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AMS MEASUREMENTS OF SOUTH AMERICANRAINWATER SAMPLES �J.O. Fernández Niello, D.E. Alvarez, A.M.J. FerreroO.A. Capurro, D. Abriola, G.V. Martí, A.J. Pa
he
oJ.E. Testoni, R.G. LibermanDepartamento de Físi
a, Comisión Na
ional de Energía Atómi
aAvenida del Libertador 8250, (1429) Buenos Aires, ArgentinaK. Knie and G. Kors
hinekTe
hnis
he Universität Mün
hen, 85748 Gar
hing, Germany(Re
eived August 12, 1998)A

elerator mass spe
trometry (AMS) is one of the most powerful ap-pli
ations of heavy-ion beams in �elds not dire
tly related to nu
lear physi
sbasi
 resear
h. The development of this highly sensitive te
hnique at theele
trostati
 a

elerator of the TANDAR laboratory has re
ently been a
-
omplished. Aiming at environmental appli
ations of our AMS a
tivities,we have established a resear
h program using the long-lived radioisotope36Cl as an atmospheri
 tra
er, in 
ooperation with the AMS group of theTe
hni
al University of Muni
h. The subje
t of the investigation was theglobal fallout of 36Cl and its latitudinal distribution. Pre
ipitation sampleswere 
olle
ted at di�erent latitudes in Argentina, Chile, and Antar
ti
, 
ov-ering a range from 24ÆS to 62ÆS. The resulting 36Cl/Cl ratios varied from1� 10�14 to 62� 10�14. Systemati
s studies of this radioisotope may pro-vide a monitor for atmospheri
 releases (anthropogeni
 
ontribution) anda baseline for natural 36Cl 
on
entration.PACS numbers: 89.60.+x, 23.90.+w1. The A

elerator Mass Spe
trometry te
hniqueIn this 
ontribution we present the development of the A

elerator MassSpe
trometry (AMS) te
hnique at the TANDAR laboratory in Buenos Aires,and, as an example of its appli
ation, the results of measurements of theatmospheri
 tra
er 
hlorine 36 in rainwater samples.� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1629)



1630 J.O. Fernández Niello et al.AMS is a very sensitive te
hnique whi
h is 
apable of tra
ing long-livednatural and arti�
ial radionu
lides at extremely low 
on
entrations, de�nedas the ratio of the rare radioisotope to a stable isotope, whi
h lies in the rangeof 10�10 to 10�16 (see [1℄). Of parti
ular interest are those radioisotopesprodu
ed in the atmosphere whi
h 
an be used as tra
ers in environmen-tal resear
h. Sin
e the half-lives of some of these radioisotopes range fromseveral thousand to million years (see Table I), they 
an not be measuredthrough radioa
tive de
ay 
ounting, where only few de
ays o

ur in anyreasonable measuring time. Instead, AMS o�ers the alternative of 
ountingea
h individual radioisotope in a nu
lear parti
le dete
tor. In this respe
tit is important to note that the essential feature of this te
hnique is thatthe parti
les to be dete
ted are a

elerated to energies approximately threeorders of magnitude greater than those used in 
onventional mass spe
trom-etry. At these energies a variety of identi�
ation and dete
tion pro
eduresderived from nu
lear physi
s 
an be applied to redu
e ba
kground problemswhi
h limit the sensitivity. TABLE ILong-lived radioisotopes measured routinely with a

elerator mass spe
trometryIsotope Half-life(years) Stable Isotopes Stable Isobars10Be 1.6�106 9Be 10B14C 5730 12;13C 14N26Al 7.16�105 27Al 24Mg36Cl 3.01�105 35;37Cl 36Ar,36S59Ni 7.5�104 58;60;61;62;64Ni 59Co129I 1.57�107 127I 129XeOur AMS program is running at the ele
trostati
 a

elerator of the TAN-DAR laboratory [2, 3℄. Figure 1 shows a s
hemati
 view of the a

eleratorand its main 
omponents. Small samples 
ontaining few milligrams of mate-rial are loaded in an ion sour
e from whi
h negative ions of the radioisotopeto be investigated are extra
ted. The ions pass through a high-resolution in-je
tion magnet for a �rst mass analysis and are prea

elerated to about 150keV to the a

elerator tank. Then, they are a

elerated to the high-voltageterminal, whi
h 
an be held at a positive voltage of up to 14 MV. An ele
-tron stripper at the terminal (a thin 
arbon foil) removes several ele
trons



AMS Measurements of South Ameri
an Rainwater Samples 1631and therefore the ions 
hange their polarity from negative to positive. Posi-tive ions are then a

elerated again to ground potential. Another importantfun
tion of the stripper is the disso
iation of mole
ular ions. In this way,mole
ules with the same mass of the ion of interest, and therefore a

eptedby the inje
tion magnet, are eliminated. The high-energy analysing magnetremoves s
attered parti
les a

epted by the inje
tion analyzer, mole
ularfragments and unwanted 
harge states. The ions are transported further onto the dete
tion system where the radioisotope 
ounting rate is measureddire
tly in the dete
tor.
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1632 J.O. Fernández Niello et al.2. 36Cl measurements from pre
ipitation samplesOne of the �rst goals of our AMS program is the measurement of theglobal fallout of the 
osmogeni
 36Cl isotope in South Ameri
a. This resear
hprogram has been 
arried out in 
ollaboration with the Te
hni
al Universityof Muni
h, Germany. The 36Cl radioisotope, with a half-life of 3�105 years,has two stable isotopes (
hlorine 35 and 37, with 76% and 24% of naturalabundan
e, respe
tively), and there are also two stable isobars of mass 36,namely 36Ar and 36S. Sin
e negative ions of argon 
an not be formed, thiselement is not present in the a

eleration pro
ess, and, therefore, it does not
ontribute to the ba
kground. The only isobari
 
ontamination 
omes fromsulphur-36. This sele
tion in the ion formation is one of the main advantagesof AMS.The hydrophili
 nature of 36Cl makes this radioisotope a well suitedtra
er to study atmospheri
 transport pro
esses from pre
ipitation samples.This long-lived radionu
lide is 
ontinuously produ
ed in the atmosphere,approximately two thirds in the stratosphere and one third in the tropo-sphere, mainly by spallation rea
tions indu
ed by 
osmi
 rays on argon [4℄.After residing for 1�2 years in the stratosphere, the 36Cl radioisotopes aretransported to the troposphere, where their residen
e time varies from afew days to weeks. The atoms of 36Cl asso
iated with aerosols rea
h theEarth surfa
e by wet (washed out by pre
ipitation) and dry deposition. Theprodu
tion of 36Cl in the stratosphere depends on the geomagneti
 latitudebe
ause the 
osmi
 ray parti
les are in�uen
ed by the Earth's magneti
�eld. As the shielding e�e
t de
reases from the equator to the poles, thenthe maximum amount of 36Cl is present at the poles. Nevertheless, the lati-tudinally averaged deposition rate is strongly in�uen
ed by the inje
tion ofstratospheri
 air masses into the troposphere, a pro
ess that o

urs, mainly,at mid-latitudes [5℄. Therefore, the 36Cl fallout is expe
ted to exhibit apronoun
ed dependen
e on the latitude, with a mid-latitude peak.The existing models of 36Cl produ
tion, however, underestimate the mea-sured deposition of this radioisotope. In parti
ular, studies of 36Cl pre
ip-itation in the northern hemisphere yield 
on
entration values higher thanthose expe
ted from natural produ
tion [6℄. The reason for this dis
rep-an
y is not well determined and several re
ent experiments have examinedthe possible anthropogeni
 
ontribution to the 36Cl produ
tion. This 
on-tribution 
omes, mainly, from thermal neutron a
tivation on 35Cl produ
edduring nu
lear-weapon tests. Therefore, 
hlorine-36 ions are inje
ted intothe stratosphere following from there the atmospheri
 
ir
ulation.In order to 
omplete the rather s
ar
e information on the 36Cl falloutin the southern hemisphere we measured 36Cl 
on
entrations from pre
ipi-tation samples 
olle
ted at di�erent latitudes in Argentina, Chile, and the
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an Rainwater Samples 1633Antar
ti
, 
overing a latitudinal range from 24ÆS to 62ÆS. This are the �rst36Cl measurements reported from South Ameri
an pre
ipitation samples.3. Experiment3.1. Sample 
olle
tion and preparationSamples were 
olle
ted in Ushuaia (54.48Æ S, 68.18Æ W), Bahía Blan
a(38.43Æ S, 62.17Æ W), and Jujuy (24.11Æ S, 65.18Æ W), Argentina, in Santiago(33.27Æ S, 70.40Æ W), Chile, and in the Antar
ti
 (62.20Æ S, 58.53Æ W).The pre
ipitations from Jujuy and Ushuaia were 
olle
ted monthly (the�rst one from January 1988 to January 1989 and the se
ond one from Jan-uary 1988 to De
ember 1989), 
ontaining the respe
tive sample to be stud-ied the same amount of water from ea
h month. Bahía Blan
a's samplewas 
olle
ted during April 1993. The sample from Santiago was obtainedfrom pre
ipitations that o

urred between May�June 1996 and they werehandled identi
ally to those obtained in Ushuaia and Jujuy. The Antar
ti
sample was 
olle
ted between February and Mar
h 1995. The volume of thesamples ranged between 1 and 2 litres. The sample 
olle
ted at the Antar
-ti
 site 
onsisted only of wet-pre
ipitation, whereas the other four samples
ontained bulk (wet and dry deposition) pre
ipitations.The 
hemi
al preparation of the material pro
eeded as follows [7℄: H2O2was added to the sample to eliminate any kind of mi
ro-organisms presentthere. At least three months after adding H2O2, 50ml were taken from ea
hsample to measure the 
on
entrations of stable Cl� and SO2�4 by ion 
hro-matography. The amount of Cl expe
ted in the total volume of the samplewas 
al
ulated and, if this quantity was less than 4mg of Cl, a natural NaCl
arrier (i.e. without 36Cl) from Bad Rei
henhaler salt (taken from a deepmine in the south of Bavaria, Germany) was added to the sample. The re-maining water was �ltered and 
on
entrated to approximately 70ml. The
on
entrated water was a
idi�ed by HNO3. Silver 
hloride was pre
ipitatedwith ex
ess of AgNO3 and separated by 
entrifuging. To minimize the 
on-tribution to the ba
kground from stable 36S in the 36Cl determination, theAgCl pre
ipitate was dissolved in NH4OH and sulfates were removed by ad-dition of Ba(NO3)2 to pre
ipitate BaSO4 [8℄. Then, the remaining waterwas a
idi�ed and AgCl was pre
ipitated again. AgCl was dried in an ovenat 60ÆC. This 
hemi
al te
hnique was also followed to prepare blanks fromthe same natural NaCl salt used as 
arrier material and using bidistilledwater. Three di�erent blanks with 36Cl/Cl ratios of (4:5 � 1:5) � 10�14,(6:2 � 4:4) � 10�15 and (2:1 � 1:7)� 10�15 were made.



1634 J.O. Fernández Niello et al.3.2. AMS measurementsSeveral measurements were 
arried out at the Muni
h MP tandem a
-
elerator and at the 20UD a

elerator at the TANDAR laboratory. At the�rst laboratory, the dete
tion and identi�
ation of the parti
les were done atthe dedi
ated Gas-�lled Analyzing Magnet System (GAMS) of the Muni
ha

elerator [9℄. It 
onsists of a 135Æ magnet followed by a Fris
h-grid ion-ization 
hamber. In this 
hamber, the anode is divided into �ve energy-lossse
tions; two of these se
tions, the �rst and the third ones, are triangle-shaped zones whi
h make it possible the determination of the angle and ofthe entran
e position of the in
oming parti
les. A total energy signal wastaken from the Fris
h grid. For the 
hlorine measurements the gap insidethe magnet was �lled with nitrogen at a pressure of 9mbar whi
h optimizesthe position resolution. The ionization 
hamber was �lled with isobutane ata pressure of 52mbar.

Fig. 2. Position against �E4 gated spe
tra for di�erent samples: (a) � a blankmeasured during 222 s; (b) � a standard sample measured during 150 s; (
) � aBahía Blan
a sample measured during 1198 s.



AMS Measurements of South Ameri
an Rainwater Samples 1635The 
hemi
al treatment of the samples redu
ed the sulphur 
ontamina-tion by a fa
tor of about 20. However, a remaining sulphur 
ontaminationdue to sputtering on the 
athode holders (Cu holders in our 
ase) was alsopresent and usually 
auses a higher 
ounting rate in the �nal dete
tor thanthe 
hemi
ally puri�ed sample [10℄. Although the 36S isobar entering theGAMS with the same energy as the 36Cl ions was bent out of the dete
-tor, there was still a tail of degraded sulphur parti
les rea
hing the dete
torthat was 
learly resolved from the 36Cl events in the position versus �E4(fourth energy-loss se
tion) bidimensional spe
trum. For this reason, the36S 
ontributions to ba
kground as well as possible interferen
es of stable
hlorine ions were reje
ted by software analysis. As an example of the gatedspe
tra, Fig. 2 shows position against �E4 events from a blank in Fig. 2(a),from a standard in Fig. 2(b) and from a pre
ipitation sample in Fig. 2(
).In the �rst 
ase, the spe
trum was a

umulated during 222 s, whereas thea

umulation time in the 
ase of the standard sample was 150 s and in thepre
ipitation 
ase was 1198 s. The normalization of these runs was done witha 37Cl beam, whose intensity at the entran
e to the tandem was 1.86�A,3.39�A and 2.15�A, for the blank, the standard and the a
tual sample,respe
tively.Two standard samples having 36Cl/Cl ratio values of 1:1�10�11 and 7:6�10�13 have been used for 
alibration purposes. The AMS measurements wereperformed in the following way: after three unknown samples a standardprobe was measured to 
he
k the stability. Moreover, a blank was measuredevery 5 or 6 runs to monitor the ba
kground level. A given sample wasmeasured at least three times and ea
h run lasted about 300 se
onds.Memory e�e
ts have been estimated to be less than 2�10�3 by sputteringthe 7:57 � 10�13 standard during 25 min with 1.0�A of 35Cl and qui
klyrepla
ed it with one blank, whi
h was measured during 52 min having a 35Cl
urrent of 1.23�A. 4. Results and dis
ussionsThe measured 36Cl/Cl ratios and 36Cl 
on
entrations as well as the 
hlo-rine and sulfates (after the 
hemi
al treatment) obtained for ea
h sample aregiven in Table II. Systemati
 errors of 10% were estimated for 
arrier, 
ur-rent and rainfall measurements, whereas the rest of the errors was taken tobe statisti
al.As shown in Table II, the 36Cl/Cl ratios for the pre
ipitation samplesrange from 1 � 1�14 to 62 � 10�14. The Cl 
on
entrations are between 1and 3 ppm for all samples ex
ept the Antar
ti
 one whose value was 66ppm. The huge 
hlorine 
on
entration value obtained for this site mightbe due to the fa
t that the sample was taken from a peninsular region



1636 J.O. Fernández Niello et al. TABLE IIChlorine and sulfate (after the 
hemi
al treatment) 
on
entrations, 36Cl/Cl ratiosand 36Cl 
on
entrations for the di�erent 
olle
tion sites.Site Latitude Cl SO4 36Cl/Cl 36Cl at/l[ppm℄ [ppm℄ [�10�15℄ [� 106℄Jujuy 24.11ÆS 2.7 � 0.60 < 0.01 620 � 130 31 � 9Santiago 33.27ÆS 1.45 � 0.05 < 0.20 115 � 30 2.8 � 0.6Bahia Blan
a 38.43ÆS 1.80 � 0.05 < 0.02 95 � 20 3.2 � 0.7Ushuaia 54.48ÆS 3.3 � 0.50 ?� 250 � 70 15.2 � 4.8Antar
ti
 62.20ÆS 66 � 5.00 < 0.30 10.4 � 5.5 6.1 � 3.2* It was not possible to measure the 
on
entration of sulfates in the Ushuaia sample.where the 
hlorine 
on
entration is signi�
antly high. The 36Cl/Cl ratiosare, in general, 
omparable with those measured in the northern [11,12℄ andsouthern [13℄ hemispheres where values ranging from, approximately, 3 to40 � 10�14 were obtained (Ref. [11�13℄) and lower than those reported byCornett et al. [6℄, who measured ratio values up to about 3000 � 10�14 at46Æ N.In the 
ases of the samples from Santiago, Bahía Blan
a and Antar
-ti
 it is not 
orre
t to dire
tly 
ompare the 36Cl 
on
entrations (or fallout)with the Lal and Peters [4℄ predi
tions be
ause these samples were 
olle
tedmonthly or daily, and therefore, they might have seasonal variations. Dif-ferent measurements performed in the northern [11℄ and southern [13℄ hemi-spheres showed seasonal variations of the 36Cl 
on
entration, whi
h in some
ases are of one order of magnitude. In addition to that, for the 
ase ofSantiago the relatively high value of 36Cl fallout 
ould, probably, arise fromthe neighbourhood (approximately 6 km) of a nu
lear rea
tor to the site ofthe sample 
olle
tion.In the 
ase of Jujuy and Ushuaia, where the pre
ipitations were 
ol-le
ted over more than a year and the samples were prepared by mixing agiven amount of the monthly pre
ipitation, the seasonal dependen
e is av-eraged in the result. For more de�nitive 
on
lusions one needs additionalmeasurements, from another sites, taking extreme 
are in the 
olle
tion ofthe pre
ipitation samples and 
olle
ting them over longer period of time.Su
h systemati
 studies will also allow to follow possible seasonal variations.



AMS Measurements of South Ameri
an Rainwater Samples 1637Summarizing, during the last few years we devoted our e�orts towardsthe development of the AMS te
hnique in a large nu
lear physi
s fa
ility,the 20MV tandem a

elerator at the TANDAR laboratory. This te
hniqueimposes stringent requirements on di�erent parameters of the a

elerator,for example, high e�
ien
y of the ion sour
e and large and steady beamtransmission (whi
h implies stability of the high voltage terminal and of theion opti
 devi
es) and therefore a 
onsiderable amount of work has beendedi
ated in this dire
tion. The AMS te
hnique, whi
h �nds appli
ationin a large variety of dis
iplines, was born from nu
lear physi
s and it stillhas a 
lose relationship to it. Not only be
ause it uses the same dete
tionand identi�
ation te
hniques but also be
ause it requires the knowledge ofnu
lear physi
s information su
h as relevant 
ross se
tions, half-lives.Mu
h more work has to be done for the use of this radionu
lide in envi-ronmental appli
ations. Systemati
 measurements of 36Cl is required to gainan insight of the interplay between its two prin
ipal sour
es (anthropogeni
and 
osmogeni
), in spa
e and time. Finally, we would like to remark theimportan
e of 36Cl for several hydrologi
al purposes, like as ground watertra
er, whi
h is of interest for assessing potential sites for disposal of ra-dioa
tive waste.We wish to thank M. Préndez and the authorities of the INGEIS, Ar-gentina, for providing the samples. Also a grant from the Deuts
her Akade-mis
her Austaus
hdienst and Volkswagen Stiftung are a
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