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Abstract

A feasibility test for Accelerator Mass Spectrometry has been carried out successfully at the 4 MV Dynamitron

Tandem Laboratory in Bochum in conjunction with a new recoil separator. We describe the facility as well as results

concerning the reproducibility and accuracy of 14C content measurements of several standard samples.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the last 15 years the Naples–Caserta group

implemented the first facility in Italy for Accelera-

tor Mass Spectrometry (AMS) measurements [1,2].

The facility is used mainly for the dating of samples

of organic origin, by measuring their 14C content,

in the framework of scientific collaborations with
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archaeologists, palaeontologists, geologists, ecolo-
gists, etc. [3–5]. The facility is a non-dedicated one,

being based on the Naples TTT3-Tandem, which is

routinely used for other research programs in fields

such as atomic physics, biophysics, material science,

and nuclear astrophysics. For 14C AMS purposes

the accelerator has been equipped with a multis-

ample sputtering ion source and a separator con-

sisting of a momentum filter, a velocity filter, and
an ionisation chamber for 14C identification and

counting. The separator allows an almost total

suppression of the abundant isotopes 12C and 13C.
ved.
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The AMS equipment and know-how has been

exploited to start a research program in nuclear

astrophysics within a collaboration between the

Naples–Caserta and Bochum groups. The out-
come of this program has been the first inverse

kinematics measurement of the cross-section of
1H(7Be,c)8B, which is a key reaction of the p–p

chain in our sun, by means of the direct detection

of the 8B recoils [6–11].

The success of this program has triggered the

construction of an improved separator, called

ERNA (European Recoil separator for Nuclear
Astrophysics), at the 4 MV tandem of the Dy-

namitron Tandem Laboratory (DTL) in Bochum

for the measurement of the cross-section of the
12C(a; c)16O reaction, which plays a major role in

stellar evolution [12]. The construction of the

ERNA separator (Fig. 1) has been completed and

the testing procedures are presently in progress

[13–15].
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Fig. 1. Layout of the Dynamitron-Tandem-ERNA facility in Boch
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In the framework of research programs

involving AMS activities, within the Naples–

Caserta–Bochum collaboration, a feasibility test

for ultrasensitive measurements of 14C/13C isotopic
ratio has been performed using the Dynamitron-

Tandem-ERNA facility. In the present paper we

describe the experimental procedures and report

on the results of this test.
2. Accelerator and separator settings

The 4 MV Dynamitron tandem is equipped

with a duo-plasmatron source and a sputter

source. The latter source is used to produce the

carbon beam starting from ‘‘graphite’’ pressed in

a metallic cathode holder. The accelerator is de-

signed to produce intense ion beams (up to a few

hundred lA for 12C), so all the beam monitoring

elements and procedures are implemented
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Fig. 2. Transmission curve for 14C versus the accelerator ter-

minal voltage.
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Fig. 3. Transmission curve for the Wien filter 2 (Fig. 1).
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accordingly. Gas stripping (O2) in the terminal is

used. For AMS the requested features for an

accelerator is to stabilise the terminal voltage

within few parts over 104, without any feedback
from the transmitted beam, and/or to exhibit the

so-called flat-top transmission.

To check this point, masses 12, 13 and 14

produced by a ‘‘standard’’ cathode (i.e. a cathode

bearing carbon in the allotropic form of graphite

extracted from a modern organic sample) have

been selected at the sputter source and injected in

the accelerator. In order to properly inject mass
14 (i.e. few nA of 13CH, the 14C being non-

detectable at current measurement level) the low

energy current measurement sensitivity has been

brought from 50 to 1 nA and a teslameter has

been added in order to assure reproducibility in

the field setting of the injection magnet. They

have then been accelerated to energies corre-

sponding to the same magnetic rigidity for the
charge state 3þ (relative probability of around

50%), at a terminal voltage around 2 MV. For

mass 12 (12C) a typical intensity of 50 lA at the

source has been obtained and of 50 lA of anal-

ysed beam in the charge state 3þ.

The fields of all magnetic and electrostatic ele-

ments of the ERNA recoil separator have been set

according to optics calculations (COSY infinity
code [16]) and then finely tuned by maximising the

transmission of the 12C beam (the positions of

these elements are illustrated in Fig. 1). It turned

out that operation of Wien filter 2 (Fig. 1) alone

was enough to achieve the necessary background

suppression. For this reason all measurements re-

ported in the following were performed setting the

fields of Wien filter 1, 3 and 4 to zero, while
keeping all other elements of the separator (Fig. 1)

at the field values obtained by the above men-

tioned tuning.

Once all the parameters for the transport ele-

ments were set for the identification and counting

of the rare isotope 14C in the final detector (scaling

the accelerator terminal voltage and the Wien filter

2 magnetic field), ‘‘transmission curves’’ and/or
reproducibility checks for the 14C relative to the

elements whose magnetic or electric settings had to

be cycled (terminal voltage, Wien Filter and

injection magnet) were performed.
Keeping all the element parameters fixed and

changing the terminal voltage the transmission

curve, reported in Fig. 2, was obtained. The mea-

surements showed that the dynamitron accelerator
charging system keeps the terminal voltage stable

within ±0.5 kV, without any special stabilisation

system, irrespective of the beam load. This result

demonstrates that the accelerator charge system is

stable enough to allow AMS measurements.

The acceptance curve for the Wien Filter was

also measured at the central value of the terminal

voltage on the transmission curve. The results,
reported in Fig. 3, show that the acceptance range

is about 0.4 mT.

These findings give confidence on the repro-

ducibility of the settings for the terminal voltage

and velocity filters, when ‘‘cycling’’ on the mea-

surement of rare/abundant isotopes for the same
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Fig. 5. 14C/13C ratio for the DSA129 sample: (a) the horizontal

line represent the arithmetic mean with external error and (b)

the weighted average with internal error.
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sample and when comparing the 14C/13C ratios for

different samples, which is the ‘‘normal’’ procedure

to extract relative radiocarbon ages. An indirect

check of the reproducibility of the injection mag-
net field was obtained by checking the stability of

the ratio rare/abundant for the same sample. The
13C current was measured by a Faraday cup in

front of the ionisation chamber, integrated over

10 s, while 14C was detected by the ionisation

chamber, counting for 100 s.

In Fig. 4 an identification matrix is reported,

obtained with the ionisation chamber, whose
characteristics can be found in [13]. One can see

that the only relevant structure present in the

DE–E matrix is the volume representing the 14C

detected, very well separated from minor back-

ground structures. This plot shows the good sup-

pression power of the ‘‘Mass Spectrometer system

DTL-ERNA’’.

The 14C/13C measured ratios are reported in
Fig. 5. The good degree of reproducibility is

quantitatively demonstrated by the fact that the

internal and external errors on the ratios are nearly

equal.
Fig. 4. E–DE identification matrix from the ionisation cham-

ber. The linear vertical scale is not reported; volumes in the

relevant peaks are: (14C) 5329 counts; (13C) 1 count; (14N) 3

counts.
3. Reproducibility tests

In order to further assess the stability and

reproducibility levels of the DTL-ERNA system

we measured the 14C/13C isotopic ratio for several
samples prepared in the Caserta graphitisation line

in independent treatments, starting from the same

raw materials. The materials used were from an

ANUSUCROSE batch, supplied by the Australian

National University, with a ratio of the 14C con-

tent respect to modern (1.508± 0.002) [17] and

from a set of IAEA standards [18]. Table 1 reports

a list of the employed standards with their main
characteristics.

The materials were pirolysed under a N flow,

then oxidised to CO2 by means of a static vacuum

combustion with CuO with the addition of silver

wires, i.e. the combustion chamber is first held at

300 �C under dynamic vacuum, and then at 900 �C
under static vacuum. Then the CO2 was reduced to
Table 1

List of the employed reference materials with their main char-

acteristics

Material 14C refer-

ence value

(pMC)

14C estimated

standard error

(pMC)

d13C
(&)

PDB

C-3 129.41 0.06 )24.91
C-4 0.32 0.12 )23.96
C-5 23.05 0.02 )25.49
C-6 150.61 0.11 )10.80
C-7 49.54 0.12 )14.48
C-8 15.03 0.17 )18.30
ANUSUCROSE 150.81 0.20 )10.84
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Fig. 7. Absolute values of isotopic ratios of several standard

samples expressed in fraction of modern. The horizontal line is

the nominal value for the standard.
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Carbon in the allotropic form of graphite using the

Bosch reaction [19].

The graphite, mixed with silver powder, was

pressed on the copper holder. Few samples were
also prepared without silver and using a modified

geometry for the holder. More details on the

sample preparation procedure will be given in a

forthcoming paper [20]. Typical values of the

analysed 13C current and of the corresponding

typical 14C count rate are 400 nA and 100 cps,

respectively.

In Fig. 6 we report the results of the 14C/13C
ratios, as measured in six runs, separated in the

figure by vertical lines and identified by numbers in

the boxes: in each run, after a complete tuning of

the system, different standard samples were mea-

sured performing a few cycles and taking the

weighted average of the ratios, expressed in

counts/lC with their internal errors, which were

checked to be nearly equal to the corresponding
external errors of the mean. These results demon-

strate a good stability and reproducibility of the

tuning conditions. Average time for measurements

for each sample was �1 h, including sample

changing time and source stabilisation. Samples

were not re-measured after exposition to air, so to

avoid effects which may take place after exposition

to Cs. We are planning to install a multisample
source in the near future.

Fig. 7 illustrates the above results when nor-

malized, for each run, to the first standard sample

ratio and to the known value of the 14C ratio of the

ANUSUCROSE. Data in Fig. 7 were obtained

after background and fractionation corrections.

The background was determined using blank
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Fig. 6. Weighted averages of 14C/13C ratios measured in dif-

ferent cycles and runs.
samples prepared with the same procedure as

other samples and with similar masses (about 5 mg

each) starting from a batch of spectroscopic
graphite. An average background level of

(0.56± 0.06) pMC was found. The errors quoted in

Fig. 7 include the corresponding uncertainties as

well as the uncertainties relative to both the sample

used as a standard and that used as unknown and

are typically <1%. The good reproducibility of the

entire system is clearly visible.

A test of the accuracy of the system was per-
formed by a measurement of several samples of

known fraction of modern (Table 1) with respect

to the secondary standard (NIST Standard Ref-

erence Material 4990-C [18]): the results are re-

ported in Fig. 8, where the deviation of the

measured pMC with respect to the reference value

is plotted versus the reference pMC value, with the

associated experimental errors on the measured
values, including the uncertainties affecting the
-4.00
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Fig. 8. Deviation of the measured pMC with respect to the

reference value versus the reference pMC value.
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measurements with the standard, the ‘‘unknown’’

and the blank samples. It can be seen that the

agreement is very good within uncertainties rang-

ing from <1% to 2.5%, depending on the sample
activity. The value of v2 is 6 with m ¼ 7 degrees of

freedom.
4. Summary and conclusions

It has been demonstrated that Accelerator Mass

Spectrometry for 14C (AMS) is feasible at Bochum
using the 4 MV Dynamitron Tandem in conjunc-

tion with the ERNA recoil separator. In particular

the accelerator charge system turned out to be

such that the voltage stability is better than 1 kV,

without any feedback system from the transmitted

beam and the transmission for the 14C is ‘‘flat’’ in a

range of 4 kV. The very high efficiency of the ion

source allows to obtain results with good statistical
precision. The reproducibility of the isotopic ratio

measurements was very good and the accuracy of

isotopic ratios in the range pMC¼ 15. . .150 was

found to be very satisfactory within the quoted

precision. The implementation of a multisample

ion source and of a side Faraday cup will allow to

rise the throughput from the about ten samples

currently measured per day to several tens.
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