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Abstract

This paper attempts to convey a flavor of the progress in Accelerator Mass Spectrometry (AMS) since its initiation in 1977. During this
period, AMS evolved into the most powerful analytic technique to measure long-lived radioisotopes at natural isotopic abundances, which
typically range from 10% to 10726, As such, it covers a section of isotope ratio measurements, which is hardly accessible by any other mass
spectrometric means.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tection ofC. The first important step was to demonstrate

that*N does not form stable negative iof9. It was then
In order to speak about progress, we have to define a be-shown by two groups at the tandem accelerators of McMas-
ginning. In the context of this review, it may be interestingto ter University in Hamilton[10] and of the University of
describe briefly the very beginning of the use of accelerators Rochestef11] that 14C can indeed be detected at the ex-
for mass spectrometry. The dawn of the field we now call Ac- tremely low, natural isotope ratio dfC/A2C=10"12. The
celerator Mass Spectrometry (AMS) goes back to the early non-existence of certain negative ions gave tandem acceler-
days of accelerators. In 1939, Alvarez and Cornog used theators a distinct advantage over accelerators operating with
newly built 60-in. cyclotron in Berkeley to discover acciden- positive ions only. In addition, the stripping process in the
tally 3He in naturg1]. The discovery ofHe as a natural con-  tandem terminal efficiently breaks up interfering molecules
stituent of helium was surprising because at that firievas (e.g.,2CH,~ and3CH"). Therefore!“C, the most impor-
expected to be the stable isobar of mass 3, and theréfre  tant radioisotope for dating in archaeology, can be easily de-

was supposed to be radioact|Z¢. Alvarez and Cornogwent  tected with tandem accelerators. Similarly, the detection of
on to measuréHe/*He ratios in helium from gas wells (18) 26A1 and 1291 (1.7 x 107 a) benefits from the instability of

and from atmospheric helium (16), and they also found that 26Mg— and 12°Xe, respectively. Already in the first year
3H produced in the irradiation of deuterium with deuterons of AMS, attempts to detect superheavy elements in nature
was radioactivg3]. These experiments showed already the ith this method were undertaken at the tandem accelerator
unique power of using accelerators as mass spectrometers: taf Brookhaven National Laboratofg2]. Such experiments
measure extremely low-isotopic abundances, which are be-were driven by the ability of tuning an accelerator to un-
yond the capability of low-energy mass spectrometers. Much charted territory and to identify and detect traces of extremely
later, Alvarez recalled these first AMS experiments in arem- rare isotopic species.
iniscent talk at the second AMS conference at Argonne Na-  The rapid development of AMS in the first couple of years
tional Lab in 1981f4]. A write-up of this story can also be  [13] clearly demonstrated the advantage of tandem acceler-
found inPhysics Today5]. ators over cyclotrons. Nevertheless, an interesting project at
After this first AMS experiment, almost 40 years passed the Shanghai Institute of Nuclear Studies eventually led to
without using accelerators as mass spectrometers. During thiss demonstration o¥*C dating measurements with a mini-
period, the main purpose of accelerators was to provide beamsyclotron, operating also with negative ions to suppféss
for experiments in nuclear and particle physics. While parti- [14]. On the other hand, for AMS of noble gases positive-ion
cle physics was aiming at beams with the highest possible en-accelerators must be used, since noble gases do not form neg-

ergies of light particles (electrons and protons), nuclear struc- ative ions[15]. This leads to particularly severe background
ture studies were interested in isotopic beams of essentiallyproblems from stable-isobar interferences, e.g818f for

all elements with precisely defined energies. The demands of81Kr detection[16], and of3%K for 3°Ar detection[17].
nuclear physics thus nurtured the development of accelerator |t was also evident early on, that small dedicated tandem
technology, which eventually would be become very useful facilities would be the most efficient machines for AMS, par-
for AMS. For example the Cs-beam sputter source, devel- ticularly for 14C measurements. Pioneering efforts in this
oped to produce negative-ion beams for tandem acceleratorgjirection were pursued for many years by Purfdet,19]
from a large variety of elemenf§], turned out to become an  The development of AMS in the past 25 years has been re-
indispensable part of AMS facilities. viewed extensively13,20-28] It is recommended to inspect

In 1977, it was again Luis Alvarez who revived the use of these reviews for an in-depth study of AMS. In addition, the
a cyclotron as a very sensitive mass spectrometer to searchyroceedings of the tri-annual AMS conferences starting in
for quarks with unit charge, i.e., essentially for anomalously 1978 provide ample evidence for this steadily growing field
heavy isotopes of hydrogdf]. In the course of this experi-  [29-37]
ment, Alverez’ collaborator Richard Muller quickly realised In the following, the basics of AMS will be briefly dis-
the power of AMS to measure rare radioisotopes, such ascussed in Sectiog, followed by recent technical develop-
3H (t12=12.3a),'%Be (1.5x 1¢Py), 1C (5730 a), and®Al ments in the field in SectioB. Applications of AMS are so
(7.1x 1C°a) [8]. As often in science, there were parallel ef- numerous that only a flavor of their prospects can be dis-
forts going on to use tandem accelerators for an AMS de- cussed in Sectiod. The outlook in Sectiors will discuss
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some remote possibilities of AMS for the future, rather than nature[41], and independently again shortly after AMS was
trying to make ‘hard’ predictions. invented[42].

Measuring isotope ratios down to a level of 18
and below requires a method capable of handling a very
large dynamic range of isotope measurements. This comes
naturally with the AMS technique, since the abundant stable

AMS is a method to measure long-lived radioisotopes by iSOtopes (€.g.,“C, 1°C) are measured as ion currents in
counting atoms rather than decays. The advantage of the for-Suitable Faraday cups, whereas the rare isotope @),
mer can be most easily demonstrated by the numerical ex-IS Mméasured by ion-counting in a solid state or gas detector
ample given inTable 1 It can be seen that one gains a factor (Table . In order to demonstrate the selectivity reqllélred to
of about one million in detection sensitivity with AMS as Measure isotope ratios in the range fronT#0to 105, a
compared to betg8{-counting. To envision such a huge im- student at the Vienna Environmental Research Accelerator

provement in detection sensitivity, let us compare it with the (VERA) came up with an interesting comparison: if we
gain in light collection efficiency looking at the stars with {@ke an average house with 108 ftoor space and a height

our bare eyes (apertures mm) as compared to a very large  ©f 10m, we get a volume of 10003rnFiIIipg this house
telescope (aperture’5m). Since the amount of light col-  from bottom to r°2°f with sugar of 1-mPrgrain size, we can
lected scales with the square of the aperture one gets a factoflll in exactly 10'% grains. A*C measurement of modem

of (5000/5% =1 x 10°. This enormous gain revolutionized ~©rganic carbon with AMS is thus comparable of finding
14C dating, since it is now possible to perforfiC mea- one sugar grain with different mass in the house filled with

surements with a thousand times smaller sample materialSu9ar- F.urther.more,JéC measurement in a 57,300-year-old
(milligrams instead of grams) and a hundred times shorter samp[e is equivalent of'fmdlng one sugar grain WI'Fh different
counting times (0.5 h instead of several days). Although this Mass in 1000 houses filled from bottom to roof with sugar.
gain in detection sensitivity is already very impressive, it in-

creases further for longer half-lives and/or decays where the3  Technical developments in recent years

radiation is difficult to observe. In fact, there are radioiso-
topes, such a8!Ca f1/2=1.04x 10°a), which have never
been detected at natural levetdGar°Ca= 1014 to 10-15)
prior to AMS [38—40] It is interesting to note th&tCa was AMS started out by using a cyclotrq8] and tandem ac-
proposed for dating long before there was hope to detect it in celerator§9—11] available at nuclear physics laboratories. It

2. Basics of AMS

3.1. Accelerator developments

Table 1
Comparison of“C detection by beta-counting vs. atom-counting

Characteristics of sample material

Amount of material

Isotope ratios

Number of atoms

Beta-counting with gas proportional detectors or liquid scintillation detectors
Beta decay
Half-life
Decay constant
Decay rate
B-counting rate

lon-counting at the VERA 3-MV tandem AMS facility
12C jon currents

14C counting rate
Detection efficiency

Comparison of“C detection sensitivity
lon-counting/beta-counting = 684,000/0.50 = %.40°

1 mg organic carbon

BBcA2c=1.1x 102
cr2c=1.2x 1012

5.6 10'° 12C atoms
5.5x 107 13C atoms
6.0x 107 14C atoms

1C— ¥N+e +1,, Eg (max) =158 keV
t12=5730+40a
2=In2/(t12)=1.210x 10 *a !
d¢C)/dt= —\14C = 7260 decays/a = 0.828 decays/h
0.50 counts/h-60% detection efficienc)

12c- =50uA=3.1x 104 12C- ions/s
12¢3+ = 75A = 1.6 x 1014 12C3* jons/s (50% 3+ stripping efficiency)

19¥C3* ions/s = 684,008/C3* ions/h
0.190*C®* ions/s = 684*C3* ions/h for 57,300-year old carbon

(lons counted)/(atoms in the sample) & 2%

a Beta-counting actually requires about 1 g of carbon (500 counts/h), otherwise the background counting rate (mainly from cosmic-rays) inrtfe detecto
exceeds th&*C decay signal. Still, this counting rate is a factor of 1000 smaller that'théon-counting rate measured with AMS from 1 mg of carbon.

b This assumes that 1 mg of carbon is used up (sputtered away) in 1 h, which is a typical consumption rate in the Cs-beam sputter source, but may vary

somewhat.
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was quickly realised, however, th¥tC dating needed high ~ 3.2. The standard AMS machines

precision for isotope ratio measurements in order to com- , . . . )

pete with existing beta-counting facilities — never mind the ~ Notwithstanding the high-energy applications mentioned

enormous gain in sample reduction for AMBable J). above, the 3-MV tandem accelerator turned out to become
Tandem accelerators at nuclear physics facilities were notthe ‘standard’ facility for AMS. Approximately half of all

built to be used as mass spectrometers for the required pre_AMS facilities worldwide (i.e., about 30 out of 60) fall into

cision (5%o) of14C/A2C ratios measurements, and were un- this category. From those, most of them concentrat&*@n

necessarily large (terminal voltages of 8—10 MV). Therefore, Measurements only. However, continuous improvement on

small dedicated tandem AMS facilities (2—3 MV) were pro- peripheral instrumentation led to facilities of high versatility,

posed early offil8], with first results reported at the AMS-3 capable_ of coverir_lg a large range of isotopes. For example,
conference in 198[B1]. Instead of using belts (and later Pel- at the Vienna Environmental Research Accelerator (VERA)

: : (1020Rn 14- 265 129 1824¢ 210
letron chains) to generate the highvoltageofVan—de—Graaffg';'g'1)therad'°n“d'deé Be,C, A, =1, "2°Hf, “TPb,

: . 6 244 . .
type accelerators, the charging system of the small machines U @nd“""Pu have been measurgtb,47] Itis also im

was based on a Cockroft-Walton type power supply (Tande- portant to note that the universality of VERA does not com-
tron). promise on the precision 6fC measuremenfd8], reaching

In 1990, Purser presented a precisié@ acceleratormass ~ €ssentially the same performance level as the dedi_éé(éd
spectromete19] based on this principle. Inrecentyears, two Machine$49]. Infact, arecent work at VERA orfC calibra-
companies offer complete AMS facilities: High Voltage en- tion of a high-altitude stone-pine dendrochronology required
gineering Europe (HVEE) in Amersfoort (Netherlands) man- & Precision oft4C/A2C ratio measurements at the 2%. level
ufactures Tandetron-type AMS facilities, and National Elec- [20]: One has thus reached the precision of beta-counting
trostatic Corporation (NEC) in Middleton, WI (USA) manu-  facilities, which from the beginning was a major goal
factures Pelletron-type AMS facilities. Both machines have f0r AMS. _ , _
their pros and cons, but both have reached a high level of ~EVven though the standard-size machine of 3MV termi-

sophistication allowing ultra-trace isotope analysis with high N@l voltage turned out to be a highly versatile tool for most
precision and accuracy. AMS needs, 5-MV machines have a certain advantages if

With the rapid increase in computing power, automisation 3f_ic_| measurements are of intergs1,52] This is due to the
became common ground for the second and third generatiordifficulty of separating the stable isobar mterfe_rencé%f _
of dedicated AMS facilities. When a higher energy is needed &t Iower energies. As mentioned above, even higher energies
to solve the separation of stable-isobar background from the@nd Other accelerator types are sometimes required to solve
radioisotope of interest, computerisation also helps to run the stable-isobar interference problem' in particularly diffi-
larger and more complex accelerators in a reasonably quanCult cases, and to perform AMS experiments for noble gas
titative way for AMS experiments. Depending on the scien- radionuclides, respectively.
tific question, isotope ratio measurements with modest pre-
cision (5—15%), achievable at almost any large accelerator
can lead to relevant answers. For examphr/89Kr ratios

in the range of 10'° were measured at the superconducting  The most significant technical developmentin recentyears
cyclotron of Michigan State University for dating very old s gisplayed irFig. 1, which shows the trend towards smaller
groundwater for the first time WitBIKr (ty2=2.3x 10° a) AMS facilities. The greatly reduced floor space for these
[43]. Atthe ATLAS linear accelerator at Argonne National peyw facilities and the reduction of the number of elements
Laboratory?Ar/°Ar ratios down to the extremely lowrange (o pe controlled are the most attractive features — not to
of 10~*® were measured to develop a technique for studying speak about the reduction in overall cost. The significantly
oceanic circulation characteristifr]. In both cases, itwas |ower energies, however, introduce a variety of problems
necessary to use positive ions from the ion source, since ”Oble(stripper thickness, molecular dissociation, scattering, ion-
gases do not form stable negative ions. Another example Ofoptical beam quality, vacuum requirements, etc.), which had
high-energy requirement was the measuremeffieéP°Fe (5 pe thoroughly investigated, and are summarized in a re-
ratios in the range of 10" in deep-sea manganese crusts at cent paper by Sutée8]. After some early, exploratory work
the 14-MV tandem accelerator at Munich, resulting in the first 54 Toronto[53], and first ideas about small AMS systems
inFji_cation for a supernova explosion ‘close’ to Earth some 3 oy piochemical and environmental applicatidfd], the es-
million years agd44,45] sential break-through came at the PSI/ETH AMS facility in

13.3. The ‘small-is-beautiful’ development

Fig. 1. Comparison of the size of modern AMS facilities. On top of the figure, the Vienna Environmental Research Accelerator, VERA, is shown it its prese
form after an upgrade for heavy-isotope AN¥B]. The locations for the measurement of the three carbon isotopes46rAMS measurement is indicated.
Other light radioisotoped{Be, 26Al) are measured at the respective detector positions. Heavy radioisotéPet3Hf, 210pb, 236U, and?44Pu) are measured

at the beamline including a TOF (time-of-flight) set{43]. A future position for proton-induced X-ray emission analysis (PIXE) is also indicated. In the lower
part of the figure, increasingly smaller AMS facility are shown on the same scale. The compact facility at[B8zhas already a substantially reduced floor
space, whereas the Mini AMS facility atifich [68] has truly reached table-top dimensions.
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Zurich[55]. There it was shown unequivocally, that the abun- ally (e.g.,[70]). However, due to background contributions
dant12CH,~ and13CH~ molecules can be dissociated in the uncertainties of*C/12C measurements increase consid-
the 1+ charge state, provided that the gas-stripper thicknesserably. If little original sample material is available, diluting
is sufficiently large. This then allowed to lower the termi- it with ‘dead’ carbon is sometimes the better option in or-
nal voltage from 3 to 0.5 MV, and even lower. Previously, it der to get enough carbon (100-20§) for a reliable AMS
was “gospel” that 3+ charge states had to be used to dissociineasuremerj71].
ate the molecules. Whereas, the 3+ charge state guarantees On the other hand, carrier-fré@BefBe ratio measure-
a Coulomb dissociation, the 1+ charge state requires a colli-ments have been performed recently at th&ich AMS
sional dissociation, a process well-known in low-energy mass facility, using a focused Cs-beam sputter source and only
spectrometry. 0.1 ng of beryllium extracted from deep-sea ferromanganese
A collaboration of the Zrich lab with National Electro-  crusts[72]. Approximately 10% precision can be reached
static Corporation in Wisconsin led to a ‘compact’ proto- in such measurements. Another carrier-free approach has

type AMS facility with only 0.5 MV terminal voltag¢56]. been developed at the Gifsur-Yvette AMS facility to mea-
Subsequently, the group performed many detailed studies tosure 129/127| ratios in seawatef73]. Samples of 0.11 of
improve the systenf57—60] Besides Zirich, compact4C seawater were used containing approximatejyg6of io-

dating facilities delivered by NEC are now operational at the dine, which is converted into Agl for use in the sputter
University of Georgia in Athenf1], at the A. Mickiewicz source.
University in Poznaf62], and at the University of California Most AMS facilities are equipped with cesium-beam sput-
in Irvine [63]. For a less stringent detection HfC and3H ter sources (e.g[74]), which require solid sample prepa-
in labeled compounds for biomedical investigations, com- ration. An important step for solid carbon preparation was
pact facilities at MIT in Bostor{64,65] and at Lawrence the work of Vogel et al[75] using a catalytic reduction
Livermore National Lalj66] have been constructed with of CO, to elemental carbon. The ‘Vogel-method’ is now
terminal voltages at 1 MV. Meanwhile the upgraded com- used at almost all AMS laboratories f§tC sample prepa-
pact facility at Zirich ventured successfully into other ra- ration. The interest in biochemical investigations with la-
dionuclides beside¥'C, such ag%Be, 26Al, 129, and244Pu beled compounds, and also various environmental applica-
[67]. tions, require a compound-specific analysis of the original
An interesting development towards even smaller AMS sample material. It would thus be advantageous to combine
facilities is now going on, with the goal to reach a true table- biochemical separation techniques, such as Gas Chromatog-
top facility (Fig. 1). Again, the Zirich group is leading these  raphy (GC) and High Performance Liquid Chromatography
efforts, and now pushes the terminal voltage of their Mini (HPLC) with AMS. Several AMS laboratories are working
AMS facility down to 0.2 MV [68]. In addition, NEC has  on such schemes, e.g., at M@5], Oxford[76], and Woods
recently constructed a single-stage low-energy facility to be Hole Oceanographic Institutioff7]. In this case, one uses
installed at the University of Lund running at 0.25MV ac- special gasion sources, capable to accept material in the typi-
celerating voltag§69]. Although starting with negative ions  caltime frame given by the GC and HPLC output, and convert
like the tandem facilities, there will be no acceleration after those pulses of compounds into a negative-ion beam. It seems
the stripping process. The physical size of this latter machine that substantial technical developments are still lying ahead,
is comparable to the compact machines described above, bebut the on-line coupling of such a sophisticated front end
cause it needs a high-voltage platform with proper protection. to an AMS facility is likely to open up a new dimension of
Both machines avoid the use of &&s insolating gas, sim-  analytic capability.
plifying matters further.

3.4. Sample preparation 4. Applications

Itis well-known that sample preparation is anintegralpart ~ The main field of AMS is the measurement of long-
of mass spectrometric measurements. No matter how pre-lived radioisotopes at natural levels. Since radioisotopes are
cise the mass spectrometer on hand, without a careful samplgresent in virtually every terrestrial and extraterrestrial ma-
preparation, the results may be highly precise but inaccu- terial, and AMS made it possible to trace these radioisotopes
rate. There seems to be no better advice for this problem asat the faintest level, an enormous breadth of applications
the one giving by Willard Libby — the inventor dfC dat- evolved. An overview of the areas of applications is given in
ing — in his Noble Lecture of 1960: “Radiocarbon dating is Table 2 where our physical world is divided into seven large
something like the discipline of surgery — cleanliness, care, domains. It can easily be seen that one can cover almost the
seriousness, and practice.” The ability of AMS to make mea- entire world by measuring long-lived trace isotopes. It is also
surements on small samples suggests to push this parametepparent that one cannot describe the many applications in
to the lowest amount feasible. Whereas 1 mg of solid carbon any detail in this review. Thus, a random walk through the
is the standard amount used fot4C AMS measurement, table will be performed, picking out a few raisins from the
sample sizes down to 10y have also been used occasion- cake.
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Table 2

Overview of AMS applications in the seven large domains of the environment

Domain Area of applicatich

Atmosphere Cosmogenic and anthropogenic radionuclides in the atmosfiere € 12.3 a) °H, "Be (53 d),1%Be (1.5x 10 a) }*C (5730 a)4C,

26A] (7.1 x 10° @), 32Si (140 &) 38CI (3.01x 1C° a), 36Cl, 39Ar (269 a),81Kr (2.3 x 10° a),85Kr (10.8a),129 (1.7 x 10’ a),129)
Study of trace gases: GOCO, OH, G, CH4 (**C)

Transport and origin of carbonacous aerosHi€(14C) and loess{*Be)

Exchange of stratospheric and tropospheric ae(1°Be)

Biosphere Dating in archaeology and other fielf€(*'Ca (1.04x 10° a))
Calibration with tree rings, corals, lake and ocean sediments, spaleotHt@js (
Studies in forensic medicine through bomb-peak datifig)
In vivo tracer studies in plants, animals, and humafg,(2%Al, 41Ca, 7°Se(3.0x 1P a), %°Tc (2.11x 10° a), 129))

Hydrosphere Dating of groundwatéf'C, 36Cl, 3%Ar, 81Kr, 129))
Global ocean circulation patterf'C, 14C 39Ar, 99T¢, 129))
Paleoclimatic studies in lake and ocean sedimént)(

Cryosphere Paleoclimatic studies in ice cores from glaciers and polar ice siBets{C, 26Al, 32Si, 36ClI, 39Ar, 81Kr)
Variation of cosmic-ray intensity with timé{Be, 14C, 36Cl)
Bomb-peak identificatior®fCl, 41Ca, 129))

Lithosphere Exposure dating and erosion studies of surface riftis, £4C, 25Al, 36Cl)
Neutron flux monitor in uranium minerald3U (2.34x 107 a))
Paleaclimatic studies in loes¥Be)
Tectonic plate subduction studies through volcanic rock measurent8aes (
Cosmosphere Cosmogenic radionuclides in meteorites and lunar mafBaf¢C, 26Al, 36Cl, “1Ca,**Ti (60 a),%°Ni (7.5 x 10" a),%%Fe (1.5x 10° a),
129)).
Possible live supernovae remnants on EditRé, 146Sm (1.08x 10° a), 182Hf (8.9 x 1(F a),24*Pu (8.1x 107 a),24’Cm (1.56x 107)
Stable trace isotope ratios in presolar grains (Pt, Os)
Geochemical solar neutrino detecti®fTc, 2°5Pb 1.5x 107 a))
Search for exotic particles (superheavy elements, fractionally charged particles, anomalously heavy isotopes, strange matter, dark matter)

Technosphere Releases from nuclear fuel reproces¥iKg, °Tc, 129)
Half-life measurements${Si, 41Ca, 44Ti, %0F¢, 79Se 1265n)
Temperature measurement of fusion plasfAl()
Neutron flux of the Hisoshima bomB8CI, 41Ca, 3Ni (100 a))
Nuclear safeguard€U (1.59x 10° a), 236U, 23"Np (2.14x 10° a), 23%Pu (2.41x 10* a), 240Pu (6.56 x 10° a), 242Pu (3.73x 1(P),

244py)

2 Radionuclides measured in the respective area of application are listed in parenthesis. Underlined radionuclides indicate an anthropotjeifidioeig)i
are also given when they first appear.

4.1. Radiocarbon of 14C dating in the late 1940s, beta-counting was the only
method available to measuC at natural levels. What AMS
Clearly, %C is dominating the field among all other ra- has really changed was the application to areas one could
dioisotopes. Although“C has by now been used 50 years not touch with beta-counting because too much material was
for applications, new applications still emerge. As a result, needed. Unfortunately, this sometimes led to dating objects,
about 90% of all AMS measurements worldwide are devoted which, in hindsight, should better not have been touched atall.
to 14C, with several facilities dedicated t6C measurements |t is well-known that thé4C measurements of the Shroud of
only. 14C dating for archaeology is, of course, the classi- Turin by three AMS laboratories resulted in a date of the Mid-
cal application, and this field has benefited enormously from dle Ages[82], instead of the expected time around Christ's
the reduction in sample size of AMS as compared to beta- death. Although*C experts find it very difficult to imagine

counting. how 14C dating could have gone that wrong, a widespread
mistrust of the'*C dating method evolved; 15 years later, the
4.1.1. ‘Sensational’ archaeology issue is still not resolved.

14C dating was developed by Libby and coworkers inthe A much less sensitive, yet also quite sensational object
late 1940$78—-81] The importance 0f*C measurementswas ~ Was the IcemarOtzi’, a frozen man, which was accidentally
quickly recognized, and in1960 Willard Libby was awarded discovered in 1991 by mountain hikers in a shallow glacial
the Nobel Prize in chemistry “for his method to use carbon-14 deposit in the European Alps. Radiocarbon dating of small
for age determination in archaeo|ogy, ge0|ogy, geophysic&pieces of tissue and bones revealed tb&ti had lived be-
and other branches of science.” It is probably fair to say that tween 5100 and 5350 years a@3-85] It is important to
the basic applications 0f*C were all developed long be-  note that despite a high precision of tH&/*2C measure-
fore AMS appeared on the scene, because after the inventionnents, the “wiggles” in théC calibration curve prevent
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Fig. 2. The determination of the age of the Iceman fifi@ measurements at the AMS laboratories @fizh [83,85] and Oxford[84], as displayed in a
recent isotope study about various materials of the IcdB@nThe combined (uncalibrated) radiocarbon age from these measurementsis ¥%§6ars BP
(Before Present=1950p.). The error represents the 68.2% ] tonfidence value. The uncalibrated age is translated into a calibrated age with the help of the
computer program OxCal using the INTCAL98 tree-ring calibration c{8V¢ (a) Calibration curve from 4000 to 208Q.. The straight line at 45indicates a

1:1 transformation of the radiocarbon age into an uncalibrated calendar date. The intersection of the radiocarbon age with this line and)ttelitvesgtion

curve shows that the calibrated date is approximately 650 years older. (b) The enlarged “wiggly” section of the calibration curve leads to¢htselifiens

for the calendar date spanning 250 years. The small rectangular brackets beneath the peaks indicate the distribution of th &hfiéfelite ranges into
three sections of 3360—-338. (29.3%), 3210-3198.c. (19.8%), and 3160-3130c. (19.1%). The large brackets indicate the 95.4%) @nfidence ranges

of 3370-332@.c. (34.3%) and 3230-310€c. (61.1%).

a more exact and absolute age determinatiag. (2). Later, Sciences AMS (NOSAMS) facility at Woods Hole Oceano-
several objects from the Iceman and a variety of small botanic graphic Institution was set-up in 19818,88], with the goal to
remains found at the discovery site confirmed the Neolithic map the world oceans witlfC measurements in an unprece-
origin, and also gave some clues about the climatic conditionsdented way. As compared to the first mapping performed

around this timg86]. in the 1970s with beta-counting, which required 250-1 wa-
ter sample$89], 0.51 of water now delivers enough carbon
4.1.2. Mapping the oceans for al4C AMS measurement. As a result, over 13,000 water

An example from a different field demonstrates the power samples have been measured within the World Ocean Cir-
of 14C AMS particularly well. The National Oceanographic culation Experiment project (WOCE), literally mapping the
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GREAT OCEAN CONVEYOH BELT

Fig. 3. The top of the figure displays a conceptual illustration of the Atlantic Conveyer Belt as first envisioned by Bf@2llard derived from relative
differences ofC ages between surface and bottom wig6t. As may be imagined those differences are smallest where the water dives into the abyss in the
North Atlantic, and are largest where the aged bottom water up-wells in the North Pacific. Dissolved siface water reflects essentially € content

of atmospheric C@ Also indicated is thé°Ar measurement from a deep-sea sample (water depth 4700 m) off the eastern coast of Brazil measured with the
gas-filled-magnet technique at the ATLAS accelerator of Argdie27] The clean separation from a huj& background was accomplished at 232 MeV

with the gas-filled-magnet technique. From a meas8tadAr ratio of (2.6+ 0.6) x 10~16, which is 32% of the modern atmospheric ratio, and the half-life of

269 years, one obtains’3Ar decay age of 440 years. This is not unreasonable considering the time it takes for the deep water to travel from the North Atlantic
to Brazil [89].

world oceans in three dimensiof80,91] The goal of this East Mediterranean, and to link this date with the absolute
global survey is to study the major circulation patterns of Egyptian chronology. As seen in the example=aj. 2, the
ocean currents. A detailed understanding of these patterngmain reason to prevent a very precise dating with are the

will be of utmost importance for global modeling of the cli- natural fluctuations of the atmospheftC content. How-
mate on Earth. Very recently, AMS 8fAr mentioned above  ever, if a set of“C dates from different times is available, a
(Section3.1) was developed as another oceanographic tracerpowerful technique called “wiggle matching” allows one to
(Fig. 3. Dueto its conservative chemical behavior and a half- narrow down the uncertainty in absolute age determination.
life of 269 years matching typical times of ocean currents, it In essence, sophisticated procedures using Bayesian mathe-
adds an important analytical capacity to disentangle the com-matics have been developed in #f€ calibration programs

plex dynamics of the oceans (see also Secti@ilbelow). (e.g.,[93]) to combinel“C dates with stratigraphic informa-
tion of the excavation sites. In the most recent application of
4.1.3. Pushing the accuracy HfC dating this method, one arrives at a more precise date of the Thera

Although the precision of*C measurements has im- eruption, demonstrating how it is possible to ‘cut thin slices
proved considerably in the course of the past 50 years, thewith a blunt knife’[94].
precision of calibrated dates is often not good enough to solve A problem of similar archaeological significance is the ex-
some of the most burning questions in archaeology. One ofact timing of the Iron-Age chronology between 1000 and 800
those is the accurate timing of the ‘Minoan’ eruption of Thera B.c., trying to establish a consensus between dates from Egyp-
on the Aegean island of Santorini some 3500 years ago. Thistian Pharaos with those of Hebrew Kin&—97] Again, the
vulcanic eruption is an important time marker to synchronise extensive use of stratigraphic sequencing (wiggle matching)
the interaction of cultures in the 2nd millenniwm. in the and inter-laboratory comparison HiC results squeezes the
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14C dating method to its limit. A caveat in these interesting closely to this day. The atmospheitC content has mean-
efforts should be mentioned: the improvement of ‘baf€ while decreased to about 10% above natural. Please note that
dates by wiggle matching depends critically on the strati- the radioactive decay df*C changes thé*C/*2C ratio by
graphic assumptions and intricacies of the Bayesian methodonly 1% in 80 years; whereas, the carbon cycle dynamics de-
itself [98]. Hence, it is very important to use samples from creases the bomb-pe#kC/12C ratio in atmospheric CEby
a stratigraphically secure context. Much remains to be done,~1% per year (like a much faster runniktC clock). Since
before one can confidently push the precisiod4 dating the4C/12C ratio in atmospheric C£has been closely mon-
beyond its inherent uncertainty. itored since the 19504.03], it provides a calibration curve
to date very recent objects with an uncertainty of only 1-2
years. In an application to forensic medicine, the time of the
death of two persons could be determined to have occurred
in the late 1980s, with a relative time difference of about 1
year[104].
In connection with bomb-peak dating, it is perhaps useful
point out a peculiarity of*C dating in general. Just as the
current example of dating does not depend on the half-life of
14C, also archaeological dating does not depend on the actual
half-life value, as long as a calibration of th&C content is
available (comparéig. 2). In contrast, for absolute dating
f_(see SectioB.2 below) the half-life value need to be known.
Other, semi-intentional sources of radioisotopes are the
releases from nuclear fuel reprocessing plants into the ocean.
Here, the long-lived fission produéf®l (ty»,=1.7x 10’ a)
released from La Hague in France and Sellafield in England
4.2.1. Releases from nuclear weapons and nuclear is being utilised as an oceanographic trad€l5,106] As
industry mentioned in SectioB.4, 12°/1?7| ratios can now be mea-
Probably, the most cataclysmic events created by mansuyred carrier-free from only 0.1 of seawale8], which al-
were the atomic bomb explosions of Hiroshima and Nagasaki |ows for a fast and efficient way of tracité®l throughout the
in 1945. AMS measurements ®iNi (ty2=100a) produced  oceans. On aglobal scale, the stréfjinput from the repro-
by the®3Cu (n, pf3Ni reaction in copper-containing materi-  cessing plants provides a source well defined in location and
als (e.g., lightning rods) allowed the assessment of the fast-time. The AMS measurement 8fTc (ty»=2.11x 1C°a),
neutron flux to which materials and humans were exposedanother fission product released into the ocean, has recently
from these bomb explosior}99,100} Within the so-called  been developed at the 14-MV tandem accelerator facility of
Life Span Study{101], a cohort of about 120,000 individ-  the Australian National University at Canbefi&®7]. Here,
uals from Hiroshima and Nagasaki including non-exposed the goal is to make a measurement on ocean water samples
controls have been followed to study late effects of ionis- of 0.251. Since technetium has no stable isotopes, rhodium
ing radiation. Information on fast- and slow-neutron fluxes s added, an8°Tc/A%3Rh isotope ratios are measured.
are essential to evaluate the relation between neutron dose
and possible health effects. An AMS study*$€a produced
by slow-neutron activation df°Ca in tooth enamel of atom  4.2.2. Biomedical tracing
bomb survivors were recently initiated at the Munich 14-MV It was recognised early on in the AMS development, that
tanden{102]. When this study is finished, a more secure ba- 1C tracer studies might be useful for studies in medicine
sis for both the fast- and the slow-neutrons dose for the above[108]. From 1990 onward several AMS groups started pro-
mentioned Life Span Study will be established. grams in biomedical application of AMS, with Lawrence Liv-
Between 1950 and 1963, the intense atmospheric nuclearermore National Laboratory taking the I§469,110] Again,
weapons testing programs produced the so-called ‘bomb“C is the most-used radioisotope, allowing for a large variety
peak’ of radioisotopes in the atmosphere. The total explo- of metabolic studies, e.qg., of carcinogenic compoad4).
sive power of these tests was equivalent to about 25,000 Hi-In order to speed up drug research, a new 5-MV Pelletron tan-
roshima bombs~500 Mt TNT as compared te20 kt TNT dem AMS facility was set-up at York University in the UK,
equivalent). Among the radioisotopes producéd; turned dedicated solely to biomedical ugel2]. It is interesting to
out to serve as a particularly useful tracer to study the global note that this facility, now called Xceleron, was sponsored
carbon cycle dynamid4.03]. At the time of the atmospheric by funds provided by large pharmaceutical companies, and
Nuclear Test Ban Treaty in 1963, tHC contentinthe atmo-  is operated essentially on a commercial basis only.
sphere had increased by 100% (factor two) above the natural One of the most promising radioisotopes measured with
concentration. The distribution of this surplus to other carbon AMS for biomedical studies i$'Ca t12=1.04x 10° a). The
reservoirs on Earth (biosphere, hydrosphere) can be followedvery long half-life, a low decay energy, and a very low natu-

4.2. Anthropogenic radioisotopes

The production of radioisotopes by man can be simply
divided into two groups: unintentional and intentional. The
first group comprises releases from nuclear weapons testinq
and nuclear industry. The intentional production of radioiso- 0
topes is chiefly concerned with the production of short-lived
radioisotopes for medical use, for both diagnostic and thera-
peutic purposes. In connection with AMS, the sensitive detec-
tion of long-lived radioisotope tracers allows unique in vivo
studies in both animals and humans. Because of the long hal
lives, strong isotope signals add only negligible amounts of
radioactivity.
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ral isotopic abundancéi{Ca/°Ca~ 10-1°, seq102]) allows past is deposited in ice by precipitation and by occluded air
for a strong isotopic Signa| to be injected into ||V|ng humans bubbles. Oncetheice forms, the informationis literally frozen
(~5ng of 41Ca). This generates an initi4tCaf°Ca ratio in place. In addition to stable isotope signals, sucblaand

of ~5x 102 in urine sample$§113]. One can thus follow 8180, which provide information on paleotemperatures, the
this tracer over a large dynamic range. Once a human hagecord of cosmogenic radioisotopéS&e, 2°Al, °Cl) allow
received &'Ca dose mentioned above, the skeleton is essen-0ne to trace variations in cosmic-ray production. These vari-
tially labeled with*1Ca for life, settling after a few months ~ ations are chiefly caused by the variable shielding effects on
at a*!Ca/Ca ratio in the 10! range in the analysed urine  cosmic-ray primary protons by the solar and terrestrial mag-

samples, with a very slow decrease with tifh&3,114] This netic fields. In this way, the geomagnetic field between 20,000
then, makes it possible to follow the metabolism of bone for and 60,000 years has been reconstructed #RBe and®°Cl
many years andto study its response to particu|ar q:ﬁlj@ measurements in the GRIP ice core from Green[aa]. In

An excessive loss of bone mass with age (osteoporosis) is dare cases concentration changes of radionuclides have been
widespread phenomenon, and there is great hope that thes@bserved which seem to be caused by changes of the primary

41Ca studies will eventually help to find a cure for this prob- COsmic-ray intensity. For example, excesstiBe concen-
lem. tration peaks in the Vostok ice core from Antarctica indicate

some possible cosmic events around 35,000 and 60,000 years
ago[126]. New ice cores are likely to be drilled in the next
couple of years (e.g[127]), and radioisotope measurements
will add important aspects to the wealth of information stored

in these archives.

4.3. Other natural radioisotopes

As compared to the overwhelming use6€, other ra-
dioisotopes seem to pale in importance. However, there are
very interesting questions which can only be answered with

these other radioisotopes. 4.3.3. Supernova remnants on Earth

One of the most exciting applications of AMS is the search
) for radioisotopes in the million-year half-life range, which
4.3.1. Exposure dating _ _ _ were produced in ‘close’ supernovae explosions and may be
Although the bulk of cosmogenic radionuclides are pro- getectable in proper archives on Earth. (Geologists actually
duced by cosmic-ray interaction in the Earth’s atmosphere ¢4 radioisotopes in this time range ‘short-lived’, because

[115], secondary cosmic-ray particles (e.g., neutrons and only those which survived the age of the solar syste.6
muons) penetrate to the surface and produce radionuclides,jjjion years) are considered to be long-lived.) If such a su-
through nuclear reactions in the surface matqfiab]. De-  yermgvae occurred within a few half-lives of the respective
pending on the material composition, and the azl(tsltUQe and ragioisotope, there is a finite chance to find it. As mentioned
latitude of the location, production rates'8Be and?°Al in already in Sectios.1, the first AMS experiment of this kind
quartz (SiQ) are in the order of 10-100 radioisotopes per |y aq performed at the Munich 14-MV tandem AMS facil-
year per gram of exposed materfal7]. In a setting where iy Minute traces 0f%e ¢y/2=1.5x 10° a) were found in a

the surface material was once well shielded to prevent ra- deep-sea ferromanganese crust, indicating an anomalous in-

dioisotopes production, the time when exposure started cang ease if°Fe some 3 million years aga4]. Improved mea-
be determined from the accumulated radioisotope concentra-rements recently gave a more convincing pictéig.(4)

tion. Examples for such measurements are: the date of thepss) syggesting that this event may indeed have been caused
retreat of glacier§l 18], the date of metoritic impac{§19], by a supernova explosion 2.8 million years ago at a dis-

river inci'sion rate$12(_)], the date ofIands!ide[SlZl], the ex- tance of a ‘few tens of parsec™L00 light years). Other
posure time of landbridg¢$22], and cosmic-ray background  hssible candidates for tracing such cosmic event&33r
for geochemical neutrino detectigt23]. (8.9x 10° a) and®**Pu (8.1x 10’ a). Experiments to develop

Arefinement of the method, which is of particular interest yhe AMS technology for these radioisotopes have started at
to geomorphological studies, is the determination of €rosion geyera| AMS facilities, and first searches were initiated for
rates from exposure dating. In essence, the physical half-life 182 [128] and?*4Pu[129-131]

is shortened by the erosion to an effective half-life determin-

ing the temporal built-up of a particular radioisotope. Given

a theoretical concept and knowing the production rate for 5 gutiook
radioisotopes at the particular location, erosion rates can be

deduced116]. On the one hand, AMS is a well-established technique

with efforts to simplify the method by miniaturisation of the

4.3.2. Ice cores facilities, particularly for'*C measurements. On the other

Ice cores from the large polar ice sheets of Greenland andhand, AMS is still an evolving technology for many other
Antarctica represent the most detailed paleoclimatic record radioisotopes and their applications. In general, predictions
on Earth, with the longest record extending now back to what might happenin a couple of years are not very meaning-
740,000 yearfl24]. Information about the atmosphere inthe ful. Niels Bohr expressed this once so beautifully by saying:
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Fig. 4. Depth profile of%Fe/Fe ratio measurements in a deep-sea ferromanganese crust from the Pacific Ocean (4830 m water depth), measured at the Munic
14-MV tandem facility[45]. The slow-growth rate of the crust (2.5 mm per million years) converts depth to the time scale shown in the figure®¥elear
anomaly above the background level of 240716 is seen at an age of 2.8 million years. This indicates a possible extraterrestrial event, and according to
astrophysical models would be compatible with the deposition of ejecta from a supernova a few tens of\yi08diglit years) away from the Earf#5].

“Predictions are always difficult, especially of the future.” In  [138] with AMS seems feasible, such a system has not yet
the following, we will discuss a few ideas, which may initiate been realised. Here, clearly, lies a challenge for the future.
some new thinking about AMS.
5.2. On the possibility of absolutéC and*1Ca dating
5.1. The ‘ideal’ atom-counting device
Although 1C dating is an extremely useful tool for ar-

It is probably not an exaggeration to say that AMS is chaeology and other fields, it has the problem of depending
an analytical technique, which allows one to trace long- on a calibration. As seen froffig. 2, the natural wiggles in
lived isotopes with unrivaled versatility and sensitivity. How- the calibration curve convert the uncalibrated, high-precision
ever, Laser Resonance lonisation Spectroscopy (RIS) demonfadiocarbon age into a rather unprecise absolute date. In prin-
strated already during the early years of AMS that single- ciple, this could be avoided, if one would be able to make an
atom detection is possible in favorable cafE3?]. Later, absolute dating measuremdtB9]. Absolute dating using
Resonance lonisation Mass Spectrometry (RIMS) made biga radioisotope means that both parent and daughter prod-
strides to reach the isotope selection sensitivity of AMS, but ucts are measured. A famous example of this method is the
the physical limitation from the tails of the Lorentzian line potassium—argorf{K/4°Ar*) technique. The * indicates that
shape of resonance procesgE33] required multi-step iso-  only the radiogeni@¢®Ar should be considered. It can eas-
tope enrichments to measure radioisotope concentrations atly be shown that thé¢°K/40Ar* ratio does not depend on
natural levels. However, by increasing dramatically the obser- how much?®K was initially present. Similarly &*C/A4N*
vation time of atoms with the magneto—optical-trap (MOT) ratio measurement would not require a calibration to know
technique allowed one to reach the necessary isotope sethe initial 14C. Because of the overwhelming amount4i
lectivity without isotope enrichmeritL34]. This has been  present in any natural setting, it seems impossible to detect
demonstrated recently by measuri®iKr/Kr ratios in the the minute radiogenic contribution 8tN*. However, Szabo
10-13 range to date old groundwater samples from the Nu- et al.[139] discussed the kinematics of th&C beta decay,
bian aquifer in Egypf135]. Measuring®1Kr/Kr ratios in the which generates a maximum recoil energy of only 7.3 eV for
1013 range was previously only possible with ANK3], or the*N* atom. This low-recoil energies is comparable to the
by combining laser resonance ionisation mass spectrometrybinding energy of atoms in a molecule, and results in a fi-
with a rather elaborate multi-step isotope enrichment proce- nite retention probability for thé*N* atom. Starting from
dure[136]. The various efforts of laser-based techniques are some organic molecule containingC atom, the resultis a
summarized in a recent review paper by Lu and WEH8IT]. molecule with different chemical and physical properties. It

Whereas AMS has to make a big effort to separate stable-is not entirely unfeasible to think of using the AMS technique
isobar background (e.d*!Br in the case of'Kr detection),  developed to identify doubly charged negative ifi#0], to
it is very difficult for laser resonance processes to reach thefind al*N* ion in the break-up of an organic molecule. For
isotopic selectivity required for natural samples. Ideally, one such an experiment, one of the problems one would have
would like to combine the power of lasers to separate isobarsto solve is the production of a beam of unaltered molecules
(elements), with the power of AMS to separate isotopes. Al- from the material. At this point, absolutéC dating is still a
though a combination of element-selective laser ion sourcesdream.
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Similarly, one can dream of developing an absolute dat- AMS facilities for these searches. The current status of largely
ing method fof1Ca[26]. Here the favorable electron-capture computer-controlled AMS facilities allows one to perform
decay of*1Ca to*!K* generates an even lower recoil energy automatic searches over a large parameter space. In the true
of maximal 2.3 eV. Thus, the retention probability should be spirit of science, we should simply try to look beyond the

large. Again, the question of distinguishing the mirftié*
signal from normafK is formidable, and perhaps impossi-
ble. Yet, the potential of a functionirfdCa dating method is

horizon.

obvious: a favorable half-life of 104,000 years and the pos- Reaferences

sibility to date bones directly would most likely be of great
value in studying the ancestry of our own species. So, the
dream goes on.

5.3. Searching for the unknown

AMS can be applied to many fields, as seen fitable 2
It has developed into an invaluable analytical tool to study
physical and chemical processes in our environment. Since
it is likely that both the number of facilities and their use
will grow, AMS has a bright future. But AMS has properties,
which make it unique in the sense that one can also use it
to search for the hitherto unknown. As mentioned in the in-
troduction, such experiments were performed right after the
invention of AMS to search for superheavy elemgng].

A more focussed search of this kind was performed at the
tandem accelerator of the University of Phildelphia for the
isotope 294 of the platinum-like element with+ 110[141].

In a different field, alow-energy search for free quarks was
performed at the 700-kV Cockroft—-Walton proton injector of
Fermi Lab[142]. A more extensive search for fractionally
charged particles was later performed at the 3-MV Pelletron
tandem accelerator of the Kellogg Radiation Laboratory in
Caltech[143].

A search for anomalously heavy isotopes of [Bwuclei
was performed at the Rochester 10-MV tandem accelerator
[144], in the sprit of similar experiments of Luis Alvarez
at Berkeley 10 years earli¢r]. The rational for these ex-
periments are only partly driven by theoretical prediction.
Another part is simply the ability to tune the AMS ma-
chine to white spots on the landscape of nuclides, far away
from known territory. With the increasing computer con-
trol of accelerators, it may be worthwhile to revive these
searches in a more serious and general way. The probabil-
ity is very faint to find something relevant. Yet it is intrigu-
ing to go on with these searches. Someone simply has to
doiit.

There are a number of other species one could search
for with AMS: strange matter containing roughly equal
numbers of up, down, and strange quarks may have been
formed in phase transitions of the early univelb85-147]
and may reveal themselves as I&y high mass parti-
cles. Finally, dark matter is one of the big unsolved prob-
lems of our time[148]. Why not searching for it with
AMS?

The list of hypothetical particles is large, and somewhere
there ought to be something unknown to be discovered. It is
perhaps worthwhile to devote a certain fraction of the time of

[1] L.W. Alvarez, R. Cornog, Phys. Rev. 56 (1939) 379.

[2] H.A. Bethe, R.F. Bacher, Rev. Mod. Phys. 8 (1936) 82.

[3] L.W. Alvarez, R. Cornog, Phys. Rev. 56 (1939) 613.

[4] L.W. Alvarez, in: W. Henning, W. Kutschera, R.K. Smither, J.L.
Yntema (Eds.), Proceedings of Symposium on Accelerator Mass
Spectrometry, Argonne National Laboratory, Argonne, IL, Physics
Division Report ANL/PHY-81-1, 1981, p. 1.

[5] L.W. Alvarez, Phys. Today 35 (1) (1982) 25.

[6] R. Middleton, C.T. Adams, Nucl. Instrum. Meth. 118 (1974) 329.

[7] R.A. Muller, L.W. Alvarez, W.R. Holley, E.J. Stephenson, Science
196 (1977) 521.

[8] R.A. Muller, Science 196 (1977) 489.

[9] K.H. Purser, R.B. Liebert, A.E. Litherland, R.P. Beukens, H.E.
Gove, C.L. Bennet, H.R. Clover, W.E. Sondheim, Rev. Phys. Appl.
12 (1977) 1487.

[10] D.E. Nelson, R.G. Korteling, W.R. Stott, Science 198 (1977) 507.

[11] C.L. Bennet, R.P. Beukens, M.R. Clover, H.E. Gove, R.B. Liebert,
A.E. Litherland, K.H. Purser, W. Sondheim, Science 198 (1977)
508.

[12] A.Z. Schwarzschild, P.H. Thieberger, J.B. Cumming, Bull. Am.
Phys. Soc. 22 (1977) 94.

[13] A.E. Litherland, Ann. Rev. Nucl. Part. Sci. 30 (1980) 437.

[14] M. Chen, X. Lu, D. Li, Y. Liu, W. Zhou, G. Chen, L. Shen, S.
Xu, Y. Zhang, Nucl. Instrum. Meth. B 172 (2000) 193.

[15] W. Kutschera, M. Paul, I. Ahmad, T.A. Antaya, P.J. Billquist, B.G.

Glagola, R. Harkewicz, M. Hellstrom, D.J. Morrissey, R.C. Pardo,

K.E. Rehm, B.M. Sherrill, M. Steiner, Nucl. Instrum. Meth. B 92

(1994) 241.

P. Collon, T. Antaya, B. Davids, M. Fauerbach, R. Harkewicz,

M. Hellstrom, W. Kutschera, D. Morrissey, R. Pardo, M. Paul,

B. Sherrill, M. Steiner, Nucl. Instrum. Meth. B 172 (2000)

193.

P. Collon, M. Bichler, J. Caggiano, L. DeWayne Cecil, Y. El Masti,

R. Golser, C.L. Jiang, A. Heinz, D. Henderson, W. Kutschera, B.E.

Lehmann, P. Leleux, H.H. Loosli, R.C. Pardo, M. Paul, K.E. Rehm,

P. Schlosser, R.H. Scott, W.M. Smethie Jr., R. Vondrasek, Nucl.

Instrum. Meth. B 223-224 (2004) 428.

K.H. Purser, R.J. Schneider, J.McG. Dobbs, R. Post, in: W.

Henning, W. Kutschera, R.K. Smither, J.L. Yntema (Eds.), Pro-

ceedings of Symposium on Accelerator Mass Spectrometry, Ar-

gonne National Laboratory, Argonne, IL, Physics Division Report

ANL/PHY-81-1, 1981, p. 431.

[19] K.H. Purser, T.H. Smick, R.K. Purser, Nucl. Instrum. Meth. B 52
(1990) 263.

[20] D. Elmore, F.M. Philips, Science 236 (1987) 543.

[21] W. Kutschera, Nucl. Instrum. Meth. B 50 (1990) 252.

[22] W. Kutschera, M. Paul, Ann. Rev. Nucl. Part. Sci. 40 (1990) 411.

[23] R.C. Finkel, M. Suter, Adv. Anal. Geochem. 1 (1993) 1.

[24] C. Tuniz, J.R. Bird, D. Fink, G.F. Herzog, Accelerator Mass spec-
trometry: Ultrasensitive Analysis of Global Science, CRC Press,
Boca Raton, 1998, 371.

[25] L.K. Fifield, Rep. Prog. Phys. 62 (1999) 1223.

[26] W. Kutschera, Am. Inst. Phys. Conf. Ser. 495 (1999) 407.

[27] P. Collon, W. Kutschera, Z.-T. Lu, Ann. Rev. Nucl. Part. Sci. 54
(2004) 39.

[28] M. Suter, Nucl. Instrum. Meth. B. 223-224 (2004) 139.

[16]

(17]

(18]



158

[29] H.E. Gove (Ed.), Proceedings of First Conference on Radiocarbon
Dating with Accelerators, University of Rochester, Rochester, NY,
1978, p. 401.

[30] W. Henning, W. Kutschera, R.K. Smither, J.L. Yntema (Eds.), Pro-
ceedings of Symposium on Accelerator Mass Spectrometry, Ar-
gonne National Laboratory, Argonne, IL, Physics Division Report
ANL/PHY-81-1, 1981, p. 503.

[31] W. Wolfli, H.A. Polach, H.H. Andersen (Eds.), Proceedings of
AMS-3, Nucl. Instrum. MethB 5 (1984) 91.

[32] H.E. Gove, A.E. Litherland, D. Elmore (Eds.), Proceedings of
AMS-4, Nucl. Instrum. Meth. B 29 (1987) 1.

[33] F. Yiou, G.M. Raisbeck (Eds.), Proceedings of AMS-5, Nucl. In-
strum. Meth. B 52 (1990) 211.

[34] L.K. Fifield, D. Fink, S.H. Sie, C. Tuniz (Eds.), Proceedings of
AMS-6, Nucl. Instrum. Meth. B 92 (1994) 1.

[35] AJ.T. Jull, J.W. Beck, G.S. Burr (Eds.), Proceedings of AMS-7,
Nucl. Instrum. Meth. B 123 (1997) 1.

[36] W. Kutschera, R. Golser, A. Priller, B. Strohmaier (Eds.), Nucl.
Instrum. Meth. B 172 (2000) 1.

[37] T. Nakamura, K. Kobayashi, H. Matsuzaki, M. Murayama, Y. Na-
gashima, H. Oda, Y. Shibata, Y. Tanaka, M. Furukawa (Eds.), Nucl.
Instrum. Meth. B 223-224 (2004) 1.

[38] W. Henning, W.A. Bell, P.J. Billquist, B.G. Glagola, W. Kutschera,
Z. Liu, H.F. Lucas, M. Paul, K.E. Rehm, J.L. Yntema, Science 236
(1987) 725.

[39] W. Kutschera, I. Ahmad, P.J. Billquist, B.G. Glagola, K. Furer, R.C.
Pardo, M. Paul, K.E. Rehm, P.J. Slota, R.E. Taylor, J.L. Yntema,
Radiocarbon 31 (3) (1989) 311.

[40] D. Fink, Nucl. Instrum. Meth. B 52 (1990) 572.

[41] Y. Yamaguchi, Prog. Theor. Phys. (Jpn.) 30 (1963) 567.

[42] G.M. Raisbeck, F. Yiou, Nature 277 (1979) 42.

[43] P. Collon, W. Kutschera, H.H. Loosli, B.E. Lehmann, R. Purtschert,
A. Love, L. Sampson, D. Anthony, D. Cole, B. Davids, D.J. Mor-
rissey, B.M. Sherrill, M. Steiner, R.C. Pardo, M. Paul, Earth Planet.
Sci. Lett. 182 (2000) 103.

[44] K. Knie, G. Korschinek, T. Faestermann, C. Wallner, J. Scholten,
W. Hillebrandt, Phys. Rev. Lett. 83 (1999) 18.

[45] K. Knie, G. Korschinek, T. Faestermann, E.A. Dorfi, G. Rugel, A.
Wallner, Phys. Rev. Lett. 93 (2004) 171103.

[46] C. Vockenhuber, I. Ahmad, R. Golser, W. Kutschera, V. Liecht-
enstein, A. Priller, P. Steier, S. Winkler, Int. J. Mass Spectrosc.
223-224 (2003) 713.

[47] P. Steier, R. Golser, W. Kutschera, A. Priller, C. Vockenhuber, S.
Winkler, Nucl. Instrum. Meth. B 223-224 (2004) 67.

[48] P. Steier, F. Dellinger, W. Kutschera, A. Priller, W. Rom, E.M.
Wild, Radiocarbon 46 (1) (2004) 5.

[49] C.C.B. Ramsey, T. Higham, P. Leach, Radiocarbon 46 (1) (2004)
17.

[50] F. Dellinger, W. Kutschera, K. Nicolussi, P. Schiel3ling, P. Steier,
E.M. Wild, Radiocarbon 46 (2) (2004) 969.

[51] S. Freeman, P. Bishop, C. Bryant, G. Cook, A. Fallick, D. Harkness,
S. Metcalfe, M. Scott, R. Scott, M. Summerfield, Nucl. Instrum.
Meth. 223-224 (2004) 31.

[52] S. Freeman, S. Xu, C. Schnabel, A. Dougans, A. Tait, R. Kitchen,
G. Klody, R. Loger, T. Pollock, J. Schroeder, M. Sundquist, Nucl.
Instrum. Meth. 223-224 (2004) 195.

[53] H.W. Lee, A. Galindo-Uribarri, K.H. Chang, L.R. Kilius, A.E.
Litherland, Nucl. Instrum. MethB 5 (1984) 208.

[54] K.H. Purser, Nucl. Instrum. Meth. 92 (1994) 201.

[55] M. Suter, St. Jacob, H.-A. Synal, Nucl. Instrum. Meth B 123 (1997)
148.

[56] M. Suter, R. Huber, S.A.W. Jacob, H.-A. Synal, J.B. Schroeder,
AIP Conf. Ser. 475 (1999) 665.

[57] H.-A. Synal, S. Jacob, M. Suter, Nucl. Instrum. Meth. B 161-163
(2000) 29.

[58] H.-A. Synal, S. Jacob, M. Suter, Nucl. Instrum. Meth. B 172 (2000)
1.

W. Kutschera / International Journal of Mass Spectrometry 242 (2005) 145-160

[59] M. Suter, S.A.W. Jacob, H.-A. Synal, Nucl. Instrum. Meth. B 172
(2000) 144.

[60] S.A.W. Jacob, M. Suter, H.-A. Synal, Nucl. Instrum. Meth. B 172
(2000) 235.

[61] M.L. Roberts, R.A. Culp, D.K. Dvoracek, G.W.L. Hodgins,
M.P. Neary, J.E. Noakes, Nucl. Instrum. Meth. B 223-224
(2004) 1.

[62] T. Goslar, J. Czernik, E. Goslar, Nucl. Instrum. Meth. B 223-224
(2004) 5.

[63] J. Southon, G. Santos, K. Druffel-Rodriguez, E. Druffel, S. Tram-
bore, X. Xu, S. Griffin, S. Ali, M. Mazon, Radiocarbon 46 (1)
(2004) 41.

[64] R.G. Liberman, B.J. Hughey, P.L. Skipper, J.S. Wishnok, R.E.
Klinkowstein, R.E. Shefer, S.R. Tannenbaum, Nucl. Instrum. Meth.
B 223-224 (2004) 82.

[65] P.L. Skipper, B.J. Hughey, R.G. Liberman, M.H. Choi, J.S. Wish-
nok, R.E. Klinkowstein, R.E. Shefer, S.R. Tannenbaum, Nucl. In-
strum. Meth. B 223-224 (2004) 740.

[66] T.J. Ognibene, G. Bench, T.A. Brown, J.S. Vogel, Nucl. Instrum.
Meth. B 223-224 (2004) 12.

[67] M. Stocker, R. Bertschinger, M. d@beli, M. Grajcar, S. Jacob, J.
Scheer, M. Suter, H.-A. Synal, Nucl. Instrum. Meth. B 223-224
(2004) 104.

[68] H.-A. Synal, M. Dbbeli, S. Jacob, M. Stocker, M. Suter, Nucl.
Instrum. Meth. 223-224 (2004) 339.

[69] J.B. Schroeder, T.M. Hauser, G.M. Klody, G.A. Norton, Radiocar-
bon 46 (1) (2004) 1.

[70] R. Weissenbk, S.R. Biegalski, L.A. Currie, D.B. Klinedinst, R.
Golser, G.A. Klouda, W. Kutschera, A. Priller, W. Rom, P. Steier,
E. Wild, Radiocarbon 40 (1) (1998) 265.

[71] W. Rom, C.A.M. Breninkmeijer, C. Bronk Ramsey, W. Kutschera,
A. Priller, S. Puchegger, T. &kmann, P. Steier, Nucl. Instrum.
Meth. B 172 (2000) 530.

[72] C. Maden, M. ®beli, P.W. Kubik, M. Frank, M. Suter, Nucl.
Instrum. Meth. B 223-224 (2004) 247.

[73] F. Yiou, G. Raisbeck, H. Imbaud, Nucl. Instrum. Meth. B 223-224
(2004) 412.

[74] J.R. Southon, G.M. Santos, Radiocarbon 46 (1) (2004) 33.

[75] J.S. Vogel, J.R. Southon, D.E. Nelson, T. Brown, Nucl. Instrum.
Meth. B 5 (1984) 289.

[76] C.C.B. Ramsey, P. Ditchfield, M. Humm, Radiocarbon 46 (1)
(2004) 25.

[77] R.J. Schneider, S.-W. Kim, K.F. von Reden, J.M. Hayes, J.S.C.
Wills, V.S. Griffin, A.L. Session, S. Sylva, Nucl. Instrum. Meth. B
223-224 (2004) 149.

[78] W.F. Libby, Phys. Rev. 69 (1946) 671.

[79] E.C. Anderson, W.F. Libby, S. Weinhouse, A.F. Reid, A.D.
Kirschenbaum, A.V. Grosse, Phys. Rev. 72 (1947) 931.

[80] J.R. Arnold, W.F. Libby, Science 110 (1949) 678.

[81] J.R. Arnold, W.F. Libby, Science 113 (1951) 111.

[82] P.E. Damon, D.J. Donahue, B.H. Gore, A.L. Hatheway, A.J.T. Jull,
T.W. Linnick, P.J. Sercel, L.J. Tulin, C.R. Bronk, E.T. Hall, R.E.M.
Hedges, R. Housley, I.A. Law, C. Perry, G. Bonani, S. Trumbore,
W. Woelfli, J.C. Ambers, S.G.E. Bowman, M.N. Leese, M.S. Tite,
Nature 337 (1989) 611.

[83] B. Bonani, S. lvy, T.R. Niklaus, M. Suter, M.A. Hous-
ley, C.R. Bronk, G.J. van Klinken, R.E.M. Hedges, in: W.
Platzer Hdpfel, K. Spindler (Eds.), Der Mann im Eis -
Bericht Uber das Internationale Symposium 1992 in Innsbruck,
vol. 1, Publikationen der Universit Innsbruck Nr. 187, 1992,
p. 108.

[84] R.E.M. Hedges, R.A. Housley, C.R. Bronk, G.J. van Klinken, Ar-
chaeometry 34 (2) (1992) 337.

[85] G. Bonani, S. Ivy, I. Hajdas, T.R. Niklaus, M. Suter, Radiocarbon
36 (2) (1994) 247.

[86] W. Kutschera, W. Miller, Nucl. Instrum. Meth. B 204 (2003)
705-719.



W. Kutschera / International Journal of Mass Spectrometry 242 (2005) 145-160

[87] M. Stuiver, P.J. Reimer, E. Bard, J.W. Beck, G.S. Burr, K.A.
Hughen, B. Kromer, G. McCormack, J. van der Plicht, M. Spurk,
Radiocarbon 40 (3) (1998) 1041.

[88] G.A. Jones, A.P. McNichol, K.F. Reden, R.J. Schneider, Nucl. In-
strum. Meth. B 52 (1990) 278.

[89] M. Andrée, J. Beer, H. Oeschger, A. Mix, W. Broecker, N. Ragano,
P. O’'Hara, G. Bonani, H.J. Hofmann, E. Morenzoni, M. Nessi, M.
Suter, W. Wlfli, Geophys. Monogr. 32 (1985) 143.

[90] K.F. Von Reden, J.C. Peden, R.J. Schneider, M. Bellino, J.
Donoghue, K.L. Elder, A.G. Gagnon, P. Long, A.P. McNichol,
T. Morin, D. Stuart, J.M. Hayes, Am. Inst. Phys. Conf. Ser. 473
(1999) 410.

[91] A.P. McNichol, R.J. Schneider, K.F. von Reden, A.R. Gagnon, K.L.
Elder, R.M. Key, P.D. Quay, Nucl. Instrum. Meth. B 172 (2000)
479.

[92] W.S. Broecker, Nat. Hist. Mag. 97 (1987) 74.

[93] C.B. Ramsey, Radiocarbon 43 (2A) (2001) 355.

[94] C.B. Ramsey, S.W. Manning, M. Galimberti, Radiocarbon 46 (1)
(2004) 325.

[95] H.J. Bruins, J. van der Plicht, A. Mazar, Science 300 (2003) 315.

[96] I. Finkelstein, E. Piasetzky, Science 302 (2003) 568b.

[97] H.J. Bruins, J. van der Plicht, A. Mazar, Science 302 (2003) 568c.

[98] P. Steier, W. Rom, S. Puchegger, Radiocarbon 43 (2) (2001) 373.

[99] T. Straume, G. Rugel, A.A. Marchetti, W.URm, G. Korschinek,
J.E. McAnnich, K. Carroll, S. Egbert, T. Faestermann, K. Knie, R.
Martinelli, A. Wallner, C. Wallner, Nature 424 (2003) 539.

[100] T. Straume, G. Rugel, A.A. Marchetti, W.URm, G. Korschinek,
J.E. McAnnich, K. Carroll, S. Egbert, T. Faestermann, K. Knie,
R. Matrtinelli, A. Wallner, C. Wallner, S. Fujita, K. Shizuma, M.
Hoshi, H. Hasai, Nature 430 (2004) 483.

[101] D.A. Pierce, Y. Shimizu, D.L. Preston, M. Vaeth, K. Mabuchi,
Radiat. Res. 146 (1996) 1, RERF Report no. 11-95.

[102] A. Wallner, A. Arazi, T. Faestermann, K. Knie, G. Korschinek, H.J.
Maier, N. Nakamura, W. Bhm, G. Rugel, Nucl. Instrum. Meth. B
223-224 (2004) 759.

[103] I. Levin, V. Hesshaimer, Radiocarbon 42 (1) (2000) 69.

[104] E.M. Wild, K.A. Arlamovski, R. Golser, W. Kutschera, A. Priller,
S. Puchegger, W. Rom, P. Steier, W. Vycudilik, Nucl. Instrum.
Meth. B 172 (2000) 944.

[105] F. Yiou, G.M. Raisbeck, Z.Q. Zhou, L.R. Kilius, Nucl. Instrum.
Meth. B 92 (1994) 436.

[106] J.-C. Gascard, G. Raisbeck, S. Sequeira, F. Yiou, K.A. Mork, Geo-
phys. Res. Lett. 31 (2004) L08302.

[107] L. Wacker, L.K. Fifield, S.G. Tims, Nucl. Instrum. Meth. B
223-224 (2004) 185.

[108] J. Keilson, C. Waterhouse, in: H.E. Gove (Ed.), Proceedings of
the First Conference on Radiocarbon Dating with Accelerators,
University of Rochester, Rochester, NY, 1978, p. 391.

[109] J.S. Vogel, K.W. Turteltaub, J.S. Felton, B.L. Gledhill, D.E. Nelson,
J.R. Southon, I.D. Proctor, J.C. Davis, Nucl. Instrum. Meth. B 52
(1990) 524.

[110] J.S. Vogel, K.W. Turteltaub, Trends Anal. Chem. 11 (1992)
142.

[111] R.C. Garner, T.J. Lightfoot, B.C. Cupid, D. Russel, J.M. Coxhead,
W. Kutschera, A. Priller, W. Rom, P. Steier, D.J. Alexander, S.H.
Leveson, K.H. Dingley, R.J. Mauthe, K.W. Turteltaub, Cancer Lett.
143 (1999) 161.

[112] R.C. Garner, D. Long, Nucl. Instrum. Meth. B 172 (2000) 892.

[113] S.P.H.T. Freeman, B. Beck, J.M. Bierman, M.W. Caffee, R.H.
Heaney, L. Holloway, R. Marcus, J.R. Southon, J.S. Vogel, Nucl.
Instrum. Meth. B 172 (2000) 930.

[114] R.R. Johnson, D. Berkovits, E. Boaretto, Z. Gelbart, S. Ghelberg,
O. Meirav, M. Paul, J. Prior, V. Sossi, E. Venczel, Nucl. Instrum.
Meth. B 92 (1994) 483.

[115] D. Lal, B. Peters, in: K. Sitte (Ed.), Handbuch der Physik, vol.
46/2, Springer Verlag, Berlin, 1967, p. 551.

[116] D. Lal, Earth Planet. Sci. Lett. 104 (1991) 424.

159

[117] K. Nishiizumi, A.L. Winterer, C.P. Kohl, J. Klein, R. Middleton,
D. Lal, J.R. Arnold, Geophys. Res. 94 (1989), 17,907.

[118] H. Kerschner, S. Ivy-Ochs, C. Séichter, Ann. Glaciol. 28 (1999)
135.

[119] K. Nishiizumi, C.P. Kohl, E.M. Shoemaker, J.R. Arnold, J. Klein,
D. Fink, R. Middleton, Geochim. Cosmochim. Acta 55 (1991)
2699.

[120] D.W. Burbank, L. Leland, E. Fielding, R.S. Anderson, N. Brozovic,
M.R. Reid, C. Duncan, Nature 379 (1996) 505.

[121] P.W. Kubik, S. Ivy-Ochs, Nucl. Instrum. Meth. 223-224 (2004)
618.

[122] K.J. Kim, M. Imamura, Nucl. Instrum. Meth. 223-224 (2004) 608.

[123] M.K. Pavicevic, E.M. Wild, G. Amthauer, M. Berger, B. Boev, W.
Kutschera, A. Priller, T. Prohaska, I. Stefan, Nucl. Instrum. Meth.
B 223-224 (2004) 660.

[124] L. Augustin, C. Barbante, P.R.F. Barnes, J.M. Barnola, M. Bigler,

E. Castellano, O. Cattani, J. Chappellaz, D. Dahl-Jensen, B. Del-

monte, G. Dreyfus, G. Durand, S. Falourd, H. Fischer, Uckiber,

M.E. Hansson, P. Huybrechts, G. Jugie, S.J. Johnsen, J. Jouzel, P.

Kaufmann, J. Kipfstuhl, F. Lambert, V.Y. Lipenkov, G.C. Littot, A.

Longinelli, R. Lorrain, V. Maggi, V. Masson-Delmotte, H. Miller,

R. Mulvancy, J. Oerlemans, H. Oerter, G. Orombelli, F. Parrenin,

D.A. Peel, J.-R. Petit, D. Raynaud, C. Ritz, U. Ruth, J. Schwander,

U. Siegenthaler, R. Souchez, B. Stauffer, J.P. Steffensen, B. Stenni,

T.F. Stocker, J.E. Tabacco, R. Udisti, R.S.W. Van De Wal, M. Van

Den Broeke, J. Weiss, F. Wilhelms, J.-G. Winther, E.W. Wolff, M.

Zucchelli, EPICA Community Members, Nature 429 (2004) 623.

G. Wagner, J. Masarik, J. Beer, S. Baumgartner, D. Imboden, P.W.

Kubik, H.-A. Synal, M. Suter, Nucl. Instrum. Meth. B 1172 (2000)

597.

[126] G.M. Raisbeck, F. Yiou, D. Bourles, C. Lorius, J. Jouzel, N.I.
Barkov, Nature 326 (1987) 273.

[127] K.K. Andersen, N. Azuma, J.-M. Barnola, M. Bigler, P. Biscaye, N.
Caillon, J. Chappellaz, H.B. Clausen, D. Dahl-Jensen, H. Fischer,
J. Flickiger, D. Fritzsche, Y. Fujii, K. Goto-Azuma, K. Grgnvold,
N.S. Gundestrup, M. Hansson, C. Huber, C.S. Hvidberg, S.J.
Johnsen, U. Jonsell, J. Jouzel, S. Kipfstuhl, A. Landais, M. Leuen-
berger, R. Lorrain, V. Masson-Delmotte, H. Miller, H. Motoyama,
H. Narita, T. Popp, S.0. Rasmussen, D. Raynaud, R. Rothlis-
berger, U. Ruth, D. Samyn, J. Schwander, H. Shoji, M.-L. Siggard-
Andersen, J.P. Steffensen, T. Stocker, A.E. Svéimtgjcttir, A.
Svensson, M. Takata, J.-L. Tison, Th. Thorsteinsson, O. Watan-
abe, F. Wilhelms, J.W.C. White, North Greenland Ice Core Project
members, Nature 431 (2004) 147.

[128] C. Vockenhuber, C. Feldstein, M. Paul, N. Trubnikov, M. Bichler,
R. Golser, W. Kutschera, A. Priller, P. Steier, S. Winkler, New
Astron. Rev. 48 (2004) 161.

[129] M. Paul, A. Valenta, |I. Ahmad, D. Berkovits, C. Bordeanu, S.
Ghelberg, Y. Hashimoto, A. Hershkowitz, S. Jiang, T. Nakanishi,
K. Sakamoto, Astrophys. J. 558 (2001) L133.

[130] C. Wallner, T. Faestermann, U. Gerstmann, K. Knie, G. Korschinek,
C. Lierse, G. Rugel, New Astron. Rev. 48 (2004) 145.

[131] S. Winkler, I. Ahmad, R. Golser, W. Kutschera, K.A. Orlandini,
M. Paul, A. Priller, P. Steier, C. Vockenhuber, New Astron. Rev.
48 (2004) 151.

[132] G.S. Hurst, M.G. Payne, S.D. Kramer, J.P. Young, Rev. Mod. Phys.
51 (1979) 767.

[133] A.l. Ludin, B.E. Lehmann, Appl. Phys. B 61 (1995) 461.

[134] C.Y. Chen, Y.M. Li, K. Bailey, T.P. O’Connor, L. Young, Z.-T. Lu,
Science 286 (1999) 1139.

[135] N.C. Sturchio, X. Du, R. Purtschert, B.E. Lehmann, M. Sultan, L.J.
Patterson, Z.-T. Lu, P. Mler, T. Bigler, K. Bailey, T.P. O’Connor,

L. Young, R. Lorenzo, R. Becker, Z. El Alfy, B. El Kaliouby, Y.
Dawood, A.M.A. Abdallah, Geophys. Res. Lett. 31 (2004) L05503.

[136] B.E. Lehmann, H.H. Loosli, D. Rauber, N. Thonnard, R.D. Willis,
Appl. Geochem. 6 (1991) 419.

[137] Z.-T. Lu, K.D.A. Wendt, Rev. Sci. Instrum. 74 (2003) 1169.

[125]



160 W. Kutschera / International Journal of Mass Spectrometry 242 (2005) 145-160

[138] K. Blaum, C. Geppert, H.-J. Kluge, M. Mukherjee, S. Schwarz, K. [143] R.G. Milner, B.H. Cooper, K.H. Chang, K. Wilson, J. Labrenz,
Wendt, Nucl. Instrum. Meth. B 204 (2003) 331. R.D. McKeown, Phys. Rev. D 36 (1987) 37.
[139] J. Szabo, I. Carmi, D. Segal, E. Mintz, Radiocarbon 40 (1) (1998) [144] T.K. Hemmick, D. Elmore, P.W. Kubik, S.L. Olsen, T. Gentile, D.

77. Nitz, D. Ciampa, H. Kagan, P. Haas, P.F. Smith, B.B. Mclnteer, J.
[140] R. Golser, H. Gnaser, W. Kutschera, A. Priller, P. steier, C. Vock- Bigeleisen, Nucl. Instrum. Meth. B 29 (1987) 389.
enhuber, Nucl. Instrum. Meth. B 223-224 (2004) 221. [145] E. Witten, Phys. Rev. D 30 (1984) 272.

[141] W. Stephens, J. Klein, R. Zuithle, Phys. Rev. C 21 (1980) 1664. [146] E. Farhi, R.L. Jaffe, Phys. Rev. D 30 (1984) 2379.
[142] W. Kutschera, J.P. Schiffer, D. Frekers, W. Henning, M. Paul, K.W. [147] A. De Rujula, S.L. Glashow, Nature 312 (1984) 734.
Shepard, C.D. Curtis, C.W. Schmidt, Phys. Rev. D 29 (1984) 791. [148] M. Fukugita, Nature 422 (2003) 489.



	Progress in isotope analysis at ultra-trace level by AMS
	Introduction
	Basics of AMS
	Technical developments in recent years
	Accelerator developments
	The standard AMS machines
	The 'small-is-beautiful' development
	Sample preparation

	Applications
	Radiocarbon
	'Sensational' archaeology
	Mapping the oceans
	Pushing the accuracy of 14C dating

	Anthropogenic radioisotopes
	Releases from nuclear weapons and nuclear industry
	Biomedical tracing

	Other natural radioisotopes
	Exposure dating
	Ice cores
	Supernova remnants on Earth


	Outlook
	The 'ideal' atom-counting device
	On the possibility of absolute 14C and 41Ca dating
	Searching for the unknown

	References


