“’“_ Contents
T e e R ————

CONTENTS
Page
LIST OF TABLES ......c.cvvuviveenrnnnnnns trerseresesansnsrrensae eresereeactcentntresasanrererene vii
LIST OF FIGURES ......cuoorivriiticreieeenrennanrennissieesesesssesssssnsenssssssmns s viii
LIST OF ABBREVIATIONS ....coveiiivrenenmentenesesesseeeeeeseemsons erreressiatisersaracaonne xiii
LIST OF RADIOACTIVITY UNITS ...covvvrntreniienreeerecerenessesssssses s, xv
SUMMARY ..ooritiiitiintintnntiineinineesaessseascenessesesessssesssssmens s e see s s xvi
CHAPTER 1
INTRODUCTION

1.1. General considerations .............. verserensens cesverenas Seetementeanrrerrstastneesansonnnn 1
1.2, Chemistry, radiochemistry and nuclear chemistry of uranium .................... 2

1.2.1. Chemistry of Uranium ............ocoeureurorierieieeeeeeeosoeoe oo 2

1.2.2. Radiochemistry and nuclear chemistry of uranium ..............oocoovueeeiviiiiiii . 3
1.3. Periodic Table and *5U-fission Products .......vvueiiiiiniiinrnneennreeeneennsessenneonn 6
1.4. Radioactivity and specific activity of ®U-fission ISOLOPES «.vvvreiiiennrrierinrernnn 7
L.5. Chemical processing for separation of some *U-fission products ........cocuvvnruunn 13
L3.1. Radioiodine .........ocooviuiiiiioiiiieece e 19
1.5.2. Radionuthenium ..................o.counenninnisoeenieeeee oo 23
1.5.3. Radiocesium .........o.ooooviiiiciiiieicceieeeeeeeee 26
1.5.4. Radiomolybdenum ................oouvemummmueoeiriieesesesosoo 30
1.5.5. Radio-zirconium and —niobium ..................c...coovveevreroeo 38
1.6. Some beneficial applications of Z*U-fission Products ......cvvereinveunenrencnnsnnennron 42
1.6.1. Radioisotope generators ..............vevoveueuvoeorseeeeosoeooo 42
1.6.1.1. ¥'Cs/*"™Ba generators ..............ocoovevoeeeoo 44
1.6.1.2. Mo/ BONCTALOLS wuuviiiiiiiti i e e e 47
1.6.2. Sealed SOUICES ..........ououvieiiciienie et 51
1.6.3. Nuclear batteries ...............c...oeiimiereniseeeeeeees oo 52
1.6.4. Miscellaneous applications ..................ocooeveecernoeo 52

CHAPTER 2
EXPERIMENTAL

2.1. Chemicals and solutions .......... e eeetet ettt ttinrestsasitnrertenrestasnenestanernennnne 54
2.LL CRemICAlS .....cvirniiitit et 54
L L 55



Contents
Page

2.2 EQUIPIENLS ouuvvririniininiinitieicicioiisusiisisioissetosssosssssssssassasssssssnnsssasessnnane 56
2.3. Preparation of 6-tungstocerate(IV), 6-WCe, gel matrix .....covvvverierenicrierrenronn 57
2.4. Target preparation and irradiation ......cccoceeviiviiiniiirriirirriiirecesiscsi. 57
2.5. Target disSolution .........cccvuviniiiinirniiiessiesirisirecssstestenssssenssesssssossanes e 58
2.6. Separation of radioiodine .........ccovviiininivieiiiniriisiiiiiartiiniiisiicsisitiisessen. 61
2.6.1. HOt FP SOIULION ....oniiiii i et ree et te e e r e v renrrsnrensensssnrne 61
2.0.2. Aged FP SOIULION ..ottt et et e ea e 61
2.7. Separation of radiorutheninm .........covvreiiimiiiiiiiiiiiiiiiriiniirsissisesiseassnn 61
2. 7.1, Aged FP SOIUtION ..c.uviiiiiniiiiiniiiciiiin s e i st rbe e s s aes 61
2.7.2. HOt FP SOIStION «..uneneniiiiii i ettt et ree e e ree e e eene e re e e e s seraes 61
2.8. Separation of radioceSium .....cvuvveiveviiririiiiiirirciirirririrrr e e e e e r e bane 62
2.8.1. Aged FP SOIUtION .....onnii e et 62
2.8.2. HOt FP SOIULION ...eoviiiie e ettt e e e e ra e e e e e aeenae 62
2.9. Separation of radiomolybdenum ......c.c.ccoivviiriirrrinsinninisirsnnsissssssrserssssanns 63
2.10. Separation of radio-zirconium and —niobium .....c.cccevivvercercnrenicircsnsrarsorsosso 63
2.11. RadioiSotoPe SeDETALOTS 1uucviairinimruiiiiiianiiaiiiiossssiiissessiseoasssssissesssssssssss 64
2.11.1, 1¥Cs/"¥"mB, generator based on 6-WCe column ..........ooiiiiiiiiiiiiiiiiieiinnne 64
2.11.1.1. Batch distribution studies ............ccviiiiriiiiii s 64
2.11.1.2. Column preparation and loading with *'Cs ...........coeeiriiiiiiiiiieee e, 65
2.10.1.3. PTMBa EIUtON «..evvvevveiiveeeiereseesseesieseesreeerseninessaaessessresensssnesssones 65
2.11.2. Mo/ Tc generator based on alumina column ........ovviiiiiniiiiiiiiiiiiarneiin 65
2.11.2.1. Column preparation and loading with MO oo ee e s venee 63
211222 7P TC EIUHON 1eveeevtiiiiirreenireeeraaecessoenneestmneassesonnaneeesessnnaseo s osmmse 66
2.11.3. ®Mo ™ Tc-*"Cs/*"™Ba dual generator based on 6-WCe column ................... 66
2.11.3.1. Column preparation and loading with PMo and "Cs eeeenieei e 66
2.11.3.2. PP TE EIMON «oeevveeeeeecee ettt e e e e e et e e e ee st eae e I 66
2.11.3.3. PP PBa BIUHON «eeovvvee ettt st e 66
2.12. Quality control investigations .........ceccuvrrirssirennns verneaane tessssasssssstansnsansene 67
2.12.1. Elution profiles of generator-produced radionuclides .............ccovviviniininninnnn 67
2.12.2. Separation and elution yields ..........c.cccoviiiiiiiiiimeirn 67
2.12.3. Recovery Yield ......coevniiiiiiiiiiniiiiiiiineniisiricir s e e 68
2.12.4. Radionuclidic PUIIEY «.oveveeiineeici i e rcie it ieniieraesan s siee s eenaane 68

i



Contents

Page
2.12.4.1. GAMMA-TAY SPECLTOMELIY .....vuvuvsreriinrneriernreenentreseesenracenrnsssnensssmes 69
2.12.4.2. Radioactive deCAY CUIVE .....ociiiviiniriiieirietieiiinieieeiee s reenaeenenenen e 69
2.12.5. Radiochemical PUItY ......ooirnomiiei i e 70
2.12.5.1. Radiochemical purity of radioioding .........c..cccoeiiiiiiiiiii i 71
2.12.5.2. Radiochemical purity of ™I €luate ..........eeeeverereeeeereeeeeeseeeeeeeseeeeenes 71
2.12.6. Chemical Uity ......couvuiininiii i e 71
2.12.6.1. Chemical purity of '*"™Ba and ®™T¢ eluates from the 6-WCe columns ........ 71
2.12.6.1.1. Determination of tungsten by the thiocyanate method ........................ 72
2.12.6.1.2. Determination of cerium by the persulfate method ............................ 72
2.12.6.2. Chemical purity of ®™Tc eluates from the alumina column ..................... 73
202 7. PH-VAIUE «ceoetiiiiiii i s e e e e e e e 73
CHAPTER 3
RESULTS AND DISCUSSION
3.1. Preparation of the fission-product feeding solutions ................. P 74
3.1.1. Sodium hydroxide digestion ............ccceiiiiiiiiiiiiiiiiiiriee e e 74
3.1.2. Nitric acid treatment ..........ovininieiiiiii it it ceaee e eae e neasvennes 74
3.1.3. Advantages of the alkali/acid dissolution process ............. e ——— 75
3.2. Gamma-ray spectrometric analysis of FP feeding solutions ...........ccevvrrvervemnnn 76
3.2.1. Hot FP feeding SOIUtion ..........coouiiiiniiiiiiiiii e e e 76
3.2.2. Aged FP feeding solution ...........cvveeiiiiiiiiciiiiiiiier e ceee e e e s s anens 78
3.3. Separation of radioiodine ..........ccciviiiiiiiiiiiiiiiiinerrireiercrrncereesneasenseson 81
3.3.1. Separation of "*'I from the hot FP SOIUtION - ...eeevvvvvvveereesesreenseeseeseeemnnesens 82
3.3.1.1. Separation yield of 'L .......oiiiiiiiiiiieee e r e 82
3.3.1.2. Recovery yield of M1 .....ooiiiniiiiiiiiee e 82
3.3.1.3. Radionuclidic purity of 1T ......ooviiiiiiiiii ettt e 82
3.3.1.4. Radiochemical purity of *'T ........cccvvviiiiiiiiie e 85
3.3.1.5. pH-value of the ' I-product SOIUtoN ...........ceceveerieeiereeeeneeeeeeeeeeeaenn 87
3.3.1.6. Radioactivity and radioactive concentration of the ">'I product-solution ......... 87
3.3.2. Separation of "I from the aged FP SOIUHON «-......eeveeeereeeeeeeeeeeeeeeeeeeeeeas 89
3.4. Separation of radioruthenium ..........cc.cceuveureereeenrecennee. ceesesrsersersnsnsarsnsamnns 91
3.4.1, Separation of '“Ru from the aged FP SOIULON ......vveeveereeviereeeneeneeeeeeeeeeseaes 93
3.4.1.1, Separation Yield of " RU ......cooiiiiiiiiiiii et e eeeeeeeee e e e 93

iii



Contents

Page

3.7.4. Recovery yield of the SZEPTND COUPIE «evvvvrnreeevriiieceiminn i e ernre e e s eeenen: 137
3.7.5. Radionuclidic purity of the BZELTND COUPIE cevvviirrenieeieeeemeecrirraniieerreneems 138
3.7.6. Radioactivity and radioactive concentration of the % 7:°Nb-product solution ...... 138
3.8. RadioiSotope SEnerators ..cocveerreeriiitisasenasessssnsacesarcoses cenessanns tvesesacaens resuse 140
3.8.1. "¥Cs/"*"™Ba generator system based on 6-WCe column .......coovviinieniirinnninnnn 143
3.8.1.1. Preparation of the *7Cs/"¥"™Ba generator ..........cocevrvrrereeerineninneniceeeninns 145
3.8.1.2. Quality control of *"™Ba eluates ................ e eeee e 145
3.8.1.2.1. Elution performance of 27™Ba ......ccccoeeiviriierienniiniiniininne e 145
3.8.1.2.1.1. Eluent selection and elution profiles of "™Ba ........cccevverrerreriiinnins 145
3.8.1.2.1.2. Elution yield of P™Ba ......cccoviiiiriiniiiiiiiiiiiiiiiiiee e e 148
3.8.1.2.2. Radionuclidic purity of >"™Ba ........ucvvvemermrerimsicrinnieiniinninairisann 151
3.8.1.2.3. Chemical purity of "7™Ba .....c..uveuruuurivememnnnninaenseeeeeisrnnrrasnnennnans 154
3.8.1.2.4. pH-value of *"™Ba eluates .........cvveeeeeereeerrersisiiisnessseesencnennnaen 154
3.8.1.2.5. Reproducibility of the '*’Cs/'*"™Ba generator system ...............coeeereen. 155
3.8.1.3. Advantages and applications of *’Cs/"*""Ba generators ..........ccceeeeenrnenn 157
3.8.2. Mo/ Tc generator based on alumina column ........c.ccovveuieriniiiniiiiinnnennne 157
3.8.2.1. Loading of Mo onto the alumina column ...........cocoeeeeeiviiiinninniiniinnnn 157
3.8.2.2. Conditioning of the alumina column for PIMTC QIUtON ..oeveveeeeeeeeneenrernnens 160
3.8.2.3. Quality control of ™Tc €IUAtES .......covuvrrieerieiereenreeeaaerevnnrreesseennnes 160
3.8.2.3.1. Elution performance of ™TC ....eeceerereeeeeieeeeerreneeeeereenrnneena s 160
3.8.2.3.1.1. Elution profiles of ”™TC ....c.c..ccovuriiivriiimmireineeie e 164
3.8.2.3.1.2. Elution yield 0 ™TC ....vvvvvervrerrsreereeeeeeeriemiennneaeeseessasenssnnens 164
3.8.2.3.2. Radionuclidic purity 0f ™TC ..uuueeieereeireceeimniesevivnnnsieeenennin e 164
3.8.2.3.3. Radiochemical purity of ™TC .....ccoovrrimumiireereerrcnnrreereiian e 167
3.8.2.3.4. Chemical purity of ®™TC .....eevvrrrrierrrccenniriirine e siie s crtees e e 167
3.8.2.3.5. PH-value Of PMTC €IUALES .. eeeeeerreerrrerrianneeereeeviesesearrnnseeiesraans 167
3.8.2.3.6. Reproducibility of the PMo/ ™ Tc generator SYStem ...........cvveeveereensns 170
3.8.2.4. Advantages and applications of PMo/ ™Tc generators ........ccceveeverennennnene 170
3.8.3. Mo/ Tc-"*"Cs/"*"™Ba dual generator system based on 6-WCe column ........... 172
3.8.3.1. Loading of Mo and "*'Cs onto the 6-WCe column ..............oocvivivinrinnnnn 172
3.8.3.2. Washing and conditioning of the 6-WCe column for #MTe elution .........ve.... 174
3.8.3.3. Quality control 0f ™TC elUates .......eeeeeeerereererreirereeiiiiiniiriresneseenes 174



Page
3.8.3.3.1. Elution performance of ™ TC .........ccvvivvrieeeeeseeeeeeee e, 174
3.8.3.3.1.1. Elution profiles of ™Tc ......c..eeuvieeeeeieeeeeeeeeeeee e, 178
3.8.3.3.1.2. Elution yield of ™TC ...vueiieeiee e eeeeeeeeeeeeeeee e eeeeeeees s 178
3.8.3.3.2. Radionuclidic purity of P™TC .....oovveiieeeeiveireieeeeeeeeeee e, 180
3.8.3.3.3. Radiochemical purity of ™Tc .....ccooemeeeeeeeeeeeseee e, 180
3.8.3.3.4. Chemical purity of ™TC ......ccouveiiiieeeeeee e e eeeees e, 180
3.8.3.3.5. pH-value of ™TC €UAES ... .. ..eeeeeeereeeeeeeeeeeeeeeeeee oo 184
3.8.3.3.6. Reproducibility of the ®Mo/™T¢c eNErator ........covivuviniiiiniiaiaaaaa, 184
3.8.3.4. Washing and conditioning of the 6-WCe column for *’"™Ba elution ............. 185
3.8.3.5. Quality control of "™Ba eluates ...........coevrrreeeeeeereeeeeesseeeeo 185
3.8.3.5.1. Elution performance of *"™Ba ...........ocoeveeeeieroeeoee e 185
3.8.3.5.1.1. Elution profiles of ""™Ba ........uuuveteeeieeeeeerseeee oo 185
3.8.3.5.1.2. Elution yield of *™Ba .........cooiiiueeeieeeeeeee oo, 189
3.8.3.5.2. Radionuclidic purity of *"™Ba ...........ccoveivueeiieeeeeeeeoeee e 189
3.8.3.5.3. Chemical purity of "™Ba .......coovreeeeeeeeeseeeee e 193
3.8.3.5.4. pH-value of ""™Ba €lUates ............ecooueeeeeevireeeeeeeeee oo, 193
3.8.3.5.5. Reproducibility of the "*'Cs/"*"™Ba generator ............ooevuveveeeevoee, 193
REFERENCES .......ucuummimetieiriresinirnrrienissnsesssinssssssssssnsssossssnnnnssenssssssssssses 198

vi



