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Abstract
This paper describes the upgrade of the Vienna Environmental Research Accelerator (VERA) to a universal facility for Accelerator Mass Spectrometry (AMS). As a result, it is now possible to measure many long-lived radionuclides at natural abundances across the nuclear chart, from the lightest (10Be) to the heaviest (244Pu). Particular emphasis is placed on measurements to understand the ion optics and the origin of background ions, which ultimately limit the sensitivity. VERA is now ready to venture into the realm of actinides (e.g. 236U, 244Pu), and other heavy radionuclides (e.g. 182Hf), which promise interesting applications in astrophysics and other fields.

1. Introduction

Accelerator Mass Spectrometry (AMS) started about 25 years ago at nuclear physics laboratories [1]. Since then, it evolved into the most versatile method to measure minute isotope ratios (10(10 to 10(16) in small samples [2]. It now touches almost every field of the environment at large [3, 4]. AMS revolutionized the use of long-lived radionuclides by detecting the radioactive atoms directly rather than their infrequent radioactive decay. In this way one gains many orders of magnitude in detection sensitivity, reducing e.g. sample sizes for 14C dating from grams to milligrams, and the measuring times from days to hours. Some cosmogenic radionuclides (e.g. 41Ca) were undetectable at natural abundances through their beta-decay, and only became available through AMS [5, 6]. 

Almost all AMS facilities can be understood as two mass spectrometers (called “injector” and “analyzer”) linked with a tandem accelerator (fig. 1). Such a system combines the advantage of using negative ions in the injector with a stripping process to positive ions in the tandem accelerator (dissociating molecules), and the subsequent analysis of these ions on the high-energy side. Since not all elements form negative ions, isobaric interferences can be effectively suppressed in some important cases. For example, the detection of 14C is greatly alleviated by the non-existence of 14N( ions [7]. It is also possible to use suitable negative molecular ions of radionuclides to suppress the interference from stable isobars. For example, the radionuclide 41Ca is injected as 41CaH3(, which greatly suppresses 41K background because 41KH3( does not form stable negative ions [8]. On the other hand, the strong molecular background of 12CH2( and 13CH( ions, which makes a detection of 14C( at the injector impossible, can be eliminated by dissociating the molecules in the stripping process in the tandem accelerator. Furthermore the higher energies of the ions after acceleration allow an additional separation of the wanted ions from possible background ions at the particle detector. This method allows measurements of isotopic ratios well below 10(10, where many interesting long-lived radionuclides in nature are expected (e.g. 10Be, t1/2 = 1.5x106 a; 14C, 5.73x103 a; 26Al, 7.2x105 a; 36Cl, 3.01x105 a; 41Ca, 1.04x105 a; 129I, 1.6x107 a).

The detection of the heaviest long-lived radionuclides (e.g. 236U, 2.34 x107 a; 244Pu, 8.1x107 a) with AMS is alleviated by the lack of stable isobars in this mass range. Therefore it was possible to perform the first AMS detection of natural 236U at a small tandem accelerator facility [9]. Larger accelerators (built for nuclear physics) have the advantage of higher energies, which helps for the separation and identification of the radionuclides from interfering background [10], especially if stable isobar separation is needed. The relative mass difference between the radionuclides of interest and its neighboring isotopes generally becomes smaller for higher masses, so both the injector and the analyzer must provide sufficient resolution. At lower energies with small tandem accelerators all components must be well designed to achieve the desired reduction of interfering background. Small machines can offset this disadvantages of lower energy by higher flexibility and stability. Moreover, in cases where no negative ions of the interfering stable isobars exist, an even better sensitivity can be achieved with lower effort. The necessary modifications of the VERA AMS system from the original setup [11] and our first experiences with heavy isotope AMS will be presented.

2. The VERA AMS system

The AMS facility at the University of Vienna, the Vienna Environmental Research Accelerator (VERA), is based on an AMS system with a 3-MV Pelletron tandem accelerator, built by National Electrostatics Corporation (NEC) in Wisconsin, USA. Despite the modest terminal voltage of 3 MV, one goal of the VERA facility has always been to extend AMS measurements across the whole nuclear chart. Therefore the main components of the original machine [11] allow the transport of all ions from the lightest to the heaviest. To achieve the ultimate sensitivity and stability, all components are designed to avoid beam losses. High selectivity is not obtained by a single component with extremely high resolution, but by several elements with lower resolution and high transmission. 

Since the installation of VERA in 1996 we have extended the measuring capabilities of the original system considerably. The schematic layout of the new setup is shown in fig. 1. In the following we briefly describe the main elements of the system.

2.1. The ion source

The ion source is of the so-called MC-SNICS type (Multi-Cathode Source for Negative Ions by Cesium Sputtering) [12]. The source contains a target wheel holding up to 40 pre-treated, solid samples of typically a few mg material and 1 mm diameter. Under normal running conditions, each sample can be sputtered with the cesium beam for several hours. Only the resulting negative ions (e. g. <10% of all sputtered ions for carbon) can be used. The fraction of negative ions varies appreciably for different elements, and can actually be well below one percent for elements with low electron affinities. For chemical elements which do not form negative atomic ions well (e.g. alkaline earth elements), negative molecular ions can be used. In some cases a proper choice of the negative ion species also allows one to suppress stable isobars (see sec. 6.4). On the other hand, an unsuitable sample material or a disadvantageous choice of the ion species will compromise the effectiveness of the injector mass spectrometer if interfering molecular isobars exist. Hydrides can often cause problems since different isotopes of the same element can be simultaneously injected with different numbers of hydrogen atoms. Oxides usually show reasonable yields of negative ions (we observe up to 100 nA for 238U16O(). However, for the detection of the rare isotope of uranium, 236U, the 236U16O( ions will be accompanied by the more abundant 235U17O( and 234U18O( ions. These considerations suggest that often fluorides will be the best choice, since fluorine combines the advantages of a single stable isotope (19F) with a large electron affinity of the corresponding molecules (see sec. 6.1).

2.2. The low-energy injection system

The negative ions are pre-accelerated to a maximum injection energy Einj of 80 keV. The energy distribution of negative ions from the Cs sputter source is narrow, but shows a small high-energy “tail” of excess energy transferred from the Cs+ ions in the sputter process [13]. The energy selection is provided by a 45° electrostatic analyzer with a gap of 50 mm, a nominal bending radius of 300 mm and a maximum electric field strength of 6 kV/cm, resulting in an energy/charge state ratio Einj/q = 90 keV. Its spherical electrodes provide both horizontal and vertical focusing.

With the energy fixed, a single mass Minj is selected by a 90° bending magnet of 0.457 m radius and a maximum field of 1.25 T (Tesla). The maximal mass energy product (Minj Einj/q2) of the injection magnet is 15 MeV amu. In the original setup its resolution was not sufficient, mainly due to astigmatic focusing. A magnetic quadrupole doublet just in front of the magnet corrected this. An additional horizontal slit was installed 40 cm closer to the injection magnet than the original slit assembly where a stigmatic beam waist can be created [14]. The maximal usable mass resolution of the injector is now M/(M ~ 900 (see fig. 2). For the heaviest ions (e.g. 244Pu16O(), the bending power of this magnet limits the ion energy from the source to 56 keV, which apparently does not cause any disadvantages.

To select different masses without changing the magnetic field we can vary the energy of the ions inside the injection magnet. This is achieved by applying an additional accelerating voltage of up to 13 kV to the (electrically insulated) magnet vacuum chamber. This voltage can be changed very fast (<100 µs), which allows fast sequencing of different ion species [15].

2.3. The tandem accelerator

The +3-MV tandem accelerator is of the Pelletron type (model 9SDH-2, [16]) inside a vessel filled with SF6 at a pressure of about 6 bar. Two charging chains can supply a total charging current of about 230 µA. Resistors are used to divide the terminal voltage along the accelerator tubes. 

The terminal voltage TV is stabilized through the current drained by a corona probe. The signal from a generating voltmeter measuring the terminal voltage is used for voltage stabilization. In this way slit stabilization (often used at accelerators for nuclear physics) was not required for stable operation. The terminal voltage can be kept constant at 3 MV with an rms deviation of ( 300 V [15]. The stability of the terminal voltage is necessary to have a stable beam at the succeeding analyzer. In our case the resolution is not limited by the small jitter of the beam. 

The injected ions are accelerated by the positive high voltage towards a gas-filled channel (“stripper”), where they loose electrons and gain high positive charge states and therefore are accelerated a second time by the same potential. This results in an energy of several MeV:


E = (Einj + e TV) M/Minj + q e TV






(1)

Minj is the injected mass of the (possible molecular) ion and M the atomic mass of the ion analyzed with the charge state q.

The stripping process at the terminal has the advantage that it dissociates molecular ions, if enough electrons are stripped off. The stripper canal is filled with argon gas up to a few microbar pressure, and is differentially pumped by two turbo pumps at the terminal, which re-circulate the stripper gas.

2.4. The high-energy analyzing system

By selecting a sufficiently high charge state of the wanted ions, where no molecular ions can exist, the analyzing mass spectrometer efficiently removes molecular break-up products. One main component of the analyzer is a double focusing 90° analyzing magnet with a nominal radius of 1.27 m and a maximum field of 1.53 T. The maximal  ME/q2 is 176 MeV amu. At 3 MV terminal voltage it can bend the heaviest elements with charge state 5+ or higher. As an example, fig. 3a shows the negative ion mass spectrum from a U3O8 sample. Injecting 238U16O( ions, fig. 3b shows the various positively charged 16O and 238U ions separated with the analyzing magnet. 

In particular for heavy ion measurements it is important to have at least two high-resolution filter elements at the analyzer. In 2001, we replaced the low-resolution Wien-filter, which was originally installed after the analyzing magnet [14], with a new electrostatic analyzer (ESA) with the required high resolution. The ESA was built by Danfysik in Denmark, and the spherical electrodes provide both horizontal and vertical focusing. The Wien-filter was moved to a location between the exit of the tandem accelerator and the analyzing magnet (see fig.1) for future use as an additional analyzing component. The radius of the ESA (2.0 m), the bending angle (90°), the gap between the aluminum electrodes (45 mm), and the maximal voltage (( 100 kV) result in an energy/charge state ratio of E/q = 4.4 MeV. The ESA was positioned in such a way, that the image point of the analyzing magnet formed the object point of the ESA. The angular acceptance of the ESA in horizontal direction is 22.5 mrad, which does not limit the transmission of the analyzer. The vacuum chamber is sealed with Viton and reaches a vacuum below 10(7 Torr. The good vacuum is essential to reduce charge changing and scattering of the ions inside the ESA.

If all horizontal slits at the analyzing side are closed to ( 2 mm (as we do for heavy ion measurements), we obtain a nominal energy resolution of E/E = 1000. Together with the high momentum resolution of the analyzing magnet, p/p = 635, we have sufficient separation between the isotopes of the heaviest elements. The remaining background stems from charge changing and scattering processes of intense beams that accompany the ions of interest. It can be reduced by additional filters and is distinguished by energy and TOF measurements in the detectors (see sec. 5). For the analysis of 14C and 26Al a moveable silicon detector can be inserted at the image position of the ESA (see fig. 1). The high resolution of the ESA results in very clean energy spectrum for these ions, with virtually no background ions interfering with the radionuclides of interest.

2.5 The heavy-ion beam line system

Since different detectors are used for different ions, a switching magnet was mounted at the end of the ESA exit beam line (see fig. 1). Straight through the switcher at the 0° exit the 10Be detector system is mounted. The nominal radius of the beam to the + 20° exit port, where the heavy ion detector is mounted, is 1.372 m. The ME/q2 is the same as for the analyzing magnet. A magnetic quadrupole doublet in front of the switching magnet provides focusing at a distance of 1 m behind the magnet. For heavy ions the switching magnet fulfills another important function as an additional stage of background suppression (see sec. 5.2). 

The heavy ion detector provides both time-of-flight (TOF) and energy signals (fig. 4). Only the TOF detector has sufficient resolution to distinguish neighboring isotopes. The main function of the energy signal is to discriminate mass/charge ambiguities because they gain different energies in the accelerator due to their different charge state (see sec. 5.1).

The TOF signal is derived from the time-of-flight between two similar timing detectors separated by a flight path of 1.5 m. In each timing detector the ions induce secondary electrons at an ultra-thin diamond-like carbon foil (DLC foils); the electrons are reflected by an electrostatic mirror, collected and multiplied by a micro channel plate. The outgoing signal is a very short negative pulse (rise time of less than one nanosecond). The start and the stop signals are amplified and fed into a time-to-amplitude converter (TAC). The time resolution (FWHM) of the whole time-of-flight setup is about 300 – 400 ps.

The DLC foils were produced at the Kurchatov Institute at Moscow by glow-discharge sputtering of graphite inside a low-density krypton plasma [17]. These foils are the thinnest carbon foils available anywhere, and are mounted on an extremely flat Cu mesh (1.2 µm wire thickness) of 90% transmission. For the start detector we used a foil with a thickness of 0.6 µg/cm2. These foils induce minimal energy loss and almost no angular straggling to the passing ions, verified by a scattering experiment (fig. 5) and phase space measurements (see sec. 3). This is a main advantage to minimize the losses of ions due to scattering. In addition, we can increase the flight path to get a better relative time resolution. For example, the 238U ions at 18 MeV need approximately 400 ns for the flight path of 1.5 m. With an overall time resolution (FWHM) of 400 ps we achieve a relative time resolution of 10(3. For the stop detector we use a slightly thicker foil (2 – 4 µg/cm2) with a larger aperture of 18 mm. Because of the short distance to the final energy detector angular scattering is not so critical.

The two timing detector have additional 3 grids, each with a transmission of 95%, to accelerate and bend the electrons from one side of the foil onto the micro channel plates. The optical transmission through both timing detectors is 60%.

For the energy measurement we use a Bragg-type ionization chamber, although a dE/dx determination is not possible at our low heavy ion energies. The ions pass an entrance window (0.5 – 0.9 µm Mylar) and are finally stopped in a gas volume. As counting gas we use isobutane (C4H10). Its high density allows stopping the ions inside the active volume at low pressure. An electrical field accelerates the produced charges, which is parallel to the beam direction. This provides better energy resolution because even the electrons produced shortly after the entrance window are collected. The diameter of the entrance window is 16 mm. To avoid increasing the thickness of the entrance window, we used a coarse supporting grid with a transmission of 99 %. Measurements showed that a 0.5 µm Mylar foil survives up to 400 mbar with the additional supporting grid, where as it would break at 130 mbar without any support. Our working pressure is about 70 mbar (depending on the ion species and energy). The energy resolution (FWHM) we achieve is 3 – 5%. This is better than for a surface barrier detector (about 10 %), which, in addition, shows a significant pulse height deficiency due to incomplete charge collection. (A first test with a newly developed calorimetric low temperature detector, shows a very promising energy resolution of about 0.5%, and a linearity of the response over a wide energy and mass range [18]). For our purpose the Bragg-type detector is sufficient since it is used to distinguish the energy/charge ambiguities, which are separated by about 20% in energy. Another advantage is the robustness against high count rates. This is usually required for the tuning procedure where we tune the attenuated beam of a stable isotope on count rate in the detector with more than 104 counts per second. For actual measurements of rare radioisotopes, we usually have count rates well below 103 counts per second.

3. Simulation and experimental analysis of the ion optics

The decisions how to re-arrange the analyzer beam line were based on ion optical calculations. The first order matrices from [19] and [20] were implemented in a Mathematica [21] program to simulate the individual ion trajectories. These calculations were supplemented by experimental analysis of the ion optics after each step of the beam line upgrade. For the beam diagnostics a moveable slit and a NEC-type beam profile monitor have been combined to measure the emittance of the ion beam [22]. As the phase space contains the complete information of the beam, this allows extrapolating the profile along the optical axis. By these means, we can check the positions and diameters of the beam waists directly from the plots. The measured divergence ( for heavy ion beams (e.g. for 197Au5+ FWHM(() = 2.0 mrad after the analyzer magnet) is larger than for light ions (e.g. for 13C3+ FWHM(() = 1.1 mrad). We think that the reason lies in the larger angular scattering of the heavier ions in the stripping gas.

4. Measurement procedure

The details of the measurement procedure vary for the different radionuclides. The accuracy of the AMS measurement depends on the reproducibility of the ion optical transmission for different isotopes and samples. Instabilities in the machine and differences in the sample geometry will induce changes of the beam geometry and consequently of the transmission through every aperture, where parts of the beam are lost. Generally a reduction of the losses will increase the accuracy of the results [23]. Therefore the goal of machine tuning is always to maximize the ion optical transmission through the various apertures. Higher efficiency and shorter measuring time are further advantages of this procedure.

We tune the ion-optical components with a pilot beam of a stable or abundant neighboring mass (238U16O( for instance for 236U). The horizontal slits in front of and after the injector magnet are set to a narrow opening (( 1 mm). Nine focusing and steering elements are optimized by maximizing the current in the Faraday cup after the accelerator. This is done fully automated by our program called AUTOMAX [24]. The analyzing side is optimized in a similar way using positive ions (e.g. 238U5+). Here the horizontal slits are set to ( 2 mm. Analyzing magnet, ESA and all focusing and steering elements are optimized by maximizing the current in the last Faraday cup just before the detector. The last magnetic quadrupole doublet and the switching magnet are optimized by maximizing the count rate from the attenuated pilot beam in the energy detector. Once a setup for the pilot beam is found we scale the main components (voltage at the chamber of the injector magnet, accelerator voltage, analyzer ESA) to the mass we want to measure. Systematic investigations showed that if the relative mass difference is sufficiently small, we need not change the lenses and the steerers. We avoid changing magnetic components, which are usually slower and less reproducible.

For normalization, a reference isotope of the same element must be measured together with the wanted radionuclide (e.g. 238U for 236U measurements). Measurement intervals for the reference ion species and the wanted ion species must be alternated. For heavy ions, where we also change the accelerator voltage and in some cases the analyzer ESA, this cannot be achieved with our fast sequencing hardware, which controls only the voltage at the injector magnet chamber and a pair of steerers. So we take resort to slower, software controlled sequencing, where we switch between the reference ion and the radionuclide every 5 minutes. A Faraday cup is inserted at the image position of the analyzing magnet, if the current of the reference ion (e.g. 238U) is measured. However, the fast sequencing hardware is used to trace output variations from the ion source. During both the measurement of the ion of interest and the reference ion, the voltage at the injector magnet chamber is changed several times per second to deflect the negative ion beam of the reference ion into an offset cup for a short time interval.

5. Background suppression for heavy ion measurement

5.1 Background of lower masses

One main difference to the detection of lighter ions (10Be, 14C, 26Al) is the larger possible number of interfering molecular ions. Although all molecules are destroyed in the stripper, the leakage of fragments through the analyzing system (see fig. 3) can make a measurement impossible by paralyzing the detector system with too high a counting rate. If the filters are tuned for a certain combination of mass M, charge state q, and energy E, neither magnetic fields nor electrostatic fields nor a combination of both can separate interfering ions which share the same ratios between these basic ion parameters. Unfortunately ions with the same M/q in the analyzer will unavoidably have gained the same E/q during molecular fragmentation, stripping and acceleration [25]. 

If we look, for instance, at 182Hf with M = 182, q = 4 and E182 = (Einj + e TV) 182/277 + 4 e TV we can not suppress zirconium ions with M = 91, q = 2 and E91 = (Einj + e TV) 91/277 + 2 e TV, since 182/4 = 91/2 and E182/4 = E91/2. In the final energy versus TOF spectrum of a 182Hf4+ measurement (fig. 6) the peak of 91Zr2+ can be clearly identified. 

When investigating ions of mass M, it is therefore advantageous to work with a charge state q, which shares no common divider n with M. For the heaviest ions, ambiguities with even higher mass, charge state and energy do not exist. Atoms with mass M/n reach the rare isotope detector as ions with charge state q/n and energy E/n, whenever they can form molecular negative isobars in the injector. At low count rates these ambiguities can be distinguished by their different energy with an energy-sensitive detector, but high count rates usually blind such detectors. So for every radionuclide a proper target material, an injected negative ion species and an analyzed charge state must be chosen. Even if mass and charge state have no common dividers, for a different charge state q combinations of mass/charge may exist which show only 1/q of the separation of neighboring masses in the same charge state as the wanted ion.

5.2 Background of neighboring masses

It is a general observation in AMS that ion optical filters are passed with a small probability by background ions of neighboring masses even if the expected separation is large. If we exclude ion-optical aberrations, the main reason for this „leakage“ can be charge-changing processes along the path of the ions due to residual gas. Angular scattering on the residual gas, on electrodes, slits or vacuum chamber walls can also allow background to pass a filter. 

The leakage can be reduced by simply adding more filter elements. Every stage provides several orders of magnitude of suppression, until the required background reduction is achieved. Common sense suggests that background ions matching one of the filters (i.e. correct energy over charge state E/q for an ESA, correct momentum over charge state p/q for a magnet, or correct velocity v for a Wien-filter) can pass with fewer charge changing processes and therefore will be enriched in the residual background. However, cross sections and geometry may alter this general rule, so each type of background requires individual analysis. The goal of the recent VERA upgrade was to reduce this background.

We made systematic investigations with uranium ions. In the original beam line configuration only the analyzing magnet provided suppression of neighboring masses for heavy ions. The separation between 236U5+ and interfering 238U5+ after the Wien-filter was only 0.8 mm, which allowed no background reduction. In the TOF-versus-energy histogram (fig. 7) we see that the tail of a background peak related to 238U extends into the area where the 236U is expected. The counts in this area correspond to a background in 236U/238U of 1x10(8.

The origin for this background was studied by injecting mass 254 (238U16O() instead of 252 (236U16O(). In the analyzing magnet scan (fig. 3b) we can see all fragments up to the maximum field strength of 1.53 T. At lower magnetic fields there are the different charge states of oxygen (16O) which have gained different energy in the accelerator. For 238U we see the charge states down to 5+ which is the lowest charge state we can bend with the magnet. Between these peaks, we can see a continuum caused by charge changing processes within the accelerator tubes. Every peak has a tail towards lower energies of ions which have changed from a lower charge state to a higher one, e.g. from 4+ to 5+. They have less energy than the regular 5+ ions, and the energy deficit depends on the position where the charge change took place. The probability is highest close to the gas stripper, where the vacuum is worst. The tail ends in a peak at the magnetic rigidity of 238U ions with the energy of regular 4+ ions, but with charge state 5+. This peak is caused by charge changing from 4+ to 5+ between the accelerator exit and the analyzing magnet entrance, which comprises a relatively long section (~ 5 m) of the beam line.

For regular 236U measurements we inject 236U16O( (mass 252). However, these ions are always accompanied by other molecular ions. Typically we measure a current of or below 1 nA in the injector (fig 3a), which was found to be mainly 238U14N(. The 238U14N( component is probably due to residual nitrogen from the combustion of the uranylnitrate to U3O8, which was used as sample material. The molecule breaks up in the stripper, and the resultant 238U5+ ions will undergo the similar charge changing processes in the accelerator column as those originating from 238U16O( and shown in fig. 3b. The arrow in this figure indicates the position of 236U in the background continuum, which is used to estimate the suppression of 238U5+ from 238U14N(. We see that due to charge exchange in the accelerator column several permil of the 238U5+ ions can still pass the magnet when it is set for 236U5+. This background has the same magnetic rigidity p/q as 236U5+, which implies


(E/E = –(M/M.







(2)

These ions have both higher mass and lower energy, and therefore are slower. Using formula (1) we obtain for the relative flight time difference in the TOF detector:


(t/t = –(v/v = –½ ((E/E – (M/M) = (M/M    (p/q = const).

(3)

The background peak in fig. 7 corresponds to this difference in time-of-flight. The large background tail made a measurement of 236U at natural levels impossible with the old setup.

The high resolving power of the ESA (radius r = 2.0 m) provides the required suppression. Considering formula (2), the ESA, which is sensitive to E/q only, can further suppress the background with the same magnetic rigidity. The separation at the image slits is (x = 2 r (E/E. In our case 238U5+ with the same magnetic rigidity as 236U5+ is separated by 34 mm.

After the ESA, in the TOF-versus-energy histogram (fig. 8a) for a natural uranium sample (236U/238U ~ 6x10(11), we see mainly 236U. However, the 238U5+ ions with the same magnetic rigidity as 236U5+ are not yet completely suppressed. In our understanding, these 238U ions must undergo a second charge change (fig. 9). To obtain the correct energy to pass the analyzing magnet, the first change from 4+ to 5+ has to take place inside the accelerator column shortly after the terminal (a frequent process, as shown above). The second charge change from 5+ back to 4+ must take place inside the ESA. The charge change causes a change of the bending radius, and there is a certain position near the exit from where the 238U5+ ions will pass through the image slits. The ions are less than 10 mm off the mean path when the charge change takes place.

In the TOF spectrum (fig. 8c), between the 236U5+ and the 238U5+ with the same magnetic rigidity there are counts with about half the TOF separation. Since we found no 237Np in our sample material, we think that this corresponds to 238U5+ with the same energy as 236U5+:


(t/t = –(v/v = ½ (M/M
(E/q = const)




(4)

i.e. these ions show the half TOF-separation of ions with constant magnetic rigidity (compare formula (3)). This agrees with the general rule that the ESA will suppress all background ions except those with the same E/q as 236U5+. However, further systematic investigations are required to understand which charge changing or scattering processes are involved, and where they can take place.

The processes allowing background to pass the high resolving filters involve charge changes. Ions with a wrong charge state can be suppressed even by components of low selectivity. The resulting gain in background suppression can be clearly seen in fig. 8b. The switching magnet has been added as an additional filter element after the ESA. Since the path inside the switching magnet is short the separation between neighboring uranium isotopes with the same energy is only 2 mm. On the other hand, the residual background before the switching magnet is dominated by 238U ions in charge state 4+ which can be completely suppressed. In fig. 8d the 238U peak corresponding to the same magnetic rigidity has disappeared. Pleasingly, the background, which we interpreted as 238U5+ with the same energy as 236U5+, is also suppressed. Similar background processes are also possible for 235U, and in the TOF-versus-energy histograms we sometimes observed corresponding counts.

This investigations showed that charge-changing of 238U ions was the main source of background during 236U measurements before adding the switching magnet. However, this is consistent with the expectations from the different cross sections: the scattering cross section is in the order of 10(20 cm2 whereas the cross section of charge changing is 10(16 – 10(15 cm2 [26].

Recently, we have mounted the small Wien-filter from our original setup between the accelerator and the analyzer magnet (see fig. 1). We did not perform any measurements yet, but a further suppression can be expected if part of the background ions have “wrong” charge states at this position.

6. Measurement possibilities and outlook

If, like in our case, the interfering background is removed, the major remaining limiting factor concerning the sensitivity is the negative-ion sputter yield in the ion source, which is for most heavy ions well below 1%. Stripping yield (3 – 6 %) and detector efficiency (20 – 30%) are further limitations, but less significant. Clearly, there is still potential for further improvements.

After the upgrade, VERA fulfills the requirements for a universal AMS facility for cases where no stable isobars exist. This, together with the good stability of the comparably small machine and the possibility to measure up to 40 samples in one computer controlled batch makes our AMS system suitable for applications of heavy radionuclides with almost “14C-like” running conditions. Some of the ongoing measurements of heavy ions and their applications are described briefly in the following.

6.1  210P, a comparison with decay counting

210Pb with its short half-life of 22.3 years is not a typically AMS radionuclide. It is usually measured via decay counting with a liquid scintillation detector [27]. However, at VERA it was used to develop the measuring procedure for heavy ions. Using the original setup in combination with a TOF detector for additional mass discrimination, we were able to demonstrate the measurement of 210Pb down to isotope ratios of 210Pb/208Pb = 3x10(11 [28]. This was only possible at this stage with the use of PbF3( ions, to avoid a simultaneous injection of the other Pb isotopes. The negative ion mass spectrum of the PbF2 material (fig. 2) demonstrates the high mass resolution achieved with the new injector slits. The sensitivity achieved for the 210Pb detection (several 10(6 of the total amount of 210Pb could be detected) is comparable to the conventional decay counting.

6.2  236U,  a neutron flux monitor

236U with a half-life of 23.4 million years is one of the heaviest radionuclides of interest for AMS. It was first detected in a uranium ore by the Toronto AMS group [9]. 236U is produced in nature from 235U by neutron capture. The isotopic ratio 236U/238U depends strongly on the thermal neutron flux in the material. This makes the radioisotope very suitable as a neutron monitor. In contrast to spent nuclear fuel with 236U concentrations in the order of 10(3, isotope ratios of 236U/238U in natural samples are expected to be in the range of 10(10 to 10(14. Up to now a detection limit of 10(10 was reached at other facilities [29 – 31]. The reached sensitivity was not limited by counting statistics, but by background from other nuclides.

For our first measurements we used aliquots from uranylnitrate UO2(NO3)2·6H2O, which had been stored in sealed bottles for decades in the basement of the Institute for Isotope Research and Nuclear Physics in Vienna [32]. The bottles have labels which read “K. k. Uranfabrik Joachimsthal”, and originate from the famous uranium mines which supplied material to Pierre and Marie Curie at the turn of the 19th century. 

For the measurement we used U3O8 as target material and extracted up to 100 nA of 238U16O(.  We used U5+ ions at the analyzer, and we measured for 238U a stripping yield of 238U5+/238U16O( = 0.03 with the lowest possible stripper gas pressure. Recent investigations showed that using oxygen as stripper gas, a stripping yield of 0.06 can be achieved. The detector efficiency was measured using the 235U/238U ratio of the attenuated beam (235U measured as counts in the heavy ion detector and 238U measured as a current in the Faraday cup). The reached efficiency is 20%, which is significantly less than the expected 60%. The reason is yet unknown and need further systematic investigations. With the detector system after the ESA, we have demonstrated by a dilution series a precision of ~5% for relative measurements of 236U/238U at natural levels [32]. However, since a standard material at these levels is not yet established, our absolute result of (6.1(0.4)x10(11 for the “K. k. Uranfabrik Joachimsthal” uranium can only be preliminary.

So far, available uranium samples stem from uranium ores, where the neutron fluxes are expected to be high and to produce considerable amounts of 236U. Although fig. 8b suggests that we can measure isotopic ratios much lower than 10(11, this remains only speculation until we can measure a real blank material containing no 236U. As a next step we plan to measure uranium collected from water samples, where we expect a much lower 236U concentration. At low isotopic ratios the measuring time may become a limitation. To reach an isotopic ratio of 10(14 (which is expected for uranium embedded in rock at a level of 1 ppm), we will collect one count every 8000 seconds assuming a (realistic) 238U5+ current of 10 nA. Fortunately, the uranium targets give currents for many hours. 

6.3  244Pu,  a possible supernova remnant

244Pu has the longest half-life (81 million years) of all plutonium isotopes. It can only be produced at high neutron fluxes in supernovae or in nuclear bombs.

First measurements of targets containing trace amounts of plutonium show promising results. Similar to the uranium measurements we injected PuO( and analyzed Pu5+. Since there are only a few Pu atoms (several 107 – 108) in the sample material (mainly iron oxide), the system was tuned with 238U and the setup scaled to the various plutonium isotopes. As reference ion we used 242Pu, which was also counted in the detector. We measured the 242Pu/244Pu ratio in a 244Pu standard prepared at Argonne National Laboratory. The isotopic ratio of 242Pu/244Pu determined from α-activity is 0.0112, and this value could be reproduced by our measurement in a sample diluted to contain only ~2x107 atoms of 242Pu. The 242Pu and 244Pu spectra are shown in fig. 10. A total of 191 242Pu atoms were detected (fig. 10a). Since only part of the sample was sputtered, we obtain a lower limit of the overall efficiency (counts/atoms in sample) of ~10(5. With an assumed negative ion yield of 0.3% [33], a measured 5+ stripping yield of 3% and a detection efficiency of 20%, we calculate 1.8x10(5. This agrees well with the measured efficiency, and is considerably higher than the efficiency of ~3x10(6 reported recently for Pu AMS measurements at a large tandem accelerator [34].

For planned measurements of natural 244Pu the highest possible sensitivity is needed for the detection of a few 244Pu atoms in a sample. In that case it is especially important to understand the possible sources of background. One application of 244Pu is the search for a recent (within the last several 100 million years) supernova, which may have produced enough 244Pu to leave a detectable signal in slowly accumulating reservoirs such as deep-sea sediments [34]. A possible first evidence for the shorter-lived supernova product 60Fe (t1/2 = 1.5x106 a) was reported by the Munich AMS group [35].

6.4  182Hf, an extinct radionuclide

182Hf is a long-lived radionuclide which has not yet been exploited by AMS. We are currently investigating the conditions to measure it with our new heavy ion analysis system. In contrast to the radionuclides mentioned above, the main problem of the detection of 182Hf is the interfering stable isobar 182W, which pass all ion-optical filters together with 182Hf and can not be discriminated in the detector at our low energies. We must reduce the W in the ion source. Therefore we use HfF4 mixed with silver powder as target material and 182HfF5( as injected ion, because 182W forms much less 182WF5( ions. The analyzed ion is 182Hf4+. The reference isotope is 180Hf, the heaviest and most abundant of the 5 stable isotopes. The sensitivity is limited by the remaining 182W. Since 182W has the same mass and energy as the 182Hf it appears at the same position in the energy versus TOF spectrum (fig. 6). A first detection limit of 182W/180Hf in the order 10(10 was achieved with HfF5( ions, whereas a ratio of 182W/180Hf ~ 10(4 was measured with atomic negative ions.

This nuclide is of interest for the early history of the earth, in particular with respect to the origin of the moon [36]. This early time period of the earth can be investigated through the isotopic anomaly of stable 182W, caused by the in situ decay of now extinct 182Hf [37, 38]. However, the half-life of 182Hf is still poorly known, t1/2 = (9(2)x106 a [39]. We plan to re-measure it with greater accuracy by a specific activity measurement combining AMS with a (-activity measurement. This will either be attempted with material from Hf control rods of a recently retired nuclear reactor, or by using material left over from a high-flux neutron irradiation of Hf, which led to the discovery of the 30-year isomer in 178Hf [40]. In the latter case, the 182Hf/Hf ratio may actually be high enough to measure the isotope ratio by MC-ICP-MS (Multi collector inductively coupled plasma mass spectrometry). A similar measurement was performed for a half-life measurement of the long-lived fission product 126Sn [41, 42, 43]. 

Depending on the sensitivity of 182Hf detection we can reach with our new AMS system, a search for live 182Hf as a supernova remnant – similar to 244Pu – in appropriate archives on earth is planned.

7. Conclusion

The current work describes the extension of an AMS system based on a small tandem accelerator to a universal AMS system for all isotopes. Although over 90 percent of all AMS measurements world-wide are still performed for 14C analyses, other radionuclides are gaining ground. In particular, the heaviest radionuclides are attractive for small AMS facilities because of the absence of stable isobar interference. The continuing computerization and automatization of these AMS facilities has greatly improved the control of complicated experimental setups. Together with new particle detector systems on the horizon (e.g. cryodetectors), a bright future for these “non-routine” radionuclides lies ahead.
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Figure Captions

Fig. 1
Schematic layout of the VERA facility after the upgrade for heavy ions. Negative ions are used at the low-energy  injection side , and positive ions at the high-energy analyzing side after stripping in the accelerator. For details see section 2. The original layout of the facility can be found in Ref. [11]

Fig. 2
Negative-ion mass spectrum from a PbF2 target mixed with Ag powder, as measured after the injector magnet. The magnet scan shows the high mass resolution (~900) achieved with the new injector slits (object and image slits are set to approximately ± 0.5 mm). The good separation of adjacent mass peaks can be seen from the PbF3( ions, where the current between peaks drops by at least 3 orders of magnitude. Transmission through the slits and the accelerator is ~80%.

Fig. 3
(a) Injector magnet scan of negative ions from a U3O8 target (solid line), and from a PbS+Ag target (dotted line). The rich negative-ion mass spectrum from PbS+Ag is used to calibrate the mass scale. The 238U16O( peak (mass 254) yields the highest current. For the 236U measurement we inject mass 252 (236U16O(). The strongest contribution to the visible peak is probably due to 238U14N( (see sec. 5).

(b) Analyzing magnet scan for an injected mass of 254 (238U16O() at 3 MV terminal voltage. The molecules break up into various charge states of 16O and 238U. The origin of the charge-changing tails and the peaks are described in the text. The arrow indicates the position of 236U5+ relative to the 238U5+ peak when 238U14N( is injected (see text).

Fig. 4
Schematic setup of the heavy ion detection system. Details of the system are described in section 2.5.

Fig. 5
Angular distribution of 18 MeV 197Au ions scattered from diamond-like carbon (DLC) foils with two different thicknesses. These measurements were performed in a separate scattering experiment with a small-aperture moveable detector. The solid-angle corrected intensity is plotted versus the scattering angle. For comparison, the primary beam (no foil) is also shown.

Fig. 6
(a) Energy (E) versus time-of-flight (TOF) spectrum for a measurement to assess the background of 182W for a 182Hf detection with HfF5( injection. (b) Projection of (a) onto the energy axis. 

Fig. 7
Energy (E) versus time-of-flight (TOF) spectrum of 236U measured with the original setup (analyzing magnet with Wien-filter). The overwhelming 238U background makes a 236U measurement at natural levels (236U/238U below 10(10) impossible.

Fig. 8
Comparison of energy (E) versus time-of-flight (TOF) spectra measured at different stages of the VERA upgrade for the detection of 236U (injected as 236U16O( and analyzed as 236U5+).

(a) After replacing the Wien-filter with the ESA. Compared to spectra fig. 7 and (b), the TOF resolution in this measurement was worse due to a defective amplifier.

(b) Compared to (a), an additional analysis of the beam is provided by the 20( bend in the switching magnet.

(c) Projection of (a) onto the TOF axis.

(d) Projection of (b) onto the TOF axis.

Fig. 9
Schematic presentation of the source of 238U background having the same magnetic rigidity (momentum/charge state ratio) as 236U5+ ions in the 90-degree analyzing magnet. The removal of the degeneracy by a charge exchange towards the exit of the ESA and the subsequent separation in the 20-degree switching magnet is indicated. (see sec. 5.2).

Fig. 10
Energy versus TOF spectra measured for a 244Pu calibration sample. The 242Pu/244Pu isotope ratio in this sample was determined from (-activity to be 0.0112. An aliquot containing ~2x107 242Pu atoms (corresponding to only ~1 (-decay in 10 days) was measured with AMS, resulting in a 242Pu/244Pu isotope ratio of 0.0127 ± 0.0008. 

(a) 242Pu spectrum injected as 242Pu16O( and analyzed as 242Pu5+.

(b) 244Pu spectrum injected as 244Pu16O( and analyzed as 244Pu5+.

(c) and (d) are the projections of (a) and (b),respectively, on the energy axis.

The molybdenum background ions match the mass/charge state ratios of the respective plutonium isotopes, and are therefore the most likely explanation for the background. The 194Pt4+ background was positively identified by using a platinum target in the ion source.
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