples). The Cu. Zn, Ca and Mg 
contaminations indicate the different origin of the sarnples. 

Conclusions 

Optimized microwave decornposition parameters were developed for y- and a.-aluminium-Qxide 
powders. Large grain sized a.-Al2ÛJ sarnples could have been digested only by concentrated phosphoric acid 
Sarnples were then analyzed by ICP-AES with acceptable detection limits. However, as with aIl kind of solution 
based methods, there is a risk to contaminate the samples. Moreover, phosphoric acid - used for the 
decomposition - is troublesome for ICP-AES analysis. Therefore, the use of some parallel - preferably solid 
sarnpling (e.g. LNAA or TRXRF) - methods might be advantageous. 

Acknowledgments. The authors gratefully acknowledge Mr. P. Kovacs and Ms. 1. Banith (Geological lnstitute 
of Hungary) for the X-ray diffraction rneasurements. We thank Ms. M.GaI, Ms. Sz. A Baross, Ms. B. Nagy 
(Dep. of Petrology and Geochemistry, Eotvos Locind University) for the electron microscopic images and for 
the particle size distribution and spectrographie measurements and Ms. A Varga and Mr. Gy. Zaray (Dep. of 
Chemical Technology and Environmental Chemistry, Eotvos Lornnd University) for discussions and TRXRF 
measurements. Ms. P. Fodor (Cemkut Ltd.) is acknowledged for the gracious loan of reference materials. 

References 

[ 1 ]  S.W.S. McKeever, M. Moscovitch, P.D. Townsend, Thermoluminescence Dosimetry Materials: Properties 
and Uses, Nuclear Technology Publishing, Ashford, 1995, p. 1 17-159 .  

[2] T.  Graule, A von Bohlen, J.AC. Broekaert, E. Grallath, R Klockenkâmper, P .  TschOpel, G.  Tolg, 
Fresenius ' Z. Anal. Chem. 1989, 335, 637. 
[3] J.A C. Broekaert. T. Graule, H. Jenett, Fresenius ' Z. Anal. Chem. 1989, 332, 825. 

[4J J.AC. Broekaert, G. Tolg, Mila"ochim. Acta 1990, II, 173 
[5J Gy. Zaray, Thesis, Eotvos Lornnd University, Hungary, 1 994. 

[6] T.Kantor, Gy. Zaray, Fresenius J Anal. Chem. 1992, 342, 927. 

[7J Z. Slovâk, B. Docekal, Anal. Chim. Acta 1981, 129, 263. 

[8] Gy. Zaray, G. Konya, J.AC. Broekaert, F. Leis, Chem. Analil. [Warsaw] 1990, 35, 3 1 1 . 

[9J H. Rausch, S. Torok, A Sirnonits, Isotopenpraxis 1985, 2 J, 229. 

[ 1 01 W. Schron, M. Krieg, D. Wienke, M. Wagner, K. Danzer, Spectrochim. Acta B 1992, 4 7, 1 89. 

[ 1 1 ] T. Ishizuka, Y. Uwamino, A Tsuge, T. Kamiyanagi, Anal. Chim. Acta 1984, 161, 285. 
[ I2J M.T. Larrea, 1. G6rnez-Pinilla, Je. Farinas, J. Anal. At. Spec. 1997, 12, 1323 . 

[ 1 3] E. Tatar, 1. Varga, Gy. Zaray, Mikrochim. Acta 1993, 1 J 1, 45. 
[ 14] H. Matusiewicz, Mikrochim. Acta 1993, 1 1 1 ,  71.  



Publications / Kozlemények 

R.f. power: 
Argon gas flow rates: 
Slit widths: 
Observation height: 
Sample uptake rate: 
Analytical lines [nm] : 

1000 W 
carrier 0.4 1 froin, plasma 1 2  1 fmin, sheath 0,2 1 froin 
entrance 30 f..LlIl, exit 3 5  f.Ul1 
5 mm 
1,5  ml froin 

B: 208.959, Be: 3 13.042, Na: 589.592, Mg: 279.55, K: 769.896, Ca: 3 1 7.933, Ti: 334.94 1 ,  
V :  3 1 1 .071, Cr: 205.552, Mn: 257.6 10, Fe: 259. 940, Co: 228.6 16, Ni: 23 1 .604, 
Cu: 324.754, Zn: 2 1 3.856, Ga: 294.364, Mo: 202.030, Ce: 4 13 .765, Gd: 342 . 247 

Table 1. ICP-AES operating conditions and analytical lines. 

sample reference impurities 1 ct-phase j3-phase other phase 
[%] [%] [%] 

A MOTIM Cu 0 0 y :  100 
B 93C Na, Fe, Ga 92 8 0 
C 2600-80 Mo, Fe, Cu 100 0 0 
D CA-600 Fe, Na, Ga, Zn 88 1 2  0 
E CA-320 Fe, Na, Ga, Zn 83 1 7  0 
F Ce-0225 Ce, Fe, Ga 100 0 0 
G Gd-03 17 Gd, Fe, Ga 100 0 0 
H Pure-0223 Fe, Ga 100 0 0 

SPEX-2 TMI-2 2 �g/g altogether 
SPEX- IO TSAL-3 10 �g/g each 3 
SPEX-lOO TSAL-2 100 �glg each 3 

Table 2. Physico-<heroical properties of the investigated aluminium-oxide samples. 

5 

grain size 2 
[I:!:m] 
< 0.5 

20 
1 1  
44 
0.6 
0.6 
0.6 

1 Impurities were determined by dc-arc-OES and TRXFS or given by the manufacturer in case of the SPEX 
standards. 
2 50 % sample cut-ofI diameter. 3 except Gd 
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Method Reagents Time Perfonnance Sample Notes 
[min] [Watt] (50 mg) 

l .  10 250 
2 cm3 HNÛ) 10 400 

+ 2 cm3 H2S04 6 600 A sorne residue 
2 750 

2. 10 250 
4 cm3 H2S04 10 400 A sorne residue 

6 600 vessels damaged 
2 750 

3 . 8 250 A: 
2 cm3 HNÛ) 6 400 A, B, C, total decornposition 
+ 2 cm3 HCI 6 500 D, E B, C, D, E: 

residue 

4. 1 3 250 
10 cm) diluted ( 1 : 1 ) H2S04 10 400 B, C, D, E, H residue 

4 600 

5. 6 cm3 H3P04 F, G, H: 
+ 1 cm) HF 7 600 C, D, E, total decomposition 

+ 10 cm3 H3B03 1 5  350 F, G, H C, D, E :  

( saturated) residue 

6. F, G, H: 
3 cm3 H2S04 7 600 C, D, E, total decomposition 

+ 3 cm3 H3P04 1 5  350 F, G, H C, D, E: 
sorne residue 

7. 1 5  250 
4 cm3 H3P04 7 550 B, C, D, E, an samples : 

7 550 F, G, H total decomposition 

Table 3. Parameters and results of the different microwave decomposition rnethods. 
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Detection lirnit SPEX-IO SPEX-l OO  
[f.1&'g] [llglg] r !J.glg] 

Mo 5 12 ± 2 107 ± 0.5 
Cr 10 <10 106 ± 1  
8 25 <25 99 ± 8  

Zn 10 <10 108 ± 7  
Co 10 <10 123 ± 14 
Ni 10 <10 107 ± 0.5 

Mn 5 1 1  ± 5 1 13 ± 13  
Fe 5 12 ± 5  10 1 ± 1 
Mg 5 1 1  ± 9  105 ± 3  
Ga 15 <15 109 ± 2  
V 5 <5 99 ± 2  
Be 2 6 ± 0.5 100 ± 0.5 
Ca 10 <10 95 ± 4  
Cu 2 8 ± 3  107 
Ti 2 6 ± 0.5 135 ± 2  
Ce 20 <20 92 ± 9  
Gd 10  <10 <10 
Na 50 <50 145 ± 2  
K 100 <100 <100 

Table 4. Detection lirnits (30' criterion) obtained for selected impurities in aluminium-oxide and the analysis 
results (mean ± standard deviation) of the mixed SPEX standards. 

measurement: 1 2 3 4 mean ± s.d 
[llglgJ 

Zn 92 92 85 70 85 ± 10 
Ni 14  15  1 1  < 10  13  ± 2  
Fe 126 129 1 13 1 10 120 ± 9  
Mg 15  1 3  23 25 19 ± 6  
Ga 53 65 64 65 62 ± 6  
Be 2 3 2 < 2  2 ± 0.6 
Ca 126 126 126 120 123 ± 3  
Cu 2 2 < 2  < 2  < 2  
Ti 2 4 < 2  3 3 ± 1  
Na 1 190 1 170 1 1 10 1300 1 190 ± 80 

Table 5. Analysis results of sample 'D' after 4 independent decompositions by "rnethod-8" (see table 3). 
(concentration of Mo, Cr, B, Co, V, Mn, Ce, Gd and K was below detection limit) 
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sample: A B C D E F G 

[��g] [!:�gl [�g/g] [!:g!g) [!:g[g) [!:g!gJ (!:�g] 
Mo <5 <5 16 ± 3 <5 <5 6 ± 2  <5 
Zn <10 12 ± 2 <10 85  ±10 42 ± 8  <10 <10 
Ni <10 < 10 <10 12  ± 2,5 < 10 <10 <10 
Fe <5 65 ± 7  66 ± 22 120 ± 9  365 ± 24 6 ± 1 .5 <5 
Mg <5 30 ± 9  1 1  ± 2,5 19 ± 6  <5 <5 <5 
Ga <15 75 ± 8  <15 62 ± 6  66 ±9 <15 <15 
Be <2 <2 <2 2 ± 0.6 4 ± 0 <2 <2 
Ca <10 350 ± 10 11  ± 3 123 ± 3 13 ± 2.5 <10 <10 
Cu 2 ± 0,5 <2 29 ± 2  < 2  <2 <2 <2 
Ti <2 <2 <2 3 ± 1  12 ± 1 .5 <2 <2 
Ce <20 <20 <20 <20 <20 867 ± 23 <20 
Gd <10 <10 <10 <10 <10 <10 936 ±17 
Na <50 1200±80 <50 1 190±80 3 100±200 <50 <50 

Table 6. Analysis results (mean ± standard deviation) of aluminium-oxide samples (concentration of Cr, B, Co, 
Mn. V, and K was below the detection limit). In sample H, concentration of all impurities was found to be 
below the detection limit. 
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2. THERMALLY STIMULATED LUMINESCENCE AND EXOELECTRON EMISSION 
MECHANISM OF THE 430 K (D') DOSIMETRIC PEAK OF (1.- AJ 203 

9 

Abstract - Several a.-Al2ÛJ samples were studied in order to determine the mechanism of electron-hole 

processes of the 430 K (D') thermoluminescence (TL) and thermally stimulated exoelectron emission (TSEE) 

dosimetric peak. Single crystals prepared in highly reducing conditions were treated in different atmospheres 

(reducing / oxidising) and their optical absorption (after isochronous annealing), fluorescence and TL 
properties were investigated From these results an electron trap is suggested for the 430 K peak which is in 

contradiction with sorne data taken from the literature: this problem is discussed then. Pure and Th 4+ doped a.
AbÛJ powders were studied by TL method in function of doping concentration and preparation conditions. The 
role of aluminum vacancies is proved this way. Considering these new results, literature data and different 

hypotheses, the possible nature of the trap is discussed. 

INTRODUCTION 

The thennolwninescence (TSL) and thennally stimulated exoemission (TSEE) properties of Al203 has been extensively 
studied during the past 40 years [ 1 ] .  It has been suggested as a dosemeter for both ultraviolet light and ionizing 
radiation [ 1-3] .  The challenge is to optimize the properties which influence the dosimetric applications: sensitivity, 
stability, fading etc. More recently, interest has centered on the anion-deficient mades when high sensitivity TLfTSEE 
radiation detectors were achieved., based on Al203:C [3] .  These detectors are characterized by a very intensive TLfTSEE 
peak - often called peak D' - at around 430 K which cau be used for low level dose measurements. 

It has been ascertained that this D' peak appears mostly in samples prepared in highly reducing conditions that 
can be explained in terms of recombination processes as follows. The ernission spectra of the 430 K peak usually 
consists of 420 and 695 nm lwninescence with the fust being much stronger [2, 3]. These ernissions are due to 
radiative decay of F centres (420 nm) and Cr3+ ions (695 nm) [ 1 ] . Another ernission bas also been observed [3] at 320 
nm (F'" centres). It is weIl known that reduction of alumina leads to formation of oxygen-vacancies (F -type centres) [ 1 ]  
which will act then as ernission centres so they will enhance the D '  TL peak intensity. 

On the other hand, the trap responsible for this peak has not yet been identified., even its nature (electron-ho le) is 
debated [3,4] . 

For this reason, the aim of this work is to study the mechanism of electron - hole processes responsible for 
TLfTSEE peak at 430 K. This would be also necessary in order to improve further the dosimetric properties of these 
detectors. 

SAMPLES AND EXPE�NTAL PROCEDURE 

Two series of experiences were carried on: 
Nominally pure a.-Al203 single crystal discs (commercialised by Inmas 1td., Hungary) were used to test optical 

properties, and atrnosphere effects. Four crysta1s were treated at 1 450 oC for 2 hours under different atrnospheres: O2, 
Ar, Ar + 2% H2, Ar + 5% H2• TL curves of single crystals were recorded by means of a photomultiplier (philips 
20 1 8B) between 77 and 700 K (heating rate: 0,3 Kls) after X-ray 0N/Cu anode, 45 kV, 2 mA, 0.6 Gy/min) irradiation. 
The TL ernission spectra were measured by a Chromex 250IS optical multi-chanel analyser (Princeton Instruments) 
between 300 and 800 nm. Optical absorption measurernents were made by a Cary 5 spectrophotometer in the 1 90 - 800 
nm range at ambient ternperature. Isochronal annealing was accomplished in an air oyen by steps of 100 K. 
Fluorescence emission and excitation spectra were detected also at ambient ternperature by a spectrometer mounted in 
our laboratory [5]. 

Undoped and Th4+ doped alumina powders were prepared by calcination of ultrapure y-Al203 powders (CRI40, 
Baikowski Chimie, France). The preparation and doping method was described elsewhere [6] . TL response of the 
powders was measured by a photomultiplier (EMl 6094S) from room ternperature to 780 K with a heating rate of 
1 Kls. Spectra of TL emission was detected by the same instrument used to investigate single crystals. 

RESULTS 

Single-i:rystals 

TL curve (Figure 1 )  of the original crystals showed two prominent glow peaks at 260 K (B') and 430 K (D') and two 
additional srnall peaks at 105 K (A) and 3 1 0  K (C'). The emission spectrum of the prominent peaks consists of two 
large bands around 420 nm CF centre) and 740 nm (Ti� and a sharp ray at 695 nm (Cr�, the F-centre band being the 
most intense. Identification of these emissions was achieved by taking into account their luminescence excitation 
spectra. 
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In the original samples we have observed tour absorption bands at around 205 run (F centre), 230 run (F+ centre), 
260 nm (F+ centre) and 520 run (Ti1j, the latest being very weak and diffuse. 

Following X-ray exposure, the absorption bands at 230, 260 CF) and 520 run tTi1j were reduced while the 205 

nm (F) band increased and a new, unidentified band appeared around 280 run. UV exposure (deuterium lamp, 
continuous spectra from 200 to 400 run) of the crystals enhanced the bands at 230 and 260 run while the 205 run band 
decreased. 

Isochroneal annealing of the irradiation induced absorption bands revealed the existence of three charge traps 
between 370 and 1 300 K (Figure 2). The frrst (trap 1 or trap D ') anneals between 370 and 470 K which corresponds to 
the thermostimuIated peak D'.  The emptying of this trap reduce the intensity of the � centre absorption bands while 
enhance the intensity of the F centre absorption. The second trap (trap II) anneals between 770 and 970 K. In this 
temperature region we observed the augmentation of F+ centre and TiJ+ bands whiIe the F centre and 280 run bands 
dirninished. The deepest trap (trap III) anneals between 970 and 1 270 K. While annealing this trap we found that the 
concentration ofF centres rise and that of� centres falls. 

Oxidation of the crystals changed completely the TI. characteristics (Figure 1): peaks B' and D' diminished by 
two orders of magnitude, meanwhile new peaks appeared at 225 K (8), 4 10 K (0) and 525 K (E). The emission 
spectra of these peaks consists of two bands at around 570 run (unknown origin) and 740 nm tTiJ+) and the rays of 
CrJ+. The reduction of the crystals caused only slight changes in the TI. intensities - neither the position nor the 
emission spectra of the peaks changed. 

Powders 
Thermoluminescence of undoped, uItrapure powders prepared under different conditions (Ch or Ar + 2% H2) is shown 
in Figure 3. Two prominent glow curves occur at 470 K (0') and 620 K (E'). We have showed and verified thoroughly 
(by comparing with our single crystals and TI.D-800 detectors) that the 470 K peak is in fact the 430 K (0') peak and 
the temperature shift (- 40 K) is caused by incorrect calibration of our TI. instrument TI. emission spectra of undoped 
powders consists of the emission of C� only. 

We studied the intensity of D' peak in function of Th4!- concentration (Figures 4,5) for powders prepared both in 
oxidising (02) and in reducing conditions (Ar + 2% Hl)' We found that for 500 ppm Th4!- the intensity of peak D' is 
rnuLtipüed by 30 (02) or 100 (ArlHl) when cornparing to the reference undoped sample. By introducing more than 500 

ppm Th·!t into the lattice the TI. inteosity will Ilot change anymore wllat we explain by the low solubility of Th4!- in 
alumina. The TI. emission spectra of Th-doped samples consists of the same CrJ+ rays than that of undoped powders. 

DISCUSSION 

Trap nature 

The emission spectra of TI. peak D' consists of F centre, CrJ+ and TiJ+ emissions. Furthermore, in the literature F+ 
centre emission was also reported [3]. In the framework of an electron trap model one cao easiIy describe these 
emissions [ l ] .  

In the framework of a hole trap model, i t  is  much more difficuIt to consider the emission ofF centres. Kortov et 
al. [3] established a two stage Auger-model in which F centre emission results from energy transfer between � and F 
centres as follows (see footnote): 

v/ + hO � (Voo;* ( 1 )  
(Voo)"  + V/ � Voo + (Vo

x)
" � Voo + V/ + hv (420 nm) (2) 

AIthough these processes do occur in alumina, they cannot be responsible for D' peak emission for the following 
reasons: 
• according to this Auger-like mode!, while emptying the D' trap F band absorption shouId decrease and F+ band 

absorption shouId increase which is in contradiction with our isochronal annealing experiments 
• F+ centre emission (3.75 eV) does not coincide with F centre absorption (6.05 eV) so such an energy transfer has 

low possibility which means that F centre emission should accompany F+ emission only as a less intense sideband 
wruch is not the case. 

There is another possibility to explain F centre emission in the case of a hole trap: 
Vo ' + hO � (Vo" ;* � Vo" + hv (420 nm) (3) 

So as such a process could happen we must suppose that F centres are stable at 430 K what is not supported by 
theoretical calculations [7]. Moreover equation 3 still does not explain the isochronal anneaIing experiments. 

Another argument that supports the electron trap model is the very intense exoelectron emission that is generally 
observed at 430 K. 

. 
Although there still remains sorne questions, we believe that the 430 K thermostimulated peak is due to 

thermal release of an electron since this model is more consistent with experimental and theoretical data. 
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Defect model 
In order to study the defect structure 01' the trap D' we introduced cations of valence different to 3+ into the lattice of 
alumina. The case of Th"� is PllrticuhU'ly interesting. We suppose that Th4+ ions substitute Al3-+- ions. Formation of an 
inlersllliai Th4+; is nol a probable event because of ils large ionic radius (0. 1  nm). Substitution of Al3-+- by Th4+ needs 
charge compensation which can he assured by the formation of aluminium vacancies (V.o\.I"'): 

3 ThO] - 3 Th.4Jo + 6 00" + VAl'"  (4) 
Now we should discuss the possible effects of Th4+ on the thermoluminescence. 
• Th doping doesn't influence the morphology of alumina so it must have an effect on point defects. 
• One can assume that Th acts as a recombination center or it wiU create new recombination centers but it is not the 

case because we haven't observed new emissions neither luminescence quenching at high Th 4+ concentrations. 
• Th4+ is certainly not the charge trap which gives rise the 430 K peak because it is an intentionally introduced 

impurity that cannot he found in the starting material even in traces, meanwhile this peak is quite intense in the 
undoped material. 

• We think that Th 4+ doping has an indirect effect. It enhances the formation of aluminium vacancies which wiU 
participate in the de!èct structure responsible for the 430 K peak (equation 4). 

The problem which arise then is that aluminium vacancies are known to he hole traps and that is probably not the case 
of trap D'.  For this reason we assume the hypothesis that aluminium vacancies are associated with another type of 
defect (for example with oxygen vacancies - which can assure local electroneutrality as well) such a way that this 
complex defect should he an electron trap. 

' 

By this trap model we can as well explain the observed atmosphere effects. In case of our single crystals a 
treatrnent under oxidising atmosphere completely eliminated the peak D' .  On the other band oxidising atmosphere 
enhanced this peak in the case of our undoped powders. For single crystals we can easily explain the atrnosphere effect: 
a treatrnent under oxygen (equation 5) reduces the oxygen-vacancy concentration so there remains less recombination 
centers. 

VoOO + 1/2 0] _ 00" + 2 hO (5) 
ln case of the powders the ernission centres are not oxygen-vacancies but Cr3-+- ions. We suppose that oxidising 
atrnosphere enhance the formation of aluminium-vacancies (equation 6) which - at least in our estimation - participate 
in the complex trap responsible for this peak. 

CONCLUSION 

1/2 O2 _ 00" + 2/3 VA/ ' "  +2 hO (6) 

By analysing experimental and theoretical data we concluded that the trap responsible for the 430 K TLrrSEErrSC 
peak in Ct-Al20) must he an electron trap. Doping of alumina by Th4+ revealed that this trap is related to aluminium 
vacancies. We suggested a complex defect su:ucture (association of aluminium vacancies with sorne charge 
compensa tors - probably with oxygen vacancies) to explain aU these characteristics. Contradictory atmosphere effects 
were succesfully described by this model. 
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Figure 1 :  TL glow curves of original (- - -) and oxidised ( - ) A}z03 single crystals following 3 Gy X ray exposure 
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3. Influence of the irradiation temperature on charge trapping phenomena in Ah03 :C  

Abstract - AhÛJ:C TL/OSL dosemeters were irradiated at different temperatures. TL sensitivity was found to 
decrease by about 40 % with decreasing irradiation temperature between +30 and -100 oC. High temperature 

TL peaks were shown to appear only if the irradiation temperature is higher than 200 oc. Recombination of 
holes with electrons in the dosimetric traps was proposed as a mechanism to explain these phenomena. 

Keywords - AhÛJ:C, irradiation temperature, thermoluminescence 

1. INTRODUCTION 

Irradiation of thermoluminescent (TL) or opticalIy stimulated luminescent (OSL) dosemeters is generally 
preformed at room temperature. Relatively extreme temperatures occur only in restricted areas, e.g. in reactor 
and space research. However, temperature can vary in a rather large scale during environmental monitoring as 

weil. In environmental measurements, dosemeters are freely exposed in air up to monitoring periods of one 
year. During this time, the influence of sunshine may cause relatively high temperature but often low 
temperatures have to be considered as weil (Piesch E., 198 1 ). This variation of the ambient temperature may 
give rise to two phenomena which perturb the accuracy of dose measurements. First of aIl, temperature 
dependent fading may lead to a significant loss of signal during exposure and storage before read-Qut. 
Furthermore, TL sensitivity may also depend on irradiation temperature. For example, this phenomenon was 
observed in case ofLiF:Mg,Ti dosemeters (Regula, 198 1). 

In this study, we are interested in AhÛJ :C  dosemeter which is one of the modern ultrasensitive TL (as 
weil as OSL) dosimetry materials. It has been shown (Akselrod et al., 1 990) that, using AhÛJ :C, dose 

measurements below 1 /lGy are possible making this material a good choice for low dose applications, 
particularly for environmental monitoring. Moreover, we note that high dose and high temperature applications 
of alumina were also proposed earlier (portal et al., 1 980) although this possibility was not yet studied in case 

of AhÛJ :c. For both of these applications (environmental or high temperature dosimetry), the influence of 
thermal fading on the stability of the TL signal and the e:ffect of the irradiation temperature on the sensitivity of 
the dosimeter must be well known. Since thermal fading has already been investigated by severa! authors (see 
for example Akselrod et al., 1990), we propose to study the e:ffects of irradiation temperature. 

2. SAMPLES AND EXPERIMENTAL METRODS 

TLD quality Al2ÛJ:C single crystal samples were obtained from Inmas Ltd (Hungary). These samples were 
described in a recent paper (Molnar et al., 2000). POSL and OOSL quality single crystals were grown specially 

for this work at Landauer Inc. and have similar features than those described by McKeever et al. in 1999. 
X-ray irradiations were performed with a W/Cu tube (45 kV, 2 mA). For UV exposures, an Oriel 63 16 

deuterium lamp fitted with a narrow band 206 Dm interference mter (MTO) was used. TL measurements were 
carried out using two different setups which allow to perform irradiations at low or high temperatures, 
respectively. The "high temperature (Hf) setup" consists of a heating element, a photomultiplier (PM) tube 
(philips XP2262B) and a data acquisition and control unit. Between the sample and the PM tube, a 340 or 420 
nm narrow band interference mter (Oriel) is introduced Sarnples are irradiated in air at different temperatures 
between 20 and 400 oC and then heated in air from room temperature to 700 oC at a heating rate of 1 °C/s. The 
"low temperature (L T) setup" is different because the sample is irradiated and heated in a vacuum chamber (10-
5 Torr) and luminescence is detected by a Philips 20 l 8B PM tube through a narrow band interference mter 
(MTO) centered at 416 nm. The sample can be irradiated from -196 oC up to +50 oC, then it is heated to 450 
oC at a heating rate of 0.5 oC/s. In all cases, storage time between irradiation and readout was short (-1 min). 

No special annealing was applied between the readout cycles. Deep traps which are not annealed by the heating 
cycles were kept filled during the measurements. Filling of deep traps was achieved by a long ( 1  hour) UV 
exposure followed by heating to 700 oC (HT setup) or to 450 oC (LT setup) before the first TL measurement. 
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3. RESULTS 

lrradiation at "Iow temperatures" 

AlI samples are characterized by the weIl known dosimetric TL peak around 195 (± 20) oC at a heating rate of 
0.5 oC/s. The emission spectra of this peak results mainly from F center emission near 420 nm. 

To c1arify the effect of temperature during exposure on TL sensitivity of the dosimetric peak, AhÛJ:C 
detectors were irradiated at different temperatures. Because of technical reasons, these measurements were 
realized following UV exposure. However, we note that similar results, though with less precision, were 
obtained after X-ray irradiation. In case of TLD quality samples, the measurements revealed (figure 1) that at -
150 oC TL sensitivity decreases to about 60 % when normalized to the TL sensitivity at 30 oC. This drop of 
sensitivity seems to occur in two steps between 30 and 0 oC as weil as between -20 and -50 oC. For irradiation 
between 30 and 50 oC, TL sensitivity remained approximately constant. From 50 oC, however, TL sensitivity 
increases to about 170 % until 125 oc. Further increasing of the irradiation temperature leads to the diminution 
of the sensitivity and above 175 oC the dosimetric peak can not be induced. 

Although the increase of TL sensitivity above 75 oC is an interesting phenomenon, from a dosimetric point 
of view it is not really disturbing. However, we note that this behavior is quite similar to that of observed in 
case of LiF:Mg, Ti dosemeters (Regula, 198 1). 

On the other hand, the variation of the tempe rature between +30 and -50 oC may be important in 
environmental applications. In fact, around these temperatures, TL peaks due to shallow traps are often 
detected. These traps may influence the charge distribution among different defect levels. For this reason, we 
have grown different single crystal samples which exhibit a similar dosimetric peak but which possess different 
amounts of shallow traps. In particular, DOSL samples show a relatively high concentration of shallow -15 oC 
traps and 10w concentration of 40 oC traps while POSL samples are characterized by relatively weak: TL peaks 
around -15 and 40 oC (figure 2). The difference among these two types of samples was also shown by 
phosphorescence measurements (McKeever et al., 1999). In DOSL samples, two decay components cao be seen 
at room temperature: 36 ms decay of F center luminescence as weil as phosphorescence (up to 600 ms), caused 
by shallow traps. On the other hand, in POSL samples, the luminescence signal decays exponentially with a 
time constant of �36 ms and no phosphorescence is detected. 

Figure 3 represents the TL sensitivity versus temperature curves of these samples. If we compare figures 2 
and 3, we can not, however, find any correlation between the intensity of the low temperature peaks and the 
drop of TL sensitivity. Consequently, a simple model based on the competition of traps for the localization of 
charges can not be used in this case. Nevertheless, we believe that there must be a connection between shallow 
traps and the decrease of TL sensitivity. 

Irradiation at "higb temperatures" 

We have also investigated the correlation between the dosimetric and the high temperature TL peaks which 
appear around 300, 450 and 675 oC. The point of interest is that these high temperature peaks cao hardly be 
observed when irradiating the dosemeters below 200 oC, even if the irradiation dose is very high. However, if 
we increase the irradiation temperature, these peaks appear clearly (figure 4). The influence of the dosimetric 
traps is obvious in this case. In fact, increasing the irradiation tempe rature from 100 to 200 oC, which 
corresponds to the temperature region when the dosimetric peak vanishes, results in 5-20 times intense high 
temperature peaks. As a further proof, we note that high temperature peaks around 450 and 630 oC can easily 
be introduced at room temperature in alumina samples which do not con tain dosimetric traps (portal et al., 
1980). 

In a first time, we thought that the detrimental effect of the dosimetric peak is connected to its emptying. 
To verify tbis possibility, we have compared the intensity of the high temperature peaks after a unique 
irradiation at 230 oC (5 min UV) and after two irradiations at 40 then at 230 oC (both 5 min). However, the 
high temperature peaks had the same intensity in both cases. A second possibility is that the dosimetric traps 
have such a large electron capture cross section (relative to that of the deep traps) that trapping in deep traps 
would be negligible at room temperature. If this possibility were true, at high doses (i.e. above the saturation 
dose of the dosimetric peak) the high temperature peaks should appear. Again, this hypothesis appears to be 
false since even for irradiations 50 times of the saturation dose the high temperature peaks rernain hardly 
observable. 

On the basis of the nature of these TL peaks, one can speculate on another possibility. In fact, the 
dosimetric peak was shown to be due to an electron trap (Molnar et al. ,  1999). As fOf the high temperature 
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peaks, we believe that they are due to hole traps because the emission spectra of these peaks consist mainly of 
r center ernission which is characteristic to hole traps. Now, a possible explanation of the deleterious effect of 
the dosimetric peak can be given. For this, we suppose that electrons in the dosimetric traps cao recombine with 
free holes. If the probability of this recombination process is high, hole trapping at other centers will not OCCUf. 
Although this mechanism (Le. hole capture by electrons in the dosimetric traps) is only a speculation, we note 
that it may also explain the low temperature sensitivity drop. However, to address this question, we should first 
identify the electron-hole nature of each low tempe rature peak. 

4. CONCLUSION 

TI. sensitivity of Al2ÜJ:C dosemeters was found to decrease with decreasing irradiation ternperature between 

+ 30 and -100 oC. This means that tempe rature profile during field exposure must be measured when using this 
dosemeter. However, sorne of the investigated samples do not change sensitivity until about -25 oC. These 
sampI es should be preferentially used for environmental monitoring. Although this drop of sensitivity is 

probably connected to low temperature TL peaks, we found no clear correlation with the intensity of these 
peaks. On the other hand. high temperature TL peaks show a very strong correlation with the dosimetric peak 
since they can be observed only if the irradiation temperature is higher than 200 oC, i.e. the ternperature of the 
dosimetric peak. 
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4. THERMAL QUENCHING OF THE 430 K (D') TL PEAK IN (l-AhOJ 

Abstract. Anion deficient alurniniurn-oxide is one of the latest ultrasensitive thermolumineseent (TL) 

dosimetric materials. It is well known that the response of its dosimetric peak diminish with increasing heating 
rates which leads to lower sensitivity and reproducibility at high heating rates applied in routine dosimetry. 
Heating rate dependence is generally explained by thermal quenching of the luminescent F-œntres. However, 
there is a debate in the literature on the actual mechanism of the luminescence quenching. In this work, we 
present sorne new experimental results which suggest that two different channels of quenching can be effective 
at the same time. 

Introduction 

Anion deficient alumina single crystal TL detector (a.-AhÛJ:C), developed fust at the UraIs Polytechnical 
Institute [1 ]  is one of the most sensitive TL materials that can be used advantageously for many dosimetric 
purposes especially for environmental monitoring. These crystals exhibit a well-separated dosimetric peak (also 
called peak D') around 430 K whose emission spectra consists of mainly blue F�ntre emission [ 1,2] . 

A specific feature of the dosimetric peak: of a.-AhÛJ:C is that the integrated TL signal decreases 
drastically with increasing heating rate [ 1] .  This observation is inconsistent with classical TL theory that 
predicts that the TL light sum (integral) is independent of the heating rate. Taking into account that 
commercial TL readers use higb heating rates, the consequence of this phenomena is that high TL sensitivity of 
the material can not be really exploited for routine dosimetric applications. Moreover, this phenomena can be 
an important source of measurement error if the heating cycle is not sufficiently reproducible. 

The first explication of the heating rate dependence of TL ligbt SUIn of peak: D' were based on the 
Mott-Seitz theory of luminescence quenching. Kortov et al. [3,4] studied the temperature dependence of 
radioluminescence and photoluminescence of F �ntres and they found that strong quenching occurs between 
400 and 530 K, i.e. in the temperature range of the dosimetric TL peak. The consequence of the quenching is 
that TL intensity will be decreased at higher heating rate since with increasing heating rate the TL peak: shifts 
to higber temperature. Akseirod et al. [5] investigated the simultaneous TL-TSC (thermally stimulated cureent) 
signal of this peak: and realised that the TSC signal does not depend on the heating rate. Since TSC is not 
affected by the thermal quenching process this would be another argument in favour of the Mott-Seitz model. 

On the other band, in a recent study Kortov et al. [6] proposed an interactive process of F �tre 
thermal quenching. According ta this interactive or "external" thermal quenching model, a temperature 
dependent competition occurs between the emission centres and sopie deep electron traps for the localisation of 
electrons during the TL readout. They suggested that this temperature dependence is a consequence of the fact 
that the excited level of F �tres is close to the conduction band, so the electrons captured at this level could 
retum to the conduction band and they can be localised at other centres such as deep electron traps. The return 
to the conduction band (thermoionisation) is a thermally activated process that can be described by similar 
parameters than that of used in the theory of Matt and Seitz. 

From the review of the literature it can be concluded that different theoretical rnodels are proposed to 
explain the heating rate dependence of AhÛJ: C TL output, but the published experimental and theoretical 
works do not allow for deciding between these rnodels. In this work we present sorne new results in order to 
elucidate this problem. 

. 

Samples and experimental metbods 

Anion deficient alumina single crystal dises used in this work were provided by INMAS Ltd Hungary. Sample 
properties were described in details earlier [7]. 

. 

TL curves were recorded from 300 to 970 K at a constant heating rate. TL was detected by a 
photomultiplier (philips, XP2262B) througb different interference filters (Oriel, centred at 416 nm or at 340 
nm). Before heating, the samples were irradiated by a deuteriurn lamp (Oriel, 50 W) through an interferènce 
tilter (M.T.O., centred at 206 nm). The spectral distribution of the TL was studied by an optical multichannel 
analyser (Chromex, 2501S) in the 300-750 nm spectral range. 

To study the temperature dependence of the F- and F" �ntre photoluminescence, a crystal was 
mounted in a cryostat (Oxford Instruments) and irradiated by a deuteriurn lamp (Oriel, 50 W) througb 
appropria te interference filters (M.T.O., centred at 206 nm or 250 nm). The photoluminescence ernission signal 
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was detected by an optical muHichannel analyser (Chromex, 250IS) in the 300-750 nm spectral range while 
cooling the sample from 600 to 300 K by steps of 50 K. 

Results and discussion 

The main idea of our experimental approach was to monitor the heating rate dependence of the TL at different 
wavelength. This idea came from the observation of the emission spectra of the dosimetric peak that revealed 
for us that this spectra consist of different emission bands. Thus, if the heating rate dependence occurs as a 
result of F -centre thermal quenching we should not observe this dependence at any other wavelength but in the 
F -centre emission band 

3. 1 .  F- and V-centre quenching 

The investigated samples show a well-separated TL peak at around 435 K at a heating rate of O,5 Kls (figure 1).  
The emission spectra of this dosimetric (D') peak is dominated by an emission band at 416 nm (F-centres). 
However, one can observe a fairly intense emission band at 335  nm cF -centres), a weak band around 740 nm 
(Ti3j and the emission line of Cr ions at 695 nm (figure 1). 

Because of the low sensitivity of the PM of our TL instrument at around 700 nm and of other 
experimental complications (superposition of Cr and Ti3+ emissions), we restricted our work to the study of 
F- and F -centre emission behaviour. 
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Figure 1 (left): TL of a.-AhÛJ at a heating rate of 0,5 Kls following UV (206 nm) exposure. (right): TL 

emission spectra of the dosimetric peak. 

The evolution of TL light sum in function of the heating rate was then investigated at different wavelength 
using interference filters centred at 416 or 340 nm. In doing so, we could separate F and F centre emissions, 
respectively. As shown in figure 2, if detected at 416 nm the area of the dosimetric peak decreases with 
increasing heating rate in the weIl known manner. On the other hand, TL output when detected at 340 nm is 
even slightly increasing at higher heating rates. This result demonstrate that the anomalous heating rate 
dependence occurs due to the F -centres. 

An additional observation is that the TL peak when it is detected at 340 nm appears at higher temperatures 
comparing to the case when it is detected at 4 16 nm and this tempe rature shift becomes larger at higher heating 
rates (figure 3). This suggest again that the F-centre emission is being quenched when the temperature 
increases and this is why the peak appears at lower temperature at 416 nm. 
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Figure 3: Temperature of the dosimetric TL peak: in function of the heating rate. TL was detected through a 
340 nm or a 416 nm interference tilter following 15 s UV (206 nm) exposure. 

The temperature dependence of the photolunùnescence of F· and F" -centres was aI50 measured in order to 
compare this with the thermolunùnescence quenching. To avoid the interference with trapping and detrapping 
processes these measurements were done during the cooling cycle. We found that F-centre photoluminescence 
quenching occurs around the temperature range of the dosimetric peak: (figure 4). F' -centre photolunùnescence 
intensity aI50 decrease somewhat with increasing temperature but not 50 abruptly. 
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Figure 4: Fluorescence intensity of F and F" - centres emission as a function of temperature. The wavelength of 
the excitation band (206 and 250 nm for F- and F" -centres, respectively) was selected by interference filters. 

EjJect of deep traps on the quenching process 
Following the suggestion of Kortov et al. [6] deep traps may have an important effect on the heating 

rate dependence. In our samples deep traps were detected by means of high temperature TL measurements. In 
order to eliminate the radiation of the heating strip, we had ta use interference filters. By using filters with 
different transmission characteristics, we got sorne indications on the TL emission spectral distnbution as weIl. 
Similarly to the results ofKortov et al. [6], our samples present 3 TL peaks between 500 and 1000 K (figure 5). 
At a heating rate of 2 Kls they appear at 570 K, at 720 K and at 930 K. It is difficult to detect emission spectra 
at such high temperatures, however, TL measurements using different filters and optical absorption annealing 
measurements suggest that holes are liberated from these traps giving rise to F" -centre emission. From optical 
absorption annealing data [7] we can suggest as weIl that deep electron traps are emptied between 1000 and 
1200 K. These assignments show fairly good agreement with those of Akselrod and Gorelova [8]. 
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Figure 5: TL of a.-Al2ÛJ at a heating rate of 1 Kls following 300 s UV (206 nm) exposure. TL was detected 
through a 340 nm interference fllter. 

The efTect of deep traps on the quenching phenomena was then investigated. For this, we repeated the heating 
rate dependence measurements shown on figure 2 using exactly the sarne experimental set-up, but before each 
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measurement deep traps were filled by irradiating the sample at 570 K by 206 nm UV -light. As demonstrated 
in figure 6, the filling of the deep traps results in an increased heating rate dependence of the TL output at 416 
nm .  This is somewhat surprising since Kortov et  al. [6] found an inverse trend, i.e. the heating rate dependence 
decreased when they filled the deep traps. However, we note here that if we use the trap interaction model 
developed by Kortov et al. [6], the electron or hole nature of the deep traps must be considered as weil. If the 
deep traps are mostly electron traps, the filling of the deep traps will reduce the heating rate dependence while 
in case of hole traps one have to observe an increased dependence. 
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Figure 6: Normalised area of the dosimetric peak as a function of the heating rate. 'IL was detected through a 
420 nm interference filter following 1 5  s UV (206 nm) exposure. Deep traps were filled by a UV (206 nm) pre
exposure at 570 K for 600 s. 

Conclusion 

Investigation of the dosimetric 'IL peak at different wavelength (i.e. in different emission bands) revealed that 
the heating rate dependence is CODDected to the thermal quenching ofF-centres since this dependence does not 
eXÏst in case of the F" -centre emission. However, another quenching mechanism may be effective at the same 
tirne if we take into account that the quenching phenomena was found to depend also on the degree of filling of 
deep traps. A possible explanation of this observation is that there exist an interaction between the active and 
deep traps via the "external quenching» mechanism proposed by Kortov et al. [6] . 
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5. OXIDA TION / REDUCTION EFFECTS 

ON THE HERMOLUMINESCENCE OF a-Ah03 SINGLE CRYSTALS 

Abstract - a-AlzÛJ crystals were lreated in different atmospheres (reducing/oxidising) at high lemperature and 
their optical, positron-annihilation and thermoluminescent (TL) properties were investigated. From optical 
absorption and positron-annihilation spectra we concluded that aluminium-vacancies were created while 
oxygen-vacancies were destroyed in oxidised sainples indicating a Schottky-type disorder. Structural changes 
were correlated with TL glow curves and the origin of sorne TL peaks was explained. 

1 .  Introduction 

Aluminium-oxide has been proposed as a TL dosemeter many times since the 1 950's [1 ] .  However, interest for 
the use of this material has been multiplied since the development of highly sensitive anion deficient a-Al2ÛJ 
TLD crystals at the Urals Polytechnical Institute [2, 3] .  

Despite many works on this field [4-6], TL mecbanisms as weIl as defect formation reactions are not 
clearly understood in alumina. Mainly for this reason, it is still not unambiguously established how preparation 
conditions (dopants, oxidising-reducing atmospheres) influence point defects and thus TL properties of this 
mate rial, although this knowledge would be necessary in order to improve the dosimetric characteristics. 

Overwhelming evidence has shown tbat under highly reducing conditions oxygen-vacancies (also called 
F and F" -centres) are created in alumina [2, 7]. These samples are generally characterised by two intense TL 
peaks at around 270 K (peak B') and 430 K (peak D'). The emission spectra of these glow peaks are dominated 
by F-centre emission. On the other band, trap nature of peaks B' and D' is unknown but they are generally 
thought to be of electron traps [4, 8]. 

Lee et al. [9, 10] studied oxidation effects on AlzÛJ single crystals by ESR spectroscopy and presented 
results indicating tbat the oxidised crystals contained several hole traps. These traps were identified as various 
kinds of aluminium-vacancies and they were correlated with TL peaks at 370 K and 500 K. 

The influence of synthesis conditions (atmosphere, temperature, dopants) on the TL of alumina powders 
was systematically studied by Papin et al. [ 1 1, 12] .  Their thermodynamical model allowed them to show that 
oxidisation or doping with Th4+ leads to aluminium-vacancy formation which can act as charge traps resulting 
in two TL peaks: D' and E' .  It also tumed out that the same thermal treatm.ent can have completely different 
effects on the TL. These effects depend on many factors such as impurities and the thermal history of the solid. 

Oxidation and reduction mechanisms of alumina were extensively studied by the group of Krôger [13]. 
They suggested that Frenkel cation disorder is dominant especially at 10w dopant concentration. According to 
this assumption, oxidation of alumina oceurs mainly through the creation of aluminium vacancies and the 
destruction of aluminium-interstitials. 

In an attempt to understand more about defect formation mechan.i.sms, we studied high temperature 
oxidation and reduction effects on a-AhÛJ single crystals by means of optical and positron annihilation 
spectroscopies. The obtained results were then used to explain TL bebaviour. 

2. Experimental 

Nominally pure a.-AlzÛJ single crystals, cut from crystal rods grown from the melt, were purchased from 
Inmas-Mechatronica Ltd. (Hungary) in the foem of plates (approximately 10*10*1 mm3 in dimensions) whose 
faces are parallel to the C3 axis. They were polished to optical grade by diamond suspension then cleaned and 
annealed at 1300 K in pure argon for 2 hours. 

Specimens sliced from the same crystat were then subrnitted to thermal treatments in different gases 
(Oz, Ar, Ar + 2% H2 or Ar + 5% Hû at 1720 K for 2 hours in a horizontal tube fumace under continuous gas 
flow. For each atmosphere, at least two crystals were treated. This allowed us to test the reproducibility of the 
treatments. 

TL measurements were carried out from 77 to 650 K at a heating rate of 0.5 K/s in a vacuum chamber 
(10.3 Pa). Prior to heating, samples were irradiated by X-rays (W/Cu anode, 45 kV, 2 mA, 0.6 Gy/min) at 77 K. 
TL glow peaks were detected either by a photomultiplier tube (philips 20 l 8B) or by an optical multi-channel 
analyser (Chromex 250 IS, Princeton Instruments, spectral range: 300-800 nm, spectral response not 
corrected). After each TL reading (as weil as after each kind of measurement which involved the irradiation of 
the sample), the crystals were annealed simply by heating them to 970 K in air. 
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Optical absorption spectra were taken using a CARY 500 spectrophotometer in the 190-800 nm range in 
air at room tempe rature (RT). Fluorescence excitation and emission spectra were measured in the 200-800 nm 
range in air at RT [14] .  The spectra were not corrected for the spectral response of the whole system. 

Positron lifetime spectra were recorded at room temperature using a fast-fast coincidence system 
eonsisting of BaF2 based detectors and standard electronics. The time resolution of the system was around 200 
ps. The positron source was prepared of about 5x105 Bq activity carrier free 22NaCl sealing it between two 
kapton foils. The measured spectra were evaluated by the "RESOLUTION" computer code [ 15 ] .  

For eaeh kind of method, the same a.-Al2û.J specimen was applied. The only problem raised in case of 
positron lifetime measurements where two pieces of the same sample must be put because of geometric reasons. 
This was achieved by using two specimens eut from the same crystal and treated exact1y in the same conditions. 

3. Results 

3.1 As-received crystals 

In the as-received crystals, we identified four kinds of point defects: F-centres (or according to the Krôger-Vink 
notation [18] :  Vox..çentres), F"-centres (Va), Ti3+ (TiAlx) and C� ions (CrAh from optical absorption, 
luminescence excitation and emission spectra (table l, figure 1). Furthermore, we have observed an 
unidentified emission band at around 565 nm. 

We also investigated the changes of the optical spectra following X-ray exposure of the crystals. It was 

found that the absorption (concentration) ofF-centres increased while that ofF" -centres and Ti3+ ions decreased 
when X-ray exposure increased (figure 2). In case of C� ions and of the unidentified emission centre (at 565 
nm), we eould only follow changes of emission band intensities after X-ray irradiation and we found that both 
emissions decreased. 

A representative TL glow curve of the as-received crystals is shown in figure 3 .  Two prominent glow 
peaks occur at 260 K (peak B') and at 435 K (peak D'). At higher dose, other low intensity peaks appear clearly 
at lOS K (peak A), 225 K (peak B), 285 K (peak C") and 3 10 K (peak C'). 

TL emission spectra (figure 4) of peaks B' and D' are very similar. They cousist of three large bands al 
around 3 3 5  nrn cF" -<:entre), 420 nm (F-<:entre) and 740 nm (Ti3+ ions), the F-centre emission being the most 
intense. We could also recognise the weak emission of C� ions at 693 nm. In case of the peaks A and C', we 
could only observe the F -<:entre emission probably because of the weak: inteusity of these peaks. On the other 
hand, peaks B and show an orange glow at around 565 nm (figure 5)  and the weak C� emission as well. 

3.2 Influence of oxidising and reducing treatments 

3. 2. 1. Reducing treatments 
We noticed that reducing treatments (Ar or Ar + Hz) did not affect markedly TL and optical properties of the 
crystals. This is probably due to the fact that the crystals were initially anion deficient that is to say "reduced". 

3. 2. 2  Oxidising treatments 
TL glow curve (figure 3) of AhÛJ treated in oxygen is rather different to that of the original crystals. The major 
peaks (B' and D') were diminished by two orders of magnitude while sorne other peaks appeared clearly at 
around 380 K (peak C), 410 K (peak D) and 530 K (peak E). 

TL emission spectra (figure 4) of peak B' in oxidised crystals consists of two large emissiOD bands at 
around 565 nm and 740 nm (Ti� and we could also observe the weak emission of C� ions at 693 nm. These 
cmissions are also observed for the other peaks (B, C, D and E); however, the relative intensity of the Ti3+ 
emission decreases eomparing to the 565 nm emission. The most important feature of this TL emission spectra 
is that no luminescence of oxygen-vacancies could be detected, suggesting that oxygen-vacancy concentration 
decreased significantly. This hypothesis was supported by fluorescence measurements since we could Dot detect 
any F or F" centre emissions in oxidised crystals by means of this technique. 

Oxidised crystals absorb light in the 1 90-260 nm region (figure 1) but this absorption can not be 
explained in terrns ofF and F" centre absorption for the lack of corresponding luminescence emissions (420 nm 

and 335 nm). However, in fluorescence we observed a new emission band at around 455 Dm. We believe that 
this new emission and the associated excitation band at 230 nm are due to impurity related charge-transfer 
transitions. A possible candidate is Ti4+- ion since Ti3+ ion absorption decreased following the oxidation. The 
assignment of different Ti emissions was supported by a comparison with a synthetic sapphire sample studied 
earlier by Chapoulie et al. [ 19] .  Their sample (Djeva Co. Ltd., Switzerland) - doped by approx. 400-400 ppm Ti 
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and Fe ions - exhibited the sarne emissions (figure 6) as our samples at around 455 nm and 720 nm which they 
could identifY as transitions ofTi# and Ti3+ ions, respectively. 

After X-ray exposure. the oxidised crystals turn to yellow. This colour results from a large radiation 
induced absorption band with maximum at 410 nm (figure 2). From literature data [20], hole trapping at 
alurninium-vacancies may be considered as the origin of this absorption band On the other hand, the UV 
absorption bands in the 190-260 nm region decrease after X-ray exposure that might be due to electron 
trapping at impurities. 

The radiation induced absorption cao be correlated with TL glow curves of oxidised crystals. As 
illustrated in figures 7a and Th, an absorption band with maximum at 450 nm vanishes when thermal release of 
trapped charges from traps corresponding to peak 0 0CCUfS. The emptying of traps related to peak E is 
accompanied by the vanishing of an absorption band with maximum at 370 nID. On the other hand, absorption 
in the 1 90 - 260 nm range increase continuously while heating the crystals from 300 to 600 K. 

3. 2. 3  Reducing treatments of oxidised crystals 
ln an attempt to study the reversibility of oxidation effects, oxidised crystals were submitted to a reducing 
treatment (Ar + 5% Hz, 1450 oC, 2h). Following this second treatment, TL peaks B' and D' were slightly 
enhanced while peaks D and E were diminished (figure 3). TL eroission spectra was similar to that of the 
oxidised crystals (565, 695 and 740 nID emissions). Oxygen-vacancy related eroissions were not observed 
neither in TL nor in photoluminescence. This fact may seem surprising but one have to consider that oxygen 
vacancy formation was reported earlier [2,7] in case of more reducing conditions and higher ternperature than 
used in this study. 

Optical absorption of these crystals (figure 1 )  is similar to that of mddised crystals although absorption 
bands between 1 90 and 260 nID were decreased Following this second treatment the crystals do not exhibît 
irradiation induced absorption at around 4 10 nID (figure 2), i.e. they do not get yellow colour after X-ray 
irradiation. 

3.2 Positron annihilation spectroscopy (PAS) 

Positron is the antiparticle of electron and - in vacuum - it is as stable as electrons. On the other band, it 
annihilates in normal matter and its lifetime depends on the local electron density. After their thermalization, 
positrons "diffuse" in the material screening the bulk electron density and providing a very short lifetime. 
During this diffusion positrons can be trapped by crystal defects (vacancies or voids) having a negative charge 
relative to the perfect crystal. In our case these defects are Al-vacancies and macroscopic voids. 

As a result of trapping, positron lifetimes longer than "bulk lifetime" can be measured In our case, 
positron annihilation spectra were fitted by three lifetime components (figure 8). The shortest lifetime 
component (t\ ) and its intensity (1\) are due to the annihilation of positrons in the bulk material. Those of the 
second, intermediate, component (1:z) and its intensity (lz) are assumed to be associated with the annihilation of 
positrons trapped in aluminium-vacancies. The longest component with 1:3 "'" 1 . 1  ns and 13 "'" 0.6 % belongs to 
positronium formation and annihilation phenomena in macroscopic defects. 

As shown in fig.8, aluminium-vacancy content, estimated by 12, is significantly higher for mddised 
crystals. For the twofold treated crystal, Iz is an intermediate value between that of oxidised and reduced 
crystals, indicating that, as a result of the second (reducing) treatment, aluminium-vacancy concentration 
decreased. It is also observed that the positron lifetime values (1:z) are lower in oxidised samples than those 
measured in the other sarnples. Therefore, we can suggest that there are different kinds of aluminium
vacancies in these samples. Bulk lifetime values (1:\ ) show an inverse trend than "2 but at present it is difficult 
to explain this behaviour. 

4. Discussion 

4.1 As-received crystals 

As-received sapphire single crystals exhibited two important TL peaks at 260 (B') and 435 K (D') with 
emissions at 335, 420, 695 and 740 nm. We could interpret these emissions as luminescence of F -<:entres, F
centres, Cr>'" and Ti3+ ions, respectively. It is interesting to note that the emission spectra of sorne other peaks 
(B and C") are completely different: they have an orange glow. 

Since it is weil established that peak B occurs due to hole detrapping from M&ux centres [4], we suggest 
that peaks with an orange glow (B and C") correspond to hole traps. On the other hand, peak B' is known to be 
due to an electron trap [4], so we suggest that peaks with similar blue glow (A, B', C',  D') correspond to 
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electron traps. However, in case of the high temperature peaks this simple rule must he used carefully because 
of the thermal quenching phenomena which appears above RT. 

-1.2 Influence of oxidising and reducing treatments 
Defect structure and TL properties of these crystals were not influenced much by treatments under reducing 
conditions since the crystals were initially anion deficient (i.e. "reduced"). 

On the other band, all oxygen-vacancy related optical absorption and emission bands disappeared 
following thermal treatment of the crystals in oxygen which means that oxygen-vacancies were destroyed. 
Furthermore, as it was shown by positron annihilation experiments, aluminium-vacancies were created while 
incorporating oxygen. Moreover, Ti3+ ions were partly oxidised to Tï�+ ions. 

The increasing aluminium-vacancy and the decreasing oxygen-vacancy concentration suggest that Schottky
type disorder is dominant in CL-AhÛ:3. 

As a result of changes in defect-structure, TL features bas also been changed after oxidation. 
Predominant TL peaks B '  and D' decreased significantly that can he explained in terms of recombination 
processes. Since in oxidised crystals the oxygen-vacancies are destroyed, the recombination of released 
electrons can not take place at � centres, so they must he replaced by other recombination centres that leads to 
a reduced TL yield 

On the other band, TL glow curve of oxidised crystals exlubit sorne other peaks that appeared at 360, 
410  and 520 K. Taking into consideration that the annealing temperature of absorption bands associated with 
aluminium-vacancies corresponds well to the annealing temperature of traps responsible for peaks D (410 K) 
and E (520 K) one can assume that these traps are aluminium-vacancies or sorne kind of aluminium-vacancy 
clusters. By ESR spectrometry, Lee et al. [9, 10] found one- and two-hole centres in oxidised AhÛ:3 which 
annealed around 370 and 500 K. They described these annealing processes as follows: 

In our case, this model can not give account on peaks D and E since, according to this mode!, annealing of 
peak D (VAl' centres) should lead to the formation of VAl" centres and consequently to an increase of the 370 
nm absorption band that bas not been observed (figure 7). Now, a possible explanation of this discrepancy is 
that our samples contain a small amount of Ti3+ impurity ions that may have been partIy oxidised ta Ti4+ ions 
which must he charge compensated. The most obvious compensation mode is clustering with aluminium
vacancies because it reduces defect formation energies. As a result of clustering, aluminium-vacancies 
perturbed by Ti4+ ions will, in effect, he observed in thermoluminescence besides the isolated vacancies. One 
can speculate that this kind of clustering processes might he responsible for different 't2 value in oxidised 
crystals measured by PAS. 

Following the treatment of oxidised crystals under reducing conditions, the aluminium-vacancy 
correlated irradiation induced absorption bands (around 4 10 nm) do not appear anymore. The decrease of 
aluminium-vacancy concentration was also confirmed by PAS. TL peaks D and E were also decreased 
confinning the hypothesis that they are related to sorne kind of alurninium-vacancies. The decrease of 
aluminium-vacancy concentration was not followed by the formation of oxygen-vacancies that might be an 
indication of a Frenkel-type cationic disorder. 

5. Conclusion 

This work has concentrated first on defect formation mechanism following oxidising and reducing treatments 
of CL-AhÛ:3 single crystals. With the aid of positron annihilation spectroscopy, we presented direct evidence for 
aluminium-vacancy formation under oxidising conditions which was accompanied by the destruction of 
oxygen-vacancies and the oxidation of Ti3+. Furthermore, our results indicate that Schottky as well as cation 
Frenkel disorders may be of importance in CL-AhÛ:3. Changes in defect structure were correlated with TL 

properties. Glow peaks at 260 K (B') and 435 K (D') were related ta electron traps and oxygen-vacancies which 
act as emission centres. TL peaks at 410 (D) and 520 K (E) emerge after oxidising treatment. They are related 
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lO aluminium-vacancies which probably act as ho le traps although these traps can not be described by a simple 
isolated vacancy mode!. 
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optical absorption luminescence excitation (nm) luminescence emission (nm) point 

(nrn) defect reference 

measured literature measured literature measured literature 

205 205 220 205 420 415  Vox [7] 
230, 260 230, 255 235, 260 230, 255 335 330 Voo [161 

520 (diffuse) 485, 550 475, 545 485, 550 720 720 T" x 
IAl fl71 

- 400, 550 400, 550 400, 550 693 693 CrAlx [141 
- - 295 - 565 - ? -

Table 1 :  Optical absorption and luminescence bands of the as-received a.-Al2ÜJ crystals. 
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Figure 1 :  Optical absorption of an a.-AhÜJ crystal. The absorption reference is air. (curve 1 :  as-received 
sarnple, curve 2:  sample treated in G.! at 1720 K for 2 hours, curve 3 :  sample treated fust in G.! then in Ar+5 % 
H2 at 1720 K for 2 hOUTS in both atrnospheres.) 
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Figure 2:  Optical absorption of an a.-AhÜJ crystal following 800 Gy X-ray air kerrna at RT. The absorption 
reference is the same crystal before irradiation. (see the legend of fig. 1 , the designations are the same) 
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Figure 3 :  TL glow curve of an as-received (X.-Al2û) crystal following 3 Gy X-ray air kerma at 77 K. (see the 
legend of fig. l, the designations are the same) 
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Figure 4:  TL emission spectra at 260 K (peak B') of an a-AhÛ) crystal following 12 Gy X-ray air kerma at 77 
K (see the legend of fig. l ,  the designations are the same). 
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Figure 5 :  TL emission spectra at 225 K (peak B) of an as-received a.-Ah� crystal following 12 Gy X-ra y air 
kerma at 77 K. (The emission band at 420 nm occurs due to the rising part of the peak B'.) 
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Figure 6: Titanium impurity related fluorescence excitation and emission spectra of an as-received a.-Ah� 
crystal and of a sapphire reference sample. A: Ti3+, B: Ti4+ 
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Figure 7: 

A: Stepwise annealing of X-ray (800 Gy at 300 K) induced absorption bands of an a-Al2� crystal treated in � 
at 1720 K. Each curve is a part of the composite irradiation induced absorption that vanishes in the indicated 
temperature range. 

B: Stepwise annealing of X-ray (800 Gy at 300 K) induced 1L glow peaks D and E of an a-AhÛ) crystal 
treated in � at 1720 K. Each curve is a part of the entire 1L glow curve that vanishes in the indicated 
temperature range. 
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Figure 8: Positron lifetime components (1:1 and 1:2) and corresponding intensities (Il and 12) in different a-Al2� 
crystals: 1 - as-received, 2 - oxidised, 3 - oxidised and reduced 
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6 .  Photoluminescence and thermoluminescence o f  titanium ions i n  sapphire crystaJs 

Abstract - Several titanium species (Ti}+-, Ti4+, Ti4+ -VAl clusters) were identified in sapphire samples from their 
optical spectra. In highly reduced samples, we observed only Ti}+- centres while oxidized samples contain Ti}+
and Ti4+ ions as weIl. The formation of Ti4+ ions occurs simultaneouslv with the formation of aluminium
vacancies which are charge compensators for Ti4+ ions and act as hol; traps in charge exchange process. We 
could observe locally and non-locally compensated Ti4+ as well. It is shown that Ti}+- is a deep hole trap while 
Ti4+ is a deep electron trap. In the TL process they act as recombination centers for electrons and holes, 
respectively. However, in TL we observed only the emission of locally compensated Ti4+, probably because of 
spatial correlation. 

Keywords - sapphire, titanium, thermoluminescence, photoluminescence 

1. INTRODUCTION 

Optical transitions and defect chemistry of titanium in a.-AhÛ3 host crystal have been extensively studied in the 
past (see for example Evans, 1994) because of its application as a tunable laser material and also of its role in 
the optical properties of sapphire gem stones. Thermoluminescence (TL) properties of some Ti doped alumina 
samples were also investigated (Mehta et al., 1976, Portal et al., 1980). Recently, it was proposed that titanium 

impurity bas an influence on the dosimetric properties of anion deficient a.-Al2Û3 TL detectors as weIl (Surdo et 
al., 1999). Although some studies are available (Wong et al., 1995), a discussion of the role of Ti in the charge 
trapping and recombination mechanism is missing. The present work specifically addresses this question. In 
particular, Ti containing a.-Al2Ü:3 crystal samples were annealed out and the consequences of these treatments 
were assessed using optical absorption (OA), photoluminescence (PL) and TL methods. 

2. SAMPLES AND EXPERIMENTAL CONDmONS 

We have studied two sapphire crystals provided by Inmas Ltd (Hungary) and by RSA (France), respectively. 
Both crystals were eut into 1-2 mm thick slices with surface parallel (Inmas) or perpendicular (RSA) 10 the C3 
axis. They were given a surface polish by diamond suspension. 

The Inmas sample is fairly pure with about 190 ppm Na, 50 ppm Fe, 3 ppm Ti, and 3 ppm Cr as main 
impurities. Being indu striai secret, we ignore the preparation conditions of the as-received crystal (sample 
AS#IN), but it was shown earlier (Molnar et al., 2000) that it is of Al2Ü:3:C (anion deficient) type, i.e. it was 
prepared in highly reducing conditions. A part of this crystal was annealed at 1450 oC for two hOUTS in pure 
oxygen gas (sample OX#IN). 
The RSA crystal was grown by the Verneuil technique. Its impurity content is rather high, with about 500 ppm 
Si, 250 ppm Fe, 1 50 ppm Ca and 50 ppm Ti as main impurities. The crystal (sample 17#RSA) used in this 
study was annealed in air at 1700 oC for 24 h. 
OA spectra were measured al room temperature (RT) in air using a Cary-500 spectrophotometer. OA 
isochronal annealing was accomplished in an air oyen following X-ray irradiation (Cu anode, 45 kV, 30 mA). 
PL excitation and emission spectra were taken at RT in air. The exciting light was obtained from a xenon arc 
lamp (Oriel 626 1) through a Jobin-Yvon H25 monochromator. The emitted light was detected through a Jobin
Yvon H25 monochromator by a Hamamatsu R928 photomultiplier (PM). The light selection of the two 
monochromators was improved using appropriate narrow band interference and high pass eut-off filters (Oriel 
or MTO). PL spectra were corrected only for the spectral irradiance of the xenon lamp. TL measurements were 
carried out from RT to 350 oC at a heating rate of 0.5 oC/s. Prior to heating, samples were irradiated at RT by 
X-rays (Cu anode, 45 kV, 10 or 30 mA). TL glow peaks were detected either by a Philips XP-2262B PM tube 
or by an optical multichanel analyzer (OMA) which consists of an optical tiber (fused silica) and a Chromex 
2501S spectrograph equipped with a CCD detector (LN-l looPB-UV/AR, Princeton Instruments). The TL 
emission spectra were not corrected for the spectral response of the OMA 

3. RESULTS 

OpticaJ absorption 
Figure 1 shows the absorption spectra of the crystals. F center (6.05 eV), P center (4.8 and 5 .4 eV) and weak 
Ti}+- (2.5 eV) absorption bands are clearly observed in the as-received AS#IN sample. Following oxidation 
(OX#IN samples), these bands disappear and new bands emerge between 5 and 6.5 eV which we assign to 
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impurity charge transfer transitions. Among these bands we could identi:fY Ti4+ ions which absorb around 5,4 
eV (Molnar et al., 2000). 

3 5  

The RSA sarnple absorb all light in the UV region because of its high impurity content. This crystal 
have a weak blue coloration due to impurity related absorption bands in the visible range (near 2 . 1  and 3 . 1  eV). 

Following X-ray irradiation, the absorption of Ti3+ and Ti4+ decreases in AS#IN and OX#IN sarnples, 
respectively (Molnar et al., 2000). Their initial (i.e. before irradiation) absorption can be restored by heating the 
sample to 350 oC (Ti4l and to 750 oC (Ti*). Moreover, we note that a large absorption band centered at 3.0 eV 
is induced in oxidized sarnples (OX#IN and 1 7#RSA) by X-ray irradiation. This composite band is due to hole 
trapping at aluminium vacancies (Evans et al., 1 995). 

Photoluminescence 
Ail samples contain more or less Ti3-+- ions as witnessed by the well known 1 .7  eV (FWHM -0.35 eV) 2E�z-r 
luminescence and associated excitation doublet around 2,5 eV. Moreover, in RSA and OX#IN sarnples, we 
observed a large luminescence band around 2.8 eV (FWHM -0.7 eV) and an associated excitation band around 
5,2 eV (FWHM -0.6 eV) that we attribute to Ti4+ ions (figure 2). However, the form of the excitation and 
emission spectra suggest as if they were composed of more than one bands. Since we have no time resolution, 
we tried to separate these components using different excitation wavelength. These experiences allowed us to 
show that there exist at least three or four emitting components extending from the blue to the green region of 
the spectrum (figure 2). 

Thermoluminescence 
TL glow curve of the RSA sarnple consists of peaks at around 85 (appearing only as a shoulder), 145, 240 and 
285 oC (figure 3).  These TL peaks have sirniIar emission spectra with a predominant large emission band near 
2.55 eV (FWHM -0.75 eV) and with a weak emission due to C� ions at 1 .79 eV (FWHM -0.0 1 5  eV) and Ti3-+
ions near 1 .7 eV (figure 4). The OX#IN sample exhIbit similar TL glow peaks than the RSA sample (figure 3).  
However, the 240 and 285 oC peaks are superposed and are more intense. Moreover, the 145 oC peak is less 
resolved because of the apparition oftwo shoulders around 120 and 1 75 oC. TL peaks of OX#IN sample are 
characterized by a large emission band at around 2 . 1 5  eV (FWHM -O.45 eV) and by emissions due to C� and 
Ti3+ ions near 1 .79 and 1 .7 eV (figure 4). To our knowledge, the origin of the 2 . 1 5  eV band is not known. On 
the other hand, the AS#IN sarnple exhibit only one but very intense TL peak around 175 oC (figure 3). The 
emission of this peak is composed mainly ofF center emission around 3 .0 eV (FWHM -0.4 eV) but emissions 
due to C� and Ti3-+- ions near 1 .79 and 1 .7 eV, respectively, are also observed (figure 4). 

4. DISCUSSION 

Titanium can be present in sapphire in the trivalent and the quadrivalent state. Red luminescence and 
corresponding absorption of Ti3-+- ion are well known and understood. The luminescence of Ti4+ ion is of a more 
complicated nature. In 1990, Blasse and Verweij identified a blue emission band as a resu1t of charge transfer 
transition involving Ti4+ ion. Using tirnes resolved spectroscopy, this emission was shown to be of a complex 
nature (Macalik et al., 1992). The b1ue and green components of this complex emission were then ascribed as 
the luminescence of non-Iocal1y and local1y compensated Ti4+ ions, respectively (Yamaga et al., 1 994). If we 
adopt these results to our observations, we can reason as follows. 

Oxidation of sapphire increases the ratio of Ti4+ over Ti3-+- ions (figure 1).  Formation of Ti4+ ions involves 
the fonnation of aluminium vacancies for charge compensation. The clustering of these vacancies with Ti4+ 
ions is favorable due to the high binding energy of such clusters. Different clusters [(Ti4+, V Al3-), (Ti4+, V Al3-, 

Ti4l, etc.] are formed that will exhibit slightly different luminescence spectra (figure 2). 
Following irradiation, Ti3-+- and Ti4+ absorption bands decrease, i.e. charges are localized at these ions. 

While heating the crystals, the absorption bands are successively regained However, we could not correlate a 
unique TL peak with Ti3-+- or Ti4+ absorption bands. This means that Ti3-+- and Ti4+ ions act as recombination 
centers. Since these recombination phenomena are radiative they result in TL glow. 

The recombination mechanism can be established if one knows the sign of the released charge. We have 
shown eartier that the 1 75 oC glow peak results from an electron release followed by radiative recombination 
(Molnar et al., 1 999). In this case the obvious explanation for the observation of Ti3-+- emission is a reaction of 
the type e- + Ti4+ � (Ti*)* � Ti3-+- + hv( 1 . 7  eV). This, in tom, leads to the assurnption that Ti3+ ions are hole 
traps. On the other hand, Ti4+ emission is connected to 145 and 240 oC glow peaks. These peaks were described 
eartier as a result of hole delocalization from different kinds of aluminium vacancies (Molnar et al., 2000). For 
this reason, the emission of Ti4+ will be explained by a reaction of the type h+ + Ti3-+- � (Ti4+)* � Ti4+ + 
hv(2.55 eV). Consequently, we suggest that during irradiation Ti4+ ions trap electrons. The point of interest 
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here is that we observe only the green emission (2.55 eV) of locally compensated Tï�+ ions in the TL glow. The 
blue emission (2.85 eV) of isolated Ti4+ ions is not visible. This phenomena is probably due to spatial 
correlation between traps (VAl) and recombination centers (Ti""l. FinaHy, we note that in sorne cases Ti3+ 
emission is also observed for the 145 and 240 oC peaks. This emission cao perhaps be explained by invoking 
re-absorption of either the 2 . 15  eV (OX#IN sample) or the 2.55 eV (17#RSA sample) emissions. However, we 
cao not rule out the possibility of the reaction h+ + Ti2+ � (Ti�* � Ti3+ + hv(l .7 eV), though we think that 
the formation of Te+ is not favorable. 

5. CONCLUSION 

We have seen that Ti3+ and Ti4+ ions act as emission centers in the thermoluminescence of sapphire. From the 
dosimetric point ofview, Ti3+ emission is to be avoided because it interferes with the incandescence of the 
heating element. On the other hand, green-blue Ti4+ emissions are weIl suited to the spectral domain of 
commonly used PM tubes. Naturally, this emission cao only be exploited in oxidized samples and one must also 
Lake care of concentration quenching phenomena. 

As for the Ti3+, we propose to study their effects on the dosimetric peak: of AlzÛJ:C. For this, OX#IN 
samples were treated under highly reducing conditions in the presence of graphite. The results of these 
experiences should appear in another paper. 

Acknowledgements - We would like to thank: Mr. J. ValIayer (Ecole Central de Lyon) for providing the 
Verneuil crystals. One of the authors (G .M.) gratefully acknowledges financial support received from the 
Ministry of Foreign Affairs of the French Republic in the form of a Graduate Research Fellowship. 

REFERENCES 

Blasse G., Verweij J.W.M., ( 1990) The luminescence of titanium in sapphire laser material, Mater. Chem. 
Phys. vol. 26, 13 1 - 137. 

Evans B.D., (1994) Ubiquitous blue luminescence from undoped synthetic sapphires, J. Lumin. vol 60/61 ,  620-
626. 
Evans B.D., Cain L.S., ( 1995) A cation vacancy center in crystalline AlzÜ:3, Radiat. Effects & Def in Solids vol 
134, 329-332. 

Macalik B. ,  Bausa L.E., Garcia-Sole J., Jaque F., Munoz Santiuste J.E., Vergara L, ( 1992) Blue emission in Ti
sapphire laser crystals, Appl. Phys. B vol 55, 144-147. 

Mehta S.K., Sengupta S., ( 1976) Gamma dosimetry with a.-AlzÛJ thermoluminescent phosphor, Phys. Med. ·· 
Biol. vol 21 ,  955-964. 

Molruir G, Papin E., Grosseau P., Guilhot B., Borossay J., Benabdesselam M., lacconi P., Lapraz D., (1999) 
Therrnally stimulated luminescence and exoelectron emission mechanism of the 430 K CD') dosimetric peak of 
a.-Al2ÛJ, Radiat. Prat. Dosim. vol 84, 253-256. 
Molmir G, Borossay J., Benabdesselam M., lacconi P., Lapraz D., Süvegh K., Vértes A, (2000) 

Oxidationlreduction effects on the thermoluminescence of a.-Al2ÛJ single crystals, Phys. Stat. Sol. (a) vol 179, 
249-260. 

Portal G., Lorrain S., ValIadas G., ( 1980) Very deep traps in Al2ÛJ and CaS04:Dy, Nuc/. lnstr. & Methods vol 
175, 12-14. 
Surdo AI., Kortov V.S., Sharafutdinov F.F., (1999) Luminescence ofanion-defective corundum with titanium 
impurity, Radiat. Prot. Dosim. vol 84, 26 1-264. 
Wong W.c., McClure D.S., Basun S.A, Kokta M.R, (1995) Charge-exchange processes in titanium doped 
sapphire crystals. II. Charge-transfer transition states, carrier trapping and detrapping, Phys. Rev. B vol 5 1, 
5693-5698. 

Yamaga M., Yosida T., Hara S., Kodama N., Henderson B., (1994) Optical and electron spin resonance 
spectroscopy of Ti3+ and Ti4+ in Al2ÛJ, J. Appl. Phys. vol 75, 1 1 1 1-1 1 17. 



Publications / Kozlemények 

l (nmt 
200 300 "'00 500 6GO 100 

1.00 
n ... 17#RSA 
-- ASt;l1N 0.10 :'."" 

-- OXmN 

0..15 

� • 
i 

"al 
ii 

0..50 

u 
., A-0 

O.ce 

0..25 
\� ,.5 , .. Z.5 Z" 

, . . . ... . . .  . �'" ... . ... , . . ... ... . � . � ... . , . . . ... . - . ... ... . n' . ... .. . ..• . . . . . . .. . . . .  

6.5 6.0 5.5 5.0 ... 5 ... 0 3.5 3..0 2.5 2.0 1.5 
E (eV) 

Figure 1. UV-VIS absorption of sapphire crystals (designation of the legend in the text) 

1.0 

0..8 
-
1 
• 
=i 
Ë 

0.6 
0 c -
� o." • c 
� .5 
-1 Q. 0.2 

6.0 5.5 5.0 

-- nollalon hed n6.3 ell -------..... 
• • • •  0. eJ!cbdon bed at5Jl ell , 

..• • ocitIIIon _Rd at4.3 eV 

-- �l1"Glon txed . 3 D  ell 
. o o · · · enmion ind !Il2.1 ell 
... ... enmion fxed .2.46 _\1 

".5 4.0 
E (eV) 

15 10 2.5 2.0 

Figure 2. Excitation and emission spectra ofTi4+ luminescence in the 17#RSA sample (normalized) 

3 7  



Publications / Kozlemények 38  
--------------------�------------------------------------------------------

50 

�o 
-
G 

.. ... .• 17#RSA 
-- Asa. 
.. . . . .. Ox. AS#IN : intensly divided l:Jt 1000 

E -• A. 30 u -
� 
! 
� 20 .E 
� 

10 

50 

. : . . 

:':' 

100 

. , 
: . 1 

. ... .. 
� ... \ 

150 250 350 

Figure 3. TL glow curves (per unity of mass) of sapphire crystals following 20 Gy X-ray irradiation 
(designation of the legend in the text) 

1.0 

Y u  
• 
=ii 
Ë 
o S u  
� • 

! 
.5 0.4  
c 
o 
'ii 
.!! 
li 0.2 
F:! 

350 400 

. ... ... 1111RSA 

....... OX1llll 
-- ASlIt 

, . ........ . .. . . 

. 1. (NIl) 
450 

. . ' .... -. ,-

" 

soo 550 600 550 790 750 

'. 
�' ... . �.. :: . ... . .  

O'O ;-�--,-��,-��,-��-.� __ -.��-.--�-. __ �-r� 
175 150 125 100 2.75 2.50 2.25 2.00 1.75 

E (eV, 

Figure 4. TL emission spectra of sapphire crystals at 1 25 oC foUowing 1 kGy X-ray irradiation (designation of 
the legend in the text) 



Publications / Kozlemények 

7. Mossbauer Spectroscopie and Optical Study of 
Iron Incorporation into Alumina Powders 

39 

Abstract - We used iron probe to study how doping elements are incorporated into o.-alumina powders by the 
impregnation method Although perturbed by relaxation phenomena, Môssbauer spectroscopy proved to be a 
fast and informative tool to follow the incorporation of iron. On the basis ofMôssbauer data, optical absorption 
and thermoluminescence of the samples were also discussed. 

Keywords: D. Môssbauer spectroscopy; D. defects; iron doped o.-alumina 

1. INTRODUCTION 

Specially prepared alpha-alumina (corundum) ceramics or single crystals can be advantageously used for 
themloluminescence (TL) dosimetry [ 1 ] .  Alumina dosemeters, like aU other TL materials, are knOWD to be 
strongly influenced by different impurities. However, in case of this material, the role of impurities is not well 
knOWD. Therefore, a systematic study was started on this subject [2-4] : impurities were incorporated into an 
ultra-pure alumina powder by the impregnation method and the TL response of these doped powders was then 
compared 

The impregnation method permits to obtain doped alumina powders with reproducible morphology 
and thermoluminescent properties. However, to understand the role of a given doping element we should also 
know how it is incorporated, if so, in the host lattice. The questions which arise concern homogeneity, phase 
composition, crystallographic site, coordination and valency of the dopant. Taking into consideration the 
doping levels (generally between 10 and 1000 ppm), these questions are usually difficult to answer 
unequivocally. This is especially true in case of powdered samples since sophisticated opticaI and ESR methods 
can be really exploited ooly with single crystal samples. 

From the TL dosimetric point of view, iron is an undesired inlpurity because (at concentrations above 
100-200 ppm) it quenches theIIDoluminescence in alumina (poison effect) [4-5] .  On the other band, iron e7Fe) 
can be used as a tracer element because it cao be studied by Môssbauer spectroscopy that gives information 
about hyperfine interactions between the 57Fe nucleus and its environment in the crystal lattice. From this data, 
valency, bonding, coordination and clustering of iron cao be deduced This is the reason why we have chosen 
iron as a probe to study the phenomena which occur while doping elements are incorporated into alumina 
powders by the impregnation method. 

The Môssbauer spectra and Môssbauer parameters of Fe}+- and Fé+ ions in some a-Al2Û:l samples 
have already been reported [5-9] . Spectra with dilute (less than 0. 1 %) paramagnetic Fe}+- were complicated by 
spin-Iattice relaxation effects [6] . On the other band, Fe2+ was found to fOIID different defect clusters with other 
impurities [7] . 

2. EXPERIMENTAL PROCEDURES 

Sample preparation and characterization 

Several o.-Al2Û:l:Fe powders were prepared by the impregnation technique which consists of four steps. First a 
pure (> 99.99 %) high surface area ( 1 10 m2fg) y-Al2Û:l powder is mixed with the aqueous solution of Fe(NÛ:lh. 
Then this mixture is dried at 100 oC for 24 hours. The next step is the decomposition of nitrates at 600 oC for 
24 hours in an air oven. The last step is the calcination at high temperature (1250 - 1450 oC) for 2 hours when 
the y-AlzÛ:l is transformed into o.-AlzÛ:l and impurities are incorporated into the bulk material. The calcination 
is achieved in a horizontal tube fumace under continuous gas flow. Different gases (Oz or AI or Ar + Hz) were 
used to ensure oxidative or reducing preparation conditions. Such way, several samples were prepared with 
different Fe concentrations and under different calcination conditions (Table 1). The samples with Fe 
concentration less than 5000 ppm were prepared with 57Fe(NÛ:lh (> 99 % 57Fe isotopie enrichment) in order to 
facilitate Môssbauer measurements. 

According to X-ray diffraction patterns, the powders prepared this way are of a.-Al2Û:l phase (> 95 %). 
Their specific surface is around 2-3 m2fg with an average grain size of about 0.5 Ilffi. Grain size and specific 
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surface slightly vary in function of the calcination temperature but not sensitive to the preparation atmosphere 
[4] .  

Spectroscopy measurements 

The Mossbauer spectroscopy measurements were carried out at room temperature (RT) using a conventional 

Mossbauer spectrometer in constant acceleration mode (Wissel). The y-rays were provided by a 51Co(Rh) 
source. Ali isomer shift data are given relative to a.-Fe throughout this paper. For spectrum evaluation we used 
the MossWinn 3 .0  program package. 

Optical absorption of the samples (-150 mg) was studied at RT in the 250 - 1500 nm range using a 
Carry 5 spectrophotometer equipped with a diffuse retlection sphere. The absorption reference was made of 
Teflon powder. 

3. RESULTS AND ANAL YSIS 

Mossbauer spectra 

The Mossbauer data obtained on samples subjected to various thermal treatments are collected in Table 2. A 
thermal treatment of the 51Fe-impregnated (5000 ppm) y-Al2Û3 powder at 600 oC in air led to the formation of 

an amorphous iron made phase on the surface of y-alumina particles as deduced from the isomer shift and the 
quadrupole splitting values. Such species has been observed earlier by others (e.g. [1O]) .  The conversion of the 
Fe-nitrate into made is consistent with the IR spectroscopic observation of No,. evolution at this stage of the 
preparation [4]. 

At 1450 oC, iron is incorporated into bulk alumina grains entirely as Fe:}+ ions when using pure 
oxygen or argon for calcination (Table 2). At high iron concentration (5000 ppm), we cao observe a higbly 
distorted lineshape due to paramagnetic spin relaxation (Fig. 1). It was possible to fit the spectrum with the 
B1ume-Tjon two state relaxation model which resulted in an isomer shift characteristic to Fe3+. With decreasing 
iron concentration, we observed (Fig. 1 )  more and more resolved magnetic hyperfine structure in the oxidized 
(prepared in Oz or Ar) samples which is consistent with our assumption that Fe is distributed in the lattice in 
monomeric form and the condition for the paramagnetic relaxation is determined by the average distance 

between the Fe:}+ ions in the a.-Al2Û3 lattice. Thus we cao conclude that iron does not form clusters in diluted. 
« 500 ppm) systems under non-reductive conditions. 

Samples prepared in reducing atmosphere (Ar + H2) gave much weaker Mossbauer signais than 
expected from the nominal iron concentrations. We attributed this phenomenon to the reduction of iron oxide to 
metallic iron that can evaporate from the sample at high temperature. This 10ss in the iron content of the 
samples increased at higher calcination temperatures and at higher partial pressure of hydrogen. The remaining 
iron in these samples proved to be a mixture of Fe3+, Fe2+ and metallic Fe (Fig. 1, Table 2) according to the 
Mossbauer data. The fraction of the reduced species in the spectra was larger when the calcination temperature 
and the hydrogen concentration were higher. The linewidths were anomalously high in each case (0.6-1 mm/s) 
indicating distribution of hyperfine parameters. This non-uniform environment for a given iron species cao be 
due to non-homogenous doping. 

From the Môssbauer parameters, it can also be deduced that Fe3+ is a high spin 6-<:oordinated species, 
i.e. substituting for Al3+ ions in the hexagonal corundum lattice [7] . However, it is interesting to note that in 
reduced samples we can not see magnetic hyperfine structure of Fe3+ but only paramagnetic doublets even at 
low Fe:}+ concentrations (Fig. 1, Table 2). A possible explanation of this phenomenon is clustering of Fe3+ 

which can account for fast spin-spin relaxation and therefore paramagnetic behavior in the Môssbauer 
spectrum. The driving force for the clusterization, 10gically, is the reduction of the lattice, i.e. the increased 
number of oxygen vacancies. Clusterization is also supported by the Môssbauer parameters of the Fe2+ species 
found in the reduced samples. On the basis of the relatively low isomer shifts, the coordination of Fe2+ ions is 
less than 6. Fé+ ions substituting for Al3+ ions have a net negative charge and a large ionic radius (77 pm) as 
compared with Al3+ ions (53 pm). To reduce lattice strain and ensure charge neutrality, Fe2+ is usually thought 
to fonn clusters with oxygen vacanéies [ 1 1] which can account for the lower coordination of Fe2+. Burns et al. 
[7] observed Fé+ with parameters (5 = 1 mm/s, LI = 2 mm/s) sirnilar to ours and assigned them to Fe2+ ions 
located next to Fe3+ ions. In our case, this assignment is supported by the fact, that in the case of the 5000-5Hr 
1450 sample, where Fe3+ concentration is relatively low, another Fe2+ species occurs as well. Therefore, we 
propose that two types of Fe2+ clusters are present in our samples: one fonned with an oxygen vacancy (5= 1.0 
mm/s, LI = 0.9 mm/s) and another type where beside the oxygen vacancy there is a Fe3+ ion as weIl (5= 0.9 
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mm/s, ,1 == 2.3 mmls). Dézsi et al. [8] also observed two types of Fe2+ species in o.-AhÛJ originally doped with 
57 Co, the mother nuclide of the 57Fe Môssbauer isotope. The isomer shifts (0.78 mm/s for both) were somewhat 
lower then the ones found by us, and the quadrupole splittings (2.7 mmls and l .6  mm/s) were significantly 
higher than ours. These authors suggested that the low isomer shift might be due to electron hopping hetween 
Fe2+ and Fe}+-. This rnay also he reasonable in our case when the co-existence of Fe2+ and Fe}+- is assurned in a 
cluster (8= 0.85-0.91  mmls). To explain the higher quadrupole splittings one has to take into account that, in 
the experiment of Dézsi et al., the original dopant is Co. This ion prefers lower coordination than Fe, thus its 
local environment must contain more oxygen vacancies on the average. This environment is preserved for iron 
within the 1O.g-10� s Môssbauer time window after the electron capture decay of 57 Co. It is reasonable to 
assume that the variation of the Môssbauer parameters of Fe

2
+ in different experiments is due to the different 

preparation conditions, which results in different vacancy distribution in one or another particular sample. 
Irradiation of the samples (UV or X-ray) did not affect the Môssbauer spectra. Let us note that 

although, in general, pararnagnetic relaxation makes it difficult to evaluate Môssbauer spectra because of the 
complicated line shape, one expects that in an intennediate relaxation state any perturbation of the Fe}+- ions 
(excitation, changing of the spin or valence state) should result in a dramatic change in the Mossbauer 
spectrum. We did not observe such change. This means that possible a1tered oxidation or excitation states of Fe 
are not involved in the long life time excited states (responsible for TL processes) of the doped AhÛJ lattice. 

Diffuse reflection 

Absorption spectra of samples prepared under oxygen or argon are identical (such as their Mossbauer spectra). 
Spectra of reduced (Ar+H2) samples are quite different: peaks due to Fe2+ and oxygen vacancies can he 
observed (Fig. 2). 

Absorption bands of iron in o.-alumina can he classified as charge transfer, crystal field, exchange 
coupling or intensified crystal field transitions [1 1] .  Charge transfer band of Fe}+- have very intense absorption 
peak at 38700 cm,l [ 12] and could be readily observed in each sample containing Fe3+. However, samples 
without any Fe (e.g. 500-2,5H2-1450) have also a band around this wavelength (at 38200 cm-l) but we believe 
that this band is due to � center absorption since � centers are known to be formed in alumina under reducing 
conditions [1],  In samples with 5000 ppm Fe3+, a series ofbands (around 222oo, 25800, 26500 and 30200 cm,l ) 
can he observed which are due to magnetically coupled Fe}+- pairs [13] ,  Forbidden crystal field absorption of 
Fe3+ at 18200 cm,l [14] appears weakly. In the 5000-5H2-1450 sample an intense band appears at around 10700 
cm,l . This composite band is of Fé+ crystal field transition [1 1 ,  15] This band is supposed to be intensified by 
lowered site symmetry that was shown by Môssbauer spectroscopy. 

Absorption of the reduced samples decreases with increasing calcination temperature and hydrogen 
concentration, i.e. with smaller iron content. In these samples, the origin of the absorption peak at 22000 cm,l 
and hetween 35000 and 25000 cm-l is not clear but they must be related to Fe3+. 

Thermoluminescence 

In comparison with the non-doped samples [24], iron doping bas not introduced new TL peaks neither new 
ernissions: we observed the same two glow peaks (at 200 and 350 oC) and the same emission spectra (Cr*). 
This means that iron ions are not trapping nor recombination sites as it was also demonstrated by Môssbauer 
spectroscopy. Furthermore, TL glow intensity is c1early related to optical absorption: samples with higher 
absorption (i.e. high iron concentration) show less intense TL (poison effect). However, samples with only 50 
ppm Fe do not follow this simple mie: their TL properties are determined not by iron ions but other point 
defects. 

4. CONCLUSION 

The iron doped alumina sample heated in oxygen ambient contains isolated Fe}+- species substituting for Al}+- in 
six-fold coordination environment. The Môssbauer signal and optical absorption of this Fe3+ species depends on 
the average distance of Fe3+ ions from each other in the lattice, i.e. on their concentration, In case of low 
concentration, the otherwise pararnagnetic Mossabuer doublets tend to show rnagnetic hyperfine splitting and 
exhibit complicated relaxational line shape. On the other hand, at high concentration, exchange coupled bands 
appear in the optical absorption spectra. 

Upon reduction, oxygen vacancies form in the lattice, which accelerate diffusion of Fe and 
clusterization takes place. Clustered Fe}+- shows paramagnetic Môssbauer signal. SimuJtaneously, Fe}+- is 
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reduced, and markedly different Fe2+ species forro depending on the type of species associated in the c1usters 
(oxygen vacancies, Fe3+ or both). Finally, the formation of metallic iTOn presumes that large c1usters are forroed 
probably at grain boundaries and are reduced to volatile metallic iTOn which can evaporate from the sample at 
high temperature. 
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sample Fe calcination calcination 
notation (ppm) T (oC) atm�heTe 
y-AlzÜ:3 5000 600 air 

5000�- 1450 5000 1450 Oz 
5000-5Hr1450 5000 1450 Ar +  5 % Hz 

500�-1450 500 1450 Oz 
500-Ar-1450 500 1450 Ar 

500-5Hz-1450 500 1450 Ar +  5 % Hz 

50�-1450 50 1450 Oz 
50-Ar-1450 50 1450 Ar 
50-5H2-1450 50 1450 Ar +  5 % Hz 

500-2.5HrI250 500 1 250 Ar +  2.5 % Hz 

500-2.5Hr 1350 500 1 350 Ar +  2.5 % H2 

500-2.5HrI450 500 1450 Ar +  2.5 % H2 

500- 1Hz- 1350 500 1350 Ar +  1 % Hz 

500-5Hz-13 50 500 1350 Ar + 5  % H2 

Table 1 :  o.-AlzÜ:3:Fe powder sampi es and preparation conditions 

sample Ox. l t5 Li r HF 
% mmls mmls mmls kOe 

y-Al2Ü:3 +3 100 0.27 1.05 0.94 -
5000�-1450 +3 100 relaxation ,,��_ 

+3 48 relaxation ,,�u \Ull 
5000-5Hr1450 +2 28 1 .02 0.94 0.69 -

+2 24 0 .91  1 .91  0.49 -

500�-1450 +3 100 relaxati� broadened sextet 
500-Ar-1450 +3 100 relaxati� broadened sextet 

500-5Hr 1450 +2 100 1 .00 0.58 0.26 -

50�-1450 +3 100 weak Illl!�etic sextet 
50-Ar-1450 +3 100 weak magnetic sextet 
50-5H2-1450 no iron detected 

+3 96 0.33 0.87 0.56 -
500-2.5Hz-1 250 

+2 4 0.90 2.41 0.50 -

+3 87 0.34 0.86 0.58 -
500-2.5H2-1350 

+2 13 0.91 2. 16 0.74 -

500-2.5H2-1450 no iron detected 

500-IH2- 1350 
+3 90 0.34 0.87 0.56 -
+2 10 0.91 2. 14 0.79 -

+3 54 0.35 0.85 0.59 -
500-5Hr1350 +2 15  0.79 2. 18  1 . 15 -

0 3 1  0.0 1 5  - 0.86 327 

Table 2: Fe species and their Môssbauer parameters in o.-Al2Ü:3:Fe samples 
(Ox. :  oxidation state of the iron species, 1: relative spectral intensity of the iTon species, 8. isomer shift 

(relative to o.-Fe), Li: quadrupole splitting, r line width at half maximum, HF: magnetic hyperfine field) 
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Figure 2: Room temperature opticaI (diffuse reflection) spectra of difIerent a.-AI2ÛJ:Fe powders 
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