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6 MV Tandem: “good old times in nuclear physics”

1984-2008 jointly operated between SIN/PSI-ETHZ



Versatile instrumentation for AMS and Ion Beam Analyses

500 kV Tandy System

300 kV Milea AMS system

200 kV ProtoMicadas 14C AMS

200 kV LIPMicadas 14C AMS

RBS  station

ERDA spectrometer

Micro beam

1.7 MV Tandetron (IBA)

6 MV Tandem
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AMS: a unique detection technique
Accelerator Mass Spectrometry

AMS

§ Single atom detection capabilities 
§ High accuracy (‰)
§ Dynamic range (104)
§ Extreme sensitivity

Isotope ratios: 10-9 - 10-15

Sample:
Typical size: mg à μg

104 à million atoms

important AMS radionuclides
10Be, 14C, 26Al, 36Cl, 41Ca, 129I, actinides

Half-lives: 5’700 -12’700’000 yrs



Decay counting
How many Atoms we need 

for a good measurement (1%) ?

N: Number of atoms
A: Activity
λ: Decay constant

Reasonable assumptions:
– Measurement time:        106 s (12 days)
– Minimum count rate: 0.01 cps
– Detection efficiency:   100 %
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Counting atoms

• With AMS the number of atoms is counted!!

N: Number of atoms
etot: Overall efficiency
T: Transmission

• Typical values:
Negative ion yield eion: 0.5-30%
Instrument transmission T: 10-50%
Detection efficiency edet : 100 %

Total efficiency few %

independent of half-life

NAMS = N ⋅εtot
εtot = εion ⋅εdet ⋅T
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isobar/ 
molecule

mass  
(MeV/c2)

Δmass
(MeV/c2)

m/Δm

14C 13044.0422

14N 13043.8861 0.1561 83562

12CH2 13055.6004 11.5582 1129

13CH 13051.4364 7.3942 1766

Ion source
Mass 12 amu (12C)

B

S

N
Mass: 14 amu (14C, 13CH, 12CH2)

Mass spectrometric separation



State-of-the-Art AMS system

14C / 12C
13C / 12C

12C+

13C+

14C+

2. filter
mass analyses

(low energy end)

accelerator

4. filter
mass analyses

(high energy end)

2. mass
spectrometer
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analyzer

1. filter
negative ion
production

3. filter
molecule dissociation
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Molecule dissociation

121314

1312

atomic & 
molecular  ions:

14C,13CH,12CH2

mass 14 amu

only atomic 
ions

14C,13C,12C, H

mass: 14 amu
13 amu
12 amu

1 amu



Optimizing performance of AMS instruments

Gas flow model

10-5 mbar

10-3 mbar

pump pump

log(m
bar)

stripper tube

+

-

Monte Carlo simulation
• Arbitrary geometries

• Inhomogeneous density profiles

Ion optics/ray tracing

coupling

Determine and optimize:
• Gas density distribution

• Total gas flow

• Direct injection into adjacent tubes

Nuclear scattering 
simulation



State-of-the-Art AMS system
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0 1+ 2+
3+

4+

Traditional AMS
2.5 - 9 MV 

Coulomb 
disintegration

“golden rule in AMS”:  light molecules are unstable if charge state 3+ of higher is reached

Argon gas stripping

Charge state yield with ion energy 



Traditional  3-6 MV AMS systems

Leibniz AMS 3 MV facility, Kiel, GER

≈ 
10

 -1
5 

m

HZDR 6 MV Tandetron AMS facility, Rossendorf, GER

VERA AMS 3 MV facility, Vienna, Austria

20
 -2

5 
m



1+ 2+ 3+

4+

Traditional AMS
2.5 - 9 MV 

Coulomb 
disintegrationMultiple ion gas collisions

Compact AMS
0.2 - 1 MV

Charge state yield with ion energy 



Stripping Process

• Electron-loss 
• Electron capture 
• Break-up of molecules
• Energy straggling
• Angular straggling

Destruction of molecular ions in q=1+

H. W. Lee et al. / 12CH j + molecule and radiocarbon dating by AMS 209 
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Fig. 1. Energy spectra obtained in surface barrier detector 
without carbon foil (upper) and with carbon foil inserted 
(lower) for (a) reactor graphite sample and (b) cracked modem 
acetylene at an argon partial pressure of 3 X 10m9 Torr. The 
peaks due to molecular fragments are (in order of increasing 
channel number) ‘*C (both protons missing the detector), r*C 
plus one proton and 12C plus both protons entering the detec- 
tor. 

terminal and both fragments entering the detector at the 
same time can be reduced by adjusting the 90° inflec- 
tion magnet, since the ‘Li; molecules injected differ 
from t4C- by 2 mm at the magnet image slit. The 
12 C*+ and 13C2+ observed in fig. lb are due to the 

terminal breakup of 12CH; and 13CH- charge chang- 
ing in the accelerator tubes and electrostatic analyser. 
The addition of an electrostatic analyser before the 
detector would remove them completely. From the rela- 
tive heights of the three peaks due to the molecular 
fragments, the calculated probability of a proton from 
the breakup of a molecule in the carbon foil entering 
the surface barrier detector is 0.3. The two peaks labelled 
“spontaneous decay” in fig. la correspond to r*C and 
r*C plus a proton respectively from the spontaneous 
decay of ‘*CH:+ between the exit of the last magnet 
and the detector. There is a small contribution to the 
spontaneous ‘*C decay peak from the ‘*C continuum 
produced by molecules decaying in the last magnet box. 
From these peaks we deduce an upper limit of 2 ps for 
the lifetime of these r*CHs+ ions. The spontaneous 
decay of the ‘*CHz+ ions has not yet been studied in 
detail. There are indications of shorter decay times from 
different excited states of these hot molecules [17]. 

In addition, we observed how the number of ‘*CH:+ 
molecules depends on the stripper gas pressure. Fig. 2 is 
a plot of the logarithm of the number of counts observed 
in the mass 14 energy peak (see fig. la) without a 
carbon foil as a function of the argon pressure measured 
on the RGA. Assuming the argon gas pressure in the 
stripper canal is linearly related to the RCA reading, 

13c+2 

SAMPLE CONTAINING 
‘%/‘2c =1.5x10-‘2 

I I 1 I I I I 
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Fig. 2. The 12C2+ current and number of mass 14 counts as a 
function of the argon stripper pressure. The plateau in the mass 
14 curve is due to t4C2+ ions along with a very small contribu- 
tion of 14N2+ from the modern sample. 

III. ION SOURCES / INSTRUMENTATION 

208 Nuclear Instruments and Methods in Physics Research B5 (1984) 208-210 
North-Holland, Amsterdam 

THE 12CH;+ MOLECULE AND RADIOCARBON DATING BY ACCELERATOR MASS 
SPECTROMETRY 

H.W. LEE, A. GAL~NDO-URIBARRI *, K.H. CHANG, L.R. KILIUS and A.E. L~THERLAND 
ISOTRACE Laboratory, University of Toronto, Toronto, Ontario MS IA 7, Canada 

The 12CHi+ molecule has been studied and it was found that the molecule can be effectively eliminated thus allowing detection of 
14C2+ at low terminal voltages of a tandem accelerator. Some implications of this discovery for radiocarbon dating are discussed. 

1. Introduction 

Accelerator mass spectrometry (AMS) has made it 
possible to detect isotope ratios as low as 10-i’ by 
direct counting of the ions. This has been the subject of 
several conferences [l-3] and recent reviews can be 
found in ref. [4]. For the case of 14C (half-life 5730 y) it 
was demonstrated that: 

a) 14N- ions are too unstable to interfere with 14C 
detection [5]. 

b) 14C3+ ions at natural concentrations (i4C/12C = 1.2 
x lo-“) can be detected near 3 MV where f 3 ions 
are produced optimally in a tandem accelerator [6]. 

c) i*CH:+ molecules are metastable while no 12CHi+ 
molecules are observed [7]. 
These experiments led to the design and construction 

of small 3 MV tandems to measure charge state + 3 ions 
of 14C from natural samples 181. In this paper we 
describe the first successful AMS detection of t4C2+ 
ions by effectively eliminating the r*CH:+ molecules. 

2. Ex~~rnen~ 

The layout of the ISOTRACE facility at the Univer- 
sity of Toronto is well known [7]. Several samples 
mounted on 0.6 cm diameter aluminium holders can be 
placed on a specially designed microprobe stage which 
allows vertical and horizontal positioning to f 2 n accu- 
racy under CAMAC/LSI-11/23 control 191. 20 keV 
negative ions produced by the positive cesium ion 
bombardment of the samples in the sputter ion source, 
are magnetically analysed by the 90° inflection magnet 
(M/AM = 400) before injection into the tandem accel- 
erator. The negative ions are accelerated to 1.4 MeV 

* On leave from Institute National de Investigaciones 
Nucleares (Mexico). 

0168-583X/84/$03.00 0 Elsevier Science Publishers B.V. 
(North-Holland Physics ~blis~ng Division) 

where they undergo charge changing collisions in an 
argon gas stripper canal. A Leybold-Heraeus turbomo- 
lecular pump located at the terminal and running at 
one-half speed (75 l/s) recirculates and concentrates the 
argon gas. The argon partial pressure was monitored by 
a SPECTRAMASS 1OOD residual gas analyser (RCA) 
[lo] located 3 m from the terminal near the electrostatic 
quadrupole pair. The leak rate of the argon gas into the 
stripper canal is controlled manually from outside the 
accelerator tank. Ions with charge state +2 emerging 
from the accelerator with an energy of 4.2 MeV are 
electrostatically and magnetically analysed. A 1.1 cm 
diameter silicon surface barrier detector 60 cm from the 
exit of the last magnet is used to detect the ions. Several 
carbon foils [ll] located 11 cm in front of the detector 
can be inserted into the particle beam. 

3. Results 

Fig. la illustrates the total energy spectra obtained in 
the detector for an argon partial pressure of 3 X 10-s 
Torr for a sample of reactor grade graphite with less 
than lo-l4 I4 C/12C. We find that it is possible to 
distinguish the i4 C2” from 12CH:+ by inserting a thick 
200 ng/cm* carbon foil. With the foil inserted the mass 
14 energy peak splits into four peaks, as shown in fig. 
lb for a sample prepared by radiofrequency cracking of 
acetylene gas [12] from modern NBS oxalic acid 1131. 
The peaks are identified by their energy loss (14f and 
taking into account the pulse height defect of heavy ions 
in the surface barrier detector [15]. The ‘*CH:+ mole- 
cules break up in the thick foils because of the long 
dwell time [16]. Besides breaking up the molecules the 
thick foil also allows the unambiguous identification of 
“C because of the differences in energy loss of the 
fragments and 14N2+ (from the i4NH- breakup at the 
terminal). The small contribution of sum counts to the 
i4C peak from ‘Li; molecules breaking up in the 
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Schulze-König, T., NIMB 269 (2011) 34-39



The Generation of Compact AMS Systems
The first compact AMS system (1998) using charge state 1+ 

Commercial systems are on the market from NEC and HVEE



He stripper gas 

He areal density of ≈ 0.5μg / cm2 should be sufficient to get rid of molecules  

Cross section for  molecule dissociation
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Vacuum insulated High Voltage platform
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MICADAS: high-performance 14C AMS system



LEA: A 50kV AMS system for 50kyears dating

Low Energy AMS System

3 m

2.
2 

m

50 kV Terminal

Newly designed 
molecule 

dissociation unit

Design protected under European patent: 2559055 licensed to Ionplus AG



Compact multi-isotope AMS systems
• 10Be 
• 14C
• 26Al
• 41Ca
• 129I
• Actinides (U, Pu, Pa, Np,…)

• Progress 
in detection technology

• Better understanding of  
Stripping processes



Particle identification: Gas ionization detector
Detector window
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Particle Identification  (ΔE-Eres) isobar suppression
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Enhancing actinide yields @ low energies

Stripping yield 300 keV

He instead of Ar: 

factor 3-4 more                 > 30% transmission

previous transmissions 

at other facilities: ≤ 5% transmission

previous transmissions



Universal AMS: 10Be, 14C, 26Al, 41Ca, 129I, and actinides

6 m

6.7 m

4.3 m

3.4 m

ion sourceLE-ESA

LE-Magnet

300 kV acceleration

HE-Magnet

HE-ESA

HE-Magnet 2

Detector
• Additional ESA on injection side
• Compact acceleration & optimized 

stripper
• Quadrupole lens triplet after 

acceleration
• Increased angular acceptance on HE 

side
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Physical properties of molecule dissociation

Because focusing effect of acceleration depends on particle charge state
ü Can be corrected by using a quadrupole lens system
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Multi Isotope Low Energy AMS system (MILEA)

A versatile AMS system for:
10Be, 14C, 
26Al, 41Ca,
129I, 236U, 

239,240,242,244Pu, 
and other actinides



Actinide measurement sequence: uranium

high total detection efficiency of up to 1% for U and Pu
236U/238U background in the 10-14 range
multiple isotope ratio measurement capability: 233U/238U; 236U/238U; 235U/238U



Dissemination of LIP technologies 
Founded: February 2013

commercializing LIP 
technical developments

Today: World market leader for
compact AMS systems  

25 Employees
Annual turnover: >10 MioCHF

MICDAS AMS system
MILEA AMS system
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Dating of the Öztal Ice Man



14C

14C14C

14C14C

14C + O2  à 14CO2

14C
14C

14C

14C

Photosynthesis

Food Chain 

14C production and CO2 Cycle
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§ 14C Production variable with time?
Intensity variation of cosmic radiation
§ modulation of Earth magnetic field
§ Solar activity

§ variation of CO2 concentration in atmosphere!
§ Release of  fossil CO2 (Suess-Effect)
§ Variation of CO2 exchange from different reservoirs (Climate)

§ No additional14C-sources!
§ Atomic bomb testing
§ Nuclear activities

Precondition for dating



Tree 1

Tree 2

Tree 3

Making an absolute time scale by counting individual tree-rings

• Same growing pattern can be 
matched.

• Time range can be extended 
over the lifetime of one tree.

Tree ring chronologies



ETH-
(20000 ± 1)
2-σ ranges:
22286 - 21680 BC (93.64 %)
21663 - 21609 BC (1.83 %)

SwissCal 1.0 L. Wacker (2010)  /  Atmospheric data from Reimer et al (2009)
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Refining radiocarbon calibration data

Results of reference material: 1515AD 

Mean Radiocarbon Age:
344.3 ± 1.3 BP

sample scatter: 12 years 
slightly less than 
average uncertainty: 14 years

L. Wacker, ISBN 978-3-906897-30-1 (2019) 29

More than 1000 data points 
with 

14 years average uncertainties



Solar activity



Box model: Global carbon cycle



Comparison: direct observation - reconstruction



A new sunspot record over 1000 years!

Nature Geoscience volume 14, pages 10–15 (2021)



Annually resolved tree ring data
LETTER

doi:10.1038/nature11123

A signature of cosmic-ray increase in AD 774–775
from tree rings in Japan
Fusa Miyake1, Kentaro Nagaya1, Kimiaki Masuda1 & Toshio Nakamura2

Increases in 14C concentrations in tree rings could be attributed to
cosmic-ray events1–7, as have increases in 10Be and nitrate in ice
cores8,9. The record of the past 3,000 years in the IntCal09 data
set10, which is a time series at 5-year intervals describing the 14C
content of trees over a period of approximately 10,000 years, shows
three periods during which 14C increased at a rate greater than 3%
over 10 years. Two of these periods have been measured at high
time resolution, but neither showed increases on a timescale of
about 1 year (refs 11 and 12). Here we report 14C measurements
in annual rings of Japanese cedar trees from AD 750 to AD 820 (the
remaining period), with 1- and 2-year resolution. We find a rapid
increase of about 12% in the 14C content from AD 774 to 775, which
is about 20 times larger than the change attributed to ordinary solar
modulation. When averaged over 10 years, the data are consistent
with the decadal IntCal 14C data from North American and
European trees13. We argue that neither a solar flare nor a local
supernova is likely to have been responsible.

We used two individual Japanese cedar trees (tree A and tree B). We
collected two series of measurements of the 14C content (D14C, see
Fig. 1 legend) of tree A. The first consists of biennial measurements
from AD 750 to 820. The second consists of yearly measurements from
AD 774 to 780. The data for overlapping years match within measure-
ment errors, confirming that the two series of measurements are repro-
ducible. The measurements of 14C content in tree B were collected at
1-year resolution, from AD 770 to 779. The data from tree A and tree B

are consistent (reduced x2 5 1.3, degrees of freedom d.f. 5 10). These
data are presented in Supplementary Information.

Figure 1a shows the variation of 14C content of Tree-A (after the two
series of data were combined) and Tree-B for the period AD 750–820.
In our data, we observe an increase of 14C content of 12%within 1 year
(AD 774–775), followed by a decrease over several years. The signifi-
cance of this increase (AD 774–775) with respect to the measurement
errors is 7.2s.

In order to compare our results with IntCal98 (ref. 13), we averaged
the yearly data to obtain a series with decadal time resolution. The
result is shown in Fig. 1b. In the IntCal98 data, the 14C content
increased by about 7.2% over 10 years (AD 775–785). The two series
are consistent with each other within measurement errors. The event
causing the increased 14C content in AD 775 could not have been local,
because the IntCal data were obtained from North American and
European trees, whereas we used Japanese trees.

To have produced a large number of 14C nuclei in the atmosphere in
AD 775, the cosmic-ray intensity must have increased considerably.
The decadal record of another cosmogenic nuclide, 10Be, can be
obtained from the layers of ice or snow from Dome Fuji in
Antarctica. These data include the relevant period, and exhibit a sharp
peak in the 10Be flux around AD 775 (ref. 14). However, the dating of ice
core layers is more ambiguous than that of tree rings. The age of a layer
is determined by locating several well-known volcanic events, and
matching the production rate pattern of 10Be with the 14C production

1Solar-Terrestrial Environment Laboratory, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan. 2Center for Chronological Research, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan.
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Figure 1 | Measured radiocarbon content and comparison with IntCal98.
The concentration of 14C is expressed as D14C, which is the deviation (in %) of
the 14C/12C ratio of a sample with respect to modern carbon (standard sample),
after correcting for the age and isotopic fractionation30. a, D14C data for tree A
(filled triangles with error bars) and tree B (open circles with error bars) for the
period AD 750–820 with 1- or 2-year resolution. The typical precision of a single
measurement of D14C is 2.6%. Most data were obtained by multiple
measurements, yielding smaller errors. Error bars, 1 s.d. b, The decadal average
of our data (filled diamonds with error bars) compared with the IntCal98 data13

(open squares with error bars), which is a standard decadalD14C time series. Six
standard samples (NIST SRM4990C oxalic acid, the new NBS standard) were
measured in the same batch of samples. Because D14C is calculated as the
deviation of the 14C/12C ratio of a sample with respect to an average of 14C/12C
of the six standard samples, the errors are the resultant of error propagation. An
error for a sample is a statistical one from a Poisson distribution, and an error
for the standard sample is the greater of either averaged statistical error from a
Poisson distribution of D14C for the six standard samples or the s.d. of values of
14C/12C for six standard samples.
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A signature of cosmic-ray increase in AD 774–775
from tree rings in Japan
Fusa Miyake1, Kentaro Nagaya1, Kimiaki Masuda1 & Toshio Nakamura2

Increases in 14C concentrations in tree rings could be attributed to
cosmic-ray events1–7, as have increases in 10Be and nitrate in ice
cores8,9. The record of the past 3,000 years in the IntCal09 data
set10, which is a time series at 5-year intervals describing the 14C
content of trees over a period of approximately 10,000 years, shows
three periods during which 14C increased at a rate greater than 3%
over 10 years. Two of these periods have been measured at high
time resolution, but neither showed increases on a timescale of
about 1 year (refs 11 and 12). Here we report 14C measurements
in annual rings of Japanese cedar trees from AD 750 to AD 820 (the
remaining period), with 1- and 2-year resolution. We find a rapid
increase of about 12% in the 14C content from AD 774 to 775, which
is about 20 times larger than the change attributed to ordinary solar
modulation. When averaged over 10 years, the data are consistent
with the decadal IntCal 14C data from North American and
European trees13. We argue that neither a solar flare nor a local
supernova is likely to have been responsible.

We used two individual Japanese cedar trees (tree A and tree B). We
collected two series of measurements of the 14C content (D14C, see
Fig. 1 legend) of tree A. The first consists of biennial measurements
from AD 750 to 820. The second consists of yearly measurements from
AD 774 to 780. The data for overlapping years match within measure-
ment errors, confirming that the two series of measurements are repro-
ducible. The measurements of 14C content in tree B were collected at
1-year resolution, from AD 770 to 779. The data from tree A and tree B

are consistent (reduced x2 5 1.3, degrees of freedom d.f. 5 10). These
data are presented in Supplementary Information.

Figure 1a shows the variation of 14C content of Tree-A (after the two
series of data were combined) and Tree-B for the period AD 750–820.
In our data, we observe an increase of 14C content of 12%within 1 year
(AD 774–775), followed by a decrease over several years. The signifi-
cance of this increase (AD 774–775) with respect to the measurement
errors is 7.2s.

In order to compare our results with IntCal98 (ref. 13), we averaged
the yearly data to obtain a series with decadal time resolution. The
result is shown in Fig. 1b. In the IntCal98 data, the 14C content
increased by about 7.2% over 10 years (AD 775–785). The two series
are consistent with each other within measurement errors. The event
causing the increased 14C content in AD 775 could not have been local,
because the IntCal data were obtained from North American and
European trees, whereas we used Japanese trees.

To have produced a large number of 14C nuclei in the atmosphere in
AD 775, the cosmic-ray intensity must have increased considerably.
The decadal record of another cosmogenic nuclide, 10Be, can be
obtained from the layers of ice or snow from Dome Fuji in
Antarctica. These data include the relevant period, and exhibit a sharp
peak in the 10Be flux around AD 775 (ref. 14). However, the dating of ice
core layers is more ambiguous than that of tree rings. The age of a layer
is determined by locating several well-known volcanic events, and
matching the production rate pattern of 10Be with the 14C production

1Solar-Terrestrial Environment Laboratory, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan. 2Center for Chronological Research, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan.
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Figure 1 | Measured radiocarbon content and comparison with IntCal98.
The concentration of 14C is expressed as D14C, which is the deviation (in %) of
the 14C/12C ratio of a sample with respect to modern carbon (standard sample),
after correcting for the age and isotopic fractionation30. a, D14C data for tree A
(filled triangles with error bars) and tree B (open circles with error bars) for the
period AD 750–820 with 1- or 2-year resolution. The typical precision of a single
measurement of D14C is 2.6%. Most data were obtained by multiple
measurements, yielding smaller errors. Error bars, 1 s.d. b, The decadal average
of our data (filled diamonds with error bars) compared with the IntCal98 data13

(open squares with error bars), which is a standard decadalD14C time series. Six
standard samples (NIST SRM4990C oxalic acid, the new NBS standard) were
measured in the same batch of samples. Because D14C is calculated as the
deviation of the 14C/12C ratio of a sample with respect to an average of 14C/12C
of the six standard samples, the errors are the resultant of error propagation. An
error for a sample is a statistical one from a Poisson distribution, and an error
for the standard sample is the greater of either averaged statistical error from a
Poisson distribution of D14C for the six standard samples or the s.d. of values of
14C/12C for six standard samples.
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Results of the first measurements
700rd year Swiss anniversary  (1991)

Lab. no.: sample 14C age
label (yrs BP)

ETH 7804-1 BB-1 706±47
ETH 7804-2 BB-2 683±45
ETH 7804-3 BB-3 714±45

ETH 7804 mean 700±35 



Re-evaluation of residual material
2017 high-precision measurement

Lab. no.: sample 14C age
label (yrs BP)

ETH 7804-1 BB-1 706±47
ETH 7804-2 BB-2 683±45
ETH 7804-3 BB-3 714±45

ETH 7804 mean 700±35 

ETH 79038.1.1 745±12 



Re-evaluation of residual material
2017 high-precision measurement
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