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Abstra
tThe high sensitivity and wide range of appli
able sample types make �-parti
le spe
-trometry a powerful te
hnique for the determination of low-level a
tivities in environ-mental samples. Radio
hemi
al te
hniques are des
ribed here for the determination ofthe following �-emitting radionu
lides:� 234U, 235U and 238U� 228Th, 230Th and 232Th� 223Ra, 224Ra and 226Ra, and� 210Potogether with a method for the determination of 210Pb by � 
ounting. In addition,the �-emitters 228Ra, 210Pb and 227A
 
an be determined within a few months of theirseparation from the sample digest by measurement of their �-emitting progeny.After addition of a suitable tra
er and dissolution of the sample, a 
hemi
al separations
heme is used whi
h allows the sequential separation and analysis of radioisotopes ofU, Th, Ra, Pb, Po and A
 on the same sample digest. This s
heme has been developedwith the aim of a
hieving 
onsistent high 
hemi
al yields while minimising analysis time.Sample pretreatment 
riteria, tra
er isotope sele
tion and spe
trum analysis pro
eduresfor ea
h element are dis
ussed, and typi
al spe
tra shown. A set of 
omputer programsused for the 
al
ulation of results are also des
ribed.This report updates and repla
es an earlier report on this topi
 (Martin & Han
o
k1992).Keywordsalpha parti
le spe
trometry, environmental samples, uranium, thorium, radium, lead,polonium, a
tinium, radionu
lide
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1 Introdu
tionThe aim of this publi
ation is to provide a des
ription of pro
edures for radio
hemi
alanalysis of environmental samples developed and used at the Environmental Resear
hInstitute of the Supervising S
ientist (eriss). This report updates and repla
es anearlier report on this topi
 (Martin & Han
o
k 1992).eriss 
ondu
ts resear
h into the environmental e�e
ts, in
luding the radiologi
al impa
ton humans, of uranium mining in the Alligator Rivers Region. Consequently, the pro
e-dures des
ribed here are primarily for measurement of members of the uranium, thoriumand a
tinium de
ay 
hains with half-lives of the order of a few days or longer. Figures 1.1{ 1.3 show the dominant pathway members of these de
ay 
hains, together with theirhalf-lives and modes of de
ay (Firestone 1996). A fourth de
ay 
hain (the neptuniumseries), whose members are often used as isotopi
 tra
ers, is shown in Figure 1.4.Analyses for these radioa
tive isotopes 
ommonly employ one or more of the followingte
hniques:� �-parti
le 
ounting;� �-parti
le 
ounting;� et
hed tra
k dete
tors,� liquid s
intillation 
ounting and/or spe
trometry;� s
intillation dete
tors for low-resolution 
-ray spe
trometry, most 
ommonlyNaI(Tl) 
rystal/photomultipler tube systems,� semi
ondu
tor diode dete
tors for high-resolution 
-ray spe
trometry, most 
om-monly high-purity germanium (HPGe) systems,� �-parti
le spe
trometry performed dire
tly on the sample (e.g. Murray & Marten1985), and� high-resolution �-parti
le spe
trometry using a tra
er isotope and involving 
hem-i
al separation pro
edures.This latter method has a number of advantages over other te
hniques for measurementof low-level a
tivities, in
luding:� The high sensitivity of the te
hnique, resulting from the observation of the high-yield � de
ay pro
ess, low intrinsi
 dete
tor ba
kgrounds and the elimination of
ompeting radiation by 
hemi
al pro
essing.� The ability to use an �-emitting isotope as a tra
er makes the te
hnique reliable,provided no losses of either sample or tra
er o

ur before the tra
er and sampleisotopes have 
hemi
ally equilibrated.� As the result is obtained from the ratio of sample to tra
er peaks, it is not a�e
tedby errors in the knowledge of dete
tor 
ounting eÆ
ien
y.� The range of radionu
lides whi
h 
an be determined. Those of interest here are234;235;238U, 227;228;230;232Th, 227A
, 223;224;226;228Ra, 210Po and 210Pb.1
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ay series (4n+ 2 series)
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Figure 1.2 The thorium de
ay series (4n series)� The ability to measure 
on
entrations of 226Ra without an ingrowth period for222Rn and progeny.� The range of appli
able sample types. Virtually any sample whi
h 
an be 
hemi-
ally digested 
an be analysed using this te
hnique.Disadvantages of the te
hnique in
lude:� The ne
essity of obtaining and 
alibrating a tra
er isotope solution.� The time-
onsuming 
hemi
al separation te
hniques required. These separationsare required for the following reasons: to remove elements whi
h would interferewith the �nal sour
e preparation step in su
h a way as to redu
e re
overy of theelement of interest; to remove elements whi
h would deposit on the �nal sour
e,resulting in a thi
k deposit and 
onsequently degraded spe
tral resolution; and toseparate the element of interest from other �-emitting radionu
lides.2
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Sample dissolution
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alpha spectrometer
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Figure 1.5 Steps involved in analysis by �-parti
le spe
trometry.The radio
hemi
al te
hniques des
ribed in this report have been developed with the aimof utilising the advantages of �-parti
le spe
trometry while minimising analysis time.Figure 1.5 summarises the steps involved in a typi
al analysis by �-parti
le spe
trome-try. The most demanding of these in terms of operator time are generally those of sampledissolution and 
hemi
al separation. Hen
e, emphasis has been given to redu
ing to aminimum the number of 
hemi
al manipulations involved. This has been a

omplishedby the development of a 
hemi
al separation s
heme whi
h allows analysis of all 6 ele-ments of interest on a single sample digest. Although the te
hniques are based primarilyon �-parti
le spe
trometry, a method for analysis of 210Pb by beta 
ounting has beenin
orporated as part of the analysis s
heme.
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2 Sample 
olle
tion and preparation2.1 Time 
onstraintsAnalysis of radionu
lides with relatively short half-lives 
an pla
e 
onstraints on sample
olle
tion and analysis timetables. For example, analysis for 224Ra (t1=2 = 3.7 days) and223Ra (t1=2 = 11.4 days) should be performed as soon as possible after sample 
olle
-tion to minimise the importan
e of de
ay and of ingrowth from the parents. Even forradionu
lides with half-lives of the order of months or years, ingrowth 
an be signi�
antover the 
ourse of several days when the a
tivity 
on
entration is substantially less thanthat of the parent. Some examples are:� The a
tivity 
on
entration of 210Po in rainwater is usually one to two orders ofmagnitude lower than that of its 210Pb progenitor, and so the maximum analysisdelay time advisable is 2 { 3 days.� The a
tivity 
on
entration of 228Th in groundwater is usually one to two orders ofmagnitude lower than that of 228Ra; the maximum analysis delay time advisableis about 1 week.� The a
tivity 
on
entration of 210Pb in uraniummine waters is usually substantiallylower than that of 226Ra; the maximum analysis delay time advisable is about 1 {2 weeks.2.2 Drying pro
eduresPolonium, despite its high boiling point, shares with other group VI elements the ten-den
y to be volatilised when samples are dried at elevated temperatures (Bo
k 1979).This is probably due to the presen
e of volatile organi
 
omplexes, or polonium halides(volatile above 150ÆC). Volatility varies widely with 
hemi
al form, and polonium hasbeen shown to be partly volatilised from some samples above 100ÆC (Martin & Blan
hard1969).It seems prudent, therefore, to keep drying temperatures as low as is pra
ti
able. Ateriss, samples are dried to a 
onstant weight at 80ÆC.2.3 Treatment of water samplesThe elements of interest here are almost invariably present in water samples in extremelylow 
on
entrations. For example, a 226Ra 
on
entration of 1 Bq L�1 represents a molarityof only 1.2 � 10�13 M Ra. Even for the longer-lived 232Th 1 Bq L�1 represents 1.1 �10�6 M Th.At su
h low 
on
entrations, it is imperative to avoid any loss of the element onto phaseboundaries (e.g. adsorption onto suspended parti
les, 
olloids or the walls of the 
on-tainer). Samples should be 
olle
ted into a
id-washed plasti
 
ontainers. Samples foranalysis for total a
tivity 
on
entrations should be a
idi�ed (usually 1 % HNO3) im-mediately on 
olle
tion. Samples to be �ltered should be pro
essed as soon as possibleafter 
olle
tion and the �ltered portion a
idi�ed. Immediately before any sub-samplingfor analysis, samples must be shaken vigorously in order to resuspend any parti
ulatematter. 5



Polonium is a parti
ular problem in this respe
t. This element hydrolyses to a 
onsid-erable extent in dilute (<0.01 N ) a
id solutions and is readily adsorbed onto 
olloids,suspended parti
les and glass surfa
es. Desorption of su
h hydrolysed spe
ies 
an be dif-�
ult to a
hieve even with strong a
id solutions. For a further dis
ussion of this problemsee Bagnall (1957, pp. 29{32) and Bene�s & Majer (1980).
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3 Element separations and sour
e preparation3.1 Use of tra
er isotopesTra
ers must be kept in air-tight plasti
 bottles, and dispensed with all reasonable 
areto prevent 
ontamination of the solution. Che
ks must be made at regular intervalsthroughout the life of the tra
er solution to ensure that neither 
ontamination nor 
hangein tra
er strength has o

urred.Choi
e of tra
er depends on a number of fa
tors, in
luding �-parti
le energy, half-life,progeny, purity, pri
e and availability of supply. Tra
ers used at eriss for Po, Pb, U,Th, Ra and A
 are dis
ussed in se
tions 5 to 10. Details of half-life and �-parti
le energyfor the radionu
lides of interest are summarised in Appendix B.3.2 Sample digestion and dissolutionSample digestion and dissolution pro
edures vary from sample to sample, and havebeen well do
umented elsewhere (e.g. Bo
k 1979). At eriss, sample dissolution forradio
hemi
al analysis most 
ommonly employs wet a
id digestion, utilising nitri
 a
id tooxidise any organi
 material present, and hydro
uori
 a
id to atta
k sili
ates. Per
hlori
a
id is used where ne
essary, but for safety reasons never when organi
 matter is present.For mineral samples resistant to a
id atta
k, a fusion method may be ne
essary (e.g. Sill1987).Whi
hever te
hnique is used, the sample must be brought 
ompletely into solution toallow 
hemi
al equilibration of the tra
er isotope and the isotope(s) to be determined too

ur before element separation is 
arried out. The use of a tra
er isotope in �-parti
lespe
trometry is only valid if a known a
tivity of tra
er isotope is 
hemi
ally equilibratedwith a known quantity of sample. If loss of either tra
er solution or sample o

urs beforeequilibration is a
hieved, then unquanti�able errors will result.When analysing for 210Po, it is important that the dry sample not be heated above150ÆC, as over-heating of a dry deposit may result in loss of polonium and low re
overy.High-temperature wet digestions, su
h as heating to fumes with per
hlori
 a
id, have notbeen found to result in signi�
ant polonium losses. Fusion te
hniques generally resultin substantial polonium loss and should not be used when analysing for 210Po (Akber etal. 1985; Lowson & Short 1986).3.2.1 Manganese dioxide pre
ipitationThis method is useful for 
on
entrating radionu
lides from large volumes of water wherethe radionu
lides are 
onsidered to be in solution. The method given here is that ofBojanowski et al. (1983), and is designed for a 10 L sample. For a 1 L sample, only2 mL ea
h of 0.2 M KMnO4 and 0.3 M MnCl2 solutions are required.Pro
edureAfter a
idi�
ation of the sample and addition of the tra
er, bubble the solution for 2hours with N2 to ensure tra
er equilibration and to expel any dissolved CO2 whi
h mayinhibit pre
ipitation of uranium.Add 10 mL of 0.2 M KMnO4 and adjust the pH to 8{9 with NH3.7



Add 10 mL of 0.3 M MnCl2 and bubble the solution for one hour.Allow the pre
ipitate to settle.Remove the majority of supernatant by su
tion or de
antation.Colle
t the pre
ipitate by �ltration and wash with 0.2% NH4Cl (pH 8 to 9).Dis
ard the wash solution.Dissolve the pre
ipitate with 1% H2O2 in 1.2 M HCl.Evaporate to dryness, redissolve with a few mL of 5 M HCl and evaporate again toensure 
omplete de
omposition of peroxides.3.2.2 Iron oxide pre
ipitationThis method is also useful for 
on
entrating radionu
lides from large volumes of waterwhere the radionu
lides are 
onsidered to be in solution. It has the advantage over themanganese dioxide pre
ipitation method that the pre
ipitate may be dissolved dire
tlyin the a
id solution needed for the start of the separation pro
edure (e.g. 8 M HNO3where the pro
edure begins with a TBP extra
tion for U or Th).Pro
edureA
idify the sample, add the required amount of tra
er, and bubble the solution for 2hours with N2 to ensure tra
er equilibration and to expel any dissolved CO2 whi
h mayinhibit pre
ipitation of uranium.Add an aqueous solution of 20 mg/mL ferri
 
hloride, suÆ
ient to ensure su

essfulpre
ipitation of hydrous iron oxides in step 3. In general, a minimum of 20 mg of ferri

hloride per litre of sample should be added, but the mass of ferri
 
hloride added shouldnot be less than 40 mg or greater than 1000 mg.Add suÆ
ient 
on
entrated NH3 solution while stirring to bring the pH above 8. Al-low the pre
ipitate to settle, de
ant the supernate and �lter the pre
ipitate through aWhatman No. 1 �lter paper. Wash with a few mL of a 4% NH3 solution.Bring the residue into solution in a
id solution as required for the following elementseparation step.3.3 Chemi
al separation pro
eduresThe radionu
lide separation s
heme des
ribed here was developed to satisfy the followingobje
tives:� determination of �-emitting isotopes of uranium, thorium, radium and polonium,and the �-emitters 228Ra, 210Pb and 227A
;� the s
heme should be appli
able to a wide range of sample types;� 
onsistently high re
overies and element separation eÆ
ien
ies need to be a
hievedin order to take advantage of the high potential sensitivity of radio
hemi
al te
h-niques; and� the analysis s
heme should involve the minimum possible number of steps in orderto minimise analysis time, 
ontamination, and losses of the radionu
lide beingdetermined. 8
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Figure 3.1 Chemi
al separation s
hemeThe separation s
heme that has been developed at eriss is shown in Figure 3.1. Depend-ing upon whi
h analytes are required, after sample digestion the separation pro
edure
an be started from points 1
, 2
, 3
 or 4
.Use of the full pro
edure as shown allows analysis of isotopes of all 6 elements of in-terest to be a

omplished on a single sample digest, saving 
onsiderable analysis time.Sample types to whi
h the pro
edure has been su

essfully applied in
lude surfa
e andgroundwaters, dried animal and plant material, air �lters, and soils and sediments. The
hemi
al separation pro
edures are detailed in Se
tions 5 to 10; a short summary followshere.If analysis for 210Po is required, then the sample is brought into solution in 5 M HCl,Fe3+ redu
ed to Fe2+ with as
orbi
 a
id, and Po extra
ted with 0.1% diethylammoniumdiethyldithio
arbamate (DDTC) in 1,1,1-tri
hloroethane (CH3CCl3). Under these 
on-ditions, Po is extra
ted into the organi
 phase, while Pb and Bi remain in the aqueousphase (Smithson et al. 1979). U, Th, Ra, A
 and most of the Fe also remain in the aque-ous phase. After evaporating the organi
 phase to dryness, Po is brought into solutionin 12 mL 0.8 M HCl and autodeposited onto a silver dis
 at 70{80 ÆC for 2 hours in thepresen
e of as
orbi
 a
id (Flynn 1968; Smith & Hamilton 1984).If analysis for 210Pb is required, then the a
id phase from the �rst DDTC extra
tionis diluted to 1.5 M HCl, and Pb extra
ted with 1% DDTC in CH3CCl3, followed bypuri�
ation using anion ex
hange 
hromatography with Dowex 1-X8 resin. 210Pb maythen be determined after a suitable ingrowth period either by a determination on theextra
t of the 210Bi daughter by � 
ounting or of the 210Po grand-daughter by �-parti
lespe
trometry. If a 210Po determination on the sample is not required and if 210Pb is to9



be determined by the � 
ounting method, then the previous extra
tion of 210Po is notrequired, i.e. the pro
edure 
an begin from point 2
 after bringing the sample digest upinto 1.5 M HCl.If determination of isotopes of U and/or Th are required, then an extra
tion/ba
k-extra
tion pro
edure with tri-butyl phosphate (TBP) is used (Holm 1984). The residueis dissolved in 8 M HNO3 and U and Th extra
ted into TBP; Ra and A
 remain inthe 8 M HNO3 phase. After washing the organi
 phase with 8 M HNO3 and dilutingthe TBP with xylenes, Th is ba
k-extra
ted with 5 M HCl. If required, U is thenba
k-extra
ted with distilled water. The extra
ts are then puri�ed using anion ex
hange
hromatography with Dowex 1-X8 resin, and U and/or Th ele
trodeposited onto stainlesssteel dis
s using the method of Hallstadius (1984).If determinations of Ra and/or A
 isotopes are required, then the 8 M HNO3 solutionremaining from the TBP extra
tion is taken to dryness on a hot plate, and the residuebrought into solution in 0.1 M HCl or HNO3. Ra, A
 and residual Th are then 
o-pre
ipitated with PbSO4; residual Po and U remain in the supernate. The pre
ipitateis dissolved in 0.1 M EDTA at pH 10. An anion ex
hange step is used to separate Raand Pb (whi
h pass through the 
olumn) from A
 and Th (whi
h are adsorbed). A
 isthen eluted with 0.005 M EDTA at pH 4.2. If Th was not previously extra
ted by theTBP pro
edure, it remains on the 
olumn and 
an be removed for analysis. In this 
ase,after elution of A
 the 
olumn is �rst washed with three 20 mL aliquots of 8 M HNO3.Any residual tra
es of Po remaining after the PbSO4 pre
ipitation step are eluted withthe 8 M HNO3. Th is then eluted with 30 mL 9 M HCl; the extra
t 
an then pro
eedto the ele
trodeposition step. After the above pro
edure, the Ra and A
 extra
ts arepuri�ed further by 
ation ex
hange 
hromatography, prior to ele
trodeposition using amixed a
id/al
ohol ele
trolyte solution.One of the advantages of this s
heme is its 
exibility. If a 210Po determination is notrequired, then the pro
edure 
an be started from point 2
 in Figure 3.1. If only U, Ra,A
 and/or Th determinations are required, then the pro
edure 
an begin at points 3
(with U) or 4
 (without U).An alternative method of 210Pb determination utilises two su

essive determinations onthe sample of the daughter 210Po separated by a delay (usually of at least 6 months).210Pb is then 
al
ulated from the two determinations using ingrowth/de
ay equations for210Po (see se
tion on program POLON in Appendix A). However, this pro
edure is notre
ommended when the sample 226Ra/210Pb ratio is expe
ted to be high. In this 
ase,an extra
tion of the sample 210Pb should be performed soon after sample 
olle
tion.3.4 Sour
e preparationOn
e element separations are 
ompleted, various methods are available for �nal sour
epreparation. These in
lude:� evaporation of a solution onto a sour
e ba
king surfa
e (su
h as a metal dis
),� pre
ipitation and �ltration,� autodeposition onto a metal surfa
e,� ele
trodeposition onto a metal surfa
e, and10
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Figure 3.2 Ele
trodeposition rig.� deposition by adsorption of hydroxides.Evaporation methods for sour
e preparation are not used at eriss. A lead 
hromatepre
ipitation is used for sour
e preparation for determination of 210Pb by the � 
ountingmethod (Se
tion 6). Autodeposition is the method used for polonium analyses, and isdis
ussed in detail in Se
tion 5.3.4.1 Ele
trodepositionFigure 3.2 shows the ele
trodeposition rig used at eriss1. The anode is a platinumwire 
oiled at the end, while the stainless steel dis
 a
ts as the 
athode. The 
ell is adisposable polyethylene vial with the bottom 
ut o�, as des
ribed by Talvitie (1972).The vial 
ap has its inside base milled 
at, with a hole drilled through the middle toallow ele
tri
al 
onta
t between the stainless steel dis
 and the power supply. The sealbetween the vial lip and the dis
 should be watertight; this should be 
he
ked before useby �lling the vial with demineralised water and standing it on some absorbant paper forabout half an hour.Ele
trodeposition 
onditions are determined by the following variables:� solution 
omposition,� solution temperature,� anode/
athode distan
e,� 
urrent (I),� voltage (V ), and� deposition time.1These units were supplied by the University of Lund, Sweden.11



The �rst �ve of these are related by Ohm's Law:V = IR (3.1)where the resistan
e R is a fun
tion of solution 
omposition, solution temperature, andanode/
athode distan
e. A power supply is used whi
h automati
ally varies the voltage(up to a maximum of 55 V) in order to supply a preset 
urrent. Stirring of the solutionis e�e
ted by bubbling produ
ed by the passage of the 
urrent through the solution.This also 
auses the formation of some aerosol above the solution, and so after the Ptele
trode has been lowered into pla
e a plasti
 
ap is pla
ed over the top of the vial tominimise loss of solution. Nevertheless, the deposition should be 
arried out in a fume
upboard to prevent inhalation of any aerosol.A sulfate ele
trolyte is used for preparation of sour
es for U and Th (Hallstadius, 1984),while an aqueous/al
ohol ele
trolyte is used for Ra and A
. The methods are des
ribedin detail in the individual se
tions on U, Th, Ra and A
.Cleaning the Pt ele
trodeIf a solution 
ontaining 210Po has been deposited (e.g. where a standard a
tivity of226Ra has been deposited for 
alibration purposes, without prior 
hemi
al separations),then the Pt ele
trode should be 
leaned to remove 210Po. The ele
trode is heated using abunsen burner to red hot for a few se
onds, then soaked for a few minutes in 
on
entratedHNO3 and washed with demineralised water.3.4.2 Deposition by adsorption of hydroxidesWyllie & Lowenthal (1984) des
ribed a method for the deposition of isotopes of Am, Cm,and Co onto mylar or platinum substrates using adsorption of the insoluble hydroxides.They found that this method produ
ed extremely thin deposits with internal energylosses of 2 keV or less.This te
hnique has been adapted to the deposition of thorium onto stainless steel dis
s.It is suitable for the produ
tion of thin test sour
es, but re
overies have been found to betoo low (<20%) for it to be generally useful for samples. Sin
e the deposition is 
arriedout using small volumes, 
are must be taken with transferring of solutions and washingof the beaker if useful re
overies are to be obtained. The method is as follows:Evaporate the solution to a few mL and transfer to a small (5 mL or 10 mL) beaker.Remove any HNO3 by repeated evaporation to near dryness and addition of HCl.Evaporate to in
ipient dryness, and add 0.3 mL 0.1 M HCl.Warm on the hot plate, and pour onto the stainless steel dis
 in a deposition vialsimilar to that used for Po auto-deposition (Se
tion 5.1.2).Wash in with a further 0.3 mL 0.1 M HCl. There should now be enough solution inthe vial to just 
over the dis
.Add 0.5 mL 1 M KOH, and agitate the vial to mix.To prevent evaporation of the solution, pla
e the vial inside a beaker 
ontaining afew mL of 1 M KOH and 
over (see Figure 3.3).Leave for approximately 8 hours at room temperature.12



Disc Deposition solution

1 M KOH

Figure 3.3 Arrangement for deposition by adsorption of hydroxides.Pour o� the solution, and wash the dis
 with distilled water followed by propanol.Dry by warming on the edge of a hot plate.
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4 Dete
tion system and spe
trum analysisMost systems for �-parti
le spe
trometry utilise sili
on surfa
e-barrier dete
tors, due totheir high resolution performan
e, 
ompa
t size and ready availablility from 
ommer
ialsuppliers, although ionisation 
hamber dete
tors of 
omparable energy resolution havealso been developed, parti
ularly for large-sour
e appli
ations (e.g. Murray & Marten1985).A typi
al spe
trometry system using a surfa
e barrier dete
tor is illustrated in Figure 4.1.Dete
tor and sour
e are housed in a va
uum 
hamber. This allows both the regulationof the operating gas pressure, and the ex
lusion of visible light whi
h would produ
e ahigh noise level.
Detector

Source

Preamp Amplifier ADC

CPU

Display

Memory

Vacuum
chamber

HV
Supply

Figure 4.1 Typi
al �-parti
le spe
trometry assembly4.1 Sour
e/dete
tor 
ounting geometryFor most environmental samples, measured a
tivities are low, and 
ounting eÆ
ien
y isa major 
onsideration. For a dis
 sour
e of radius a, 
ounted at a distan
e h from adete
tor with an a
tive area with radius r, the 
ounting eÆ
ien
y may be approximatedby the following formula (Hendee 1984):E = 0:5�1� hph2 + r2�� 316 �arh2�2� hph2 + r2�5 (4.1)The eÆ
ien
y may be in
reased by in
reasing the dete
tor a
tive surfa
e area, by de-
reasing the sour
e/dete
tor distan
e and/or by de
reasing the sour
e area.4.1.1 Dete
tor areaFigure 4.2 shows 
ounting eÆ
ien
y vs. sour
e/dete
tor distan
e for a number of
ommonly-available dete
tor sizes, for the sour
e diameter usually used at eriss(17.5 mm). In
reasing dete
tor area will in
rease 
ounting eÆ
ien
y at any parti
u-lar sour
e/dete
tor distan
e. However, in
reasing area also adversely a�e
ts resolution15
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Figure 4.2 Counting eÆ
ien
y vs. sour
e/dete
tor distan
e for 4 
ommon dete
tor sizes. Sour
ediameter is 17.5 mm.due to an in
rease in dete
tor 
apa
itan
e. The most 
ommon dete
tor area in use ateriss is 600 mm2, whi
h gives an eÆ
ien
y of approximately 25{30% (sour
e diameter17.5 mm, sour
e/dete
tor distan
e approximately 5{7 mm).4.1.2 Sour
e/dete
tor distan
eIn
reasing sour
e/dete
tor distan
e will redu
e the proportion of � parti
les dete
tedwhi
h have left the sour
e at low es
ape angles. This will redu
e energy straggling
aused by loss of energy in the dead layer of the dete
tor, and hen
e improve resolutionas measured by full-width-at-half-maximum (FWHM) of a singlet peak.The low a
tivities present in most environmental samples require the use of a high
ounting eÆ
ien
y, and sour
e/dete
tor distan
es used at eriss are generally around 5{ 7 mm. This results in a peak FWHM poorer than that quoted in dete
tor spe
i�
a-tions. However, this is not ne
essarily a major disadvantage, as peak FWHM is of lessimportan
e than peak tailing.Figure 4.3 shows the results of a trial in whi
h a 230Th sour
e, prepared by adsorption ofthe hydroxide (Se
tion 3.4.2), was 
ounted at varying distan
es from a de
te
tor (a
tivearea 600 mm2). Tailing was measured as the number of 
ounts re
orded in the region4.12{4.42 MeV expressed as a per
entage of the number of 
ounts re
orded in the main230Th energy window (4.43{4.73 MeV). Although in
reasing sour
e/dete
tor distan
eresulted in improved peak FWHM, peak tailing a
tually in
reased. This behaviour ariseswhen tailing is dominated by 
ounts re
orded at the dete
tor edge. As sour
e/dete
tordistan
e in
reases, the proportion of 
ounts produ
ed near the edge of the dete
tor alsoin
reases. The solid line in the diagram (Figure 4.3a) shows the 
al
ulated variation intailing, assuming that the tailing is entirely due to 
ounts produ
ed in the outside 1 mmof the dete
tor (
al
ulated relative to the tailing observed at 35.1 mm distan
e).16
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Figure 4.3 E�e
t of sour
e/dete
tor distan
e, measured with a 600 mm2 dete
tor. Sour
e: 230Thprepared by hydroxide pre
ipitation. (a) Peak tailing. (b) Full-width-at-half-maximum (FWHM) and
ounting eÆ
ien
y.4.1.3 Dete
tor 
ollimationCollimation of the dete
tor may be used to de
rease peak tailing by redu
ing edge e�e
ts(Holm 1984). Figure 4.4 shows the results of a 
ollimation trial with the same dete
torand sour
e used for the sour
e/dete
tor distan
e investigations above. Subsequent useof a 
ollimator of 26 mm diameter resulted in substantial redu
tion in tailing with aminimal loss of eÆ
ien
y. Figure 4.5 shows a typi
al arrangement using a 
ir
ular plasti

ollimator slipped over the dete
tor body.4.2 Peak tailingDue to the nature of low-energy tailing of � spe
tra, some 
ontribution from a higher-energy peak to the 
ount rate in the analysis window of a lower-energy peak is inevitable.In most 
ases, the tailing 
ontribution to a lower-energy peak is only a small fra
tionof the 
ount rate in the higher-energy peak. However, where the 
ount rate for thehigher-energy peak is mu
h greater than that of the lower-energy peak, this tailing maybe signi�
ant and must be allowed for. In the 
ase of tra
er isotope peaks, tailing
orre
tions 
an be minimised by 
hoi
e of appropriate tra
er a
tivity and sample mass17
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Figure 4.4 E�e
t of dete
tor 
ollimation, measured with a 600 mm2 dete
tor. Sour
e: 230Th preparedby hydroxide pre
ipitation. (a) Peak tailing. (b) Full-width-at-half-maximum (FWHM) and 
ountingeÆ
ien
y.(provided the analyst 
an reasonably estimate the a
tivity 
on
entration of the analyteradionu
lide in the sample). However, in the 
ase of analyte radionu
lides (for example,238U, 235U and 234U in a uranium analysis), the relative a
tivity 
on
entrations are
hara
teristi
 of the sample and 
annot be varied by the analyst.Tailing will depend on a number of fa
tors, in
luding:� dete
tor performan
e� energy di�eren
e between the two peaks� spe
trum analysis window size� sour
e/dete
tor distan
e (Se
tion 4.1.2)� dete
tor 
ollimation (Se
tion 4.1.3)� 
hamber gas pressure (Se
tion 4.3)� sour
e deposit thi
kness (Se
tion 4.4)Tailing is best measured by preparing a strong sour
e of the higher-energy nu
lide. Thisis 
ounted on the dete
tor using the same 
onditions as sample dis
s, and the 
ontributionof the higher-energy peak to the lower-energy analysis window measured.18
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Figure 4.6 Examples of upper-energy tailing. On the log s
ale, 0 
ounts has been represented by 0.5(a) 212Po spe
trum. (b) 213Po spe
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Figure 4.7 E�e
t of N2 pressure on 230Th peak FWHM and tailing.4.2.1 Upper-energy tailing of 212Po, 213Po and 214PoThese three peaks may show an upper-energy 'tail', most markedly for 212Po (Fig-ure 4.6a), less so for 213Po (Figure 4.6b) and barely noti
eable for 214Po. The e�e
tappears to be due to summation of pulses from the bismuth parent �-parti
le de
ay andpolonium daughter �-parti
le de
ay where the two de
ays o

ur within the signal pro-
essing time of the dete
tion system, and where both parti
les intera
t with the a
tivevolume of the dete
tor. If desired, the degree of this type of tailing may be redu
ed byde
reasing 
ounting eÆ
ien
y (e.g. by in
reasing sour
e/dete
tor distan
e).Pulses within the upper-energy tail represent de
ays due to the polonium isotope beingmeasured and should be in
luded in the peak measurement. Otherwise a 
orre
tion mustbe applied.4.3 Re
oil prote
tionSill & Olson (1970) des
ribed a te
hnique by whi
h re
oil 
ontamination of solid-state� dete
tors 
an be minimised. By adjusting the 
hamber pressure to allow at least12 �g 
m�2 of gas absorber between the sour
e and dete
tor, the re
oiling atoms fromthe sour
e are prevented from hitting the dete
tor surfa
e. The appli
ation of a smallnegative potential (a few volts) to the sour
e will attra
t these atoms ba
k to the sour
e.For N2 gas the 
hamber pressure P (torr) required is given byP = 0:65ah (4.2)at 20ÆC, where a is the amount of N2 absorber (�g 
m�2) and h is the sour
e-dete
tordistan
e (
m). Thus for a sour
e-dete
tor distan
e of 0.4 
m, a pressure of 20 torr isrequired to give 12 �g 
m�2 of N2 absorber.In passing through the gas absorber, � parti
les lose energy through intera
tions withele
trons. This results in peaks having lower apparent energies than when no gas is20



present. In addition, statisti
al variation in the amount of energy lost by individual �parti
les leads to peak broadening.Figure 4.7 shows the results of a test of the e�e
ts of 
hanging 
hamber pressure on peakFWHM and tailing for a thin 230Th sour
e. The results for FWHM were similar to thosereported by Sill & Olson (1970), i.e. FWHM in
reased linearly with 
hamber pressure.Peak position measured both at the peak maximum and the upper energy boundarywere a�e
ted by in
reasing pressure, with the positions at 40 �g 
m�2 being lower thanat 0.1 �g 
m�2 by about 29 keV. Ea
h spe
trum was therefore shifted to bring the peakmaximum for the main 230Th peak to 4.688 MeV before 
al
ulation of tailing. Tailing inthe region 4.28{4.50 MeV was not signi�
antly a�e
ted up to 40 �g 
m�2 (Figure 4.7).However, this result will be dependent on the energy di�eren
e between the peak andthe tailing area. In the region 4.38{4.55 MeV, tailing began to in
rease above about 25�g 
m�2; above this pressure the 230Th peaks be
ame so broad that the main body ofthe 4.62 MeV peak entered the tailing area.For the majority of �-parti
le spe
tra, measured peaks are separated by at least 0.2MeV. In su
h 
ases, based on the above test, for a thin sour
e use of the re
ommended12 �g 
m�2 gas absorber should have a negligible e�e
t on tailing. Although the resultsobtained here imply that peaks separated by only 0.1 MeV 
an be resolved, at this levelthe thi
kness of the sour
e deposit would be 
riti
al (see Se
tion 4.4).Polonium sour
esAppli
ation of the re
oil prote
tion system des
ribed above does not prote
t the dete
torfrom 
ontamination by 208Po, 209Po or 210Po from a sour
e used for 210Po determination,as these do not move to the dete
tor by an �-re
oil me
hanism. In this 
ase, the dete
tormust be prote
ted by ageing of the sour
e in air before 
ounting (see Se
tion 5.1.2).4.4 Sour
e deposit thi
knessChemi
al separation te
hniques should 
urtail sample sour
e thi
kness su
h that peakresolution is optimised. However, long-lived nu
lides su
h as 238U and 232Th 
an provideproblems if their deposit mass per unit area is not 
ontrolled. Ideally, the analyst shouldtake suÆ
ient sample mass to give a low 
ounting statisti
 un
ertainty, but not so mu
has to result in an una

eptably thi
k sour
e. However, this requires prior knowledge ofthe sample radionu
lide a
tivity 
on
entration, something whi
h is not always available.Figure 4.8 shows the results of a set of trials where varying amounts of uranium weredeposited using the deposition method des
ribed by Hallstadius (1984). Two sets ofsour
es were prepared using di�erent deposition times (20 and 60 minutes). All sour
eswere 
ounted with a 450 mm2 sili
on surfa
e barrier dete
tor, and the sour
e density (�g
m�2) 
al
ulated from the 
ount rate of the 238U peaks. To simulate normal 
ounting
onditions, the re
oil prote
tion system utilising 12 �g 
m�2 N2 gas absorber was alsoapplied. Sour
e{dete
tor distan
e was 7 mm.Tailing was measured below the 238U peak using energy windows 
hosen to mimi
 thetailing of 234U into the 235U measurement window. FWHM was measured for the 238Upeak at 4.20 MeV. The peak maxima for the higher mass per unit area spe
tra wereat lower energies due to peak broadening. However, unlike the e�e
t of gas absorberdis
ussed above, the peak upper energy boundaries were not lower. This is logi
al, asthe given mass per unit area is only an average. � parti
les originating from near the21
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Figure 4.8 E�e
t of deposit thi
kness for uranium sour
es. (a) FWHM vs. sour
e density (238U).(b) Tailing below the 238U peak vs. FWHM.surfa
e of the sour
e lose less energy than those originating from the base. As a result,spe
tra were not energy-shifted prior to analysis.There was a strong positive 
orrelation between sour
e density and peak FWHM (Fig-ure 4.8a). The slope of the linear regression line for the 
ombined dataset was 0.63 keVper (�g 
m�2), whi
h is almost double that of 0.33 keV per (�g 
m�2) obtained for thee�e
t of N2 gas (Figure 4.7) indi
ating a greater deleterious e�e
t on spe
tral resolutionby sour
e mass. This is almost 
ertainly due in part to the e�e
t of � parti
les originat-ing from di�erent depths in the sour
e deposit (as dis
ussed above). Uneven depositionof uranium over the surfa
e of the dis
 may also 
ontribute (Benedik et al. 2002).Figure 4.8b shows that tailing was reasonably 
onstant up to a FWHM of about 100keV, 
orresponding to a sour
e density of about 100 �g 
m�2. For the 1.75 
m diam-eter (2.41 
m2 area) dis
s used at eriss, this means a limit on the a
tivity of 238U ofapproximately 3 Bq and a limit for 232Th of approximately 1 Bq.Sour
e deposit thi
kness may also be a problem when analyzing for Ra isotopes. Al-though the Ra separation te
hnique detailed in Se
tion 9 gives a high degree of separationof Ra from Ba, analysis of high-Ba samples may still result in some Ba in the �nal ele
-trodeposition solution. In a study of the aqueous/al
ohol ele
trodeposition te
hniquedes
ribed in Se
tion 9.1.2, varying amounts of Ba were added to a standard 226Ra so-lution and the Ra deposited onto a stainless steel dis
. Sour
e deposit density was22
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Figure 4.9 E�e
t of barium for ele
trodeposited radium sour
es. (a) 226Ra re
overy and FWHM vs.sour
e density. (b) Tailing of 214Po into the 217At peak area vs. sour
e density. (
) Tailing of 214Pointo the 215Po peak area vs. sour
e density.
al
ulated assuming an identi
al deposition re
overy for 226Ra and Ba.The 226Ra re
overy obtained at 38 �g 
m�2 Ba was 92% (Figure 4.9a), illustratingthe robustness of this ele
trodeposition te
hnique in the presen
e of Ba. Peak FWHMin
reased linearly with sour
e deposit density, with the e�e
t being somewhat greaterthan that obtained for the uranium deposition trials des
ribed above.Measured tailing of the 214Po peak into the 217At (6.86{7.12 MeV) and 215Po (7.18{7.44 MeV) peak areas is shown in Figure 4.9b, 
. No signi�
ant 
hange in tailing intothe 217At area was observed up to 38 �g 
m�2 Ba. The data for the 215Po region are
onsistent with a relatively 
onstant tailing up to 28 �g 
m�2 Ba (FWHM 87 keV), but ahigher tailing for 38 �g 
m�2 FWHM 108 keV). Similar results were obtained for tailingof the 218Po peak into the 224Ra 6.85 MeV peak area.In summary, the trials dis
ussed above indi
ate that tailing 
orre
tions obtained withthin standard sour
es 
an be used for 
al
ulations for sample sour
es up to a 
ertainsour
e thi
kness, and that peak FWHM 
an be used as an indi
ator of the a

eptabilityof these standard 
orre
tions for a parti
ular sour
e. The maximum allowable FWHM23



will depend upon the energy di�eren
e between the peaks of interest. As a general rule,
aution should be exer
ised when the FWHM is greater than about 80 keV. Beyond thislimit, the use of a peak �tting routine (e.g. Westmeier 1984) would be advisable.4.5 Ba
kground and blank subtra
tionFollowing the re
ording of 
ounts in the regions of interest of an � spe
trum, those 
ountswhi
h are not due to the presen
e of the radionu
lide of interest in the original samplemust be allowed for. Su
h 
ounts 
an arise for a number of reasons, in
luding:� peak tailing;� interfering lines from other �-emitters present on the sour
e (e.g. 
ontribution tothe (223Ra + 224Ra) measurement area from 222Rn and 225A
 on a radium sour
e);� �-emitters present on the dete
tor, 
ounting 
hamber, et
; and� 
ontamination of 
hemi
als, tra
er solution, glassware, et
.Peak tailing is dis
ussed in Se
tion 4.2 above. Interfering lines are dis
ussed in detail inChapters 5 to 10, as well as in Appendix A.For 
onvenien
e, the third item in the list above will be referred to here as the \dete
-tor ba
kground", while the fourth item will be referred to as the \pro
edure blank".The dete
tor ba
kground may be determined by 
ounting an unpro
essed sour
e dis
 inthe 
ounting 
hamber. Its value 
an 
hange with time if 
ontamination of the 
ham-ber/dete
tor system o

urs, for example by re
oil of daughter produ
ts (see Se
tion 4.3).Pro
edure blank 
ount rate values 
an also 
hange with time. For example a new bat
h ofreagent used in the separation pro
edures may introdu
e 
ontaminants, elevating blankreadings. In addition, the true pro
edure blank 
ount rate 
an vary from sour
e tosour
e, parti
ularly if 
ontamination of sample digests or laboratory equipment o

ursor if 
hemi
al re
overies vary markedly between samples.Ba
kground and blank 
ount rates need to be 
ontrolled and monitored through a seriesof quality 
ontrol and quality assuran
e pro
edures. It is parti
ularly important thatwith every bat
h of samples pro
essed, a separate pro
edure blank sour
e is prepared.The full 
hemi
al digest and separation pro
edure is followed in an identi
al way to thatfor the samples, ex
epting that no sample or tra
er are in
luded. This blank sour
e is
ounted on the same dete
tor(s) as the sample sour
es. This gives a measure of thetotal (dete
tor ba
kground + pro
edure blank) 
ount rate whi
h needs to be input intothe analysis 
omputer programs for subtra
tion from the sample sour
e 
ount rate (seeAppendix A).4.6 Lower limits of dete
tionThe lower limit of dete
tion (LLD) for any radionu
lide is 
riti
ally dependent on thedete
tor ba
kground and pro
edure blank 
ount rates. However, an attempt has beenmade here to give typi
al limits assuming low ba
kground dete
tors (see Table 4.1).Limits have been 
al
ulated using the formula derived by Lo
hamy (1981):LLD = k2t + 2p2k�b (4.3)24



Table 4.1 Lower limits of dete
tion, 
al
ulated using equation 4.3 and assuming an 85kilose
ond 
ount and typi
al dete
tion eÆ
ien
ies, re
overies and ingrowth/de
ay fa
tors.Radionu
lide Ba
kground Dete
tiona Re
overy Ingrowth/ Dete
tionEÆ
ien
y De
ay Limit(
.p.ks) (%) (%) (mBq)210Po 0.05 25 95 0.6210Pb 4 30 95 3.5238U 0.01 25 90 0.4235U 0.005 21 90 0.4234U 0.01 25 90 0.4232Th 0.01 25 85 0.4230Th 0.01 25 85 0.4228Th 0.05 25 85 0.7226Ra 0.01 25 80 0.4223Rab 0.01 19 80 0.96 0.6224Ra
 0.005 12 80 0.72 1.0228Rad 0.01 24 80 0.45 1.0227A
 0.05 50 75 1.0 0.4a Dete
tion eÆ
ien
y is a produ
t of the 
ounting eÆ
ien
y of the dete
tor (here assumed 25% for �-parti
lespe
trometry and 30% for � 
ounting) and the proportion of de
ays resulting in parti
les in the energy regionbeing measured.b Dete
tion eÆ
ien
y for 223Ra is redu
ed from 25% due to loss of 219Rn from the sour
e, assumed here tobe 25%. De
ay fa
tor is for a 24-hour 
ount begun 3 hours after Th/Ra separation.
 224Ra is assumed measured using the 212Po peak. 25% 220Rn loss is assumed. 212Po is a member of a 64%de
ay bran
h, further a�e
ting dete
tion eÆ
ien
y. Ingrowth/de
ay fa
tor is for a 24-hour 
ount begun 24hours after Th/Ra separation.d Ingrowth fa
tor for 228Ra (ingrowth of 228Th) is that rea
hed after 2 years. Maximum ingrowth is 0.578,rea
hed after 4.5 years.where t is the 
ount time for both ba
kground and sample (assumed equal), �b is thestandard deviation in the ba
kground 
ount rate, and k is the one-sided 
on�den
e fa
tor(1.65 if k is 
hosen so that 95% of measurements give a 
ount rate above the minimumdete
table a
tivity).Cal
ulations have been based on an 85 kilose
ond (approximately 1 day) 
ount, a 
ount-ing eÆ
ien
y of 25% for � dete
tors and 30% for a � 
ounter, and typi
al re
overies andingrowth/de
ay fa
tors listed in the table.The dete
tion limit given for 210Pb is that obtained with the � 
ounting method. Ifanalysis 
an be delayed for a suitable period, 210Pb 
an be determined by analysis foringrown 210Po using �-parti
le spe
trometry (Se
tion 6.3). The dete
tion limit thendepends on the length of the delay period.The dete
tion limit given for 224Ra assumes use of the 212Po peak, whi
h is the mostsensitive measurement te
hnique in the presen
e of signi�
ant 223Ra (Se
tion 9). Insamples with relatively low 223Ra a
tivities, the 220Rn and 216Po peaks may be used,improving the 224Ra dete
tion limit. 25



26



5 Polonium5.1 Introdu
tionOxidation states whi
h would be expe
ted from polonium's ele
troni
 
on�guration in-
lude -2, +2, +4 and +6, and there is eviden
e for the formation of all of these states;however, +4 is 
onsidered to be the most stable state in solution (Figgins 1961).The 
hemistry of the group VI elements (oxygen, sulfur, selenium, tellurium and polo-nium) varies in a more-or-less regular manner down the series. Due to in
reased atomi
radius, ele
tronegativities de
rease down the group. Hen
e, while oxygen, sulfur andselenium are non-metals and exhibit 
ovalent bonding, tellurium shows some metalli

hara
ter and 
ationi
 properties, and polonium should be regarded as a metalli
 ele-ment. While the maximum 
o-ordination number of oxygen is 4, the sulfur to poloniumelements have d orbitals available for use in bonding, and hexa
oordinate 
ompoundsare most 
ommon for tellurium and polonium.Halide 
omplexes of the form PoX�5 or PoX5(H2O)� are formed in dilute halogen a
idsolution, while PoX�26 is formed in more 
on
entrated a
id solutions (X = Cl, Br orI) (Bagnall 1983). In the absen
e of more strongly 
omplexing organi
 agents, halide
omplexes 
an be extra
ted into some organi
 solvents.Polonium 
an be extra
ted into tri-butyl phosphate from strong (
. 7 to 9 M ) HClsolutions (Figgins 1961). The 
omplex involved is probably PoCl4.2TBP (Bagnall 1957).Polonium is not extra
ted into TBP from HNO3 solution. Other organi
 agents formingpolonium 
omplexes in
lude EDTA and DDTC.5.1.1 Extra
tion using DDTCDiethylammonium diethyldithio
arbamate (DDTC) 
an be used to extra
t poloniuminto 
hlorinated hydro
arbons su
h as 
arbon tetra
hloride, 
hloroform or 1,1,1-tri
hloroethane from HCl solution over a wide range of a
id strengths. This is parti
u-larly useful for the separation of 210Po from 210Bi and 210Pb, as polonium will extra
tfrom HCl solutions of higher a
id 
on
entration than either bismuth or lead (Smithsonet al. 1979). The extra
tion also separates polonium from radium, thorium, uranium,a
tinium and iron. Extra
tion times should be kept short, as DDTC is unstable in a
idsolution (Cheng et al. 1982).5.1.2 Auto-deposition of polonium onto metalsIn 1905 Mar
kwald found that polonium deposited readily on silver from dilute HNO3 orHCl solution (Figgins 1961). Sin
e that time numerous pro
edures have been publishedfor auto-deposition of polonium onto silver, ni
kel, 
opper and other metals.Many 210Po methods rely solely upon polonium auto-deposition on silver or ni
kel dis
s togive separation from radionu
lides and resolution-degrading elements (e.g. Flynn 1968).However, if some 210Bi and/or 210Pb deposit along with the polonium and there is a delaybetween deposition and 
ounting, an in
orre
t result for 210Po a
tivity 
on
entration inthe sample may be obtained. Ehinger et al. (1986) studied auto-deposition of a 210Pb{210Bi{210Po solution onto various metals. Their results may be summarised as follows:27



Ni
kel: 210Po and 210Bi deposited.210Pb remained in solution.Copper: 210Po deposited.210Bi deposited, but not quantitatively.Some 210Pb deposited, but most remained in solution.Silver: 210Po deposited.There was eviden
e of some deposition of 210Pb and 210Bi.Flynn (1968) found that 212Bi deposited onto silver, though not its parent 212Pb. Here
ommended addition of 10 mg of bismuth 
arrier to prevent 210Bi deposition. Healso used hydroxylamine hydro
hloride to redu
e Fe3+ and Cr6+, and sodium 
itrate to
omplex tellurium. Some methods (e.g. Smith & Hamilton 1984) use as
orbi
 a
id inpreferen
e to hydroxylamine hydro
hloride.If the DDTC extra
tion pro
edure des
ribed in the previous se
tion in 
arried out beforedeposition, separation of 210Po from both 210Pb and 210Bi is assured. This extra
tionalso removes polonium from most other interfering elements. The polonium may thenbe reliably deposited onto a silver dis
 using the pro
edure des
ribed below.The silver dis
 is polished before use by rubbing with a small quantity of an aqueousslurry of high-purity aluminium oxide (elementary parti
le size about 0.3 �m), thenrinsed with water followed by al
ohol. The deposition 
ell 
onsists of a plasti
 s
intil-lation vial with the bottom 
ut o� and the dis
 pla
ed inside the lid with a stainlesssteel dis
 pla
ed underneath for support. Leakage is 
he
ked for by �lling the vial withdemineralised water and standing it on some absorbant paper for half an hour or so.Advantages of this system are that the vials are 
heap and readily available and a goodseal 
an be obtained between vial lip and dis
 whi
h requires no rubber O-ring.The DDTC/
hlorinated hydro
arbon solution from the polonium extra
tion step is takento dryness on a low hot plate, and organi
s destroyed by heating with some 
on
entratedHNO3. After evaporating to dryness, the polonium is taken up in a few mL of dilute HCl,as
orbi
 a
id used to redu
ed Fe3+ ion, and the solution transferred to the depositionvial. The vial is pla
ed in a water bath at 70{80 ÆC for 2 hours to allow polonium toauto-deposit onto the dis
.To avoid 
ontamination of the surfa
e-barrier dete
tor, polonium dis
s should not be
ounted until at least two days have elapsed after auto-deposition. The fra
tion ofpolonium atoms volatilized in the va
uum of the 
ounting 
hamber is redu
ed by aperiod of exposure to air before 
ounting, possibly due to the formation of a surfa
eoxide �lm on the silver (Bagnall 1957, p. 16; 1966, p. 17).5.2 Tra
ersThe two tra
ers 
ommonly used for 210Po determination are 208Po and 209Po.209Po has a 
lear advantage over 208Po in energy separation from the 210Po peak and isthe preferred tra
er, if available. In addition, its longer half-life means that, should thesolution have a 210Po load either from produ
tion or 
ontamination, the solution maybe set aside to allow de
ay of the 210Po with negligible loss of tra
er strength.Unfortunately, long half-life has a disadvantage in relation to dete
tor 
ontamination.Due to its volatility, atoms of polonium readily leave the 
ounting dis
 in the va
uumof the 
ounting 
hamber. There, a signi�
ant fra
tion 
an drift to the dete
tor, where28



they be
ome �rmly atta
hed to the surfa
e of the dete
tor, 
ausing a gradual in
rease indete
tor ba
kground with use. Given that 
ontamination of dete
tors o

urs at a more-or-less 
onstant rate with use, 
ontamination will in
rease until a steady state 
onditionis rea
hed where de
ay of 
ontaminant atoms equals rate of 
ontamination. The valueof this 
ontamination a
tivity is proportional to the isotope half-life; hen
e, use of 209Powill eventually result in a mu
h higher tra
er a
tivity on the dete
tor than 208Po.Note that 208Po solutions normally 
ontain tra
e a
tivities of 209Po.5.3 Separation and deposition pro
edureDDTC extra
tionTake the sample digest to dryness by evaporation at low heat.Dissolve in 5 mL 5 M HCl and warm on a hot plate.Add ~50 mg as
orbi
 a
id to redu
e Fe3+ to Fe2+, indi
ated by the disappearan
e of the
hara
teristi
 yellow Fe3+ 
olour.Pour into a separating funnel and wash in with 3 � 5 mL 5 M HCl to give a total of 20mL.Extra
t Po with 10 mL 0.1% DDTC in CH3CCl3 (shake for 30 se
onds).Extra
t with 2 more 5 mL aliquots of 0.1% DDTC in CH3CCl3. If the organi
 phase is
oloured, extra
t with further aliquots until it is 
olourless.Combine the DDTC/CH3CCl3 portions.Evaporate to dryness over a water bath or hot plate at low heat.Date of extra
tion is date of separation of Po from Bi and Pb.Pb, Ra, Th, U and A
 may be determined on the remaining aqueous phase.To the dried DDTC/CH3CCl3 extra
t, 
arefully add 5 mL 
on
entrated HNO3.Heat (
overed) for ~15 minutes on a hot plate.Auto-depositionPolish a silver dis
 by rubbing with a small quantity of an aqueous slurry of high-purityaluminium oxide (elementary parti
le size about 0.3 �m).Rinse the silver dis
 with water followed by al
ohol.Prepare a deposition 
ell and stainless steel dis
 by washing with 2% HNO3 followed bywater.Pla
e the dis
 in the deposition 
ell, with the stainless steel dis
 pla
ed underneath forsupport.Che
k that the 
ell is watertight.Evaporate the Po solution to in
ipient dryness.Add 2 mL of 5 M HCl. Warm on a hot plate.Add as
orbi
 a
id to the disappearan
e of the yellow Fe3+ 
olour.Transfer to a deposition vial 
ontaining a silver dis
.Wash the sample in with 10 mL of water. 29
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Figure 5.1 Typi
al Po �-parti
le spe
trum. Tra
er isotope: 209Po.Pla
e the vial in a water bath at 70{80 ÆC for 2 hours. Mix using an air bubbler orme
hani
al stirrer.Remove the dis
, wash with propanol and dry.Leave the dis
 for at least 2 days before 
ounting, in order to avoid 
ontamination of thesurfa
e-barrier dete
tor.5.4 Spe
trum analysisFigure 5.1 shows a polonium spe
trum with 209Po used as the yield tra
er. The spe
trumis a simple one, 
onsisting essentially of two singlet peaks. The spe
trum obtained using208Po as a tra
er is similar, but with a smaller separation between the tra
er and 210Popeaks.As the two peaks will be essentially the same shape, the simplest method of spe
tralanalysis is to take windows of equal energy intervals around ea
h peak and re
ord thenumber of 
ounts in ea
h window. 209Po has a minor (0.92%) peak at 4.62 MeV; theanalysis window should be 
hosen to either ex
lude or in
lude this peak, and the 209Potra
er solution 
alibrated a

ordingly.5.4.1 Tailing 
orre
tionsA 210Po sour
e should be prepared and tailing into the tra
er peak energy windowmeasured. If 209Po is the tra
er being used, an alternative pro
edure is to use a 209Posour
e and assume identi
al tailing for the 210Po peak. For 208Po, however, a 210Posour
e must be used; 209Po sour
es are unsuitable due to the minor peak at 4.62 MeV,while 208Po sour
es are unsuitable sin
e some 209Po is usually present on the sour
e.30



5.4.2 Cal
ulationsDepending upon whi
h tra
er isotope was used, programs POLLY or POL208 may beused to 
al
ulate the 210Po a
tivity 
on
entration in the sample. These programs 
or-re
t the results to the date of separation of 210Po from its parents 210Pb and 210Bi, thisdate being that of the DDTC extra
tion in the above pro
edure. If there was any delaybetween sample 
olle
tion and 210Po separation, then the results should be subsequently
orre
ted ba
k to the date of sample 
olle
tion using either program POLCOR or pro-gram POLON. For this 
orre
tion, data on the a
tivity 
on
entrations of the parents of210Po (226Ra, 210Pb and 210Bi) will be required.
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6 Lead6.1 Introdu
tionThe dominant oxidation state of lead in aqueous solution is +2.Most lead salts are sparingly soluble or insoluble in water, and lead separations usuallyinvolve one or more pre
ipitation steps, the most 
ommon being those of lead sulfate,
arbonate, 
hromate, di
hromate and sul�de. Lead nitrate may also be pre
ipitatedfrom fuming nitri
 a
id solutions. In HCl solution, 
omplexes of the form PbCl(n�2)�nare formed, with n dependent on HCl 
on
entration. Complexes are also formed with anumber of organi
 reagents, in
luding EDTA, DDTC, dithizone, 
upferron, oxine, TTAand a
etyla
etone. For a 
omprehensive dis
ussion of the radio
hemistry of lead, seeGibson (1961).Two methods are presented here for the determination of 210Pb. The �rst involvesseparation of lead from other � emitters, and �-
ounting of a lead 
hromate pre
ipitatefor the 210Bi daughter. The se
ond method utilises determination of the grand-daughter210Po after an ingrowth period.6.2 Beta-
ounting method for 210PbThe following method is based uponWaters & Powell (1985) and Lowson & Short (1986).Stable lead is used as both tra
er and 
arrier for 210Pb. Lead is separated from other� emitters (ex
ept bismuth) by extra
tion with DDTC into CH3CCl3. Where a �nal
lean-up step is deemed advisable, an anion ex
hange step is used; lead is adsorbedonto Dowex 1-X8 from 1.5 M HCl, and may be eluted with either 9 M HCl or withwater. Finally, lead 
hromate is pre
ipitated, 210Bi allowed to grow in (if ne
essary)and the 210Bi a
tivity in the pre
ipitate determined by � 
ounting. After 
ounting, thepre
ipitate is redissolved and re
overy determined using atomi
 absorption spe
trometry.DDTC extra
tionAdd the stable lead 
arrier/tra
er solution, equivalent to approximately 3{4 mg lead.Dissolve the sample using an appropriate te
hnique, and take to dryness.Take the sample digest up into 5 mL 1.5 M HCl and warm on a hot plate.Add ~50 mg as
orbi
 a
id to redu
e Fe3+ to Fe2+, indi
ated by the disappearan
e of the
hara
teristi
 yellow Fe3+ 
olour.Pour into a separating funnel and wash in with 3 � 5 mL 1.5 M HCl to give a total of20 mL.Extra
t Pb and Bi with 10 mL 1% DDTC in CH3CCl3. (Shake for 30 se
onds).Extra
t with 2 more 5 mL aliquots of 1% DDTC in CH3CCl3. If the organi
 phaseis 
oloured, extra
t with further aliquots until it is 
olourless. Combine the 1%DDTC/CH3CCl3 portions.Evaporate to dryness over a water bath or hot plate at low heat.Carefully add 5 mL 
on
entrated HNO3.Heat (
overed) for ~15 minutes on a hot plate.Remove the 
over and take to in
ipient dryness.33



Date of extra
tion is date of separation of Pb from Ra.Ra, Th, U and A
 may be determined on the remaining aqueous phase.Lead 
hromate pre
ipitationTo the dried DDTC/CH3CCl3 extra
t, add approximately 10 mL 
on
entrated HNO3and a few drops 
on
entrated HClO4 and heat to white fumes.Add approximately 20 mL of a 0.5 M a
eti
 a
id/1 M ammonium a
etate solution andswirl to dissolve the lead pre
ipitate.Pre
ipitate lead 
hromate with 2 mL of 20% wt/vol sodium 
hromate added dropwisewhile swirling the beaker.Set the solution aside for 30{60 minutes and then �lter using a 25 mm diameter 0.45�m membrane �lter.Wash the pre
ipitate with a few mL of deionized water.Mount the �lter for � 
ounting, 
overing with mylar �lm to prevent 
ontamination ofthe dete
tor and the dete
tion of � parti
les from 210Po de
ay.Re
overy determinationAfter � 
ounting, dissolve the �lter and pre
ipitate by heating in 
on
entrated HNO3.Take to in
ipient dryness and redissolve in 0.5% HNO3.Make to 250 mL in a volumetri
 
ask with 0.5% HNO3.Determine lead 
on
entration (e.g. by 
ame atomi
 absorption spe
trometry using the283.3 nm line).Anion ex
hangeFor the determination of 210Pb by � 
ounting, separation of lead from all �-emittingradionu
lides must be guaranteed, sin
e 
ounts from interfering radionu
lides 
annotbe distinguished from the 210Bi 
ounts used to determine 210Pb. For most samples, theDDTC extra
tion des
ribed above is adequate; however, the following �nal 
lean-up stepis advisable in 
ases where the 226Ra a
tivity is greatly in ex
ess of the 210Pb a
tivity(e.g. mussels, pro
ess waters):Take the Pb extra
t from the DDTC extra
tion step above to dryness, and take up in 5mL 1.5 M HCl.Fill a 
olumn (5 
m height, 0.7 
m i.d.) with Dowex 1-X8 resin, Cl� form.Equilibrate the 
olumn by washing with 10 mL 1.5 M HCl.Add the sample solution.Wash with 2 � 5 mL 1.5 M HCl to elute radium and other interfering ions.Elute lead with 20 mL 9 M HCl.Take to dryness and pro
eed with the lead 
hromate pre
ipitation pro
edure above.Bismuth remains on the 
olumn. Time of elution is time of separation of 210Pb from210Bi. U(VI) also remains on the 
olumn. Most other elements, in
luding radium,a
tinium, and thorium are eluted with the 1.5 M HCl wash.
34



6.2.1 � 
ounting of lead 
hromate pre
ipitateSin
e the � parti
les emitted by 210Pb are of low energy (0.061 MeV, 19%; 0.015 MeV,81%), they are absorbed by the window of the �-parti
le dete
tor. However, a measureof 210Pb may be obtained using the higher-energy � parti
les of its daughter 210Bi (4.69MeV, 40%; 4.65 MeV, 60%; t1=2 = 5.01 d).Care must be taken to ex
lude re
ording of 
ounts from � parti
les of the 210Bi daughter210Po whi
h will slowly grow in on the pre
ipitate (210Po t1=2 = 138 d). The ex
lusionof these 
ounts should be 
on�rmed by a series of tests utilising a silver dis
 on whi
h210Po has been auto-deposited (Se
tion 5.1.2). In
reasing numbers of layers of mylar�lm are pla
ed over the dis
 before 
ounting with the � 
ounter. The number of layersat whi
h there is no further de
rease in 
ount rate is the number of layers used to 
overthe lead 
hromate pre
ipitate.6.2.2 StandardsA set of standards for determination of lead by FAAS is prepared in a similar matrixto the samples. Aliquots of a suitable dilution of the spike solution are taken whi
hwill yield a set of standards in the range 0 { 20 mg Pb L�1 when �nally diluted to250 mL. The aliquots are taken to dryness, redissolved using a
eti
 a
id/ammoniuma
etate solution, and lead 
hromate pre
ipitated as des
ribed above. The pre
ipitateand �lter paper are dissolved with nitri
 a
id, taking 
are to re
over any pre
ipitate onthe �ltration funnel. The solution is taken to in
ipient dryness, taken up again in 0.5%HNO3 and diluted to 250 mL using 0.5% HNO3.6.3 210Po ingrowth method for 210Pb210Pb may be determined by two su

essive determinations on the sample of its grand-daughter 210Po, separated by a delay (usually of at least 6 months). 210Pb is then
al
ulated from the two determinations using ingrowth/de
ay equations for 210Po (seese
tion on program POLON in Appendix A). However, this method is only re
ommendedwhen the a
tivity 
on
entration of 226Ra is known to be less than or of the order of thatof 210Pb. Where this is not the 
ase, the 
ontribution of ingrowth from 226Ra to the210Pb determination may be signi�
ant. This 
ontribution is usually diÆ
ult to quantifybe
ause the 222Rn retention in the sample is seldom known a

urately. This problemmay be avoided by 
hemi
ally isolating lead soon after sample 
olle
tion; 210Pb maythen be determined by a 210Po determination on this isolate after an ingrowth period(see se
tion on program LEDPO in Appendix A).In the following method, stable lead is used as both tra
er and 
arrier for 210Pb. Polo-nium is removed by extra
tion into 0.1% DDTC in CH3CCl3 from 5 M HCl. Lead isthen separated from radium by extra
tion into 1% DDTC in CH3CCl3 from 1.5 M HCl.Bismuth and residual polonium are removed on an anion ex
hange 
olumn, and leadre
overy determined by methods su
h as atomi
 absorption spe
tros
opy or ICP-MS.6.3.1 Separation and deposition pro
edureDDTC extra
tion for Po removalAdd the stable lead 
arrier/tra
er solution, equivalent to approximately 3{4 mg lead, if35



this has not been added in a previous step.If 210Po is also being determined on the sample, add the required tra
er.Dissolve the sample using an appropriate te
hnique, and take to dryness.Take the sample digest up into 5 mL 5 M HCl and warm on a hot plate.Add ~50 mg as
orbi
 a
id to redu
e Fe3+ to Fe2+, indi
ated by the disappearan
e of the
hara
teristi
 yellow Fe3+ 
olour.Pour into a separating funnel and wash in with 2 � 5 mL 5 M HCl to give a total of 15mL.Prepare fresh solutions of 0.1% and 1% DDTC in CH3CCl3 for the Po and Pb extra
tionsteps.Extra
t Po with 10 mL 0.1% DDTC in CH3CCl3. (Shake for 30 se
onds).Extra
t with 2 more 5 mL aliquots of 0.1% DDTC in CH3CCl3. If the organi
 phase is
oloured, extra
t with further aliquots until it is 
olourless.DDTC extra
tion for Pb extra
tionDilute the aqueous phase with 35 mL of water to make it 1.5 M HCl.Extra
t Pb with 10 mL 1% DDTC in CH3CCl3. (Shake for 30 se
onds).Extra
t with 2 more 5 mL aliquots of 1% DDTC in CH3CCl3.Combine the 1% DDTC/CH3CCl3 portions.Evaporate to dryness over a water bath or hot plate at low heat.Date of extra
tion is date of separation of Pb from Ra and Po.Ra, Th, U and A
 may be determined on the remaining aqueous phase.Anion ex
hangeTo the dried DDTC/CH3CCl3 extra
t, 
arefully add 5 ml 
on
entrated HNO3.Heat (
overed) for ~15 minutes on a hot plate.Remove the 
over and take to in
ipient dryness.Dissolve the residue in 5 mL 9 M HCl.Fill a 
olumn (5 
m height, 0.7 
m i.d.) with Dowex 1-X8 resin, Cl� form.Equilibrate the 
olumn by washing with 10 mL 9 M HCl.Add the sample solution and 
olle
t the eluate.Elute with a further 2 � 10 mL 9 M HCl.Storage for ingrowthPour the eluate from the anion ex
hange step into a tared plasti
 bottle.Add a known quantity of 208Po or 209Po tra
er (in HCl solution).Add distilled water so that the HCl 
on
entration is 5 M (approximately 50 ml totalvolume).Weigh the solution.Shake the solution to mix.Remove the required amount (~10 mL) for determination of lead by ICP-MS.Store the solution for 210Po analysis after a suitable ingrowth period.36



7 Uranium7.1 Introdu
tionUranium is a highly rea
tive metalli
 element, 
ombining with a large number of ele-ments to form an extensive series of 
ompounds. The oxidation states known in aqueoussolution are +3, +4, +5 and +6, the most important of these being +4 and +6.7.1.1 Extra
tion using TBPMethods of separation for measurement by �-parti
le spe
trometry 
ommonly employextra
tion of the uranyl (UO2+2 ) ion, 
omplexed by nitrate or 
hloride, into one of alarge number of possible organi
 solvents. One of the most 
ommonly-used extra
tantsis tri-butyl phosphate (TBP).The extra
tion method des
ribed here is based on that of Holm (1984). Uranium isextra
ted (along with thorium) into 
on
entrated TBP from 8M HNO3. At this molarityuranium extra
tion is at a maximum. Radium and a
tinium remain in the aqueous phaseand may be subsequently determined on this. Most other metals, in
luding polonium,lead, bismuth and iron, also remain in the 8 M HNO3 solution.Extra
tion eÆ
ien
y de
reases with in
reased temperature (Gindler 1962); hen
e, afterdissolution of the sample, the solution should be allowed to 
ool to room temperaturebefore pro
eeding with extra
tion. Phosphate, sulfate and 
uoride redu
e extra
tioneÆ
ien
y by 
omplexing uranium (Gindler 1962). For some samples it may be advanta-geous to in
lude a salting-out agent in the initial 8 M NO�3 phase to mask these anions(e.g. nitrate salts of Fe3+ or aluminium for phosphate; Fe3+ for sulfate; aluminium or
al
ium for 
uoride).After dilution of the TBP with xylenes, the organi
 phase is washed a number of timeswith 5 M HCl to remove thorium. This wash also removes nitrate ions, 
onsiderableamounts of whi
h dissolve in the TBP layer and whi
h would, if not removed, interferewith the ba
k-extra
tion of uranium into water.7.1.2 Anion-ex
hangeThe TBP extra
tion pro
edure results in a uranium fra
tion whi
h for many samplesis pure enough to ele
trodeposit. However, in order to ensure 
omplete removal ofthorium, whi
h would interfere in the �-parti
le spe
trum, and to remove tra
es ofresolution-degrading elements whi
h might be present, a �nal 
lean-up step using ananion-ex
hange resin is re
ommended. The pro
edure des
ribed below removes thoriumand most other elements (an ex
eption being iron; Marhol 1982).7.1.3 Ele
trodepositionThe ele
trodeposition pro
edure given here is based on that of Hallstadius (1984). Hestated that this method deposits U, Th, Po, Pb, Cm, Am, Pu and Np onto ele
tropolishedstainless steel dis
s with a yield of 90% or greater for a deposition time of 1 hour. Radiumdeposition is less than 1%.Tom�e and San
hez (1991) studied this deposition te
hnique in detail for uranium. Theyreported that improved peak resolution with a minimal loss of yield 
ould be obtained37



Table 7.1 E�e
t of deposition time on energy resolution and yield for uranium depositionby the Hallstadius method. Taken from Table 1 of Tom�e & San
hez (1991). Current was 2A with a 3.8 
m2 dis
 area. Time Yielda FWHM(min) (%) (keV)10 70 16.720 91 18.230 96 19.440 99 19.750 97 20.460 98 24.9a Un
ertainty is 3% (1 �).by a redu
tion in the deposition time (Table 7.1). Consequently, a deposition time foruranium of 40 minutes is re
ommended in the present pro
edure.7.2 Tra
ersThe three tra
ers 
ommonly used for uranium determination are 232U, 233U and 236U.233U has the disadvantage that its � energy (4.78 + 4.82 MeV) lies within the energyregion of the 234U peak at 4.77 MeV.236U (4.44 + 4.49 MeV) overlaps the 235U spe
trum. For most environmental samplesthis may be allowed for by assuming the normal 235U/238U a
tivity ratio of 0.046.232U has the advantage that its � energy is well separated from those of 238U, 235U and234U, allowing all three to be measured. The daughter and grand-daughter of 232U are228Th and 224Ra respe
tively; their presen
e in the tra
er solution is a disadvantage ifa measure of 228Th and/or 224Ra on the same sample digest is desired. However, 228Thmay be used as a tra
er for measurement of 230Th and 232Th (see Se
tion 8.2), and224Ra may be used as a tra
er for 223Ra, 226Ra and 228Ra (Se
tion 9.2). In addition,measurement of the 228Th peak on the uranium spe
trum gives a 
he
k of the eÆ
ien
yof removal of thorium from the uranium fra
tion.7.3 Separation and deposition pro
edureTBP extra
tionAfter digestion of the sample, dissolve in 20 mL 8 M HNO3.Transfer to a separating funnel and shake with 5 mL TBP for 3 minutes.After settling, run the 8 M HNO3 layer into a beaker. If this fra
tion is to be used forfurther analysis, it should be run through a pre-wetted �lter paper to remove any tra
esof TBP.Wash the TBP portion twi
e by shaking with 10 mL 8 M HNO3 for 1 minute.If Ra and/or A
 are to be determined, 
ombine the aqueous portions to give the Ra/A
fra
tion. Note the date and time of extra
tion as the Th/Ra separation time for use in38



the Ra and A
 analyses1.Add 20 mL xylenes to the TBP layer.Wash 4 times with 10 mL 5 M HCl to remove Th, shaking for 1 minute.Wash 3 times with 15 mL distilled water to ba
k-extra
t U, shaking for 1 minute. Com-bine the three extra
ts in a 50 mL beaker.Anion ex
hangeEvaporate the U extra
t solution to dryness, and take up in 5 mL 9 M HCl.Prepare a 
olumn (4 
m height, 0.7 
m i.d.) with Dowex 1-X8 resin, Cl� form.Equilibrate the 
olumn with 10 mL 9 M HCl.Add the sample solution.Wash with 20 mL 9 M HCl to elute Th and other interfering ions.Elute U with 40 mL 8 M HNO3 in two 20 mL aliquots.Note the date of anion ex
hange as the date of U/Th separation for U analysis.Take the solution to dryness on a hot plate.Ele
trodepositionEvaporate the U extra
t solution to a few mL in a small (e.g. 50 mL) beaker.Add 1 mL 0.3 M NaSO4.Evaporate to total dryness (at low heat to prevent spitting).Add 0.3 mL 
on
entrated H2SO4.Warm and swirl the beaker to dissolve the residue. (Do not heat more than ne
essary;no signi�
ant amount of H2SO4 should evaporate in the pro
ess.)Add 4 mL distilled water and 2 drops 0.2% thymol blue.Add drops of 
on
entrated NH3 to a yellow{yellow/orange 
olour.Pour the solution into the ele
trodeposition 
ell and wash in with approximately 5 mL1% H2SO4.Adjust the pH to 2.1{2.4 with 
on
entrated NH3 using Mer
k pH paper 9540. (If theenpoint is over-stepped, adjust with 20% H2SO4.Bu� the anode lightly with sandpaper to remove oxides from the surfa
e.Rinse the Pt 
athode with 2% HNO3 followed by water.Deposit at 1.2 A for 40 minutes in a fume 
upboard. The distan
e between 
athode andanode is 8 mm; the 
ell is 
overed to minimise loss of solution from the 
ell.Add 1 mL of 
on
entrated NH3 about 1 minute before swit
hing o� the 
urrent.Wash the dis
 with 1% NH3 solution, followed by iso-propanol, and dry by heating itslightly.Note the date of ele
trodeposition as the date of �nal Th/Ra separation.Rinse the Pt 
athode with 2% HNO3 followed by water.1The Ra analysis needs to pro
eed without delay from this point; see Se
tion 9.39
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Figure 7.1 Typi
al U �-parti
le spe
trum. Tra
er isotope: 232U.7.4 Spe
trum analysisFigure 7.1 shows a uranium spe
trum with 232U used as the yield tra
er. As the 238U,234U and 232U peaks have similar shapes, the same size analysis window should be usedfor ea
h.228Th, whi
h grows in on the dis
 from 232U, overlaps with its parent's peak. Either ofthe upper-energy peaks of 224Ra or 228Th must be measured to allow for this. Prior to
ounting, the dis
 should not be stored so that its surfa
e is in 
onta
t with any othersolid surfa
e, else losses of 228Th and 224Ra may o

ur.The 235U spe
trum overlaps with those of both 238U and 234U. 81.7% of its de
ays
an be measured in the 4.24{4.45 MeV region. For environmental samples the normal235U/238U a
tivity ratio of 0.046 should apply; hen
e, in 
al
ulating 234U and 238U, theoverlap with 235U 
an be allowed for using a �gure based on the 238U 
ount rate.7.4.1 Tailing 
orre
tionsA strong 232U sour
e may be used to measure tailing from the tra
er peak into the 238U,235U and 234U areas. The 232U and 234U peaks have a similar shape, and the same sour
emay be used to estimate tailing of 234U into 238U and 235U. The sour
e should not beused for more than a few weeks after preparation due to 228Th ingrowth on the dis
.7.4.2 Cal
ulationsDepending upon whether the upper-energy peaks of 228Th or 224Ra are to be used as ameasure of the 228Th a
tivity on the dis
, either of programs URAN or URANTH maybe used to 
al
ulate the 238U, 235U and 234U a
tivity 
on
entrations in the sample.
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8 Thorium8.1 Introdu
tionThe only oxidation state known for thorium in solution is +4. Being a small, highly
harged 
ation, Th(IV) forms 
omplexes with a number of anions in aqueous solution.It also forms insoluble salts with many anions, in
luding hydroxide, phosphate, 
uoride,di
hromate and oxalate. Although solubility produ
ts may not be ex
eeded, the tenden
yof su
h spe
ies to adsorb onto solid phases (su
h as the walls of glass beakers) is high and
an lead to low re
overy and 
ross-
ontamination problems. The insolubility of manythorium salts also highlights the importan
e of 
ompletely digesting the sample beforepro
eeding with element separation.Thorium is unusual in that it forms a negatively-
harged ion in nitri
 a
id solutions, andis strongly adsorbed onto anion ex
hange resins with maximum adsorption at approxi-mately 8 M HNO3 (Marhol 1982). Uranium is also adsorbed, but to a lesser extent.8.1.1 Extra
tion using TBPThe extra
tion method des
ribed here is based on that of Holm (1984). Thorium isextra
ted (along with uranium) into 
on
entrated TBP from 8 M HNO3. Radium anda
tinium remain in the aqueous phase and may be subsequently determined on this. Mostother metals, in
luding polonium, lead, bismuth and iron, also remain in the 8 M HNO3solution. Hyde (1960, pp 14{20) states that thorium extra
tion eÆ
ien
y is improvedwhen most of the nitri
 a
id in the aqueous phase is repla
ed with a nitrate salt su
has sodium, 
al
ium or aluminium nitrate; the reason given was the lower solubilitiesof these salts in TBP relative to that of HNO3. 1 M Al(NO3)3/5 M HNO3 has beensu

essfully used in the eriss laboratories as a repla
ement for the initial 8 M HNO3extra
tion solution. This pra
ti
e is probably best avoided, however, where the aqueousphase is to be susequently used for analysis of radium and/or a
tinium.After dilution of the TBP with xylenes, thorium is ba
k-extra
ted by washing four timeswith 5 M HCl. Uranium remains in the organi
 phase and may be subsequently ba
k-extra
ted (Se
tion 7).8.1.2 Anion-ex
hangeFor a �nal 
lean-up of the thorium fra
tion after the TBP extra
tion step, an anionex
hange te
hnique is employed; this ensures the removal of tra
es of uranium and othermetal ions.8.1.3 Ele
trodepositionThe ele
trodeposition pro
edure given here is based on that of Hallstadius (1984). Hestated that this method deposits U, Th, Po, Pb, Cm, Am, Pu and Np onto ele
tropolishedstainless steel dis
s with a yield of 90% or greater. Radium deposition is less than 1%.8.2 Tra
ersThe two tra
ers 
ommonly used for thorium determination are 228Th and 229Th.41



228Th may be used as a tra
er for determination of 230Th and 232Th, but naturallypre
ludes determination of 228Th in the sample. In many 
ases (e.g. sediments, mus-sels) where the 228Th a
tivity in the sample itself is high and known from a separatedetermination, it may be used as the tra
er. For example, 228Th may be measured by
-ray spe
trometry, and �-parti
le spe
trometry used to determine the 230Th and 232Tha
tivity 
on
entrations.Where 228Th is added as a tra
er solution (e.g. by addition of a 232U tra
er with 228Thin se
ular equilibrium) and the 228Th a
tivity from the sample is not negligibly small
ompared with the added tra
er a
tivity, the sample 228Th a
tivity must be allowed for.This requires a separate measurement, unless 228Th is known to be in se
ular equilibriumwith 232Th in the sample (see dis
ussion of program THORE in Appendix A).Note that, where an aged 232U solution is used as a sour
e of 228Th/224Ra tra
er, atse
ular equilibrium the 228Th and 224Ra a
tivity 
on
entrations equal 1.029 times the232U 
on
entration, due to the relative half-lives of 232U and 228Th.229Th allows measurement of all three isotopes of interest; it also has the advantage ofbeing an arti�
ial radionu
lide not normally present in environmental samples. Some
ontribution from 229Th to the 230Th analysis window is inevitable due to their proximityin the � spe
trum and to some minor 229Th peaks dire
tly under 230Th. Hen
e, the tra
era
tivity may need to be limited for samples with low 230Th a
tivity 
on
entration.229Th may also interfere with the 228Th measurement for two reasons. Firstly, 229Thsolutions usually 
ontain some 228Th a
tivity. This problem is best avoided by using229Th tra
er solutions whi
h have been aged so that the tra
er 228Th a
tivity is negligiblein 
omparison with that of the sample; otherwise, a 
orre
tion must be applied. Se
ondly,tailing from the 229Th daughter 225A
 (Figure 1.4) will also 
ontribute to the 228Thanalysis window due to their proximity in the spe
trum. This interferen
e may beminimised by 
ounting the dis
 as soon as possible after deposition.8.3 Separation and deposition pro
edureTBP extra
tionAfter digestion of the sample, dissolve in 20 mL 8 M HNO3.Transfer to a separating funnel and shake with 5 mL TBP for 3 minutes.After settling, run the 8 M HNO3 layer into a beaker. If this fra
tion is to be used forfurther analysis, it should be run through a pre-wetted �lter paper to remove any tra
esof TBP.Wash the TBP portion twi
e by shaking with 10 mL 8 M HNO3 for 1 minute.If Ra and/or A
 are to be determined, 
ombine the aqueous portions to give the Ra/A
fra
tion. Note the date and time of extra
tion as the Th/Ra separation time for use inthe Ra and A
 analyses.Add 20 mL xylenes to the TBP layer.Wash 4 times with 10 mL 5 M HCl to ba
k-extra
t Th, shaking for 1 minute.Combine the four extra
ts in a 50 mL beaker.Anion ex
hangeEvaporate the Th extra
t solution to dryness, and take up in 5 mL 8 M HNO3.42



Prepare a 
olumn (4 
m height, 0.7 
m i.d.) with Dowex 1-X8 resin, Cl� form.Convert the 
olumn to the NO�3 form by washing with 10 mL 8 M HNO3.Add the sample solution.Wash with 40 mL 8 M HNO3 to elute U and other interfering ions.Elute Th with 30 mL 9 M HCl.Ele
trodepositionEvaporate the Th extra
t solution to a few mL in a small (e.g. 50 mL) beaker.Add 1 mL 0.3 M NaSO4.Evaporate to total dryness (at low heat to prevent spitting).Add 0.3 mL 
on
entrated H2SO4.Warm and swirl the beaker to dissolve the residue. (Do not heat more than ne
essary;no signi�
ant amount of H2SO4 should evaporate in the pro
ess.)Add 4 mL distilled water and 2 drops 0.2% thymol blue.Add drops of 
on
entrated NH3 to a yellow-yellow/orange 
olour.Pour the solution into the ele
trodeposition 
ell and wash in with approximately 5 mL1% H2SO4.Adjust the pH to 2.1{2.4 with 
on
entrated NH3 using Mer
k pH paper 9540. (If theenpoint is over-stepped, adjust with 20% H2SO4.Bu� the anode lightly with sandpaper to remove oxides from the surfa
e.Rinse the Pt 
athode with 2% HNO3 followed by water.Deposit at 1.2 A for 1 hour in a fume 
upboard. The distan
e between 
athode andanode is 8 mm; the 
ell is 
overed to minimise loss of solution from the 
ell.Add 1 mL of 
on
entrated NH3 about 1 minute before swit
hing o� the 
urrent.Wash the dis
 with 1% NH3 solution, followed by iso-propanol, and dry by heating itslightly.Note the date and time of ele
trodeposition (this is the point at whi
h Ra begins to growin on the dis
).Rinse the Pt 
athode with 2% HNO3 followed by water.8.4 Spe
trum analysisFigure 8.1 shows a thorium spe
trum with 229Th used as the yield tra
er. As the 232Thand 230Th peaks have similar shapes, the same size analysis window should be used forea
h.Some overlap of the 229Th and 230Th spe
tra is inevitable, and hen
e the pla
ement ofthe upper-energy boundary for 230Th must be 
hosen 
arefully.The 5.44 MeV, 5% 224Ra peak lies under the 228Th spe
trum, and this must be allowedfor later in the 228Th 
al
ulation. Prior to 
ounting, the dis
 should not be stored sothat its surfa
e is in 
onta
t with any other solid surfa
e, else losses of 224Ra may o

urdue to � re
oil. 43
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Figure 8.1 Typi
al Th �-parti
le spe
trum. Tra
er isotope: 229Th.8.4.1 Tailing 
orre
tions228Th, 229Th and 230Th sour
es must be separately prepared and 
ounted. Tailing of225A
 into the 228Th area is best measured relative to the 217At peak for a 229Th sour
ein se
ular equilibrium with its progeny. The sour
e should be prepared from an aged229Th solution so that the 228Th a
tivity present is negligible. If the 229Th tra
er solution
ontains substantial 228Th, then this will need to be 
orre
ted for separately.8.4.2 Cal
ulationsIf 229Th is used as the yield tra
er, then program THOR may be used to 
al
ulate the228Th, 230Th and 232Th a
tivity 
on
entrations in the sample. This program 
al
ulatesthe 228Th a
tivity 
on
entration ba
k to the date and time of deposition. Subsequent
orre
tion to date of sample 
olle
tion will require a measure of the 228Ra a
tivity 
on-
entration in the sample.If the yield tra
er is 228Th, then one of the following programs may be used to 
al
ulatethe 230Th and 232Th a
tivity 
on
entrations in the sample:� THORE, if the 228Th in the sample 
an be assumed to be in se
ular equilibriumwith 232Th.� THORN, if the 228Th a
tivity 
on
entration in the sample is known.

44



9 Radium9.1 Introdu
tionWithin group II, 
al
ium, strontium, barium, and radium form a series of 
losely relatedelements. All are highly ele
tropositive metals existing in the +2 oxidation state insolution. Problems inherent in 
hemi
ally isolating radium from other Group II elementsin �-parti
le spe
trometry methods often result in errati
 
hemi
al yields, a poorlyresolved spe
trum, and/or the use of lengthy labour-intensive analyti
al te
hniques.The method des
ribed here 
an be used to measure all �-emitting radium isotopes (226Ra,224Ra, 223Ra) and, after a suitable ingrowth period, 228Ra on a single sour
e (Han
o
k& Martin 1991). The separation and ele
trodeposition of radium 
an be 
omfortably
ompleted in 1 day (8 hours) on a digested sample, with an operator time of approxi-mately 1 hour per sample for a bat
h of 4 samples. With use of 225Ra as a yield tra
er,226Ra, 224Ra, and 223Ra are determined from an initial 
ounting soon after deposition,and from the 
al
ulated 225Ra re
overy determined after a suitable ingrowth period for225A
 and daughters. 228Ra is determined after an ingrowth period for 228Th and 224Ra.Peak FWHM obtained is typi
ally ~40 keV, and 
hemi
al re
overies are typi
ally in therange 75{85%.9.1.1 Element separationsRadium, thorium and a
tinium are 
opre
ipitated from the sample matrix with lead sul-fate. Uranium remains in solution. The sulfate ion is then removed by passage throughan anion ex
hange resin. Thorium and a
tinium form anioni
 
omplexes with EDTA,and are also adsorbed. Radium and lead pass through the anion ex
hange 
olumn inthe eluate. Lead (Khopkar & De 1960) and any remaining thorium, a
tinium, polo-nium or uranium in the eluate are eluted from the following 
ation ex
hange 
olumnin the ammonium a
etate wash. The alkaline earths (
al
ium, strontium, barium) areeluted sequentially in the 1.5 M ammonium a
etate and 2.5 M HCl washes. The de
on-tamination fa
tors for thorium, a
tinium, polonium, uranium and lead are greater than104.Ba{Ra SeparationBarium is 
hemi
ally very similar to radium, and will a

ompany radium in the leadsulfate latti
e during pre
ipitation. Unless removed prior to ele
trodeposition, it will
ause in
omplete radium plating, and a poorly resolved �-parti
le spe
trum.Gleason (1979) used DCYTA at pH 8.5 to separate barium and radium. However,the use of 
omplexing agents to obtain separation on a 
ation ex
hange 
olumn oftenresults in residual tra
es of the 
omplexing agent 
ontaminating the �nal radium fra
tion,adversely a�e
ting ele
trodeposition. For this reason, in the present method 18 
olumnvolumes of 2.5 M HCl are used to wash the ammonium a
etate and tra
es of EDTAfrom the 
olumn prior to the elution of radium.Both barium and radium are strongly adsorbed in a narrow band at the top of the 
ationex
hange 
olumn from 0.025 M EDTA solution at pH 4.5, and are separated by elutionwith 1.5 M ammonium a
etate and 2.5 M HCl. The distribution 
oeÆ
ient for bariumis approximately equal in the latter two solutions. Approximately 3{5% of the radium45



Eluate volume (mL)


0
 10
 20
 30
 40
 50
 60
 70
 80
 90


A
ct

iv
ity

 c
on

ce
nt

ra
tio

n


133
Ba


1.5 
M
 ammonium acetate
 2.5 
M
 HCl


226
Ra


6 
M
 HNO
3


Figure 9.1 133Ba and 226Ra separation on a 6 
m 
ation ex
hange 
olumn. The area under ea
hhistogram has been normalised to unity.is sa
ri�
ed in the 2.5 M HCl wash.The de
ontamination fa
tor for barium is dependent on the 
olumn length. Figure 9.1shows the results obtained for the separation of 133Ba and 226Ra in a trial with a 
olumnof 6 
m length. The de
ontamination fa
tor obtained was 50 (98% removal of barium).For samples with a high barium 
on
entration, a longer 
ation ex
hange 
olumn 
an beused. The volume of the wash solutions are then in
reased proportionally. For example,with a 
olumn of 8 
m height, 0.7 
m i.d., the wash volumes are 50 mL 1.5 M ammoniuma
etate in 0.1 M HNO3, followed by 54 mL 2.5 M HCl in three 18 mL aliquots. Radiumis then eluted with 25 mL 6 M HNO3. This pro
edure in
reases the time required forthis step, but also in
reases the barium de
ontamination fa
tor to ~200.9.1.2 Ele
trodepositionAqueous/al
ohol ele
trolyteThe majority of radium ele
trodeposition te
hniques reported in the literature use anaqueous/al
ohol ele
trolyte solution (Smith & Mer
er 1970, Koide & Bruland 1975,Bojanowski et al. 1983, Harada & Tsunogai 1985, Han
o
k & Martin 1991). In thepro
edure des
ribed below, the radium is transferred to the deposition 
ell with 1.0 mL0.1 M HNO3 and washed in with 9 mL propanol. Radium is then ele
trodeposited ontoa stainless steel dis
 at 70 mA for 30 minutes. Ethanol may be used as an alternativeto propanol.During deposition, there should only be a very gentle bubbling a
tion originating fromthe Pt ele
trode. Vigorous bubbling may be an indi
ation that the ele
trolyte solutionis boiling. If this is the 
ase, then the 
urrent should be redu
ed slightly to prevent thiso

urring.The deposit may be removed by physi
al abrasion, and so the surfa
e of the sour
e46



should not be tou
hed following ele
trodeposition. Absorption of moisture from the air
an lead to degraded peak resolution, and so sour
es should be stored in a 
ontainer
ontaining a desi

ating agent su
h as sili
a gel.Ammonium a
etate/nitri
 a
id ele
trolyte (\Roman method")Roman (1984) reported that radium 
ould be ele
trodeposited onto stainless steel dis
sfrom an aqueous solution of ammonium a
etate and nitri
 a
id. This method will bereferred to here as the \Roman method". The following pro
edure is that whi
h hasbeen used at eriss, and is essentially the same as that of Roman, ex
epting that heused a 
urrent of 400 mA.Transfer the sample into an ele
trodeposition 
ell with 10 mL 0.35 M ammoniuma
etate/0.1 M HNO3 solution.Ele
trodeposit onto a stainless steel dis
 at 600 mA for 3 hours. Add small volumesof water periodi
ally to 
ompensate for evaporative losses.Remove the dis
 and wash with propanol. Dry by warming on a hot plateThe Roman method o�ers a number of advantages over aqueous/al
ohol ele
trolytemethods. Firstly, the deposit is surprisingly robust. Roman (1984) states that \notmore than 10{15% of the a
tivity 
ould be removed from the stainless steel or platinumele
trodes when wiped with wet tissue paper or after immersion in water (25ÆC) for1 h under vigorous stirring." He gave eviden
e that the deposit was 
overed with aprote
tive layer, possibly of platinum (presumably stripped from the anode).Se
ondly, sour
es deposited using the Roman method are usually of high resolution(typi
ally an improvement of 5{10 keV FWHM over a sour
e prepared with an aque-ous/al
ohol ele
trolyte).Finally, the sour
es have a very high radon retention fa
tor, usually 
lose to 100% evenfor the longer-lived 222Rn. If 
omplete retention of radon on the dis
 
ould be attained, orif the retention fa
tor were 
onsistent and known, radium isotopes 
ould be determinedusing their daughter isotope a
tivities. Unfortunately, experien
e at eriss has beenthat radon retention on sour
es prepared by the Roman method is variable, o

asionallybeing as low as 80% for 222Rn.The most serious problem with the Roman method is the e�e
t of tra
es of barium onthe radium deposition eÆ
ien
y. Table 9.1 shows the results of a trial in whi
h varyingamounts of barium were added to a 226Ra solution before evaporation and subsequentdeposition. Even 1 �g barium resulted in a signi�
ant redu
tion in deposition eÆ
ien
y.Consequently, although the Roman method is useful for the produ
tion of test sour
esand for the 
alibration of relatively pure standard solutions, it is not used at eriss asthe standard deposition method for radium from environmental samples.9.2 Tra
ersThe three tra
ers 
ommonly used for radium determination are 223Ra, 224Ra and 225Ra.225Ra is ideal be
ause it does not o

ur naturally and is, therefore, not present in environ-mental samples. Alternatively, 223Ra or 224Ra 
an be used if one a

epts a limitation on47



Table 9.1 Dependen
e of the eÆ
ien
y of radium deposition on the quantity of bariumpresent when using the Roman deposition method.Barium Ra re
overy(�g) (%)0 92.71 62.52 44.89 31.219 23.530 18.035 17.060 10.5190 4.0375 3.0750 1.2the range of isotopes determined and provided the tra
er a
tivity used is large 
omparedwith that present naturally in the sample.225Ra (t1=2 = 14.8 d) is a � emitter and de
ays to 225A
, whi
h in turn de
ays to aseries of short-lived �-emitting progeny. The 
hemi
al re
overy of 225Ra is determinedfrom the 
ount rates re
orded for the progeny 217At and/or 213Po. The a
tivity of 225A
rea
hes a maximum after 17 days (Figure 9.2). However, if the a
tivity of the added225Ra is high enough, the re
overy 
an be determined from a 
ount started on the sameday as the ele
trodeposition.If 226Ra and/or 228Ra only are to be measured, the quantity of added 225Ra will dependon the statisti
al error required, remembering that the 225A
 a
tivity will grow to amaximum of only ~44% of the initial 225Ra spike. If 223Ra and/or 224Ra are to bedetermined, the added 225Ra a
tivity should be limited, as 225A
 will slowly grow inon the dis
 and 
ontribute to the 223Ra + 224Ra energy region on the spe
trum, andthis 
ontribution must be subtra
ted before 223Ra and 224Ra 
an be determined (seeSe
tion 9.4).Where both thorium and radium analyses are required on a sample, it is 
onvenientto add as tra
er a 229Th solution in se
ular equilibrium with its 225Ra daughter (Fig-ure 1.4), or a 228Th solution in se
ular equilibrium with its 224Ra daughter (Figure 1.2).The radium tra
er a
tivity is then 
al
ulated ba
k to the �rst point in the separationpro
edure at whi
h thorium/radium separation o

urs.Alternatively, a radium tra
er solution free of the thorium parent may be prepared beforeaddition to the sample. Some pro
edures for the preparation of 224Ra solutions are givenby Bojanowski et al. (1983) and Sebesta & Stary (1974).229Th solutions usually 
ontain some 228Th a
tivity, and hen
e some 224Ra a
tivity willalso be present. For measurement of a low 224Ra a
tivity a 
orre
tion may need to beapplied.9.3 Separation and deposition pro
edurePbSO4 pre
ipitation 48
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Figure 9.2 225A
 ingrowth from 225Ra, 222Rn ingrowth from 226Ra, and 223Ra & 224Ra de
ay on aninitially pure radium sour
e.After digestion of the sample, dissolve in 100 mL 0.1 M HCl or HNO3.Add 1 mL 98% H2SO4 and 2 g K2SO4 and dissolve.Add 1 mL 0.24 M Pb(NO3)2 solution drop-wise whilst stirring.If ne
essary, add further 0.5 mL aliquots of 0.24 M Pb(NO3)2 solution drop-wise untilan adequate pre
ipitate has formed1.Heat, allow the pre
ipitate to settle, and de
ant the supernatant when 
ool.Wash with 20 mL 0.1 M K2SO4/0.2 M H2SO4 solution and de
ant again.Anion ex
hangeAdd 2 drops ammonia and 5 mL 0.1 M EDTA solution adjusted to pH 10 with ammo-nia to the PbSO4 pre
ipitate, and warm the beaker to aid dissolution. If ne
essary addfurther 1 mL portions of EDTA solution until the pre
ipitate has dissolved.Pass the solution through an anion ex
hange 
olumn (Bio-Rad AG1-X8, 100-200 mesh,Cl� form, 80 mm height, 7 mm i.d.), and wash with 13 mL 0.005 M EDTA/0.1 M am-monium a
etate at pH 8. The 
ow rate is 0.5{0.7 mL min�1. If 229Th(225Ra) or228Th(224Ra) are used as the tra
er, re
ord the time of Th/Ra separation.Colle
t the eluate in a beaker 
ontaining 1 mL 0.5 M ammonia
al EDTA and 0.5 mL5 M ammonium a
etate.Adjust the pH to 4.5 with 6 M HNO3 using bromo
resol green as an indi
ator.The �nal volume should be about 20 mL.Cation ex
hange1A good measure of the adequa
y of the pre
ipitate 
an be gained by 
omparison with the blanksample solution pre
ipitate, whi
h should readily form on addition of the �rst 1 mL 0.24 M Pb(NO3)2solution 49



Prepare a 
ation ex
hange 
olumn (Bio-Rad AG50W-X12, 200-400 mesh, 60 mm height,7 mm i.d.) in the ammonium form, by washing with 15 mL 1.5 M ammonium a
etate,followed by 15 mL 0.2 M ammonium a
etate solution previously adjusted to pH 4.5 withHNO3.The 
ow rate is 0.8{1.0 mL min�1, and 
an be obtained by �tting a Luer tubing adapter,and raising the 
olumn to the required height.Transfer the solution from the anion ex
hange 
olumn step onto the 
olumn and washwith 35 mL 1.5 M ammonium a
etate in 0.1 M HNO3 to elute Pb. Residual Th and A
are also eluted.Add 2.5 M HCl in three 14 mL aliquots to wash the ammonium a
etate out of the
olumn, and elute Ba. If 225Ra is used as a tra
er, re
ord the time 225A
 starts to buildin.Ra is then eluted with 20 mL 6 M HNO3.Evaporate the solution to a low volume and bring to dryness at low heat.Ele
trodepositionDissolve the residue in 1.0 mL 0.1 M HNO3 and transfer to an ele
trodeposition 
ellwith 9 mL propanol.Ele
trodeposit onto a stainless steel dis
 at 50 mA for 30 minutes. The anode/
athodedistan
e is 4 mm.Add 2 drops of ammonia a few se
onds before stopping the 
urrent.Remove the dis
 and allow to air-dry.Store the dis
 in a 
ontainer 
ontaining a dessi
ating agent (e.g. sili
a gel).The surfa
e of the sour
e should not be tou
hed.9.4 Spe
trum analysisFigure 9.3 shows typi
al radium spe
tra obtained for a groundwater sample. The samesour
e was 
ounted soon after deposition and then again after 20 days and after 6 months,illustrating peak positions and 
hanges in the spe
tra due to isotope ingrowth and de
ay.Resolution of the main 226Ra line is 38 keV FWHM.The 226Ra 
ount rate is measured dire
tly from its peaks at 4.60 and 4.78 MeV. 225Ra(t1=2 = 14.8 d) is a � emitter and de
ays to 225A
, whi
h in turn de
ays to a seriesof short-lived �-emitting progeny; of these, 217At (7.07 MeV) is the most 
onvenientmeasure, although 213Po (8.38 MeV) may also be used. The 225A
 a
tivity rea
hes amaximum after 17 days (Figure 9.2). However, if the a
tivity of the added 225Ra is highenough, 
ounting 
an begin any time after deposition.If 223Ra (t1=2 = 11.4 d) and/or 224Ra (t1=2 = 3.7 d) are to be determined, 
ountingshould be 
ommen
ed soon after deposition in order to minimize de
ay of 223Ra and224Ra and ingrowth of both 222Rn (t1=2 = 3.8 d) and 225A
 (t1=2 = 10.0 d). However,prior to 
ounting the dis
 should be stored under 
ounting 
onditions for at least 1 hourto ensure that 214Po and 211Bi are in equilibrium with their parents 222Rn and 219Rn,respe
tively.If a measure of 228Ra is required, the dis
 should be stored for at least six months to50
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Figure 9.3 Typi
al Ra �-parti
le spe
tra. Tra
er isotope: 225Ra. (a) Counted soon after deposition.(b) The same sour
e 
ounted 20 days after deposition. (
) The same sour
e 
ounted after 6 months.
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allow ingrowth of 228Th, and re-
ounted (Figure 9.3
). A measure of the ingrown 228This obtained by analysis of the 224Ra peak (5.69 MeV, 95%). During storage, the surfa
eof the sour
e should not be in 
onta
t with any other solid surfa
e, else re
oil losses of224Ra will o

ur. Abrasive 
onta
t with other surfa
es would also remove some of thedeposit from the dis
. Flaming of the dis
 to volatilize 222Rn is not re
ommended, asthe resolution of the sour
e may be seriously degraded.If the 226Ra/228Ra ratio is high, the 224Ra peak may be diÆ
ult to resolve from thesurrounding 222Rn and 218Po peaks. In this 
ase, 228Ra 
an be determined by washingthe deposit from the dis
 (e.g. with dilute HNO3) and subsequently determining 228Thon the washings (Bojanowski et al. 1983). After drying, the washed dis
 must be 
ountedto ensure that all of the 228Th a
tivity has been removed; otherwise, a 
orre
tion for thea
tivity remaining on the dis
 must be made.Determination of 223Ra and 224RaDetermination of the a
tivities of 223Ra and 224Ra is not straightforward, be
ause theirdire
t de
ay lines overlap in the �-parti
le spe
trum. Although their a
tivities 
anbe determined from the observed a
tivities of their daughter produ
ts, the analysispro
edure must take into a

ount the �nite and variable loss of their immediate daughters(219Rn and 220Rn respe
tively) by emanation from the ele
trodeposited sample. Thepro
edure developed here involves the following steps:� establishment of the value of �, the ratio of the retention of 220Rn to that of 219Rn,by a separate 
alibration measurement; this need only be 
arried out on
e.� measurement of the total a
tivity of 223Ra plus 224Ra, ARa = [223Ra℄ + [224Ra℄� measurement of the ratio [224Ra℄/[223Ra℄ for the sample being analysed by mea-surement of the radon a
tivity ratio, [220Rn℄/[219Rn℄, and 
orre
ting for di�erentialradon loss using �.� 
al
ulation of the 223Ra and 224Ra a
tivities from the radium a
tivity ratio andthe measured value of the total radium a
tivity, ARa.These steps are des
ribed in the following paragraphs.The 5.2{5.9 MeV region in
ludes the 223Ra and 224Ra peaks, as well as ingrowing 222Rn(5.49 MeV) resulting from the de
ay of 226Ra and ingrowing 225A
 plus 2% 213Bi (5.5{5.9MeV) resulting from the de
ay of 225Ra. This ingrowth 
an be minimized by 
ountingas soon as possible after deposition. The 222Rn 
ontribution 
an be stripped from thisregion by subtra
tion of the 214Po a
tivity at 7.69 MeV. Similarly, 225A
 and 213Bi 
anbe stripped by measurement of the 217At a
tivity. The remaining a
tivity in this region,ARa, is due to 223Ra and 224Ra.As both 223Ra and 224Ra 
an be expe
ted to be present in most environmental samples,their daughter produ
ts must be used to derive their a
tivities. Sin
e both isotopesde
ay to short-lived gaseous radon isotopes, (219Rn t1=2 = 4 s, 220Rn t1=2 = 56 s), lossesby di�usion would be expe
ted to o

ur from a thin sour
e. To obtain a measure ofthese losses, 7 sour
es were prepared as des
ribed above 
ontaining both 223Ra and224Ra. The 223Ra and 224Ra solutions used were separately 
alibrated against a 226Rasolution, giving a per
entage standard error due to 
ounting statisti
s on the 224Ra/223Raa
tivity ratio of 0.71%. The measured 220Rn/219Rn a
tivity ratio was divided by the52



Table 9.2 220Rn/219Rn retention ratio (�) and 220Rn retentions for 7 standard sour
es.Counting errors 
orrespond to 1 standard deviationSour
e 220Rn retention Retention ratio �aZS776 0.569 � 0.002 0.961 � 0.010ZS773 0.623 � 0.002 0.951 � 0.010ZS766 0.635 � 0.002 0.956 � 0.012ZS767 0.656 � 0.003 0.950 � 0.015ZS772 0.692 � 0.003 0.928 � 0.010ZS764 0.698 � 0.002 0.980 � 0.008ZS765 0.771 � 0.003 0.973 � 0.011mean: 0.957standard deviation: 0.016standard error: 0.006a � = (220Rn/224Ra)/(219Rn/223Ra). Errors for � in
lude 
ounting and 
alibration error.
al
ulated 224Ra/223Ra a
tivity ratio for ea
h sour
e to give the radon retention ratio, �(see Table 9.2). As expe
ted, all values of � were less than 1, indi
ating proportionallyhigher losses of the longer-lived 220Rn from the sour
e 
ompared to that of 219Rn. Forea
h individual sour
e the value of � appears to be independent, within experimentalerror, of the measured retention of 220Rn or 219Rn, even though these retentions varyfrom 0.57 to 0.77 between sour
es. A mean value for � of 0.957 was obtained witha standard error of 0.006, and this mean value is used in all sample analyses whendetermining 223Ra and 224Ra a
tivities (see below).As stated above, the 
al
ulation of the 224Ra/223Ra a
tivity ratio for a parti
ular samplerequires the determination of the observed 220Rn/219Rn a
tivity ratio. A measure of219Rn 
an be obtained from the well separated peak at 7.39 MeV due to the de
ay ofits daughter, 215Po. The 220Rn a
tivity 
an be 
al
ulated by integrating the 
ount rateobserved in the energy region 6.15{6.86 MeV. After subtra
tion of a small 
ontributiondue to 221Fr at 6.24 and 6.34 MeV (whi
h is given by 85% of the 217At a
tivity at 7.07MeV), the a
tivity observed in this region is twi
e the (220Rn + 219Rn) a
tivity; that is,the a
tivity arises from the de
ay of 220Rn, 216Po, 219Rn and 211Bi. The 220Rn a
tivityis then half the remaining a
tivity after dedu
ting twi
e the 219Rn a
tivity.Corre
ting for di�erential radon loss, the 224Ra/223Ra a
tivity ratio is given byRRa = �1���220Rn219Rn� (9.1)and the individual 223Ra and 224Ra 
on
entrations obtained from[223Ra℄ = ARa(RRa + 1) (9.2)and [224Ra℄ = ARa RRa(RRa + 1) (9.3)It should be noted that although this spe
tral stripping te
hnique will yield a 223Radetermination with a high degree of sensitivity, the statisti
al a

ura
y of the 224Radetermination will su�er in the presen
e of substantial 223Ra a
tivity. In this 
ase, the53



Table 9.3 220Rn and 222Rn retention on the same ele
trodeposited sour
e.10 torr 760 torr220Rna/224Ra 0.632 � 0.014 0.488 � 0.008222Rnb/226Ra 0.412 � 0.007 0.270 � 0.007a 220Rn a
tivity determined from the 212Po peak after an ingrowth period of 60 hours at the spe
i�edpressure.b 222Rn a
tivity determined after an ingrowth period of 20 days at the spe
i�ed pressure.sensitivity of the 224Ra determination 
an be improved by obtaining an estimate of the220Rn a
tivity from 212Po at 8.78 MeV, the a
tivity of whi
h is dependent on ingrowth ofits 212Pb grandparent (t1=2 = 10.6 h) and parent 212Bi (t1=2 = 61 m). The 220Rn/219Rna
tivity ratio is then given by [212Po℄/(0.64)[215Po℄.However, if there is a delay between ele
trodeposition and the 
ommen
ement of 
ount-ing, the dis
 should be stored under 
ounting 
onditions, as the 220Rn retention, andhen
e 212Po ingrowth, are inversely related to air pressure. Table 9.3 shows that the220Rn retention of a sour
e determined at 10 torr pressure is approximately 30% higherthan that at 1 atmosphere. 222Rn shows similar behaviour.Contamination of the dete
tor by re
oiling 222Rn atoms from the sour
e will, unless pre-vented, result in an in
reased ba
kground 
ounting rate in the 223Ra and 224Ra energyregion. Furthermore, 222Rn on the dete
tor surfa
e is not ne
essarily in se
ular equilib-rium with its daughters due to re
oil losses. This may lead to a serious under-estimateof the 222Rn a
tivity to be stripped from the 223Ra and 224Ra energy region via mea-surement of 214Po. Both of these problems are e�e
tively eliminated by appli
ation ofthe re
oil prote
tion te
hnique des
ribed in Se
tion 4.3.9.4.1 Tailing 
orre
tionsTailing of 223Ra, 224Ra and 225A
 into the 226Ra energy region should be measured.Tailing of 214Po into 215Po may be signi�
ant if the 226Ra/223Ra ratio is high. Similarly,if 228Ra is to be determined by measurement of ingrown 224Ra, tailing from the 218Popeak into the 224Ra energy region may also be signi�
ant if the 226Ra/228Ra ratio ishigh. A measure of this tailing 
an be obtained from the same sour
e by analysis of the
orresponding energy interval below the 214Po peak.9.4.2 Cal
ulationsFor determination of 226Ra using 225Ra as a yield tra
er (i.e. for analysis of a spe
trumsu
h as that shown in Figure 9.3b), the 
al
ulations may be 
arried out using programRAD225. For 228Ra determination from a 
ount after an ingrowth period for 228Thand 224Ra (Figure 9.3
), program RAD68 may be used. In the 
ase that 228Ra is to bedetermined by a measurement of 228Th after washing the deposit from a radium dis
,program RATH228 may be used.Analysis of an early 
ount su
h as that shown in Figure 9.3a is more 
omplex. Theprogram used will depend on the 
ir
umstan
es:� RAD226 is the most 
ommonly used program when 223Ra and 224Ra are to be54



determined. The 226Ra a
tivity on the sour
e dis
 a
ts essentially as a yield tra
er.� RAD346 is mainly used when the 226Ra a
tivity on the dis
 is low. The radiumre
overy for the sour
e must be known.� RADPO is used when 212Po is to be used as a measure of 220Rn. This approa
h is
omplex and is generally only used when the 223Ra/224Ra ratio is high.� RAD224 is used when 224Ra is used as a tra
er for determination of 223Ra and226Ra.Note that, in the 
ases of programs RAD224, RAD226, RAD346 and RADPO, theba
kground 
ount rates input for the (224Ra + 223Ra) and 220Rn areas must have beenadjusted for 
ontributions from 222Rn, 225A
 and 221Fr using program RADB.Cal
ulation of 225Ra re
overy (program RAD225)Let A0 be the a
tivity of 225Ra at the time t0 of separation from 229Th. If t1 is the latesttime in the pro
edure at whi
h radium and a
tinium are separated, then the a
tivity of225Ra at this point is given by: A1 = A0e��1(t1�t0) (9.4)where �1 is the de
ay probability of 225Ra. The subsequent a
tivity of 225A
 at anytime, A(t), is then given by:A(t) = �2A1 �e��1(t�t1) � e��2(t�t1)�(�2 � �1) (9.5)where �2 is the de
ay probability of 225A
. Integrating over the 
ounting period from t2to t3 givesA(t2; t3) = A1�2(�2 � �1) (t3 � t2) "�e��1(t2�t1) � e��1(t3�t1)��1 � �e��2(t2�t1) � e��2(t3�t1)��2 #(9.6)Hen
e the re
overy of 225Ra is Am=A(t2; t3) where Am is the measured a
tivity of 227A
.These 
al
ulations assume that:� no thorium/radium separation o

urs before time t0� separation of thorium and radium is quantitative at t0� separation of a
tinium and radium is quantitative at t1� no separation of a
tinium and radium o

urs after t1In the separation pro
edures des
ribed above, thorium, a
tinium and radium should allbe 
arried with the PbSO4 pre
ipitate, while radium should be separated from thoriumand a
tinium at both the anion and 
ation ex
hange steps. Both radium and a
tiniumshould be deposited at the ele
trodeposition step. Although quantitative (100%) sep-arations or re
overies 
annot, in pra
ti
e, be assured for 
omplex 
hemi
al pro
edures,55



provided these four steps are 
arried out within a short period of time (a few hours),the error resulting should generally be negligible. However, in the 
ase that the 
ounto

urs only a short time after deposition (say, the same day), then errors arising fromina

ura
y in the knowledge of the true point of �nal a
tinium/radium separation t1
ould be
ome signi�
ant (Johnston & Martin 1988).
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10 A
tinium10.1 Introdu
tionA
tinium is highly ele
tropositive, with a stable oxidation state of +3. It is 
hemi
allysimilar to trivalent transurani
 and rare-earth elements, parti
ularly lanthanum (Bagnall1957).227A
 is a member of the 235U series, and is the parent of 227Th and 223Ra. This seriesis only naturally present as 4.6% of the a
tivity of the 238U series, and so the 227A
a
tivity in most environmental samples is extremely low.Although a �-emitter, 227A
 
an be determined indire
tly by measurement of its �-emitting progeny, 227Th and 223Ra. Anderson and Fleer (1982) and Nozaki (1984)
hemi
ally isolated a
tinium, and then separated and measured 227Th after a suitableingrowth period. Di
kson (1985) determined 227A
 by measurement of the 223Ra a
tivityin samples 5 months after 
olle
tion. Bojanowski et al. (1987) ele
trodeposited a
tiniumonto a stainless steel dis
 and measured the integrated 227Th and 223Ra a
tivity afteran ingrowth period of 2 to 3 months. This te
hnique gave at least a twofold gain in sen-sitivity over the individual determination of 227Th or 223Ra. In their method, a
tiniumwas separated from the sample digest by pre
on
entration as oxalate and hydroxides,puri�ed on ion-ex
hange 
olumns and ele
trodeposited. 225A
 was used as a yield tra
er.The method des
ribed here uses lead sulfate to 
o-pre
ipitate a
tinium, radium andthorium (Figure 3.1). A
tinium is then separated from radium and thorium on an anionex
hange 
olumn, puri�ed on a 
ation ex
hange 
olumn and ele
trodeposited from anaqueous/ethanol solution. The 
hemi
al separation and ele
trodeposition of A
 
an be
ompleted in 5 hours on a digested sample, with an operator time of approximately 1/2hour per sample for a bat
h of four samples. Chemi
al yields are typi
ally 60 to 80%.The use of a 229Th/225Ra/225A
 tra
er 
ombined with separation on the anion ex
hange
olumn enables the 
onvenient determination of a
tinium, radium and thorium on thesame sample digest. 210Po, 210Pb and isotopes of uranium 
an also be determined onthe same digest by the use of suitable tra
er isotopes and the in
orporation of additionalseparation steps prior to the lead sulfate pre
ipitation.10.1.1 Lead sulfate pre
ipitationA
tinium is separated from the sample matrix by 
o-pre
ipitation with lead sulfate in thepresen
e of potassium. Thorium and radium are also 
o-pre
ipitated, whereas uraniumand polonium remain in solution.A
tinium has similar 
hemistry to that of rare earth elements, espe
ially lanthanum. Toinvestigate whether rare earth elements 
ould a
t as a hold-ba
k 
arrier, redu
ing thefra
tion of A
 
o-pre
ipitated with lead sulfate, a series of pre
ipitations was 
arried outin the presen
e of varying amounts of added lanthanum. Conditions were as des
ribed inSe
tion 10.3. After de
anting, the supernate was �ltered through a 0.45 �m �lter before
ounting to remove any suspended pre
ipitate. The results (Table 10.1) show that forup to 1 mg of added La over 90% of the A
 is re
overed in the pre
ipitate, but at 10 mgLa this had fallen to 75%. It is likely that other rare earth elements will have a similare�e
t. Consequently, the rare earth element 
ontent of the sample should be 
onsideredwhen sele
ting sample size. 57



Table 10.1 Pre
ipitation of 228A
 from 0.1 M HNO3a in the presen
e of lanthanum (Martinet al. 1995). La 228A
 in 228A
 in(mg) pre
ipitate (%) supernate (%)0.01 94 � 3 4 � 20.1 100 � 5 1 � 11.0 96 � 5 5 � 410 75 � 2 25 � 4a Note: solutions were 0.3 M in ammonium a
etate due to the addition of the 228A
 tra
er solution.
10.1.2 Anion ex
hange 
olumnThorium and a
tinium form anioni
 EDTA 
omplexes and are adsorbed onto the anionex
hange 
olumn. Radium passes through the 
olumn and 
an be 
olle
ted for analysis.A
tinium is then eluted with 0.005 M EDTA/0.1 M ammonium a
etate at pH 4.2.Thorium remains adsorbed on the 
olumn.In trials with 228A
 tra
er it was found that signi�
ant quantities (up to 20%) of a
tiniumpass through the anion ex
hange 
olumn in the 5 mL 0.1 M ammonia
al EDTA (pH10) solution if this is loaded dire
tly onto the 
olumn. This problem was solved byallowing the solution to equilibrate for at least 10 minutes with a small quantity of resinbefore addition to the 
olumn. The additional 
olumn height (about 5 mm) does notsigni�
antly a�e
t the separation. Sin
e a small amount of resin invariably remainsin the beaker, all subsequent wash solutions must be used to wash the beaker beforeaddition to the 
olumn.Figure 10.1a shows a separation trial for a freshwater mussel sample. Only a small quan-tity (about 0.7%) of the 228A
 was eluted in the �rst 8 mL of 0.005 M EDTA/0.1 M am-monium a
etate (pH 4.2). The reason is that a signi�
ant volume (about 5 to 10 mL) ofthis solution must pass through the 
olumn before a redu
tion in the pH of the eluateo

urs. In order to redu
e the volume of eluate 
olle
ted, and hen
e the evaporationtime and mass of residue remaining after evaporation, the pH of the eluate is monitored,and 
olle
tion begun only after the pH has fallen to 7. With 
areful observation the pH
hange may be observed advan
ing through the 
olumn, as the resin takes on a slightlylighter hue after the pH has fallen. The fall in pH is rapid and so monitoring should bevirtually 
ontinuous as the front approa
hes the 
olumn exit.Figure 10.1a also shows the behaviour of 226Ra and 210Pb during the anion ex
hangepro
edure. These radionu
lides were added to the sample and measured via their gammalines at 186 and 46 keV respe
tively. More than 90% of both 226Ra and 210Pb passedthrough the 
olumn in the �rst 18 mL of eluate.If a thorium isotope analysis is required, then after elution of a
tinium the 
olumn iswashed with three 20 mL aliquots of 8 M HNO3. Any residual tra
es of polonium re-maining after the lead sulfate pre
ipitation step are eluted with the 8M HNO3. Thoriumis then eluted with 30 mL 9 M HCl and ele
trodeposited onto a stainless dis
 from asulfate ele
trolyte (Hallstadius 1984). 58
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Figure 10.1 (a) 228A
, 226Ra and 210Pb separation on an anion ex
hange 
olumn. The area underea
h histogram has been normalised to unity. (b) 228A
 behaviour on a 
ation ex
hange 
olumn.Eluate is 3 M HNO3. (Martin et al. 1995)10.1.3 Cation ex
hange 
olumnA 
ation ex
hange 
olumn is used to purify the separated a
tinium fra
tion. The methodused is that des
ribed by Bojanowski et al. (1987). This separation te
hnique gives a�nal a
tinium fra
tion whi
h, after evaporation to dryness, should be virtually free ofvisual residue. The �rst 25 mL wash with 3 M HNO3 elutes rare earth elements andany residual radium, lead, uranium and polonium not removed by the pre
ipitation andanion ex
hange steps. A
tinium is eluted in the following 35 mL portion (Figure 10.1b).Any residual tra
es of thorium remaining after the anion ex
hange step are retained onthe 
ation ex
hange 
olumn. Note that wash volumes have been given for a 
olumn of80 mm length in water; after equilibration with 3 M HNO3 the 
olumn will shrink byapproximately 5 mm.10.1.4 Ele
trodepositionA
tinium is ele
todeposited onto a stainless steel dis
 by the same method as that usedfor radium ele
todeposition (see Se
tion 9.1.2, aqueous/al
ohol ele
trolyte method). It59
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Figure 10.2 227Th + 223Ra ingrowth from 227A
, and 225A
 de
ay, on an initially pure a
tiniumsour
e.is important that the surfa
e of the deposit not be tou
hed following deposition, asthe method relies on the assumption that no a
tivity is lost from the sour
e in theingrowth/de
ay interval between the two 
ounts.10.2 Tra
ersFor the determination of 227A
, 225A
 (t1=2 = 10.0 d) is the preferred tra
er as it doesnot o

ur naturally and is 
onveniently measured via its grand-daughter 217At. It 
anbe added as a 229Th/225Ra/225A
 tra
er solution at se
ular equilibrium (Figure 1.4),allowing analysis of thorium, radium and a
tinium on the same sample digest. If thisis done then the anion and 
ation ex
hange steps in the 
hemi
al pro
edures should beperformed as soon as possible after ea
h other (ie within a few hours). This will minimisethe e�e
t of any di�eren
es in the eÆ
ien
y with whi
h thorium, radium and a
tiniumare 
arried in the lead sulfate latti
e.The quantity of 225A
 tra
er added will depend largely on how soon the 227A
 deter-mination is required. Figure 10.2 shows the 
hange in a
tivity with time for 227Th +223Ra and 225A
, given initially equal a
tivities of 227A
 and 225A
. The quantity of225A
 added should be limited so that the 225A
 a
tivity present in the �nal 
ount issmall 
ompared to the integrated 227Th and 223Ra a
tivity, taking into a

ount the timeperiod within whi
h the 227A
 determination must be 
ompleted.10.3 Separation and deposition pro
edure10.3.1 Standard Pro
edureLead sulfate pre
ipitation 60



After digestion of the sample, dissolve in 100 mL 0.1 M HCl or HNO3.Add 1 mL 98% H2SO4 and 2 g K2SO4 and dissolve.Add 1 mL 0.24 M Pb(NO3)2 solution drop-wise whilst stirring.If ne
essary, add further 0.5 mL aliquots of 0.24 M Pb(NO3)2 solution drop-wise untilan adequate pre
ipitate has formed1.Heat, allow the pre
ipitate to settle, and de
ant the supernatant when 
ool.Wash with 20 mL 0.1 M K2SO4/0.2 M H2SO4 solution and de
ant again.Anion ex
hangeAdd 1 drop ammonia and 5 mL 0.1 M EDTA solution adjusted to pH 10 with ammoniato the PbSO4 pre
ipitate, and warm the beaker to aid dissolution. If ne
essary addfurther 1 mL portions of EDTA solution until the pre
ipitate has dissolved. Add a fewdrops of an aqueous slurry of anion ex
hange resin (Bio-Rad AG1-X8) to the solutionand allow to equilibrate for 10 min.Add the solution plus resin onto an anion ex
hange 
olumn (Bio-Rad AG1-X8, 100-200mesh, Cl� form, 80 mm height, 7 mm i.d.). The 
ow rate is 0.5{0.7 mL min�1. Notethe time of Ra/A
 separation.Wash with 13 mL 0.005 M EDTA/0.1 M ammonium a
etate at pH 8.Wash with a further 5 mL 0.005 M EDTA/0.1 M ammonium a
etate at pH 8.Wash with 2 mL 0.005 M EDTA/0.1 M ammonium a
etate pH 4.2, then 
ontinuewashing with 5 mL aliquots of this solution, monitoring the pH of the eluate with pHindi
ator strips. When the pH falls to 7, begin 
olle
ting the eluate and 
ontinue to avolume of 15 mL.Evaporate the eluate to dryness and dissolve the residue in a minimum volume (2{3 mL)of 3 M HNO3.Cation ex
hangePrepare a 
ation ex
hange 
olumn (Bio-Rad AG50W-X8, 200-400 mesh, H+ form, 80mm height, 7 mm i.d.), and wash with 15 mL 3M HNO3. The 
ow rate is approximately1 mL min�1.Transfer the solution from the anion ex
hange 
olumn step onto the 
olumn, and washwith 2 mL aliquots of 3 M HNO3 until a total of 10 mL has been added.Wash the 
olumn with a further 15 mL 3 M HNO3.Add a further 35 mL 3 M HNO3 to elute A
. Colle
t the eluate, evaporate to a lowvolume, and bring to dryness at low heat.Ele
trodepositionDissolve the residue in 1.0 mL 0.1 M HNO3 and transfer to an ele
trodeposition 
ellwith 9 mL propanol.Ele
trodeposit onto a stainless steel dis
 at 50 mA for 30 minutes. The anode/
athodedistan
e is 4 mm.1A good measure of the adequa
y of the pre
ipitate 
an be gained by 
omparison with the blanksample solution pre
ipitate, whi
h should readily form on addition of the �rst 1 mL 0.24 M Pb(NO3)2solution 61



Add 2 drops of ammonia a few se
onds before stopping the 
urrent.Remove the dis
 and allow to air-dry.Store the dis
 in a 
ontainer 
ontaining a dessi
ating agent (e.g. sili
a gel).The surfa
e of the sour
e should not be tou
hed.10.3.2 PbSO4 pre
ipitation for large volume samplesFor �ltered water samples of up to 1 litre where the 227A
 is 
onsidered to be in so-lution, the lead sulfate pre
ipitation may be 
arried out dire
tly on the sample. Forlarger volumes a ferri
 hydroxide pre
ipitation pre
on
entration step is re
ommended inorder to avoid the ne
essity of in
reasing the amount of lead sulfate pre
ipitated (seeSe
tion 3.2.2).Lead sulfate pre
ipitationA
idify the 1 litre sample to 0.1 M HCl or HNO3, add the required amount of tra
er,and allow at least one hour to equilibrate.Add 10 mL 98% H2SO4 and 10 g K2SO4 and dissolve.Add 2 mL 0.24 M Pb(NO3)2 solution drop-wise whilst stirring.If ne
essary, add further 0.5 mL aliquots of 0.24 M Pb(NO3)2 solution drop-wise untilan adequate pre
ipitate has formed.Heat, allow the pre
ipitate to settle, and de
ant the supernatant when 
ool.Wash with 20 mL 0.1 M K2SO4/0.2 M H2SO4 solution and de
ant again.Pro
eed to the anion ex
hange step above.10.4 Spe
trum analysisAfter ele
trodeposition the dis
 is stored for at least 15 to 20 minutes to allow ingrowthof the 225A
 daughter 221Fr (t1=2 = 4.8 m). The re
overy of the 225A
 tra
er (t1=2= 10.0 d) is then determined from a 
ount for its grand-daughter 217At at 7.06 MeV(Figure 10.3a). A measure of the 227A
 a
tivity 
on
entration may be obtained on this
ount from the 4.7{4.95 MeV region. However, sin
e this region represents only 1.4% of227A
 de
ays un
ertainties will be large for all but high-a
tivity samples.A se
ond 
ount is obtained after storing the dis
 for 2 to 3 months to allow de
ay of225A
 and ingrowth of 227Th and 223Ra (Figure 10.3b). The a
tivity in the 5.38{6.10MeV energy region is due to 227Th, 223Ra (99.4%), plus any remaining 225A
 a
tivity tobe dedu
ted from this region.Although radium, polonium and thorium should have been 
ompletely removed duringthe 
hemi
al separation pro
edures, a 
he
k should be made for their presen
e. Any222Rn (5.49 MeV) and 218Po (6.00 MeV) whi
h may be present due to the de
ay of226Ra 
an be stripped by dedu
ting twi
e the a
tivity of the 214Po peak at 7.68 MeV.Potential interferen
e from 210Po (5.30 MeV) may be avoided by routinely 
hoosing 5.38MeV as the lower energy limit for 227Th and 223Ra measurement. The resultant loss ofmeasurable a
tivity in the 5.25{5.38 MeV region due to 223Fr at 5.34 MeV and 223Ra(0.6%), is less than 1% of the total 227Th and 223Ra a
tivity.228Th and its daughters 224Ra and 212Bi are the major potential interferen
es, and their62
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Figure 10.3 Typi
al A
 �-parti
le spe
tra. Tra
er isotope: 225A
. (a) Counted soon after deposition.(b) The same sour
e 
ounted 3 months after deposition.
ontribution to the 227Th and 223Ra area 
annot be measured quantitatively. However,their presen
e 
an be dete
ted via measurement of the 212Po peak at 8.78 MeV.The method relies on the fa
t that no a
tivity is lost from the sour
e between thetwo 
ounts. The sour
e deposit is easily removed by me
hani
al abrasion, and so 
areshould be taken that no solid surfa
e 
omes into 
onta
t with this deposit. Absorptionof moisture from the atmosphere 
an lead to a degradation in peak resolution, and sosour
es should be stored in a sealed 
ontainer with a desi

ating agent su
h as sili
a gel.
10.4.1 Tailing 
orre
tionsTailing of the 215Po peak into the 217At analysis area on the se
ond 
ount should beallowed for. However, the 
orre
tion arising from this will not be substantial, be
auseif the a
tivity ratio (217At)/(215Po) is small, then the 
orre
tion for the 
ontribution of225A
 to the (223Ra + 227Th) area must also be small.63



10.4.2 Cal
ulations98.62% of the 227A
 a
tivity de
ays by beta emission to 227Th, and 1.38% by �-parti
leemission to 223Fr (Figure 1.3). 100% of 227Th and 99.4% of 223Ra de
ays yield �-parti
leenergies in the 5.38{6.10 MeV region. The 227A
 a
tivity at the time of separation, fora dis
 
ounted at any time t after separation, is given by:AA
 = Am(t)0:9862ITh(t) + 0:994IRa(t) (10.1)where Am(t) is the measured (227Th + 223Ra) a
tivity; and ITh(t) and IRa(t) are the
al
ulated ingrowth fra
tions at time t for 227Th and 223Ra respe
tively.Program ACT may be used to 
arry out the 
al
ulations. Note that the ba
kground
ount rate input for the (224Ra + 223Ra) area on the se
ond 
ount must have had
ontributions from 222Rn, 225A
 and 221Fr subtra
ted using program ACTB before inputinto program ACT.ACT assumes that errors in the knowledge of dete
tion eÆ
ien
y for the two 
ountsare negligible. Errors arising from this assumption may be avoided by using the samedete
tor and sour
e/dete
tor geometry for the two 
ounts.
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A Des
ription of 
omputer programsIn order to simplify the 
al
ulation of results after spe
trum analysis, a number of
omputer programs have been written in the C language to perform the most 
ommonlyrequired 
al
ulations. A few of these (ACTB, CRATE, NUCLIDE2 and RADB) requireno input apart from that supplied intera
tively by the user. The remainder require thebasi
 data to be entered into an input �le before running the program; the followingnotes apply to these programs:UnitsCount time should be in kilose
onds.Ba
kgrounds should be in 
ounts per kilose
ond.Energy boundaries should be in MeV.Tra
er mass or volume and Tra
er a
tivity 
on
entration should be in 
ompatible unitse.g. grams and mBq/gram respe
tively OR millilitres and mBq/millilitre respe
tively.For programs outputting an a
tivity 
on
entration result, the result units will be intera
-tively requested from the user. These units will be dependent on the units for the inputtra
er a
tivity 
on
entration, tra
er mass and sample mass or volume. For example,whereTra
er a
tivity 
on
entration is in mBq/gramTra
er mass is in gramsSample volume is in litresthen the a
tivity 
on
entration result will be in mBq/litreFormatsThe programs are \Y2K 
ompliant". Dates may be input as DD.MM.YYYYor DD.MM.YY (e.g. 25.03.00 or 25.03.2000). Dates with time may be input asDD.MM.YY.HHMM or DD.MM.YYYY.HHMM (e.g. 25.03.00.1355 or 25.03.2000.1355).However, the format used must be 
onsistent for all dates in the input �le. The programsare \Y2K 
ompliant", however if dates in the input are to span the Y2K point then the4-digit format for years (YYYY) must be used.Some programs expe
t 
ertain information lines to be present in the input �le, and theseare shown in the example input �les given in this appendix. Any other desired infor-mation (e.g. tra
er solution number, dete
tor 
ode, analyst's initials, input �le name)may be pla
ed at the bottom of the input �le for referen
e and will be ignored by theprograms. Ex
eptions to this rule are programs BETAB, LEAD and LEADSEP; thesewere written for a beta 
ounter output in whi
h 
onse
utive repeat 
ounts are re
ordedat the bottom of the �le.ErrorsErrors both for input (e.g. ba
kground error) and output are one standard deviationdue to 
ounting statisti
s only. Tra
er 
alibration errors, weighing errors and dete
toreÆ
ien
y errors are not taken into a

ount by the programs.RatiosIsotope ratios are 
al
ulated using the ratio of 
ounts in the peaks seen in the spe
trum.69



Hen
e the error indi
ated for the ratio will generally be lower than one 
al
ulated fromthe a
tivity 
on
entration results, sin
e the ratio error does not need to take the tra
erpeak 
ounting error into a

ount.Ba
kground 
ount rates\Ba
kground" 
ount rates to be entered into the programs should be a measure ofdete
tor ba
kground plus pro
edure blank 
ount rates. They should not in
lude peaktailing 
orre
tions; these are allowed for separately. See Se
tion 4.5 for a dis
ussion ofdete
tor ba
kground and pro
edure blank measurement.In most 
ases, for the following peaks no ba
kground 
ount rate is required: 217At,214Po and 213Po. This is also the 
ase for 224Ra in programs THORE and THORN. Inthese 
ases, the isotope is being measured in order to 
al
ulate the 
ontribution fromitself or a parent or daughter to a separate peak (e.g. 214Po is measured to 
al
ulate the
ontribution of its parent 222Rn to the 224Ra + 223Ra area). This 
ontribution must besubtra
ted whether the observed 
ounts originate from the dis
 or from 
ontamination ofthe dete
tor (e.g. due to re
oil). The assumption has been made that the 
ounts seen inthe analysis window are all due to the isotope being measured. Caution should thereforebe exer
ised if a dete
tor has been exposed to sour
es with other isotopes emitting alphaparti
les in the regions of interest; ba
kground 
ount rates should be 
he
ked in su
h
ases to ensure that dete
tor 
ontamination has not o

urred.Tailing 
orre
tionsFa
tors are required for the most important of the tailing 
orre
tions. For example:% Tailing (232Th:230Th)is the 
ount rate observed in the 232Th area as a per
entage of the 
ount rate observedin the 230Th area when only 230Th is present on the sour
e. This is usually measured by
ounting a high-a
tivity sour
e of the se
ond isotope (230Th). Where this isotope or itsprogeny are short-lived (e.g. 215Po ), tailing is measured using a sour
e with the relevantisotope series in se
ular equilibrium.
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Table A.1 List of 
omputer programs.Program Tra
er Appli
ationACT 225A
 Determination of 227A
 by � spe
trometry.ACTB Cal
ulation of ba
kground 
ount rate in the 223Ra + 227Th
ount area for use by program ACT.BETAB Ba
kground 
ount rate 
al
ulation.CRATE Ba
kground 
ount rate 
al
ulation.EFFY Cal
ulation of dete
tion eÆ
ien
y and sour
e/dete
tordistan
eLEAD stable lead Determination of 210Pb by beta 
ounting.Equilibrium between 210Pb and 210Bi assumed.LEADSEP stable lead Determination of 210Pb by beta 
ounting.Complete separation of 210Bi at a known time assumed.LEDPO stable lead Cal
ulation of 210Po and 210Pb a
tivity 
on
entrations ina sample at date of 
olle
tion, using two 210Po determinations,one of 210Po a
tivity 
on
entration in the sample, the otherof 210Po a
tivity (after an ingrowth period) in aseparated 210Pb portion.NUCLIDE2 Cal
ulation of a
tivity of 2nd nu
lide in a de
ay seriesusing measurements of its parent and daughter.POLCOR Corre
tion of 210Po a
tivity to date of 
olle
tion, given210Pb a
tivity in the sample at date of 
olle
tion.POLLY 209Po Determination of 210Po by � spe
trometry.POL208 208Po Determination of 210Po by � spe
trometry.POLON Cal
ulation of 210Po and 210Pb a
tivity 
on
entrationsin a sample at date of 
olle
tion, using two separate210Po a
tivity 
on
entration determinations.RADB Cal
ulation of ba
kground 
ount rate in the 224Ra + 223Raand 220Rn 
ount areas for use by programs RAD224,RAD226, RAD346 and RADPO.RAD224 224Ra Determination of 223Ra and 226Ra by � spe
trometry.RAD225 225Ra Determination of 226Ra by � spe
trometry.71



RAD226 226Ra Determination of 223Ra and 224Ra by � spe
trometry.RAD346 Determination of 223Ra, 224Ra and 226Ra by � spe
trometry.Generally used where radium re
overy is determinedby a later 
ount for 225Ra progeny and 226Raa
tivity is low.RAD68 226Ra Determination of 228Ra by � spe
trometry.RADPO 226Ra Determination of 223Ra and 224Ra by � spe
trometry.212Po used as a measure of 220Rn.RATH228 Determination of 228Ra by � spe
trometry utilising a 228Thdetermination on a redissolved radium dis
 deposit.TAILING Cal
ulation of tailing of a higher-energy peak into alower-energy peak area.THOR 229Th Determination of 232Th, 230Th and 228Th by � spe
trometry.THORE 228Th Determination of 232Th and 230Th by � spe
trometry. 228Thassumed in se
ular equilibrium with 232Th in the sample.THORN 228Th Determination of 232Th and 230Th by � spe
trometry. 228Th
on
entration in the sample known.URAN 232U Determination of 238U, 235U and 234U by � spe
trometry. 224Raused as a measure of 228Th.URANTH 232U Determination of 238U, 235U and 234U by � spe
trometry. 228Thmeasured using upper-energy peak.
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ACTDetermination of 227A
 by � spe
trometry.Tra
er isotope: 225A
 (229Th/225Ra/225A
)Spe
traDetermination of 227A
 requires a �rst 
ount to determine 225A
 re
overy (via the daugh-ter 217At), followed by a se
ond 
ount for the 227A
 progeny 227Th and 223Ra after waitinga time interval to allow de
ay of 225A
 and build-up of 227Th/223Ra.1st 
ount217At: a singlet peak (7.07 MeV, 99.9%).2nd 
ount227Th + 223Ra:Although a de
ay period has been left to allow de
ay of 225A
, 
ounting after any�nite time may still see a signi�
ant a
tivity present (depending on the de
ayperiod and original a
tivity present). 225A
 and its progeny 221Fr and 213Bi all
ontribute to this area. This is allowed for using the 217At daughter peak.A lower energy boundary in MeV is required to 
al
ulate the de
ay yields for225A
, 223Ra and 223Fr in the area measured. An upper energy boundary in MeVis also required to 
al
ulate the de
ay yield for 221Fr in the area measured.If any 210Po is present, interferen
e should be avoided by raising the lower energyboundary to 5.38 MeV.If any 222Rn ba
kground is present, this will also 
ontribute to this region (222Rn5.49 MeV, 99.92%; plus 218Po 6.00 MeV, 100%; plus 214Bi 5.45 + 5.52 MeV,0.02%). This is allowed for via the 214Po peak.The presen
e of thorium isotopes on the dis
 should be 
he
ked for on either ofthe two 
ounts, as 228Th and its daughter 224Ra would 
ontribute to this area ifpresent. This interferen
e 
annot be 
orre
ted for.217At: a singlet peak (7.07 MeV, 99.9%).215Po: a singlet peak (7.39 MeV, 99.95%).214Po: a singlet peak (7.69 MeV, 99.99%).Dis
ussionACT assumes that separation of a
tinium from both radium and thorium is quantitativeand o

urs at the time input as "Ra/A
 separation date".The ba
kground 
ount rate input for the (224Ra + 223Ra) area on the se
ond 
ount musthave had 
ontributions from 222Rn, 225A
 and 221Fr subtra
ted using program ACTB.ACT assumes that errors in the knowledge of dete
tion eÆ
ien
y for the two 
ounts arenegligible1.1Errors arising from this assumption may be avoided by using the same dete
tor and sour
e/dete
torgeometry for the two 
ounts. 73



Example input �le16.08.1999.0930 Th/Ra separation date16.08.1999.1000 Ra/A
 separation date17.08.1999.1145 1st 
ount date start18.08.1999.1430 1st 
ount date finish95.973 1st 
ount time (ks)2.0761 Tra
er mass or volume175.5 Tra
er a
tivity 
on
entration5.3899 Sample mass or volume0.2212 Dete
tor effi
ien
y0.004 At-217 bgd0.002 At-217 bgd error5385. At-217 
ountsS Dete
tor 115 Th-229 Tra
er07.04.2000 2nd 
ount date (midpoint)82.697 2nd 
ount time (ks)0.2921 Dete
tor effi
ien
y0.066 Th-227 + Ra-223 bgd0.012 Th-227 + Ra-223 bgd error3184. Th-227 + Ra-223 
ounts4. At-217 
ounts1181. Po-215 
ounts2. Po-214 
ounts5.25 Th-227 + Ra-223 lower energy boundary (MeV)6.08 Th-227 + Ra-223 upper energy boundary (MeV)0.253 % Tailing (At-217:Po-215)0.034 ErrorT Dete
tor 2Example output �leA
-225 re
overy = 78.0 +/- 1.1 %A
-227A
t 
on
 Error Units16.022 0.360 mBq/gNote: 1) 1st 
ount started 1.07 days after separation2) 2nd 
ount midpoint 235.1 days after separation3) A
-227 
al
ulated to separation date1st 
ount de
ay fa
tor A
-225 : 0.89342nd 
ount de
ay fa
tors A
-225 : 0.0000A
-227 : 0.97972nd 
ount ingrowth fa
tors Th-227 : 0.9819Ra-223 : 0.98304) Rn-219 retention = 73.9 +/- 2.5 %5) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program ACT v2.01i1
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ACTBCal
ulation of ba
kground 
ount rate in the 223Ra + 227Th 
ount area for use by programACT.Dis
ussionACTB subtra
ts the 
ontributions of 222Rn and 225A
 from the (223Ra + 223Th) areaba
kground a
tinium spe
trum. The 214Po peak area is used as a measure of 222Rn, andthe 217At peak area is used as a measure of 225A
 and 221Fr.BETABBa
kground 
ount rate 
al
ulation.Dis
ussionCounts observed in a series of up to 1000 
ounting periods are input. Count time refersto the time for ea
h 
ounting period. This program was originally written for use witha beta 
ounter.Example input and output �lesYP013B1.03 Sour
e/
ount 
odePM Analyst30.09.87 Count date start28.8 Count time (kse
s)140.147.120.116.130.128.121.Ba
kground 
ount rate = 4.474 +/- 0.149Note: 1) No. 
ounting periods = 72) Total no. 
ounts = 9023) Mean no. 
ountsper 
ount interval = 128.86with std deviation = 10.434) Cal
ulated using program BETAB v2.00i1CRATEBa
kground 
ount rate 
al
ulation.Dis
ussionCount time and number of 
ounts are input. CRATE 
al
ulates 
ount rate and an errorbased on the square root of the number of 
ounts.
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EFFYCal
ulation of eÆ
ien
y of dete
tor given sour
e diameter, dete
tor diameter andsour
e/dete
tor distan
e or 
al
ulation of sour
e/dete
tor distan
e given sour
e diame-ter, dete
tor diameter and 
ounting eÆ
ien
y.Dis
ussionEFFY 
an be used for the 
ase of a uniform 
ir
ular planar sour
e and 
ir
ular planardete
tor, where the sour
e and dete
tor are parallel with aligned 
entres. Hen
e, itis parti
ularly useful for alpha-parti
le spe
trometry utilising a sili
on surfa
e barrierdete
tor.Sour
e diameter and dete
tor diameter must be input. Where sour
e/dete
tor dis-tan
e is input, EFFY 
al
ulates 
ounting eÆ
ien
y. Where 
ounting eÆ
ien
y is in-put, EFFY 
al
ulates sour
e/dete
tor distan
e. Sour
e diameter, dete
tor diameter andsour
e/dete
tor distan
e must all be in identi
al units.The relation used is:E = 0:5�1� hph2 + r2�� 316 �arh2�2� hph2 + r2�5 (A.1)where a is the radius of the sour
e, h is the sour
e/dete
tor distan
e, r is the dete
torradius, and E is the 
ounting eÆ
ien
y; this relation is an approximation only (Hendee1984).Example input and output �les17.5 Sour
e diameter27.64 Dete
tor diameter5.1 Sour
e/Dete
tor distan
e0. Dete
tor effi
ien
yEffi
ien
y = 0.30674
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LEADDetermination of 210Pb by beta 
ounting. Equilibriumbetween 210Pb and 210Bi assumed.Tra
er isotope: stable leadDis
ussion210Pb is measured by beta 
ounting its daughter 210Bi. LEAD assumes that 210Bi is inse
ular equilibrium with its parent. This may be assured by leaving the preparation forat least one month after separation before 
ounting (210Bi half-life = 5.01 days).Counts observed in a series of up to 1000 
ounting periods are input. Count time refersto the time for ea
h 
ounting period.Example input �leHP011B1.01 Dis
/
ount 
ode1 Pb tra
er no.PM Analyst20.06.86 Ra/Pb separation date26.08.86 Count date start27.6 Count time (kse
s) per 
ount period86.35 Pb tra
er re
overy (%)0.84 Pb tra
er re
overy error4.1664 Pb tra
er mass (g)0.380 Pb tra
er Pb-210 blank (mBq/g)0.05836 Sample weight/volume0.2974 Dete
tor effi
ien
y3.998 Ba
kground0.115 Ba
kground error614. Bi-210 
ounts631.588.579.592.Example output �le Pb-210A
t 
on
 Error Units1165.27 30.08 mBq/gNote: 1) No. 
ounting periods = 52) Total no. 
ounts = 30043) Mean no. 
ountsper 
ount interval = 600.80with std deviation = 21.234) Cal
ulated using program LEAD v2.01i1
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LEADSEPDetermination of 210Pb by beta 
ounting. Complete separation of 210Bi at a known timeassumed.Tra
er isotope: stable leadDis
ussion210Pb is measured by beta 
ounting its daughter 210Bi. LEADSEP assumes that 210Biis 
ompletely removed from the 210Pb preparation on the separation date, and grows intowards se
ular equilibrium from this point (210Bi t1=2 = 5.01 days).Counts observed in a series of up to 1000 
ounting periods are input. Count time refersto the time for ea
h 
ounting period. Count start date refers to the beginning date andtime of the �rst 
ounting period. Ea
h 
ounting period is assumed to begin immediatelyon the 
ompletion of the previous one.Example input �leHL031B1.01 Dis
 & 
ount 
ode1 Pb tra
er no.PM Analyst23.07.87.1100 Pb/Bi separation date27.07.87.1430 Count start date27.6 Count time (ks) per 
ount period95.45 Pb tra
er re
overy (%)1.05 Pb tra
er re
overy error3.9855 Pb tra
er mass (g)0.380 Pb tra
er Pb-210 blank (mBq/g)0.1437 Sample mass or volume0.2974 Dete
tor effi
ien
y3.944 Ba
kground0.098 Ba
kground error780. Bi-210 
ounts795.897.876.Example output �leCt no. % ingrowth No. 
ts Pb-210 Error Units1 42.4 780 1397.228 56.159 * mBq/g2 44.8 795 1348.853 53.545 * mBq/g3 47.2 897 1472.244 53.981 * mBq/g4 49.5 876 1366.353 50.895 * mBq/gTotal 48.3 3348 1327.971 25.832 * mBq/g30.800 **Note: 1) Pb-210 
al
ulated to date of Pb/Bi sepn2) Errors marked * are due to 
ounting statisti
s only3) Errors marked ** are due to
ounting statisti
s plus re
overy error4) Cal
ulated using program LEADSEP v2.02i278



LEDPOCal
ulation of 210Po and 210Pb a
tivities in a sample at date of 
olle
tion, using two210Po determinations, one of 210Po a
tivity 
on
entration in the sample, the other of210Po a
tivity (after an ingrowth period) in a separated 210Pb portion.Dis
ussionLEDPO makes the following assumptions:� 210Po a
tivity 
on
entration is determined in the sample on some date after sample
olle
tion. This result must be 
orre
ted to make allowan
e for de
ay of 210Po andingrowth from its parents.� 210Pb is separated from 226Ra, 210Bi and 210Po on an aliquot of the sample on a dateafter sample 
olle
tion. A known a
tivity of 208Po or 209Po tra
er is then added tothe 210Pb extra
t. A portion of the resulting solution is removed to determine leadre
overy in the separation pro
edure (usually using a stable lead tra
er/
arrier).� After an ingrowth period, the total a
tivity of 210Po in the lead solution is de-termined. As the polonium tra
er was added prior to removal of the aliquot fordetermination of lead re
overy (se
ond dotpoint above), the measured 210Po a
tivityrelates to the 210Pb a
tivity in the solution before removal of this aliquot.Estimates of the 226Ra a
tivity and 222Rn retention in the sample are required. 226Rais assumed to be unsupported.If only a 210Pb determination is required, the sample 210Po a
tivity 
on
entration de-termination need not be 
arried out. If the 210Po sample a
tivity 
on
entration is tobe determined, knowledge of the position of equilibrium between 210Pb and 210Bi isrequired; this is input as the a
tivity ratio 210Bi/210Pb at the date of sample 
olle
tion.N.B. The input "Solution Po-210 a
tivity at 2nd determination" refers to total a
tivityof 210Po in the separated Pb portion. This may be obtained using, for example, programPOLLY with the sample mass/volume input as 1.0.Example output �le Pb-210 Po-210A
t 
on
 Error A
t 
on
 Error Units194.255 32.725 54.328 0.718 mBq/LNote: 1) Pb-210 and Po-210 
al
ulated to date sample 
olle
ted2) 1st Po determination 2 days after sample 
olle
ted3) Pb separation 3 days after sample 
olle
ted3) 2nd Po determination 348 days after Pb separation4) Relative 
ontributions to the Po-210 a
tivitiesobserved at the two determinations are:Ra-226 Pb-210 Bi-210 Po-210 Tra
erDet 1 0.0000 0.0044 0.0304 0.9652Det 2 0.0000 0.9982 0.00185) Cal
ulated using program LEDPO v2.00i1
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Example input �le06.08.90 Date sample 
olle
tion3.772 Ra-226 a
tivity 
on
entration0.041 Ra-226 a
tivity 
on
 error50. Rn-222 retention (%)10. Rn-222 retention error1.0 Bi-210/Pb-210 ratio at 
olle
tion date0.05 Bi-210/Pb-210 ratio error08.08.90 Date 1st Po-210 determination55.723 Sample Po-210 a
tivity 
on
 at 1st determination0.626 Error09.08.90 Date Pb separation1.0866 Sample mass/volume86.11 Pb tra
er re
overy (%)0.75 Pb tra
er re
overy error4.8156 Pb tra
er mass (g)0.081 Pb tra
er Pb-210 blank (mBq/g)23.07.91 Date 2nd Po-210 determination146.282 Solution Po-210 a
tivity at 2nd determination24.565 ErrorHP043V.01 Code for 1st Po-210 determinationHP116V.01 Code for 2nd Po-210 determinationHR013R.01 Code for Ra-226 determinationNUCLIDE2Cal
ulation of a
tivity of the 2nd nu
lide in a de
ay series using measurements of itsparent and daughter (e.g. determination of 227Th using measurements of 227A
 and223Ra).Dis
ussion3 nu
lides de
ay in series:1 �! 2 �! 3 �!Nu
lide 1 is assumed to be unsupported.We measure the a
tivities of nu
lides 1 and 3 at time t = 0. We then measure thea
tivity of nu
lide 3 at time t = T (generally, T will be of the order of or greater thanthe half-life of nu
lide 3). This program is used to subsequently 
al
ulate the a
tivity ofnu
lide 2 at time t = 0.
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POLCORCorre
tion of 210Po a
tivity to date of 
olle
tion, given 210Pb a
tivity in the sample atdate of 
olle
tion.Dis
ussionPOLCOR is used where 210Po a
tivity has been determined in a sample with a delaybetween sample 
olle
tion and 210Po determination (see POLLY and POL208). 210Pba
tivity in the sample is determined by a suitable method (e.g. gamma spe
trometry orbeta 
ounting methods) and 
al
ulated to date of 
olle
tion; this information is used byPOLCOR to 
orre
t the 210Po a
tivity ba
k to 
olle
tion date.210Pb is assumed to be unsupported in the sample.Knowledge of the position of equilibrium between 210Pb and 210Bi is required; this isinput as the a
tivity ratio 210Bi/210Pb at the date of sample 
olle
tion.210Po and 210Pb a
tivity units must be identi
al in the input.Example input �le20.08.89 Date sample 
olle
tion196.22 Pb-210 a
tivity18.86 Standard error on Pb-2101.0 Bi-210/Pb-210 ratio at 
olle
tion date0.05 Bi-210/Pb-210 ratio error22.08.89 Date Po-210 determination235.36 Po-210 a
tivity15.22 Standard error on Po-210BL022B1.01 Code for Pb-210 determinationBP533V.01 Code for Po-210 determinationExample output �le Po-210A
t 
on
 Error Units235.754 15.375 mBq/LNote: 1) Po-210 
al
ulated to date sample 
olle
ted2) Po-210 separated 2 days after sample 
olle
ted3) Relative 
ontributions to the Po-210 a
tivity observed are:Pb-210 Bi-210 Po-2100.0011 0.0073 0.99174) Errors are one std deviation due to 
ounting statisti
s only5) Cal
ulated using program POLCOR v2.00i1
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POLLYDetermination of 210Po by � spe
trometry.Tra
er isotope: 209PoSpe
trum209Po: essentially a singlet peak (4.88 MeV, 98.6%; 4.62 MeV, 0.92%).210Po: a singlet peak (5.30 MeV, 100%).Dis
ussionPOLLY assumes 
omplete separation of 210Po from both 210Pb and 210Bi on the sepa-ration date. 210Po is 
onsequently 
al
ulated ba
k to separation date assuming that itis unsupported on the dis
.POLLY assumes that the tra
er a
tivity 
on
entration is that on the 
alibration date,and allows for de
ay of 209Po between 
alibration date and 
ount date.Where separation date is later than sample 
olle
tion date, a measure of 210Pb/210Bisupport in the sample is ne
essary to 
orre
t the results ba
k to 
olle
tion date (seeLEDPO, POLON and POLCOR).In order to allow the program to distinguish the input �le from one designed for programPOL208, the �rst line of the input �le must begin with the string \polly".Example input and output �lespolly Program05.07.93 Separation date (Pb-Bi/Po)09.08.93 Count date212.048 Count time (ks)10. Tra
er mass or volume7.325 Tra
er a
tivity 
on
2.365 Sample mass or volume0.2157 Dete
tor effi
ien
y0.109 Po-209 bgd0.015 Po-209 bgd error0.166 Po-210 bgd0.010 Po-210 bgd error3251. Po-209 
ounts4989. Po-210 
ounts0.098 % Tailing (Po-209:Po-210)0.012 Error in tailing ratio05.07.91 Calibration date (Po-209)Po-209 re
overy = 97.6 +/- 1.7 %Po-210A
t 
on
 Error Units55.923 1.273 mBq/gNote: 1) Dis
 
ounted 35 days after separationPo-210 
al
ulated to date of separation2) Errors are one std deviation due to 
ounting statisti
s only3) Cal
ulated using program POLLY v2.01i182



POL208Determination of 210Po by � spe
trometry.Tra
er isotope: 208PoSpe
trum208Po: a singlet peak (5.11 MeV, 100%).210Po: a singlet peak (5.30 MeV, 100%).Dis
ussionPOL208 assumes 
omplete separation of 210Po from both 210Pb and 210Bi on the sepa-ration date. 210Po is 
onsequently 
al
ulated ba
k to separation date assuming that itis unsupported.POL208 assumes that the tra
er a
tivity 
on
entration is that on the 
alibration date,and allows for de
ay of 208Po between 
alibration date and 
ount date.Where separation date is later than sample 
olle
tion date, a measure of 210Pb/210Bisupport in the sample is ne
essary to 
orre
t the results ba
k to 
olle
tion date (seeLEDPO, POLON and POLCOR).In order to allow the program to distinguish the input �le from one designed for programPOLLY, the �rst line of the input �le must begin with the string \pol208".Example input and output �lespol208 Program27.04.88 Separation date (Pb-Bi/Po)09.05.88 Count date148.250 Count time (ks)10. Tra
er mass or volume8.146 Tra
er a
tivity 
on
7.4231 Sample mass or volume0.2157 Dete
tor effi
ien
y0.073 Po-208 bgd0.006 Po-208 bgd error0.045 Po-210 bgd0.008 Po-210 bgd error1910. Po-208 
ounts2204. Po-210 
ounts0.207 % Tailing (Po-208:Po-210)0.018 Error13.03.87 Calibration date (Po-208)Po-208 re
overy = 95.9 +/- 2.2 %Po-210A
t 
on
 Error Units10.245 0.322 mBq/gNote: 1) Dis
 
ounted 12 days after separationPo-210 
al
ulated to date of separation2) Errors are one std deviation due to 
ounting statisti
s only3) Cal
ulated using program POL208 v2.01i183



POLONCal
ulation of 210Pb and 210Po a
tivities in a sample at date of 
olle
tion, using twoseparate 210Po a
tivity determinations.Dis
ussionPOLON is used where 210Po a
tivity has been determined in a sample on two separateo

asions after sample 
olle
tion (see POLLY and POL208).Estimates of the 226Ra a
tivity and 222Rn retention in the sample are required. 226Rais assumed to be unsupported.Knowledge of the position of equilibrium between 210Pb and 210Bi is required; this isinput as the a
tivity ratio 210Bi/210Pb at the date of sample 
olle
tion.A
tivity units for the 226Ra and two 210Po determinations must be identi
al in the input.Example input �le06.02.87 Date sample 
olle
tion12.353 Ra-226 a
tivity0.859 Ra-226 a
tivity error50. Rn-222 retention (%)10. Rn-222 retention error1.00 Bi-210/Pb-210 ratio at 
olle
tion date0.05 Bi-210/Pb-210 ratio error08.02.87 Date 1st Po-210 determination3487.584 Po-210 a
tivity at 1st determination105.296 Standard error on 1st determination23.07.89 Date 2nd Po-210 determination4155.053 Po-210 a
tivity at 2nd determination118.403 Standard error on 2nd determinationDP054V.01 Code for 1st Po-210 determinationDP116V.01 Code for 2nd Po-210 determinationDR027Y.01 Code for Ra-226 determinationExample output �le Pb-210 Po-210A
t 
on
 Error A
t 
on
 Error Units4417.77 127.11 3478.22 106.39 mBq/gNote: 1) Pb-210 and Po-210 
al
ulated to date sample 
olle
ted2) 1st Po determination 2 days after sample 
olle
ted3) 2nd Po determination 898 days after sample 
olle
ted4) Relative 
ontributions to the Po-210 a
tivitiesobserved at the two determinations are:Ra-226 Pb-210 Bi-210 Po-210Det 1 0.0000 0.0016 0.0110 0.9874Det 2 0.0001 0.9902 0.0004 0.00935) Cal
ulated using program POLON v2.00i1
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RADBCal
ulation of ba
kground 
ount rate in the 224Ra + 223Ra and 220Rn 
ount areas foruse by programs RAD224, RAD226, RAD346 and RADPO.Dis
ussionRADB subtra
ts the 
ontributions of 222Rn and 225A
 from the (224Ra + 223Ra) areaand 221Fr from the 220Rn area in a ba
kground radium spe
trum. The 214Po peak areais used as a measure of 222Rn, and the 217At peak area is used as a measure of 225A
and 221Fr.RAD224Determination of 226Ra and 223Ra by � spe
trometryTra
er isotope: 224Ra (232U/228Th/224Ra)Spe
trumThis spe
trum is a 
omplex one, espe
ially if 225Ra progeny are present.226Ra: a doublet (4.78 MeV, 94.45%; 4.60 MeV, 5.55%).224Ra + 223Ra + 222Rn + 225A
:this area is used to 
al
ulate total (224Ra + 223Ra) a
tivity after subtra
ting222Rn (measured using 214Po) and 225A
 (measured using 217At and/or 213Po).An upper energy boundary in MeV is required to 
al
ulate the de
ay yields for223Ra and 225A
 in the area measured. If 225A
 is present, this boundary shouldbe greater than 5.83 MeV.220Rn + 211Bi:this area is used in 
onjun
tion with the 215Po and the (224Ra + 223Ra) areasto give the 220Rn retention value and 
onsequently 224Ra a
tivity. The 
ontri-bution of 219Rn and 211Bi to this area is low (16.25%) relative to that in the(216Po + 219Rn + 211Bi) area; hen
e this area is parti
ularly useful when the223Ra/224Ra ratio is high. The 225Ra daughter 221Fr has a high-yield (84.74%)peak in this area, however; hen
e its use should be avoided when there is sub-stantial 225Ra daughter a
tivity present. The lower energy boundary should be
hosen to ex
lude the 212Bi and 218Po peaks in the 6.0{6.1 MeV region.216Po + 219Rn + 211Bi:this area is used in 
onjun
tion with the 215Po and the (224Ra + 223Ra) areas togive the 220Rn retention value and 
onsequently 224Ra a
tivity. A lower energyboundary in MeV is required to 
al
ulate the de
ay yield for 219Rn in the areameasured, as there is a minor peak (7.5%) at 6.425 MeV.217At: a singlet peak (7.07 MeV, 99.9%).215Po: a singlet peak (7.39 MeV, 99.95%).214Po: a singlet peak (7.69 MeV, 99.99%).213Po: a singlet peak (8.38 MeV, 100%). 85



Dis
ussionRAD224 assumes that the tra
er is a 228Th solution with 224Ra in se
ular equilibrium.The tra
er a
tivity 
on
entration given should be that at the time of radium/thoriumseparation. RAD224 assumes this separation is quantitative. The 224Ra tra
er a
tivityremaining at time of 
ounting, integrated over the 
ounting period, is given in the output.Two areas (220Rn + 211Bi) and (216Po + 219Rn + 211Bi) may be used as a measure of220Rn retention. If either of these areas are not used, input the number of 
ounts as 0.If the 217At and/or 213Po peaks are not used, input the number of 
ounts as 0.213Po is the daughter of 213Bi via a 98% de
ay bran
h. This peak usually has a pro-noun
ed upper-energy tail, the magnitude of whi
h is dete
tion eÆ
ien
y dependent.In
lusion of the full tail in the analysis window is not always possible due to the 212Po(daughter of 224Ra) peak at 8.78 MeV. The de
ay yield for this peak is therefore mea-sured experimentally using a high-a
tivity sour
e of 229Th in se
ular equilibrium withits progeny and input as the ratio of 
ounts observed for 213Po to 
ounts observed for217At.The ba
kground 
ount rates input for the 224Ra + 223Ra and 220Rn areas must have had
ontributions from 222Rn, 225A
 and 221Fr subtra
ted using program RADB.Example output �leUsing Po-216 peak as a measure of radon retention,Ra-224 re
overy = 77.7 +/- 1.9 %Rn-220 retention = 66.3 +/- 1.7 %Ra-226 Ra-223A
t 
on
 Error A
t 
on
 Error Units3377.39 90.28 151.429 11.444 mBq/gRa-223/Ra-226 Ra-226/Ra-223Ratio 0.045 22.304Error 0.003 1.615Note: 1) Dis
 
ount started 1.06 days after Th/Ra separation2) Ra-223 value adjusted to Th/Ra separation date3) Tra
er a
tivity at 
ounting = 214.5134) Ra-226 a
tivity on dis
 = 323.120 +/- 3.6065) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program RAD224 v2.01i1
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Example input �le05.02.88.1330 Th/Ra separation date (first)05.02.88.1430 Ra/A
 separation date (last)06.02.88.1500 Count date start07.02.88.1330 Count date finish80.98 Count time (ks)20.8629 Tra
er mass or volume13.723 Tra
er a
tivity 
on
0.12307 Sample mass or volume0.3077 Dete
tor effi
ien
y0.957 Rn-220/Rn-219 retention ratio0.109 Ra-226 bgd0.007 Ra-226 bgd error0.421 Ra-224 bgd0.017 Ra-224 bgd error0.047 Rn-220 bgd0.010 Rn-220 bgd error0.047 Po-216 bgd0.010 Po-216 bgd error0.013 Po-215 bgd0.008 Po-215 bgd errorInput 
ounts observed in ea
h region. Input = 0. if region not used.8066. Ra-226..............................measure of Ra-2264842. Ra-224 + Rn-222 + Ra-223 + A
-225...measure of Ra-224 + Ra-2230. Rn-220 + Bi-211.....................measure of Rn-2203179. Po-216 + Rn-219 + Bi-211............measure of Rn-2200. At-217..............................use if A
-225 present230. Po-215..............................measure of Rn-219355. Po-214..............................measure of Rn-2220. Po-213..............................use if A
-225 present5.25 Lower energy boundary for Ra-224 area (MeV)5.72 Upper energy boundary for Ra-224 area (MeV)6.39 Lower energy boundary for Po-216 area (MeV)0.121 % Tailing (Ra-226:Ra-224)0.021 Tailing error0.270 % Tailing (Po-215:Po-214)0.042 Tailing error0.9416 Ratio observed Po-213:At-217
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RAD225Determination of 226Ra by � spe
trometry.Tra
er isotope: 225Ra (229Th/225Ra)Spe
trum226Ra: a doublet (4.78 MeV, 94.45%; 4.60 MeV, 5.55%).224Ra + 223Ra + 222Rn + 225A
:this region (5.25 { 5.90 MeV) may be measured to apply a tailing 
orre
tion forthe 226Ra area (see dis
ussion below).217At: a singlet peak (7.07 MeV, 99.9%).215Po: a singlet peak (7.39 MeV, 99.95%).214Po: a singlet peak (7.69 MeV, 99.99%).213Po: a singlet peak (8.38 MeV, 100%).Dis
ussionRAD225 assumes that the tra
er is a 229Th solution with 225Ra in se
ular equilibrium.The tra
er a
tivity 
on
entration given should be that at the time of radium/thoriumseparation. RAD225 assumes that this separation is quantitative.Radium/a
tinium separation time given should be the last point where Ra/A
 separationo

urs. RAD225 assumes that at this time there is no a
tinium present.225A
 ingrowth fa
tor is the 
al
ulated 225A
 ingrown a
tivity, integrated over the 
ountperiod, as a proportion of the original tra
er a
tivity at time of Ra/Th separation.Both 217At and 213Po may be used as tra
er peaks, or either may be used alone. If oneof these peaks is not used, input the number of 
ounts as 0.A 
orre
tion for the tailing due to 
ounts in the 5.25 { 5.90 MeV energy region (224Ra +223Ra + 222Rn + 225A
) into the 226Ra energy region may be applied. If a default valueof 0. 
ounts is input, the program 
al
ulates the tailing due to 225A
, 223Ra and 222Rnonly via the input 217At, 215Po and 214Po 
ounts.213Po is the daughter of 213Bi via a 98% de
ay bran
h. This peak usually has a pro-noun
ed upper-energy tail, the magnitude of whi
h is dete
tion eÆ
ien
y dependent.In
lusion of the full tail in the analysis window is not always possible due to the 212Po(daughter of 224Ra) peak at 8.78 MeV. The de
ay yield for this peak is therefore mea-sured experimentally using a high-a
tivity sour
e of 229Th in se
ular equilibrium withits progeny and input as the ratio of 
ounts observed for 213Po to 
ounts observed for217At.
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Example input �le04.08.89.1515 Ra/Th separation date (first)04.08.89.1540 Ra/A
 separation date (last)22.08.89.1700 Count date start24.08.89.1545 Count date finish168.168 Count time (ks)7.2563 Tra
er mass or volume14.084 Tra
er a
tivity 
on
0.9904 Sample mass or volume0.2809 Dete
tor effi
ien
y0.016 Ra-226 bgd0.007 Ra-226 bgd error0.009 At-217 bgd0.004 At-217 bgd error0.003 Po-213 bgd0.003 Po-213 bgd error7679. Ra-226 
ounts0. Counts Ra-224 + Ra-223 + Rn-222 + A
-225 area1705. At-217 
ounts62. Po-215 
ounts1702. Po-214 
ounts0. Po-213 
ounts0.058 % Tailing (Ra-226:A
-225)0.015 Error in tailing ratio0.095 % Tailing (At-217:Po-214)0.023 Error in tailing ratio0.105 % Tailing (At-217:Po-215)0.048 Error in tailing ratio0.9429 Ratio observed Po-213:At-217Example output �leRa-225 re
overy (from At-217 peak) = 80.0 +/- 1.9 %Ra-226A
t 
on
 Error Units205.017 5.501 mBq/LNote: 1) Ra/A
 separation 0.02 days after Ra/Th separation2) Count start 18.06 days after Ra/A
 separation3) A
-225 ingrowth fa
tor = 0.4410Po-213 ingrowth fa
tor = 0.44114) Ra-226 a
tivity on dis
 = 162.459 +/- 1.8555) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program RAD225 v2.00i1
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RAD226Determination of 223Ra and 224Ra by � spe
trometry.Used in the following situations:� 226Ra is determined separately (e.g. by a later 
ount of the same dis
 with 225Raas a tra
er). In this 
ase 226Ra a
ts essentially as a tra
er for the 224Ra and 223Radeterminations.� 226Ra is added as a tra
er isotope.� Radium isotope ratios only are required; no tra
er is ne
essary in this 
ase.Spe
trumThis spe
trum is a 
omplex one, espe
ially if 225Ra progeny are present.226Ra: a doublet (4.78 MeV, 94.45%; 4.60 MeV, 5.55%).224Ra + 223Ra + 222Rn + 225A
:this area is used to 
al
ulate total (224Ra + 223Ra) a
tivity after subtra
ting222Rn (measured using 214Po) and 225A
 (measured using 217At and/or 213Po).An upper energy boundary in MeV is required to 
al
ulate the de
ay yields for223Ra and 225A
 in the area measured. If 225A
 is present, this boundary shouldbe greater than 5.83 MeV.220Rn + 211Bi:this area is used in 
onjun
tion with the 215Po and the (224Ra + 223Ra) areasto give the 220Rn retention value and 
onsequently 224Ra a
tivity. The 
ontri-bution of 219Rn and 211Bi to this area is low (16.25%) relative to that in the(216Po + 219Rn + 211Bi) area; hen
e this area is parti
ularly useful when the223Ra/224Ra ratio is high. The 225Ra daughter 221Fr has a high-yield (84.74%)peak in this area, however; hen
e its use should be avoided when there is sub-stantial 225Ra daughter a
tivity present. The lower energy boundary should be
hosen to ex
lude the 212Bi and 218Po peaks in the 6.0{6.1 MeV region.216Po + 219Rn + 211Bi:this area is used in 
onjun
tion with the 215Po and the (224Ra + 223Ra) areas togive the 220Rn retention value and 
onsequently 224Ra a
tivity. A lower energyboundary in MeV is required to 
al
ulate the de
ay yield for 219Rn in the areameasured, as there is a minor peak (7.5%) at 6.425 MeV.217At: a singlet peak (7.07 MeV, 99.9%).215Po: a singlet peak (7.39 MeV, 99.95%).214Po: a singlet peak (7.69 MeV, 99.99%).213Po: a singlet peak (8.38 MeV, 100%).Dis
ussionTwo areas (220Rn + 211Bi) and (216Po + 219Rn + 211Bi) may be used as a measure of220Rn retention. If either of these areas is not used, input the number of 
ounts as 0.If the 217At and/or 213Po peaks are not used, input the number of 
ounts as 0.90



213Po is the daughter of 213Bi via a 98% de
ay bran
h. This peak usually has a pro-noun
ed upper-energy tail, the magnitude of whi
h is dete
tion eÆ
ien
y dependent.In
lusion of the full tail in the analysis window is not always possible due to the 212Po(daughter of 224Ra) peak at 8.78 MeV. The de
ay yield for this peak is therefore mea-sured experimentally using a high-a
tivity sour
e of 229Th in se
ular equilibrium withits progeny and input as the ratio of 
ounts observed for 213Po to 
ounts observed for217At.The ba
kground 
ount rates input for the 224Ra + 223Ra and 220Rn areas must have had
ontributions from 222Rn, 225A
 and 221Fr subtra
ted using program RADB.There are four tra
er options in RAD226:No 226Ra in sample Input sample 226Ra 
on
entration as 0.226Ra tra
er added226Ra sample 
on
. known RAD226 sums 226Ra a
tivity from sample and226Ra tra
er added tra
er226Ra sample 
on
. known Input tra
er a
tivity 
on
entration as 0.No 226Ra tra
er added226Ra sample 
on
. not known RAD226 
al
ulates radium isotope ratios onlyNo 226Ra tra
er addedExample output �leRa-226 re
overy = 81.1 +/- 5.5 %Rn-220 Rn-220 ret Ra-224 Ra-223Peak % A
t 
on
 Error A
t 
on
 Error UnitsRn-220 69.0 2.4 10.905 0.807 3.604 0.303 mBq/LPo-216 69.6 2.7 10.941 0.834 3.573 0.307 mBq/LBoth 69.3 2.0 10.898 0.814 3.580 0.318 mBq/LRa-224/Ra-226 Ra-223/Ra-226 Ra-224/Ra-223 Ra-223/Ra-224Ratio 1.017 0.334 3.044 0.329Error 0.039 0.020 0.217 0.023Note: 1) Dis
 
ount started 0.25 days after Th/Ra separation2) Ra-223 & Ra-224 values adjusted to Th/Ra separation date3) De
ay fa
tors: Ra-224 0.8146Ra-223 0.93564) Ra-226 a
tivity on dis
 = 42.614 +/- 0.9755) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program RAD226 v2.01i1
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Example input �le18.07.89.1015 Th/Ra separation date (first)18.07.89.1125 Ra/A
 separation date (last)18.07.89.1620 Count date start20.07.89.0915 Count date finish147.295 Count time (ks)0. Mass or volume of added tra
er0. Tra
er Ra-226 a
tivity 
on
.10.713 Sample Ra-226 a
tivity 
on
0.688 Error in sample Ra-226 
on
4.9077 Sample mass or volume0.3077 Dete
tor effi
ien
y0.957 Rn-220/Rn-219 retention ratio0.107 Ra-226 bgd0.007 Ra-226 bgd error0.435 Ra-224 bgd0.014 Ra-224 bgd error0.040 Rn-220 bgd0.009 Rn-220 bgd error0.053 Po-216 bgd0.006 Po-216 bgd error0.003 Po-215 bgd0.002 Po-215 bgd errorInput 
ounts observed in ea
h region. Input = 0. if region not used.1950. Ra-226..............................measure of Ra-2262425. Ra-224 + Rn-222 + Ra-223 + A
-225...measure of Ra-224 + Ra-2231216. Rn-220 + Bi-211(16%)................measure of Rn-220 retn.1931. Po-216 + Rn-219 + Bi-211............measure of Rn-220 retn.42. At-217..............................use if A
-225 present439. Po-215..............................measure of Ra-223110. Po-214..............................measure of Rn-2220. Po-213..............................use if A
-225 present5.25 Lower energy boundary for Ra-224 area (MeV)5.88 Upper energy boundary for Ra-224 area (MeV)6.40 Lower energy boundary for Po-216 area (MeV)0.121 % Tailing (Ra-226:Ra-224)0.021 Error0.270 % Tailing (Po-215:Po-214)0.042 Error0.9374 Ratio observed Po-213:At-217
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RAD346Determination of 223Ra, 224Ra and 226Ra by � spe
trometry. Generally used whereradium re
overy is determined via a later 
ount for 225Ra progeny, and 226Ra a
tivity islow.Tra
er isotope: Radium re
overy known.Spe
trumThis spe
trum is a 
omplex one, espe
ially as 225Ra progeny are usually present.226Ra: a doublet (4.78 MeV, 94.45%; 4.60 MeV, 5.55%).224Ra + 223Ra + 222Rn + 225A
:this area is used to 
al
ulate total (224Ra + 223Ra) a
tivity after subtra
ting222Rn (measured using 214Po) and 225A
 (measured using 217At and/or 213Po).An upper energy boundary in MeV is required to 
al
ulate the de
ay yields for223Ra and 225A
 in the area measured. If 225A
 is present, this boundary shouldbe greater than 5.83 MeV.220Rn + 211Bi:this area is used in 
onjun
tion with the 215Po and the (224Ra + 223Ra) areasto give the 220Rn retention value and 
onsequently 224Ra a
tivity. The 
ontri-bution of 219Rn and 211Bi to this area is low (16.25%) relative to that in the(216Po + 219Rn + 211Bi) area; hen
e this area is parti
ularly useful when the223Ra/224Ra ratio is high. The 225Ra daughter 221Fr has a high-yield (84.74%)peak in this area, however; hen
e its use should be avoided when there is sub-stantial 225Ra daughter a
tivity present. The lower energy boundary should be
hosen to ex
lude the 212Bi and 218Po peaks in the 6.0{6.1 MeV region.216Po + 219Rn + 211Bi:this area is used in 
onjun
tion with the 215Po and the (224Ra + 223Ra) areas togive the 220Rn retention value and 
onsequently 224Ra a
tivity. A lower energyboundary in MeV is required to 
al
ulate the de
ay yield for 219Rn in the areameasured, as there is a minor peak (7.5%) at 6.425 MeV.217At: a singlet peak (7.07 MeV, 99.9%).215Po: a singlet peak (7.39 MeV, 99.95%).214Po: a singlet peak (7.69 MeV, 99.99%).213Po: a singlet peak (8.38 MeV, 100%).Dis
ussionTwo areas (220Rn + 211Bi) and (216Po + 219Rn + 211Bi) may be used as a measure of220Rn retention. If either of these areas is not used, input the number of 
ounts as 0.If the 217At and/or 213Po peaks are not used, input the number of 
ounts as 0.213Po is the daughter of 213Bi via a 98% de
ay bran
h. This peak usually has a pro-noun
ed upper-energy tail, the magnitude of whi
h is dete
tion eÆ
ien
y dependent.In
lusion of the full tail in the analysis window is not always possible due to the 212Po93



(daughter of 224Ra) peak at 8.78 MeV. The de
ay yield for this peak is therefore mea-sured experimentally using a high-a
tivity sour
e of 229Th in se
ular equilibrium withits progeny and input as the ratio of 
ounts observed for 213Po to 
ounts observed for217At.The ba
kground 
ount rates input for the 224Ra + 223Ra and 220Rn areas must have had
ontributions from 222Rn, 225A
 and 221Fr subtra
ted using program RADB.RAD346 assumes that errors in the knowledge of dete
tor eÆ
ien
y are negligible.Example input �le05.08.87.1230 Th/Ra separation date (first)05.08.87.1355 Th/Ra separation date (first)06.08.87.1805 Count date start08.08.87.1840 Count date finish171.683 Count time (ks)84.4 Radium re
overy (%)3.1 Radium re
overy error1.0843 Sample mass or volume0.3077 Dete
tor effi
ien
y0.957 Rn-220/Rn-219 retention ratio0.158 Ra-226 bgd0.030 Ra-226 bgd error0.117 Ra-224 bgd0.033 Ra-224 bgd error0.029 Rn-220 bgd0.019 Rn-220 bgd error0.012 Po-216 bgd0.008 Po-216 bgd error0.004 Po-215 bgd0.002 Po-215 bgd errorInput 
ounts observed in ea
h region. Input = 0. if region not used.68. Ra-226..............................measure of Ra-226109. Ra-224 + Rn-222 + Ra-223 + A
-225...measure of Ra-224 + Ra-22358. Rn-220 + Bi-211(16%)................measure of Rn-220 retn.39. Po-216 + Rn-219 + Bi-211............measure of Rn-220 retn.25. At-217..............................use if A
-225 present2. Po-215..............................measure of Ra-22311. Po-214..............................measure of Rn-2220. Po-213..............................use if A
-225 present5.25 Lower energy boundary for Ra-224 area (MeV)5.88 Upper energy boundary for Ra-224 area (MeV)6.40 Lower energy boundary for Po-216 area (MeV)0.121 % Tailing (Ra-226:Ra-224)0.021 Error0.284 % Tailing (Po-215:Po-214)0.042 Error0.9374 Ratio observed Po-213:At-217
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Example output �le Ra-226A
t 
on
 Error Units0.843 0.204 mBq/LRn-220 Rn-220 ret Ra-224 Ra-223Peak % A
t 
on
 Error A
t 
on
 Error UnitsRn-220 62.2 21.8 1.599 0.972 0.047 0.056 mBq/LPo-216 67.8 21.7 1.604 0.475 0.043 0.051 mBq/LBoth 65.0 18.5 1.602 0.433 0.045 0.053 mBq/LRa-224/Ra-226 Ra-223/Ra-226 Ra-224/Ra-223Ratio 1.900 0.053 35.811Error 0.681 0.064 43.273Note: 1) Dis
 
ount started 1.23 days after Th/Ra separation2) Ra-223 & Ra-224 values adjusted to Th/Ra separation date3) De
ay fa
tors: Ra-224 0.6577Ra-223 0.87334) Ra-226 a
tivity on dis
 = 0.772 +/- 0.1845) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program RAD346 v2.01i2
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RAD68Determination of 228Ra by � spe
trometry.Tra
er isotope: known sample 226Ra a
tivity 
on
entrationSpe
trum226Ra: a doublet (4.78 MeV, 94.45%; 4.60 MeV, 5.55%).224Ra: the upper-energy 224Ra peak (5.685 MeV, 94.94%) is used as a measure of 224Raand 
onsequently its parent 228Th. The 222Rn peak (5.49 MeV, 99.92%) and210Po peak (5.30 MeV, 100%, ingrown on the dis
 from 226Ra via 222Rn and210Pb) prevent use of the 5.06% 224Ra peak at 5.44 MeV.214Po: a singlet peak (7.69 MeV, 99.99%). This peak is used as a measure of 222Rnprogeny for 
al
ulation of tailing (primarily from the 218Po peak) into 224Ra.Dis
ussionRAD68 is used for analysis for 228Ra using a radium dis
 after a period (usually at least6 months) for ingrowth of 228Th and 224Ra.Due to the proximity of the 222Rn peak, only a relatively small energy interval (approx-imately 0.15-0.17 MeV) 
an be used for measurement of the 224Ra peak at 5.685 MeV.Although this peak theoreti
ally represents 94.94% of 224Ra de
ays, the high lower-energy 
uto� for this region 
an mean loss of 
ounts, parti
ularly for poor-resolutiondis
s. Consequently, RAD68 requires that an estimate of the ratio of observed 224Ra
ounts to total 224Ra de
ays be input. This estimate 
an be obtained from an analysisof the 226Ra peaks in the same spe
trum. The 226Ra peak at 4.78 MeV (94.45%) is mea-sured using an energy interval of the same size as that used for the 224Ra measurement.The required ratio for 224Ra (measured at 5.685 MeV:total) is then obtained from theratio for 226Ra (measured at 4.78 MeV:total) multiplied by (0.9494/0.9445) = 1.005.Example input �le06.08.87 Th/Ra separation date29.06.89 Count date82.438 Count time (ks)69.14 Sample Ra-226 a
tivity 
on
3.76 Error in sample Ra-226 
on
0.9842 Sample mass or volume0.2809 Dete
tor effi
ien
y0.014 Ra-226 bgd0.008 Ra-226 bgd error0.005 Ra-224 bgd0.005 Ra-224 bgd error1284. Ra-226 
ounts860. Ra-224 
ounts (upper peak)548. Po-214 
ounts0.197 % Tailing (Ra-224:Po-214)0.049 Tailing error0.9440 Ratio observed Ra-224: total Ra-224
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Example output �leRa-226 re
overy = 81.4 +/- 5.0 %Ra-228A
t 
on
 Error Units112.228 7.861 mBq/LRa-228/Ra-226 Ra-226/Ra-228Ratio 1.623 0.616Error 0.072 0.027Note: 1) Dis
 
ounted 693 days after separation2) Ra-228 
al
ulated to date of separation3) Ra-224 build-up fa
tor = 0.43674) Ra-226 a
tivity on dis
 = 55.398 +/- 1.5485) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program RAD68 v2.00i1RADPODetermination of 223Ra and 224Ra by � spe
trometry. 212Po used as a measure of 220Rn.Used in preferen
e to RAD226 when the 223Ra/224Ra ratio is high.Spe
trumThis spe
trum is a 
omplex one, espe
ially if 225Ra progeny are present.226Ra: a doublet (4.78 MeV, 94.45%; 4.60 MeV, 5.55%).224Ra + 223Ra + 222Rn + 225A
:this area is used to 
al
ulate total (224Ra + 223Ra) a
tivity after subtra
ting222Rn (measured using 214Po) and 225A
 (measured using 217At and/or 213Po).An upper energy boundary in MeV is required to 
al
ulate the de
ay yields for223Ra and 225A
 in the area measured. If 225A
 is present, this boundary shouldbe greater than 5.83 MeV.217At: a singlet peak (7.07 MeV, 99.9%).215Po: a singlet peak (7.39 MeV, 99.95%).214Po: a singlet peak (7.69 MeV, 99.99%).213Po: a singlet peak (8.38 MeV, 100%).212Po: a singlet peak (8.78 MeV, 100% of 212Po). This area is used in 
onjun
tion withthe 215Po and the (224Ra + 223Ra) areas to give the 220Rn retention value and
onsequently 224Ra a
tivity.Dis
ussionRADPO is used in preferen
e to program RAD226 when the 223Ra/224Ra ratio is high.In this 
ase, interferen
e from 219Rn and progeny to the 220Rn and 216Po peak areas usedby RAD226 would adversely a�e
t the sensitivity of the 224Ra determination. ProgramRADPO avoids this problem by using the 212Po peak as a measure of 220Rn and hen
e224Ra. The disadvantage of using the 212Po peak is the low 
ount rate due to two fa
tors:97



� the slow ingrowth of the parents 212Pb (t1=2 = 10.64 h) and 212Bi (t1=2 = 60.55 m);and� 212Po is produ
ed by a 64.06% bran
h de
ay of 212Bi.RADPO assumes quantitative separation of radium from thorium on the Th/Ra sepa-ration date. Quantitative separation of radium from lead and bismuth on the Ra/Pb-Biseparation date is assumed. It is then assumed that the 212Pb (t1=2 = 10.64 h) and 212Bi(t1=2 = 60.55 m) parents of 212Po grow in on the preparation at a 
onstant rate, i.e. thatthe 220Rn retention remains 
onstant from the time of Ra/Pb-Bi separation. Althoughthis last 
ondition 
annot be a
hieved in pra
ti
e using 
urrent sour
e preparation te
h-niques, if the time between the last Ra/Pb-Bi separation and ele
trodeposition steps iskept short (less than 1 hour) and the dis
 is kept under 
ounting 
onditions prior to
ounting, the resultant error should be small.The 212Po ingrowth fa
tor given is the (time integrated) ratio of the a
tivity of 212Poto that of 220Rn over the 
ounting period, assuming 
onstant 220Rn retention betweenRa/Pb-Bi separation date and the end of the 
ounting period. It does not in
lude the0.6406 bran
h de
ay fa
tor (this fa
tor is allowed for by the program, however).The % tailing fa
tor (212Po:213Po) is the ratio of the 
ount rate observed in the 212Poanalysis area to that in the 213Po analysis area due to the upper-energy tail of the 213Popeak. This fa
tor varies with dete
tion eÆ
ien
y. The 213Po:217At observed ratio isdependent on a number of fa
tors (analysis area 
hosen for 213Po; 213Po upper-energytailing; 213Po is the daughter of 213Bi via a 98% de
ay bran
h). Both the % tailing fa
tor(212Po:213Po) and the 213Po:217At 
ount rate ratio are measured experimentally using ahigh-a
tivity sour
e of 229Th in se
ular equilibrium with its progeny.RADPO assumes that the Ra/Pb-Bi separation date is also the last Ra/A
 separationdate, and 
al
ulates the relative ingrowth of 213Po and 225A
 on the sour
e (the half-lifeof 213Bi is 45.59 minutes).If the 217At and/or 213Po peaks are not used, input the number of 
ounts as 0.The ba
kground 
ount rates input for the 224Ra + 223Ra area must have had 
ontribu-tions from 222Rn, 225A
 and 221Fr subtra
ted using program RADB.There are four tra
er options in RADPO:No 226Ra in sample Input sample 226Ra 
on
entration as 0.226Ra tra
er added226Ra sample 
on
. known RADPO sums 226Ra a
tivity from sample and226Ra tra
er added tra
er226Ra sample 
on
. known Input tra
er a
tivity 
on
entration as 0.No 226Ra tra
er added226Ra sample 
on
. not known RADPO 
al
ulates radium isotope ratios onlyNo 226Ra tra
er addedExample input �le07.08.90.1115 Th/Ra separation date (first)07.08.90.1310 Ra/Pb-Bi separation date (last)08.08.90.1515 Count date start10.08.90.0910 Count date finish150.948 Count time (ks) 98



0. Mass or volume of added tra
er0. Tra
er Ra-226 a
tivity 
on
9.188 Sample Ra-226 a
tivity 
on
0.435 Error in sample Ra-226 
on
6.6918 Sample mass or volume0.2357 Dete
tor effi
ien
y0.957 Rn-220/Rn-219 retention ratio0.098 Ra-226 bgd0.008 Ra-226 bgd error0.363 Ra-224 bgd0.014 Ra-224 bgd error0.003 Po-215 bgd0.002 Po-215 bgd error0.003 Po-212 bgd0.002 Po-212 bgd errorInput 
ounts observed in ea
h region. Input = 0. if region not used.1803. Ra-226..............................measure of Ra-2261795. Ra-224 + Ra-223 + Rn-222 + A
-225...measure of Ra-224 + Ra-22345. At-217..............................use if A
-225 present790. Po-215..............................measure of Rn-21980. Po-214..............................measure of Rn-22240. Po-213..............................use if A
-225 present262. Po-212..............................measure of Rn-2205.25 Lower energy boundary for Ra-224 area (MeV)5.88 Upper energy boundary for Ra-224 area (MeV)0.105 % Tailing (Ra-226:Ra-224)0.020 Error0.249 % Tailing (Po-215:Po-214)0.030 Error2.710 % Tailing (Po-212:Po-213)0.075 Error0.9374 Ratio observed Po-213:At-217Example output �leRa-226 re
overy = 81.7 +/- 4.3 %Rn-220 retention = 71.0 +/- 3.0 %Ra-224 Ra-223A
t 
on
 Error A
t 
on
 Error Units4.159 0.317 6.193 0.400 mBq/LRa-224/Ra-226 Ra-223/Ra-226 Ra-224/Ra-223 Ra-223/Ra-224Ratio 0.453 0.674 0.672 1.489Error 0.027 0.030 0.048 0.107Note: 1) Dis
 
ount started 1.17 days after Th/Ra separation2) Dis
 
ount started 1.09 days after Ra/Pb-Bi separation3) Ra-223 & Ra-224 values adjusted to Th/Ra separation date4) De
ay fa
tors: Ra-224: 0.6827Ra-223: 0.8841Po-212 ingrowth fa
tor: 1.03755) Ra-226 a
tivity on dis
 = 50.210 +/- 1.1956) Errors are one std deviation due to 
ounting statisti
s only7) Cal
ulated using program RADPO v2.00i199



RATH228Determination of 228Ra by � spe
trometry utilising a 228Th determination on a redis-solved radium dis
 deposit.Dis
ussionProgram RATH228 is used where determination of 228Ra by measurement of the ingrown224Ra peak on a radium dis
 is not possible e.g. due to interferen
e from the 222Rn and218Po peaks.In this 
ase, the deposit is washed from the dis
, 229Th tra
er added to the solution anda thorium dis
 prepared and 
ounted. Program THOR is used with the sample mass orvolume given as 1.0. This gives the 228Th a
tivity on the radium dis
.228Th determination date is the deposition date used in THOR.Example input �leDetails from radium dis
:04.11.88 Ra/Th separation date59.601 A
tivity Ra-226 on dis
1.643 Error: A
tivity Ra-226 on dis
PM AnalystOR066 Dis
 
odeDetails from thorium dis
:19.07.89 Th-228 determination date16.186 A
tivity Th-228 on radium dis
0.966 Error: A
tivity Th-228 on radium dis
GH Analyst14 Th-229 tra
er soln. no.OT154J.01 Dis
 & 
ount 
odeExample output �leRa-228/Ra-226 Ra-226/Ra-228Ratio 1.261 0.793Error 0.083 0.052Note: 1) Th-228 determined 257 days after separation2) Ra-228 
al
ulated to date of separation3) Th-228 build-up fa
tor = 0.21544) Cal
ulated using program RATH228 v2.00i1
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TAILINGCal
ulation of tailing of a higher-energy peak into a lower-energy peak area.Example input �le2 No. of tailing peak areas148.692 Count time0.014 Peak #0 bgd0.007 Peak #0 bgd error0.004 Peak #1 bgd0.003 Peak #1 bgd error0.006 Peak #2 bgd0.004 Peak #2 bgd error95328. Peak #0 
ounts223. Peak #1 
ounts248. Peak #2 
ountsExample output �lePeak no. Tail(%) error Count rate error0 641.096 2.0761 0.233 0.016 1.496 0.1002 0.259 0.017 1.662 0.106Note: 1) Tailing represents the no. of 
ounts observed in thelower-energy peak area as a per
entage of the no. of
ounts observed in the high-energy peak area (peak no. 0).2) Errors are one std deviation due to 
ounting statisti
s only3) Cal
ulated using program TAILING v2.00i1
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THORDetermination of 232Th, 230Th and 228Th by � spe
trometry.Tra
er isotope: 229ThSpe
trum232Th: essentially a doublet (4.01 MeV, 77.9%; 3.95 MeV, 22.1%; 3.83 MeV, 0.06%).230Th: essentially a doublet (4.69 MeV, 76.3%; 4.62 MeV, 23.4%; 4.48 MeV, 0.12%;4.44 MeV, 0.03%) situated just below the broad 229Th peak band; in addition,some minor (0.25% total) 229Th peaks lie under the 230Th upper-energy peakand 
annot be separated from it. Hen
e, the a

ura
y of the tailing 
orre
tion is
riti
al for spe
tra where the 229Th/230Th ratio is high.229Th: this is a 
omplex spe
trum. THOR assumes that the 99.75% of 
ounts above the230Th peaks are measured.228Th: essentially a doublet (5.42 MeV, 71.1%; 5.34 MeV, 28.2%; 5.21 MeV, 0.43%; 5.17MeV, 0.23%; 5.14 MeV, 0.04%). The lower-energy 224Ra line (5.45 MeV, 5.06%)lies just above the upper-energy 228Th line (5.42 MeV) and 
annot be separatedfrom it. This must be allowed for as 224Ra is the daughter of 228Th and willinevitably be present in the spe
trum.225A
 
an also show signi�
ant tailing into 228Th; it is the grand-daughter of 229Th andwill therefore be present in the spe
trum. It may be 
onveniently measured using oneof its progeny, 217At, whi
h has a singlet peak free of interferen
es at 7.07 MeV.Dis
ussionTHOR assumes 
omplete separation of thorium from radium on the deposition date.224Ra 
annot be measured dire
tly from the spe
trum due to interferen
e from the225A
 peak. In addition, its progeny 
annot be used as an indire
t measure due todi�usion losses of 220Rn from the sour
e. Hen
e, THOR 
al
ulates 224Ra ingrowthbetween deposition date and 
ount date and subsequently the 224Ra 
ontribution to the228Th peak.228Th a
tivity is 
orre
ted to deposition date, allowing for 228Th de
ay, and ingrowthfrom 232Th via 228Ra.As explained above, 217At may be used as a measure of 225A
. Alternatively, if the 217At
ounts are input as 0., THOR will 
al
ulate ingrowth of 225A
 using the 229Th peak andassuming 
omplete separation of 229Th from both 225Ra and 225A
 on the depositiondate.
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Example input and output �les12.03.94.1115 Deposition date14.03.94.1020 Count date (start)15.03.94.1005 Count date (finish)82.370 Count time (ks)5.2687 Tra
er mass or volume15.275 Tra
er a
tivity 
on
entration1.2356 Sample mass or volume0.2711 Dete
tor effi
ien
y0.006 Th-232 bgd0.006 Th-232 bgd error0.018 Th-230 bgd0.010 Th-230 bgd error0.024 Th-229 bgd0.012 Th-229 bgd error0.036 Th-228 bgd0.015 Th-228 bgd error146. Th-232 
ounts106. Th-230 
ounts1683. Th-229 
ounts428. Th-228 
ounts12. At-217 
ounts4.51 Lower energy boundary for Th-230 area (MeV)5.23 Lower energy boundary for Th-228 area (MeV)0.963 % Tailing (Th-228:At-217)0.052 Tailing error0.525 % Tailing (Th-229:Th-228)0.034 Tailing error0.263 % Tailing (Th-230:Th-228)0.022 Tailing error0.157 % Tailing (Th-232:Th-228)0.020 Tailing error0.692 % Tailing (Th-230:Th-229)0.049 Tailing error0.292 % Tailing (Th-232:Th-229)0.035 Tailing error0.180 % Tailing (Th-232:Th-230)0.032 Tailing errorTh-229 re
overy = 93.7 +/- 2.3 %Th-232 Th-230 Th-228A
t 
on
 Error A
t 
on
 Error A
t 
on
 Error Units5.405 0.495 3.555 0.433 16.282 0.889 mBq/LTh-228/Th-232 Th-230/Th-232 Th-228/Th-230Ratio 3.012 0.658 4.581Error 0.304 0.098 0.591Note: 1) Th-228 
al
ulated to date of deposition2) Count midpoint = 2.5 days after deposition3) Theoreti
al ingrowth fa
tors:Ra-224 : 0.3711At-217 : 0.0089Observed ratio At-217/Th-229: 0.0071 +/- 0.00214) Errors are one std deviation due to 
ounting statisti
s only5) Cal
ulated using program THOR v2.01i1103



THOREDetermination of 232Th and 230Th by � spe
trometry. 228Th assumed in se
ular equi-librium with 232Th in the sample.Tra
er isotope: 228ThSpe
trum232Th: essentially a doublet (4.01 MeV, 77.9%; 3.95 MeV, 22.1%; 3.83 MeV, 0.06%).230Th: essentially a doublet (4.69 MeV, 76.3%; 4.62 MeV, 23.4%; 4.48 MeV, 0.12%; 4.44MeV, 0.03%).228Th: essentially a doublet (5.42 MeV, 71.1%; 5.34 MeV, 28.2%; 5.21 MeV, 0.43%; 5.17MeV, 0.23%; 5.14 MeV, 0.04%). The lower-energy 224Ra line (5.45 MeV, 5.06%)lies just above the upper-energy 228Th line (5.42 MeV) and 
annot be separatedfrom it. This must be allowed for as 224Ra is the daughter of 228Th and willinevitably be present in the spe
trum.224Ra: essentially a doublet (5.685 MeV, 94.94%; 5.45 MeV, 5.06%). Only the upper-energy (5.685 MeV) peak is measured.Dis
ussionTHORE assumes 
omplete separation of thorium from radium on both separation anddeposition dates. The 228Th a
tivity is then 
orre
ted to separation date, allowing for228Th de
ay, and ingrowth from 232Th via 228Ra.228Th is assumed in se
ular equilibrium with 232Th in the sample. Consequently, the232Th peak is used as a measure of the sample 
ontribution to the 228Th peak.The 
ontribution of the 224Ra lower-energy peak to the 228Th area may be allowed forby either:� measuring the upper-energy 224Ra peak, or� giving the number of 224Ra 
ounts as 0. THORE then 
al
ulates the theoreti
al224Ra ingrowth.In either 
ase, the 224Ra 
ontribution to the 228Th area is 
al
ulated using the tailingfa
tor given in the input �le (% Tailing 228Th:224Ra). This is the 
ount rate due to 224Raobserved in the 228Th area as a per
entage of the upper-energy (5.685 MeV) 224Ra peakonly.Note that use of the 224Ra 5.685 MeV peak assumes that all of the 
ounts observed inthis region are due to 224Ra. This peak should not be used where there is a ba
kgroundin this region due to another nu
lide. The nu
lide most likely to interfere in this 
aseis 225A
, the daughter of 225Ra whi
h may be present on the dete
tor if sour
es havepreviously been 
ounted with 229Th as tra
er. Hen
e, the presen
e of 225A
 must be
he
ked for using the 217At peak at 7.07 MeV before the 5.685 MeV 224Ra peak 
an beused.A se
ond 
ompli
ation in the use of the 224Ra 5.685 MeV peak appears in the 
al
u-lation of 228Th ba
kground 
ount rate. Where there is signi�
ant 224Ra present in theba
kground spe
trum, its 
ontribution to the 228Th area must be subtra
ted from the228Th ba
kground 
ount rate given to THORN if the 224Ra 5.685 MeV peak is to be104



used. This situation is most likely to arise where the 
ounting of a high-a
tivity 228Thsour
e has resulted in signi�
ant 224Ra on the dete
tor due to re
oil.Example input and output �les01.03.89.1200 Separation date02.03.89.1430 Deposition date06.03.89.1000 Count date (start)08.03.89.0945 Count date (finish)171.860 Count time (ks)6.9472 Tra
er mass or volume13.585 Tra
er a
tivity 
on
entration1.5217 Sample mass or volume0.2612 Dete
tor effi
ien
y0.011 Th-232 bgd0.004 Th-232 bgd error0.032 Th-230 bgd0.005 Th-230 bgd error0.115 Th-228 bgd0.023 Th-228 bgd error237. Th-232 
ounts295. Th-230 
ounts4035. Th-228 
ounts2129. Ra-224 
ounts4.51 Lower energy boundary for Th-230 area (MeV)5.23 Lower energy boundary for Th-228 area (MeV)0.278 % Tailing (Th-230:Th-228)0.030 Tailing error0.153 % Tailing (Th-232:Th-228)0.018 Tailing error0.231 % Tailing (Th-232:Th-230)0.032 Tailing error5.33 % Tailing (Th-228:Ra-224)0.05 Tailing errorTh-228 re
overy = 87.9 +/- 1.6 %Th-232 Th-230A
t 
on
 Error A
t 
on
 Error Units3.803 0.270 4.642 0.305 mBq/gTh-230/Th-232 Th-232/Th-230Ratio 1.221 0.819Error 0.114 0.076Note: 1) Deposition 1.1 days after separation2) Count midpoint 4.8 days after deposition3) Ra-224 ingrowth fa
tor.Cal
ulated: 0.5953Observed: 0.5747 +/- 0.01594) Sample Th-228 assumed in equilibrium with Th-2325) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program THORE v2.00i1
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THORNDetermination of 232Th and 230Th by � spe
trometry. 228Th 
on
entration in the sampleknown.Tra
er isotope: 228ThSpe
trum232Th: essentially a doublet (4.01 MeV, 77.9%; 3.95 MeV, 22.1%; 3.83 MeV, 0.06%).230Th: essentially a doublet (4.69 MeV, 76.3%; 4.62 MeV, 23.4%; 4.48 MeV, 0.12%; 4.44MeV, 0.03%).228Th: essentially a doublet (5.42 MeV, 71.1%; 5.34 MeV, 28.2%; 5.21 MeV, 0.43%; 5.17MeV, 0.23%; 5.14 MeV, 0.04%). The lower-energy 224Ra line (5.45 MeV, 5.06%)lies just above the upper-energy 228Th line (5.42 MeV) and 
annot be separatedfrom it. This must be allowed for as 224Ra is the daughter of 228Th and willinevitably be present in the spe
trum.224Ra: essentially a doublet (5.685 MeV, 94.94%; 5.45 MeV, 5.06%). Only the upper-energy (5.685 MeV) peak is measured.Dis
ussionTHORN assumes 
omplete separation of thorium from radium on both separation anddeposition dates. The measured 228Th a
tivity is then 
orre
ted to separation date,allowing for 228Th de
ay, and ingrowth from 232Th via 228Ra.A measure of the 228Th a
tivity 
on
entration in the sample is required. The sample228Th a
tivity is added to the 228Th tra
er a
tivity �gure to give the total a
tivitypresent before separation.The 
ontribution of the 224Ra lower-energy peak to the 228Th area may be allowed forby either:� measuring the upper-energy 224Ra peak, or� giving the number of 224Ra 
ounts as 0. THORN then 
al
ulates the theoreti
al224Ra ingrowth.In either 
ase, the 224Ra 
ontribution to the 228Th area is 
al
ulated using the tailingfa
tor given in the input �le (% Tailing 228Th:224Ra). This is the 
ount rate due to 224Raobserved in the 228Th area as a per
entage of the upper-energy (5.685 MeV) 224Ra peakonly.Note that use of the 224Ra 5.685 MeV peak assumes that all of the 
ounts observed inthis region are due to 224Ra. This peak should not be used where there is a ba
kgroundin this region due to another nu
lide. The nu
lide most likely to interfere in this 
aseis 225A
, the daughter of 225Ra whi
h may be present on the dete
tor if sour
es havepreviously been 
ounted with 229Th as tra
er. Hen
e, the presen
e of 225A
 MUST be
he
ked for using the 217At peak at 7.07 MeV before the 5.685 MeV 224Ra peak 
an beused.A se
ond 
ompli
ation in the use of the 224Ra 5.685 MeV peak appears in the 
al
u-lation of 228Th ba
kground 
ount rate. Where there is signi�
ant 224Ra present in theba
kground spe
trum, its 
ontribution to the 228Th area must be subtra
ted from the228Th ba
kground 
ount rate given to THORN if the 224Ra 5.685 MeV peak is to be106



used. This situation is most likely to arise where the 
ounting of a high-a
tivity 228Thsour
e has resulted in signi�
ant 224Ra on the dete
tor due to re
oil.Example input and output �les03.03.89.1200 U/Th separation date04.03.89.1430 Deposition date08.03.89.1000 Count date (start)10.03.89.0930 Count date (finish)171.085 Count time (ks)9.4286 Tra
er mass or vol (added Th-228)13.585 Tra
er a
tivity 
on
. (added Th-228)2.085 Th-228 a
tivity 
on
. in sample0.062 Error in Th-228 sample a
t. 
on
.8.8296 Sample mass or volume0.2612 Dete
tor effi
ien
y0.011 Th-232 bgd0.004 Th-232 bgd error0.032 Th-230 bgd0.005 Th-230 bgd error0.115 Th-228 bgd0.023 Th-228 bgd error178. Th-232 
ounts399. Th-230 
ounts6207. Th-228 
ounts3417. Ra-224 
ounts4.51 Lower energy boundary for Th-230 area (MeV)5.23 Lower energy boundary for Th-228 area (MeV)0.278 % Tailing (Th-230:Th-228)0.030 Tailing error0.153 % Tailing (Th-232:Th-228)0.018 Tailing error0.231 % Tailing (Th-232:Th-230)0.032 Tailing error5.33 % Tailing (Th-228:Ra-224)0.05 Tailing errorTh-228 re
overy = 92.9 +/- 1.3 %Th-232 Th-230A
t 
on
 Error A
t 
on
 Error Units0.452 0.038 1.028 0.058 mBq/LTh-230/Th-232 Th-232/Th-230Ratio 2.273 0.440Error 0.226 0.044Note: 1) Deposition 1.1 days after separation2) Count midpoint 4.8 days after deposition3) Ra-224 ingrowth fa
tor.Cal
ulated: 0.5949Observed: 0.5993 +/- 0.01324) Sample Th-228 
on
entration input by user5) Errors are one std deviation due to 
ounting statisti
s only6) Cal
ulated using program THORN v2.00i1107



URANDetermination of 238U, 235U and 234U by � spe
trometry. 224Ra used as a measure of228Th.Tra
er isotope: 232USpe
trum238U: essentially a doublet (4.20 MeV, 79%; 4.15 MeV, 20.9%; 4.04 MeV, 0.08%). Twominor 235U peaks (6.6% total 235U) overlap this area.235U: this is a 
omplex spe
trum, with inevitable overlap with 238U and 234U. URANassumes that the peaks between 4.25 and 4.45 MeV (total 81.7%) are measured.234U: essentially a doublet (4.78 MeV, 71.4%; 4.72 MeV, 28.4%; 4.60 MeV, 0.20%).Three minor 235U peaks (10.8% total 235U) overlap this area.232U: essentially a doublet (5.32 MeV, 68.6%; 5.26 MeV, 31.2%; 5.14 MeV, 0.28%). Anumber of 228Th peaks (28.9% total 228Th) overlap this area.224Ra: the upper-energy 224Ra peak (5.685 MeV, 94.94%) is used as a measure of 228Tha
tivity on the dis
, and therefore of 228Th 
ontribution to the 232U peak.Dis
ussionURAN determines a 
al
ulated 235U �gure based upon 0.046 times the observed 238Ua
tivity. This is then used to determine the 235U 
ontribution to the 238U and 234U peaks.This pro
edure assumes the natural 235U/238U ratio; the 
al
ulation will, therefore, notbe 
orre
t if applied to a sour
e prepared from 235U -enri
hed or -depleted uranium.The 228Th a
tivity 
al
ulated from the 224Ra peak is used to give a thorium break-through �gure. URAN assumes that 228Th is in se
ular equilibrium with 232U in thetra
er solution2. The program then 
al
ulates Th break-through from the ex
ess ofobserved thorium a
tivity over the 
al
ulated ingrown a
tivity. The 228Th a
tivity inthe sample is assumed to be negligible 
ompared to the tra
er a
tivity.URAN assumes that the tra
er a
tivity 
on
entration is 
alibrated to the input 
alibra-tion date, and allows for de
ay of 232U between 
alibration date and 
ount date.In order to allow the program to distinguish the input �le from one designed for programURANTH, the �rst line of the input �le must begin with the string \uran".

2At se
ular equilibrium, the 228Th a
tivity is 1.029 times the 232U a
tivity, due to the relative half-lives of the two isotopes 108



Example input �leuran Program15.07.2000 Separation date17.07.2000 Deposition date02.08.2000 Count date279.22 Count time (ks)7.5418 Tra
er mass or volume6.218 Tra
er a
tivity 
on
entration1.1159 Sample mass or volume0.278 Dete
tor effi
ien
y0.055 U-238 bgd0.011 U-238 bgd error0.012 U-235 bgd0.005 U-235 bgd error0.082 U-234 bgd0.013 U-234 bgd error0.104 U-232 bgd0.014 U-232 bgd error0.122 Ra-224 bgd0.011 Ra-224 bgd error1609. U-238 
ounts74. U-235 
ounts3639. U-234 
ounts3403. U-232 
ounts79. Ra-224 
ounts0.267 % Tailing (U-234:U-232)0.066 Tailing error0.020 % Tailing (U-235:U-232)0.018 Tailing error0.030 % Tailing (U-238:U-232)0.028 Tailing error0.411 % Tailing (U-235:U-234)0.088 Tailing error0.275 % Tailing (U-238:U-234)0.065 Tailing error15.07.1995 Calibration date (U-232)Example output �leU-232 re
overy = 97.1 +/- 1.7 %U-238 U-234 U-235(meas) U-235(
al
)A
t 
on
 Error A
t 
on
 Error A
t 
on
 Error A
t 
on
 Error Units18.752 0.580 42.804 1.037 0.803 0.148 0.863 0.027 mBq/LU-234/U-238 U-235/U-238Ratio 2.283 0.043Error 0.070 0.008Note: 1) Dis
 
ounted 18 days after separation16 days after deposition2) Th-228 ingrowth fa
tors: Cal
ulated: 0.0177Observed : 0.0148 +/- 0.0031Th-228 breakthrough = -0.34 +/- 0.31 % assuming no Th-228 in sample3) Errors are one std deviation due to 
ounting statisti
s only4) Cal
ulated using program URAN v2.01i1109



URANTHDetermination of 238U, 235U and 234U by � spe
trometry. 228Th measured using upper-energy peak.Tra
er isotope: 232USpe
trum238U: essentially a doublet (4.20 MeV, 79%; 4.15 MeV, 20.9%; 4.04 MeV, 0.08%). Twominor 235U peaks (6.6% total 235U) overlap this area.235U: this is a 
omplex spe
trum, with inevitable overlap with 238U and 234U. URANassumes that the peaks between 4.25 and 4.45 MeV (total 81.7%) are measured.234U: essentially a doublet (4.78 MeV, 71.4%; 4.72 MeV, 28.4%; 4.60 MeV, 0.20%).Three minor 235U peaks (10.8% total 235U) overlap this area.232U: essentially a doublet (5.32 MeV, 68.6%; 5.26 MeV, 31.2%; 5.14 MeV, 0.28%). Anumber of 228Th peaks (28.9% total 228Th) overlap this area.228Th: the upper-energy 228Th peak (5.423 MeV, 71.1%) is used as a measure of 228Tha
tivity on the dis
, and therefore of 228Th 
ontribution to the 232U peak.Dis
ussionURANTH determines a 
al
ulated 235U �gure based upon 0.046 times the observed 238Ua
tivity. This is then used to determine the 235U 
ontribution to the 238U and 234U peaks.This pro
edure assumes the natural 235U/238U ratio; the 
al
ulation will, therefore, notbe 
orre
t if applied to a sour
e prepared from 235U -enri
hed or -depleted uranium.The 228Th a
tivity 
al
ulated from the 224Ra peak is used to give a thorium break-through �gure. URANTH assumes that 228Th is in se
ular equilibrium with 232U inthe tra
er solution3. The program then 
al
ulates Th break-through from the ex
ess ofobserved thorium a
tivity over the 
al
ulated ingrown a
tivity. The 228Th a
tivity inthe sample is assumed to be negligible 
ompared to the tra
er a
tivity.URANTH assumes that the tra
er a
tivity 
on
entration is 
alibrated to the input 
al-ibration date, and allows for de
ay of 232U between 
alibration date and 
ount date.In order to allow the program to distinguish the input �le from one designed for programURAN, the �rst line of the input �le must begin with the string \uranth".

3At se
ular equilibrium, the 228Th a
tivity is 1.029 times the 232U a
tivity, due to the relative half-lives of the two isotopes 110



Example input �leuranth Program15.07.2000 Separation date17.07.2000 Deposition date02.08.2000 Count date279.22 Count time (ks)7.5418 Tra
er mass or volume6.218 Tra
er a
tivity 
on
entration1.1159 Sample mass or volume0.278 Dete
tor effi
ien
y0.055 U-238 bgd0.011 U-238 bgd error0.012 U-235 bgd0.005 U-235 bgd error0.082 U-234 bgd0.013 U-234 bgd error0.104 U-232 bgd0.014 U-232 bgd error0.095 Th-228 bgd0.013 Th-228 bgd error1609. U-238 
ounts74. U-235 
ounts3639. U-234 
ounts3403. U-232 
ounts82. Th-228 
ounts0.267 % Tailing (U-234:U-232)0.066 Tailing error0.020 % Tailing (U-235:U-232)0.018 Tailing error0.030 % Tailing (U-238:U-232)0.028 Tailing error0.411 % Tailing (U-235:U-234)0.088 Tailing error0.275 % Tailing (U-238:U-234)0.065 Tailing error15.07.1995 Calibration date (U-232)Example output �leU-232 re
overy = 97.0 +/- 1.7 %U-238 U-234 U-235(meas) U-235(
al
)A
t 
on
 Error A
t 
on
 Error A
t 
on
 Error A
t 
on
 Error Units18.771 0.581 42.847 1.038 0.803 0.148 0.863 0.027 mBq/LU-234/U-238 U-235/U-238Ratio 2.283 0.043Error 0.070 0.008Note: 1) Dis
 
ounted 18 days after separation16 days after deposition2) Th-228 ingrowth fa
tors: Cal
ulated: 0.0177Observed : 0.0183 +/- 0.0032Th-228 breakthrough = 0.01 +/- 0.32 % assuming no Th-228 in sample3) Errors are one std deviation due to 
ounting statisti
s only4) Cal
ulated using program URANTH v2.01i1111
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B Radionu
lide de
ay dataThe following tables give the radionu
lide de
ay data whi
h have been assumed in theprograms dis
ussed in Appendix A. As su
h, they are not intended to be de�nitive andresear
hers requiring a

urate data are advised to 
onsult primary sour
es. The datagiven here have been derived from Firestone (1996). Intensities are given as % of allde
ays of the isotope. Transformations with intensities of less than 0.01% have not beenin
luded in these tables, nor are they a

ounted for in the programs.

Polonium tra
er isotopesIsotope Half-life De
ay Energies Intensities DaughterMode (MeV) %Po-208 2.898 y alpha 5.115 100 Pb-204Po-209 102 y alpha 4.883 98.60 Pb-20599.52 % 4.622 0.92EC Bi-2090.48 %
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Thorium series (4n series)Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %U-236 2.342 � 107 y alpha 4.494 73.8 Th-2324.445 25.94.332 0.26U-232 68.9 y alpha 5.321 68.6 Th-2285.264 31.25.137 0.28Th-232 1.405 � 1010 y alpha 4.013 77.9 Ra-2283.954 22.13.830 0.06Ra-228 5.75 y beta 100 A
-228A
-228 6.15 h beta 100 Th-228Th-228 1.9131 y alpha 5.423 71.1 Ra-2245.340 28.25.211 0.435.173 0.235.138 0.04Ra-224 3.66 d alpha 5.685 94.94 Rn-2205.449 5.06Rn-220 55.6 s alpha 6.288 99.89 Po-2165.747 0.11Po-216 0.145 s alpha 6.778 100 Pb-212Pb-212 10.64 h beta Bi-212Bi-212 60.55 m beta 64.06 Po-212alpha 6.090 9.75 Tl-20835.94 % 6.051 25.135.768 0.645.626 0.065.607 0.43Po-212 0.299 �s alpha 8.784 100 Pb-208Tl-208 3.053 m beta 100 Pb-208
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Uranium series (4n+ 2 series)Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %U-238 4.468 � 109 y alpha 4.198 79.0 Th-2344.151 20.94.038 0.08Th-234 24.10 days beta 100 Pa-234mPa-234m 1.17 m beta 99.84 U-234IT 0.16 Pa-234Pa-234 6.70 h beta 100 U-234U-234 2.455 � 105 y alpha 4.775 71.38 Th-2304.722 28.424.604 0.20Th-230 7.538 � 104 y alpha 4.688 76.3 Ra-2264.621 23.44.480 0.124.438 0.03Ra-226 1600 y alpha 4.784 94.45 Rn-2224.602 5.55Rn-222 3.8235 d alpha 5.490 99.92 Po-2184.987 0.08Po-218 3.10 m alpha 6.002 100 Pb-214Pb-214 26.8 m beta 100 Bi-214Bi-214 19.9 m beta 99.98 Po-214alpha 5.516 0.0082 Tl-2100.021 % 5.452 0.01135.273 0.0012Po-214 164.3 �s alpha 7.687 99.99 Pb-2106.902 0.01Tl-210 1.30 m beta 100 Pb-210Pb-210 22.3 y beta 100 Bi-210Bi-210 5.013 d beta 100 Po-210Po-210 138.376 d alpha 5.304 100 Pb-206
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Neptunium series (4n+ 1 series)Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %U-233 1.592 � 105 y alpha 4.824 84.4 Th-2294.804 0.054.796 0.284.783 13.24.758 0.024.754 0.164.751 0.014.729 1.614.701 0.064.681 0.014.664 0.044.634 0.014.600 0.014.513 0.024.507 0.01Th-229 7340 y alpha 5.078 0.05 Ra-2255.053 6.65.036 0.245.009 0.094.978 3.174.968 5.974.930 0.164.901 10.24.878 0.034.865 0.034.861 0.284.852 0.034.845 56.24.838 5.04.833 0.294.815 9.304.809 0.224.798 1.54.761 1.04.754 0.054.737 0.014.694 0.124.690 0.234.608 0.054.599 0.024.484 0.03Ra-225 14.9 d beta 100 A
-225116



Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %A
-225 10.0 d alpha 5.830 50.7 Fr-2215.805 0.35.793 18.15.791 8.65.732 9.325.731 0.875.724 3.15.682 1.35.637 4.45.609 1.15.598 0.045.580 1.25.563 0.035.554 0.15.545 0.035.540 0.025.443 0.145.436 0.075.321 0.075.286 0.235.270 0.015.211 0.03Fr-221 4.9 m alpha 6.341 83.4 At-2176.243 1.346.126 15.16.076 0.155.980 0.495.966 0.085.939 0.175.925 0.035.776 0.06At-217 32.3 ms alpha 7.067 99.9 Bi-2136.812 0.066.609 0.016.483 0.02Bi-213 45.59 m beta 97.91 Po-213alpha 5.869 1.94 Tl-2092.09 % 5.549 0.15Po-213 4.2 �s alpha 8.376 100 Pb-209Tl-209 2.20 m beta 100 Pb-209Pb-209 3.253 h beta 100 Bi-209117



A
tinium series (4n+ 3 series)Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %U-235 7.038 � 108 y alpha 4.596 4.9 Th-2314.556 4.24.502 1.74.435 0.74.414 2.14.398 564.366 184.345 1.54.324 34.271 0.44.219 0.94.215 5.74.150 0.9Th-231 25.52 h beta 100 Pa-231Pa-231 3.276 � 104 y alpha 5.059 11.0 A
-2275.032 2.55.028 20.05.014 25.44.986 1.44.975 0.44.951 22.84.934 3.04.853 1.44.795 0.044.736 8.44.713 14.681 1.54.643 0.14.632 0.14.599 0.024.566 0.01A
-227 21.773 y beta 98.62 Th-227alpha 4.953 0.66 Fr-2231.38 % 4.941 0.554.873 0.094.855 0.084.796 0.014.768 0.024.36{4.74 0.01
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Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %Th-227 18.72 d alpha 6.038 24.2 Ra-2236.009 2.905.978 23.55.960 3.005.916 0.785.910 0.175.867 2.425.808 1.275.796 0.315.762 0.235.757 20.35.728 0.035.713 4.895.709 8.25.701 3.635.693 1.505.674 0.065.668 2.065.640 0.025.613 0.225.601 0.175.586 0.185.532 0.025.510 0.02Fr-223 21.8 m beta Ra-223Ra-223 11.435 d alpha 5.871 0.87 Rn-2195.858 0.325.747 9.15.716 52.65.607 25.75.540 9.15.502 0.805.481 0.015.434 2.275.366 0.115.339 0.105.287 0.135.283 0.105.259 0.045.236 0.045.173 0.035.152 0.02
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Isotope Half-life De
ay Energies Intensities DaughterMode (MeV) %Rn-219 3.96 s alpha 6.819 79.4 Po-2156.553 12.96.529 0.126.425 7.56.312 0.056.159 0.02Po-215 1.781 ms alpha 7.386 99.95 Pb-2116.957 0.036.950 0.02Pb-211 36.1 m beta 100 Bi-211Bi-211 2.14 m beta 0.276 Po-211alpha 6.623 83.54 Tl-20799.724 % 6.278 16.18Tl-207 4.77 m beta 100 Pb-207Po-211 0.516 s alpha 8.883 7.04 Pb-2078.305 0.257.995 1.667.275 91.05
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