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Abstract 
A program with the aim of dating water from 
economically-Important Australian groundwater 
basins was initiated at the ANU in late 1985. 

In order to span the anticipated time scale, the 
36 

content of the radioisotope CI in the water must 
be determined with a sensitivity of about one part 
in 10 . Accelerator mass spectrometry is the only 
method capable of such ultra-sensitivity. 

The work reported has concentrated on an 
evaluation of the HUD accelerator facilities for 
this purpose, and measurements have been made in 
order to demonstrate the feasibility of the 
technique and to establish the requirements for 
routine, accurate measurements. 



-2-

On the basis of the success of these 
measurements. It Is concluded that dating of 
groundwater samples can be Implemented by the end 
of 1986. 
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1. Introduction 
Many of Australia's groundwater basins of economic 

importance are large and are located in arid and seal-arid 
regions. The tlae scales of the recharge and flow processes of 
these basins can be very long, and in particular aay be well 
beyond the range of C dating (*40,000 years). For example, 
the residence tine of water in the Great Artesian Basin can 
exceed one Billion years. In order to determine the dynamics of 
groundwater flow on this sort of time scale, a cosmogenically 
produced radioisotope with a longer half-life than C is 
required. Chlorlne-36, with a half-life of 301,000 years, is 
well suited to such measurements, and it has the additional 
advantages of simple geochemistry, conservative behaviour in 
groundwater, and a general absence of subsurface sources at 
levels comparable to the atmospheric Input. It is produced in 
the atmosphere by cosmic ray spallation of Ar and by neutron 

36 
activation of Ar, and the global fallout averages 16 
atoms/m2/s. Typical ratios of 3 6 C 1 to total chlorine in modern 
water are 10xl0~ 1 5, or about 1/10 the ratio of 1 4 C to total 
carbon in a modern sample. Because of this difference in 

36 
Initial ratios and because the lifetime of CI is so much 
greater than that of 1 4 C , counting of the radioactivity from 
3 6C1 is much more difficult than for C. Indeed, the level of 
3 6C1 in modern water is close to the limit of the radioactive 
counting technique which is therefore useful only in certain special cases. Accelerator mass spectrometry, with a 
sensitivity at tl 
of this impasse. 
sensitivity at the level of one part In 1 0 1 5 , offers a way out 



- 4 -

MK-ACC&CNU10M 

•CAM CHOWCR 

ft— MFLECTKM 

HCAVY-KM 
KTECTOR 

-MUD ACCfLOUTOft 

•foi n w m 

- M M VOLTMC 

ANM.VSM MtONCT 

Fig.l The component* of the 3 6C1 dating iyeten 
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2. Accelerator —as spectroscopy 
2.1 EcftSlBl! 

Pig. 1 is a schematic diagram of the essential components 
of the system comprising ion source, accelerator, and heavy-ion 
detector. The sample to he dated is prepared in a chemical form 
suitable for insertion into the ion source of the accelerator. 
In our case, the chlorine content of the water sample is 
prepared as silver chloride, which is then pressed into a cone 
and placed in a wheel in the ion source. The wheel can hold 
twelve cones. Negative chlorine ions are produced by bombarding 
the corn's surface with caesium ions, are accelerated to 150 keV 
and then mass-analysed by bending through 90" in a magnetic 
field. If the magnetic field is set to select ions with an 

36 36 
atomic number of 36 then ions of CI, 3, and molecules with 
mass 36 such as 18(>2 and 1 2Cj will all be injected into the 
accelerator. These ions are accelerated to the positive 
terminal of the accelerator which is typically at a potential of 
12 MV (million volts), where they pass through a very thin 
carbon foil. The functions of this foil are two-fold, to strip 
electrons off the negative ions thereby converting them to 
positive ions, and to break up any molecular ions. For a given 
atomic species, a distribution of charge states is produced by 
the foil. At 12 MeV, chlorine ions are produced most 
prollflcally in the 9* charge state (8 electrons still 
attached), but significant fractions are also produced in the 
7*, 8* and 10* charge states. He have chosen to work with the 
10* charge state for reasons given below. These positive ions 
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are further accelerated by the positive terminal, and the 10 
ions receive a further 120 MeV (10x12 HV> of energy by the tiae 
they leave the accelerator. Their total energy is therefore 132 
HeV. At this energy their velocity is 9% of the speed of light. 
A second magnetic deflection through 90* selects the 3 6 C 1 1 0 + 

ions and rejects those with charge states other than 10 . 
Finally, these energetic Ions enter a gas-filled heavy-ion 
detector which counts individual ions and which is capable of 
separating 3 6ci 1 0+ from ^ g 1 0 * and fro* any other ions Which 
have survived the final Magnetic selection. A slallar procedure 

35 37 is followed for the stable isotopes, CI and CI (which occur 
in nature in the ratio 3il) except that they are stopped 
immediately In front of the heavy-ion detector on an Insulated 
bean stop. A measurement of the electric current on this stop 
yields the nuaiber of ions per second of the stable isotopes. In 
principle, the ratio of the number of CI ions per second (as 
counted by the heavy-ion detector) to the sua cf the stable 
Isotopes is then the fraction of CI atoms in the original 

36 CI dating has been developed at three other nuclear 
physics laboratories which operate heavy-ion accelerators , 
the University of Rochester in the US and the Helzmann Institute 
at Rehovot in Israel, and the Technical University of Munich. 

2.2 The Heavy Ion Detector 
The extremely high sensitivity of accelerator aass 

spectrometry results from the ability to count individual atoms. 
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To make this possible, a detector is required which can 
discriminate between 3 6C1 ions and other ions of the saae 
magnetic rigidity (i.e. the same ME/q2 where M is the mass, E 
the energy, and q the charge of the ion) which are also 
transmitted to the detector by the final magnetic analysis. For 
example, ions of (which has an abundance of 0.017% In 
natural sulphur) will inevitably be produced In the ion source 

36 and will arrive at the detector with the same energy as CI. 
Other ion species may also be present and these will be 
discussed further below. The detector distinguishes between 
36 C 1 

and 3 6 3 ions of the same energy on the basis of their rates 
of energy loss in a gas. For fast ions of the same velocity, 

2 
this rate of energy loss varies as Z (Z Is the atomic number), 
and hence there is a 13% difference between the energy losses 
for 3 6C1 and 3 6 S . At velocities less than *4% of the speed of 
light, the dependence of energy loss on Z is much less 

36 
pronounced, and It becomes impossible to distinguish between S 
and 3 6C1. 

A cross section through a heavy ion detector is shown in 
fig. 2. The detector is a double-grldded ionization chamber and 
Is filled with isobutane gas at a pressure of typically 100 
Torr. Ions enter the detector through a 1.5 ua thick mylar 
window and the gas pressure is chosen so that they stop within 
the active volume of the detector. Electrons produced by 
ionisation of the gas drift vertically in the applied electric 
field and Induce pulses on both the cathode and anode 
electrodes. The size of the cathode signal is proportional to 
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Fig.2 Cross section through a heavy-Ion detector (schematic). 

tha total lonlsatlon produced and hence to the energy of the 
ion, while the size of the signal froa any one of the anode 
segments is proportional to tha lonlsatlon produced beneath that 
segment only and hence to the energy loss of the Ion along that 
portion of Its track. Typical spreads In the total energy and 
energy loss signals froa such a detector are 1% and 4% 
respectively. 
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3. preli«inTT —aaure—nta 
The 3 6C1 dating program was initiated at tbe AMU in the 

latter part of 1985. It involves a collaboration between the 
CSIRO Division of Soils (Adelaide), the AAEC (Lucas Heights), 
and the AND. A crucial component of the project is the 14U0 
Pelletron accelerator, a 14 MV tandem accelerator at the ANU 
which is used predominantly for basic research into the 
properties of atomic nuclei, but which is ideally suited to CI 
dating by accelerator mass spectrometry. 

3.1 
All measurements performed so far have employed an 

existing heavy-Ion detector which resides at the focal plane 
36 

of a large magnetic spectrometer. Transporting the CI ions to 
this detector Involves an additional two bending magnets (the 
switching magnet and the spectrometer itself) and a magnetic 
guadrupole doublet, beyond what is shown in fig. 1. In order to 
avoid the need to change a large number of magnetic elements in 
switching between 3 6C1 and the stable 3 5 C 1 and 3 7C1 beams, the 
following procedure was adopted. 
a) The magnetic field In the energy-analysing magnet of the 

accelerator was set to transmit 132 MeV 3 6 c i 1 0 + ions. 
b) The Inflection magnet (after the ion source) was set to 

select CI" Ions and the terminal potential of the 
accelerator was raised to 12.343 MV. The resulting 3 5 C 1 1 0 + 

ions, with an energy of 135.77 MeV, have the same magnetic 
rigidity as 132 MeV 3 6 C 1 1 0 ^ Ions and hence may be used to 
tune the various bending and focussing elements to the 
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36 35 10+ 
values required for CI. The current of CI Ions was 
measured Immediately In front of the heavy Ion detector by 
an Insulated Faraday cup. A disc (with a hole to allow the 
bean through) was placed over the entrance Into the cup and 
was held at -300 V to prevent electrons produced within the 
cup from escaping. 

37 
c) A similar procedure was followed for CI. The only changes 37 -required were setting the Inflection magnet for CI Ions 

and a reduction In the terminal voltage to 11.676 MV. 
36 

d) To change to CI, the Inflection magnet was set to the 
appropriate value by Interpolating between the values for 
35 37 
CI and CI. The terminal potential was set to 12 HV and 

held there under control of the generating voltmeter which 
monitors the terminal voltage. The Faraday cup was moved 
away, and Ions allowed to enter the detector. 

3.2 Bejylii 
3.2.1 Choice of optimum charge state 

Approximate fractions of chlorine beams In different 
charge states are shown In table 1. It might appear that the 
best charge state to use would be the most prolific, l.e, CI9"1". 
However, when the system was tuned for 3 6 C 1 9 + there was an 
intense flux of 1 2 C 3 * Ions (*10,000/s) Into the detector. These 
originate from 1 2 C j molecular Ions which are injected into the 

36 
accelerator along with CI ions. They are broken up into 
individual atoms in the terminal foil, and these that are 
subsequently accelerated as 1 2 C 3 + ions have the same magnetic 
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TABLE 1. Approximate charge state fractions for 
12 MeV chlorine Ions after passing 

through the stripper file. 
Fraction (») 

0.9 
16 
33 
32 
15 
3 
0.3 

Charge State 
6* 
7* 
8 + 

9 + 

10* 
11+ 

12 

36 9+ 
rigidity as CI Ions and hence are transmitted to the 
detector. 

12 In order to avoid swaaplng the detector with these C 
Ions, It was decided to use the 10 charge state. In principle, 
18 5+ 18 — 
0 ions (which originate as 0 2 molecular Ions) present a 

12 3+ 
slallar problem to C ions, but because of the low natural 
abundance of 1 8 0 (0.2%), the observed counting rate Is only 
*10/s. 

At the University of Rochester , which is the only 
laboratory to have performed CI dating on a routine basis, the 
7* charge state was used at an accelerating voltage of 10 MV. 
The higher charge state and higher terminal voltage employed 
here confer the advantage of Improved separation between CI 

36 
and S in the heavy-ion detector. 
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3.2.2 Prellainary Results 
A two dlaenslonal plot of energy loss versus total energy 

for ions entering the heavy-ion detector is shown in fig.3, and 
36 36 

one-diBsnslonal projections in fig.4. The CI and S ions are 
clearly resolved on the basis of their energy loss. A nuaber of 

18 5+ other ion species are also evident. The origin of the 0 
ions has already been discussed, but the 3 7 C 1 1 0 + , 3 5 ' 3 7 c i 9 + and 
1 2 C 3 + ions have a different origin. The ' wable chlorine 
Isotopes are present because the Inflection magnet transmits 
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Pig. 3 Tvo-dlienslonal scatter plot of energy loss versus total 
energy for ions entering the heavy-ion detector* 
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Fig. 4 One dlienelonal projections of the data on to the total 
energy and energy loss axes. In order to show the 
separation of CI froa 3 7 C 1 , a cut was applied on the 
energy loss to exclude 3 6 S froa the total energy 
spectna. Similarly, a cut was applied on total energy 
to exclude 3 7C1 frm the energy loss spectrua. 
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35 - 37 -
tails of the CI and CI distributions. These are 
accelerated, f.il a very small fraction undergo charge exchange 
collisions wi. I residual gas molecules in vhe accelerator tube 

37 9+ 37 10+ 
which can, fo. example, change a 'CI Ion to a CI* ion. 
Hence, ions with a continuous spectrum of energies are 
generated, including some with the correct energy to be 
transported to the detector. A similar charge exchange 12 3+ mechanism Is responsible for the C Ions which were initially 
injected Into the accelerator as C^ Molecular ions. 

However, as Is evident froa fig.3, these other ion species 
are not a problem and typical counting rates In the detector 
have been MOO s . 

A number of different samples have been studied. 
a) A spiked sample containing 3 6C1 at the level of 5000xl0~15. 

36 
This was prepared by diluting reactor produced CI (from 35 neutron capture by CI) with stable chloride. 

36 
b) Two other samples of "known" CI concentration. 
c) A sample prepared from AR grade NaCl purchased froa Merck. 

In order to determine the CI content of these samples, 
35 37 

the CI and CI currents were first measured in the Faraday 
cup, and then CI Ions were counted for 10 myites. Chlorine 
Ions are produced proliflcally in the ion source, and it is a 

35 
simple matter to obtain 10 uA of CI . However, beam-Induced 
loading of the accelerator Halts the aaount of beaa which can 
be Injected into the accelerator to 2-3 uA, Hence the source 
was operated very conservatively during these measurements. A 
means of fully utilizing the capabilities of the ion source is 
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TABLE 2. Results froa two preliminary measurements 
of CI concentrations for four samples. 

Sample 
13/12785 

36C1/C1 <xl0~15> 
14/2/86 Kgwlwu 

3450 3460 5470 

B 3055 
2430 

a) 
a) 

5470 

C 

D 

315 400 

2240 

270 

1450 

4050 4750 b) 

a) Results from two different cones, the first 
pressed from considerably less material than 
the second. 

b) Obtained froa Merck AR grade NaCl; 3 6C1 content 
unknown. 

discussed further below. 
It was found that the measured currents of 3 5C1 and 3 7C1 

at the Faraday cup in front of the detector were in the ratio 
5il rather than the 3tl measured before acceleration and 
expected on the basis of the natural abundances. This mass 
fractionation Is due to the mechanism of the stripping process 
in the terminal foil - The 3 7C1 ions (which have an energy of 
11.676 MeV at the terminal) are travelling aore slowly than the 
lighter 3 5C1 Ions (with 12.343 MeV), and hence a smaller 
fraction of them are produced in the 10* charge state. 

The 3 6C1 concentrations obtained froa two preliminary 
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measurements are presented in table 2 and compared with the 
nominal values. Corrections for mass fractionation have been 
applied. The internal consistency between the two measurements 
is good, but the agreement with the nominal values is only fair. 
Huch to our surprise, since we bad anticipated that it would 
contain essentially "dead" chlorine (i.e. no CI), the sample 

36 
prepared from high purity HaCl is even richer in CI than the 
spiked sample. 
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4. Futvxt ptYil nrainti 
4.1 The heaw-ion detector 

A purpose-built heavy-Ion detector has been constructed, 
tested, and assembled In the position shown In flg.l. This new 
detector Is much more coapact than the focal plane detector used 
previously and proalses to have superior energy resolution. Its 
new location also reduces the number of parameters of the beam 
transport systea. 
4.2 Computer control 

It is planned to 90 through the sequence of aeasureaents 
36 

which are necessary to determine the CI content of a sample 
under computer control, and the requisite hardware is on order. 
The sequence of operations is likely to differ from that used to 
date In that the terminal voltage will be maintained constant 
and the various magnetic elements (bending magnets and 
quadrupoles) will be adjusted to transmit the three chlorine 
beams in turn. Faraday cups and the beam chopper (see 4.3) will 
also be under computer control. It is envisaged that several 
cycles will be performed for each sample In order to average any 
fluctuations in the output of the ion source. Maintaining the 
terminal coltage constant should also reduce the mass-dependent 
fractionation. 

4.3 Ihf bfaj| ghoppex 
The problem caused by the large amounts of 3 5C1 beam was 

noted above. At Rochester this problem Is solved by flipping 
into the low-energy beam an attenuator consisting of a grid with 
a transmission of *10%. However, this grid is eroded by the Ion 
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bombardment, and Its actual transmission must be aeasured 
regularly. He are fortunate in having a low-energy chopper 
which was constructed and Installed to aid the basic research of 
the Department, but which is Ideally suited to this application. 
It consists of a pair of plates to which a rectangular voltage 
waveform can be applied, alternately deflecting the low energy 
beam sufficiently so that it is not Injected into the 
accelerator and allowing it to pass undef lected. The time 
intervals can be adjusted, and It is planned to deflect the beam 
for 1 as and allow It to pass for 50 ys. <* test of the system 
demonstrated the expected factor of 20 reduction in the beam 
transmitted through the accelerator. It will be possible, 
therefore, to operate the ion source for maximum output, thereby 
reducing the time required to determine the CI content of a 
sample. 

4.4 Ion source develop—nts 
The present ion source requires samples of greater than 

200 mg. For artesian water this sample size presents no 
difficulty, but for water from soil samples the ability to 
handle smaller AgCl samples would be an advantage. Consequently 
an ion no.irce with small sample (*1 mg) capability is presently 
under construction in the workshop of the Research School of 
Physical Sciences, AMU. 
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