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Organometallic Organometallic compoundscompounds of of 
transactinides: e.g. transactinides: e.g. HassoceneHassocene??

AcceleratorAccelerator

BGS, BGS, 
ChemSepChemSep

Gas phase chemistry: Future ?Gas Gas phasephase chemistrychemistry: : Future ?Future ?
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No No beambeam behindbehind thethe targettarget!! Separation @ BGS/!! Separation @ BGS/ChemSepChemSep



Volatile Compounds of d ElementsVolatile Volatile CompoundsCompounds of d Elementsof d Elements

Metallocenes  M(cp)Metallocenes  M(cp)22
ObservedObserved in solid in solid phasephase: : 

Fe(cp)Fe(cp)22+U(n,f)Ru +U(n,f)Ru →→ Ru(cp)Ru(cp)22
(F. Baumgärtner et al., Z. Naturforsch. 16a (1961) 374)(F. Baumgärtner et al., Z. Naturforsch. 16a (1961) 374)

ββ--diketonatesdiketonates
((e.ge.g. . dpm=dipivaloylmethanedpm=dipivaloylmethane): ): 

InvestigatedInvestigated withwith IC IC usingusing

carriercarrier--freefree Ru Ru fromfrom 252252CfCf
(S. Ono et al., J. Radioanal. (S. Ono et al., J. Radioanal. NuclNucl. Chem. 255 (2003) 571). Chem. 255 (2003) 571)

CarbonylesCarbonyles M(CO)M(CO)XX

WellWell--knownknown, , stablestable (e.g. (e.g. groupgroup 8)8)

Me

 

O
CH

O
C(CH3)3

C(CH3)3

Me

n

O C

O
C

O

C

Me C O
C

O



Production Rates at 88‘‘ & BGSProductionProduction Rates at 88‘‘ & BGSRates at 88‘‘ & BGS

Rutherfordium Rutherfordium IsotopesIsotopes
257257Rf (TRf (T½½=4 s) ; 0.5 Atoms/min =4 s) ; 0.5 Atoms/min behindbehind BGS                      BGS                      
ReactionReaction:: 208208Pb(Pb(5050Ti, 1n)Ti, 1n)257257Rf, Rf, σσ ≈≈ 1010--15 nb15 nb

(J.P. (J.P. OmtvedtOmtvedt et al., J. et al., J. NuclNucl. . RadiochemRadiochem. . SciSci. 3 (2002) 121). 3 (2002) 121)

Dubnium Dubnium isotopesisotopes
258258Db (TDb (T½½=4 s): =4 s): 209209Bi(Bi(5050Ti,1n)Ti,1n)258258Db, Db, σσ ≈≈ 3 nb3 nb

HeavierHeavier elementselements: no : no isotopesisotopes withwith TT½½>0.5 s >0.5 s 
thatthat cancan bebe producedproduced and and separatedseparated withwith BGSBGS
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Volatile Compounds of Group 4 ElementsVolatile Volatile CompoundsCompounds of Group 4 Elementsof Group 4 Elements

ββ--diketonatesdiketonates: : 

hfa hfa compoundscompounds::

((hfa=hexafluoroacetylacetonatehfa=hexafluoroacetylacetonate))

SuccessfulSuccessful productionproduction of of carriercarrier--freefree Hf(hfa)Hf(hfa)44 isis
reportedreported. (T. (T½½~ h). ~ h). HoweverHowever, no , no separationseparation was was 
achievedachieved! ! TTDepDep in TC: 50in TC: 50--100 °C100 °C

(E.V. (E.V. FedoseevFedoseev et al., J. Radioanal. et al., J. Radioanal. NuclNucl. Chem. . Chem. LettLett. 119 (1987) 347) . 119 (1987) 347) 

R1

O

R2

O acac: R1 = R2 = CH3
tfa:  R1 = CH3, R2 = CF3
hfa: R1 = R2 = CF3
thd (=dpm): R1 = R2 = C(CH3)3



Production of Short-Lived Zr and Hf IsotopesProductionProduction of of ShortShort--LivedLived Zr and Hf Zr and Hf IsotopesIsotopes

InvestigatingInvestigating homologuehomologue elementselements underunder identicalidentical
conditionsconditions isis desirabledesirable. . 

WhenWhen preseparationpreseparation isis employedemployed, , simultaneoussimultaneous
productionproduction isis notnot possiblepossible ((differingdiffering BBρρ).).

EmployEmploy a a heavyheavy--ionion cocktailcocktail!!
natnatGe(Ge(1818O,xn)O,xn)85;85m;87m85;85m;87mZrZr
112;116;120;124112;116;120;124Sn(Sn(5050Ti, 4Ti, 4--5n)5n)158;162;165;169158;162;165;169HfHf

UsingUsing thethe targettarget ladderladder (max. 5 different (max. 5 different targetstargets), ), 
switchingswitching betweenbetween Zr and Hf Zr and Hf takestakes a a fewfew min.min.

Ion Q M/Q nat. Abund. 
% 

Energy 
(MeV) 

MeV/n Frequency 
(MHz) 

18O 4+ 4.50 0.2 83.6 4.64 14.3875 
50Ti 11+ 4.55 5.4 228.0 4.56 14.5162 

 



ThermochromatographyThermochromatographyThermochromatography
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Experimental Set-UpExperimental Experimental SetSet--UpUp

Cooling 
water / LN2

18O/50Ti 
cocktail 
beam To activated 

char coal trap 
and exhaust 

Thermochromatography 
column (SiO2) 

Heated Teflon 
tube (5 m) 

Ge and Sn  
targets on ladder 
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Modified Recoil Transfer Chamber RTCModifiedModified RRecoilecoil TTransfer ransfer CChamberhamber RTCRTC



On-Line TC Apparatus (γ-detection)OnOn--LineLine TC TC ApparatusApparatus ((γγ--detectiondetection))

Oven Oven 
150°C150°C

ChillerChiller
0°C0°C

γγ--detector
detector



Hf EVR residual energy after
passing through MYLAR

Hf EVR residual Hf EVR residual energyenergy afterafter
passingpassing throughthrough MYLARMYLAR

SRIM2003 range
predictions: 
169Hf: 12.40 µm
85Zr: 6.64 µm

However, using
a 6 µm window
didn‘t allow for
the observation
of Zr.
Now in use: 
3.6 µm window
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Hf Catcher-Foil: 124Sn(50Ti;~5n)~169HfHf Hf CatcherCatcher--FoilFoil: : 124124Sn(Sn(5050Ti;~5n)Ti;~5n)~169~169HfHf

Works 
well, also 

for wet
chemistry
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Zr Catcher-Foil: natGe(18O,xn)85/85m/87mZrZr Zr CatcherCatcher--FoilFoil: : natnatGe(Ge(1818O,xn)O,xn)85/85m/87m85/85m/87mZrZr
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Chemistry Results I – Influence of hfaChemistryChemistry ResultsResults I I –– InfluenceInfluence of hfaof hfa

169Hf
168mLu
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Chem. Results II – Yield vs. ...Chem. Chem. ResultsResults II II –– YieldYield vsvs. .... ...

Maximum Maximum yieldyield isis achievedachieved at at thethe followingfollowing
experimental experimental parametersparameters::

●●TTRTCRTC--OvenOven:: 240 °C240 °C

●● TThfahfa:: 30 °C  (30 °C  (yieldyield high, high, consumptionconsumption rate rate okok))

●“Age“ of hfa:●“Age“ of hfa: newnew!!

Maximum Maximum yieldsyields forfor 169169Hf (THf (T½½=3.24 min):=3.24 min):

Sample Position Yield 
Catcher Foil at BGS Exit (100 %) 
Formation of Hf(hfa)4 >95 % 
Transport to Chemistry Setup >95 % 
Overall Yield >90 % 
 



ThermochromatographyThermochromatographyThermochromatography
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ThermochromatographyThermochromatographyThermochromatography

●● No adsorption of Hf/Zr complexes at No adsorption of Hf/Zr complexes at 5050--100°C100°C,    ,    
but deposition betweenbut deposition between 0 °C and 0 °C and --20°C 20°C was was observed.observed.

●● DDueue to to tracestraces of of waterwater in in thethe carriercarrier gas, gas, 
depositiondeposition of of iceice was was observedobserved belowbelow --10°C. 10°C. 

●● hfa and hfa and presumablypresumably hfahfa--complexescomplexes reactreact stronglystrongly withwith
waterwater → → DidDid wewe observeobserve chemisorptionchemisorption??

●● A substantial A substantial amountamount of Hf was of Hf was foundfound in in thethe ACC ACC afterafter
thethe TC.TC. → → IsIs therethere moremore thanthan oneone chemicalchemical speciesspecies
presentpresent??

●● MacroamountsMacroamounts of hfa of hfa depositdeposit at at --65°C, 65°C, preventingpreventing TC to TC to 
lowerlower temperaturestemperatures..

●● In In experimentsexperiments withwith Zr, a ACC Zr, a ACC traptrap was was attachedattached to to thethe
TC TC columncolumn whichwhich coveredcovered a a temperaturetemperature down to down to --5°C. Zr 5°C. Zr 
was was observedobserved in in thethe traptrap, , butbut no Y. no Y. →→ Good Good 
separationseparation Y/ZrY/Zr

●● --∆∆HHadsads of (60of (60±3)±3) kJ/molkJ/mol was was deduceddeduced usingusing thethe modelmodel of of 
mobile mobile adsorptionadsorption..



What have we learnt? / Our problems...WhatWhat havehave wewe learntlearnt? / ? / OurOur problemsproblems......

ItIt isis indeedindeed possiblepossible to form volatile metal to form volatile metal 
complexescomplexes of of reactionreaction productsproducts of HI of HI 
inducedinduced reactionsreactions !!

-- hfa hfa complexescomplexes areare veryvery volatile. volatile. 
--QuestionQuestion 1: 1: WhatWhat isis thethe chemicalchemical statestate of of ourour

observedobserved Hf?Hf?

--QuestionQuestion 2: 2: DoesDoes thethe systemsystem looklook promisingpromising forfor
a Rf a Rf experimentexperiment??

--QuestionQuestion 3: 3: ShouldShould wewe ratherrather investigateinvestigate lessless
volatile volatile compoundscompounds ((e.ge.g. . tfatfa
complexescomplexes?) ?) 

--Main Main problemproblem: : macroamountsmacroamounts of hfa of hfa depositdeposit at at 
higherhigher temperaturetemperature thanthan microamountsmicroamounts of of 
M(hfa)M(hfa)44..



SummarySummarySummary

The The BGS should allow the production of BGS should allow the production of 
“fragile” compounds of TAN“fragile” compounds of TAN

FirstFirst experiments aimed at the investigation experiments aimed at the investigation 
of hfaof hfa--compounds of the Rf homologs Zr and Hfcompounds of the Rf homologs Zr and Hf

ShortShort--livedlived isotopes of these elements are isotopes of these elements are 
produced with a produced with a 1818O/O/5050Ti cocktail beamTi cocktail beam

hfahfa compoundscompounds areare formedformed inin--situsitu in in thethe RTC RTC 
withwith high high yieldyield. . TheyThey areare veryvery volatile and volatile and cancan
bebe transportedtransported to a to a chemistrychemistry setupsetup at at roomroom
temperaturetemperature..

First First TC TC experimentsexperiments indicateindicate thethe formationformation of of 
twotwo different different chemicalchemical speciesspecies, , bothboth volatile. volatile. 


