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ABSTRACT. We summarize the basic operation of accelerator mass spectrometry (AMS) systems used to measure radiocar-
bon and discuss the calcul ations used to convert AMS output to 14C data.

INTRODUCTION

Natural-level radiocarbon measurements have proven inval uable to numerous fiel ds of study includ-
ing oceanography, geology, and archaeology. In the last 10 years, it has become apparent that the
great majority of 14C measurements are performed by accelerator mass spectrometry (AMS) in con-
trast to earlier decay-counting methods. It seems appropriate therefore to summarize the basic meth-
ods of the measurement and the cal culations required to produce a useful 14C measurement. More
technical reviews of AMS exist (e.g. Linick et al. 1989; Fifield 1996; Donahue et al. 1990; Brown
and Southon 1997) but there are no general discussions directed to the non-14C expert of how these
results are obtained. In the course of our work, we are often asked by users for a summary of the
methods employed. We hope this paper can serve that purpose.

Thefinal result of an AM S measurement is an isotope ratio that is converted to a fraction of modern
carbon. For the non-specialist, we describe the basics of an AMS measurement, how the operation
of the accelerator affects a measurement, and how the accel erator output is used to calculate a frac-
tion modern. The interested reader is also directed to the general treatment of AMS by Tuniz et al.
(1998) and the more detailed calculations presented in the references cited here, particularly
Donahue et al. (1990) for Arizona's operations and Schneider et al. (1994) for NOSAMS.

AMS Measurements

In AMS, one counts 14C atoms while decay-counting methods count (3 particles. The two methods
are often considered to betotally equivalent because the number of 14C atoms can be related to activ-
ity through the radioactive decay equation. In both methods, the ultimate precision that can be
obtained is limited by the number of events detected according to Poisson statistics (s = n%5/n), but
precise results may be obtained more rapidly on 1/1000 to 1/10,000 as much material by AMS.
However, there are operational differences, aswewill discuss. AMSisfundamentally different from
radiometric methods and requires different approaches and calculations to convert the output to a
14C date. The main function of an AMS is to accelerate the different isotopes of carbon to a great
enough velocity that mass 14 can be separated and distinguished from mass 12 and/or mass 13 and
other rare particles with masses very closeto 14C, e.g. 33CH and 14CH,. For 4C measurements, high
energies allow the use of the accelerator to destroy any molecular ions and also to use nuclear detec-
tion methods (see Tuniz et a. 1998).
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Measurement of 14C in a Sample

An AMS is a sophisticated instrument that marries the techniques of particle physics with mass
spectrometry. Figure 1 shows a schematic of the accelerator in operation at the National Ocean Sci-
ences Accelerator Mass Spectrometry (NOSAMYS) Facility. We will use this figure to illustrate the
basic operation of an AMS.

Any AM S 14C measurement starts with the chemical conversion of carbon in asampleto CO,. Most
|aboratories then convert the sample CO, to filamentous carbon using a catalytic process (Baker and
Harris 1978; Rutherford and Liner 1970; Guinot et al. 1981). This material is commonly referred to
by AMS labs as “ graphite”. The catalyst can be many metals, oxides, or other surfaces, but the best
catalysts are Fe, Co, and Ni, and these are the catalysts generally used. The carbon is pressed into a
target holder and placed in a sample carousel. The carousel, containing a suite of samples and stan-
dards, is placed in the accelerator’sion source and evacuated. Usually around 15-20% of the carou-
sel isfilled with primary standards. A few laboratories directly introduce CO, into the accelerator’s
ion source (Middleton et al. 1989; Bronk Ramsey and Hedges 1997) or are devel oping such capabil-
ities (Schneider et al. 2000). To date, the best results are obtained with a solid carbon target.
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Figure 1 NOSAMS accelerator. See text for description of the figure.

There are many different mechanical configurations of ion sources available, but the basic function
is the same. Carbon is converted to a single negatively charged ion by bombardment with a Csion
beam in the ion source (see a in Figure 1). Atoms and ions are displaced from the sample by colli-
sions, a process known as “sputtering”. An important reason AMS works well for measuring 14C is
that N, which is mostly mass 14 and is present in any vacuum system, does not produce a negative
ion. In addition to producing C~ ions, other negative ions of the same mass as C (e.g. 13CH",
12CH,") are produced and must be removed at different stages in the accelerator. Prior to accelera
tion, theion beams corresponding to masses 12, 13, and 14 are separated and higher and lower mass
impurities arefiltered out (b in Figure 1). Depending on the AM S design, some |aboratories sequen-
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tialy inject, or pulse, either two or al three mass beams into the accelerator tubes. Laboratories
injecting two beams usually inject masses 13 and 14. Other |aboratories recombine two or three of
the beams and inject them into the accelerator tubes (c in Figure 1). Simultaneous injection of the
isotopes may reduce the error introduced when the pulsed beams experience accel erating potentials
that are not identical due to the inherent operation of a system like this. In cases where all three
masses are injected simultaneously, the mass 12 is usually reduced, or chopped, to approximately
1% of itsinitial size to avoid overloading the accelerator.

In the first stage of acceleration (d in Figure 1), the negative ion beams are accelerated to a high
kinetic energy, 2.5 MeV kinetic energy at NOSAMS. After this acceleration, the beam encounters a
stripping canal where electrons are stripped from the carbon ions. At NOSAMS and Arizona, agas
stripping canal is used and the +3 charge state is produced. The stripper also destroys some of the
molecules that may mask as4C. The positively charged ions are then further accelerated (fin Figure
1) to an even higher kinetic energy, 10 MeV at NOSAMS. The beam is focused, passes through an
analyzer magnet (g in Figure 1), and 12C and/or 13C currents are measured in Faraday cups (h in Fig-
ure 1). Recent studies using smaller accelerators have indicated that the 14C separation can be done
at energies aslow as ~1MeV and in the 1+ charge state (Suter et al. 2000).

After exiting the accelerator, further mass and energy separations are needed. An electrostatic
deflector (i in Figure 1) transmits only particles with the proper energy and charge and another mag-
net removes more stray particles. Whether the electrostatic deflector is placed before or after the
main analyzer magnet (g) depends on the individual accelerator. The final isotope selection process
occursin either asolid surface-barrier detector or agasionization detector (j in Figure 1). The detec-
tor discriminates particles based on each particle’s total energy and rate of energy loss in the detec-
tor. Even with all these mass and isotope selection devices, there are still stray particles that may
mask as *C, e.g. hydrides and dispersed 13C and *2C beams, and which may hit the detector. How-
ever, these ions will have a different energy from 14C3* and can be resolved in the detector.

Thefinal result, or raw data, for each sample or standard consists of
1C  number of counts
1213C integrated charge collected.

The charge collected is converted to pulses using Coulomb’s law and the charge of an electron and,
then, aratio of 14C/12C or 14C/13C is calculated. Thisratio is used to calculate a fraction modern, the
unit of 14C measurement we will use in this paper.

Conversion of Raw Data to Fraction Modern

The “fraction of modern carbon” is determined by comparing the isotopic ratio of the sampleto the
standards, corrected to “modern carbon”. “Modern” carbon is defined as the activity of 14C in
1950 AD. Due to perturbation of the signal in 1950 AD by fossil-fuel carbon, the actual value was
derived from 1850 AD wood, age corrected to 1950 AD (Stuiver and Polach 1977). The usual stan-
dardsare oxalic acids| and Il (HOxI, HOxII) from the US Nationa Institute of Standards and Tech-
nology, which have awell-defined ratio to this value.
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By definition, fraction modern equals
FM = Ryorm/Rimodern D

where
R isthe 14C/12C or 1*C/*3C ratio,
Riorm iS the ratio normalized to &13C of —25%o,
Rimodern = 0.95Ryox1,-19= - 7459Ry0x1,-25 , and

Ruox1-19, Rroxii -25 refer to the internationally accepted values of R for

HOxI and Hoxl|, as discussed by Donahue et a (1990).

Conversion of Fm to other commonly used 14C units, such as pMC and 4C age, is discussed in
Stuiver and Polach (1977) (where R isanalogousto an activity ratio, A) and Mook and van der Plicht
(1999). Raw data are collected for standards surrounding a sample, the sample, a machine back-
ground sample and, usually, a sample used to identify the process blank. These data are converted to
fraction modern in the following steps described below.

Sep 1. Any machine background (MB) should be subtracted from the ratios measured (Ryess) ON
standards, samples, and process blanks.

R = Rmeas_ RMB (2)

The machine background is the isotope ratio measured on a known #C-dead carbon material that
has undergone no chemical processing. It provides a measure of the amount of extraneous matter
that is detected as 14C, e.g. scattered 12C or 13C beams, and/or carbon hydrides with the appropriate
charge (1213CH"™). Two important factors that can affect the machine background are the quality of
the vacuum and the cleanliness of the ion source. This background isusually insignificant for AMS
machines of >2MV terminal voltage. However, for the new smaller <IMV AMS machines (e.g.
Synal et a. 1999) this may be a significant issue.

Sep 2. Calculate the appropriate Ryogern t0 Use for the samples.

The isotopic ratio 1#C/13C or 14C/12C for the sample is measured and compared to appropriate stan-
dards and corrected for stable carbon fractionation.

For labs measuring 14C/12C
Rrox1-19 = R'toxt [(1 + =19/1000)/(1 + &13C 041/1000)]2 ©)
Rrioxii, 25 = R'hoxin [(1+—=25/1000)/(1 + &13C 1051/1000)] 2 4

For labs measuring 14C/13C
Rioxt-19 = R hoxa [(1 + —19/1000)/(1 + 8'3C 10,2/1000)] )
Rhoxil25= R Hoar [(1 + =25/1000)/(1 + 3'3C 0,11/ 1000)] (6)

Where 313C 1ox1H0x2 are the values measured on the gas from which the standards were prepared.
This assumes that there is no significant fractionation in the preparation of graphite.
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Then
Riodern = 0.95R40x1.-19 = - 7459R0x0,-25 (7)

At many labs, the ratios measured on the standards surrounding a sample are linearly interpolated to
calculate an average value for a standard that would have been measured at the time of the sample,
e.g. Schneider et a. (1994). As sample carousels have become larger, it has become possible to
desigh more sophisticated interpolation routines that use data from all the standards, and, some-
times, the samples (Seguin et al. 1994). Alternatively, the weighted mean of all the standardsrunin
the same wheel is used as the mean standard for comparison.

Sep 3. Caculate the uncorrected (uc) Fm for the measured sample (ms).
FmMyc = R mdRimodern (8
Sep 4. Correct Fm for isotopic fractionation to obtain the measured fraction modern on the sample.
For labs measuring 1C/12C
FMims = FMy[(1 + —25/1000)/(1 + 313C4/1000)]2 9)
For labs measuring 14C/13C
FMpys = FMy (1 + —25/1000)/(1 + 3'3C4/1000)] (10)
Where 813C 4 i's the value measured on the gas from which the sample was prepared.

Sep 5. Subtract process blank (PB).

Itisat this point that most laboratories subtract the process blank. The process blank is the amount
of carbon that is introduced to a sample during chemica processing. This is often evaluated or
checked by measuring the Fm of a 14C-dead material that has undergone chemical processing iden-
tical to the sample of interest. Operations of the accelerator should have no effect on the process
blank unless its effect on the sample is smaller than the machine blank. In this case, the process
blank will be indistinguishable from the machine blank. Removal of the effect of the process blank
provides the final result for the sample. For samples of a standard size (defined here as containing
>300 ug C), there are at least several methods in use.

Method 1 (Woods Hole method). At NOSAMS, we have determined the size (C) and fraction mod-
ern of the process blank (Fmy) for a number of different processes (e.g. Pearson et al. 1998). We
combine this information with our knowledge of the sample size and amass balance to calculate the
final fraction modern of the sample (Fmy),

Fmg = (FMpCry — FMyuCp)/Cs (1)

Using this method, measuring the Fm of a#C-dead material that has undergone chemical process-
ing identical to the sample allows one to check whether the amount and Fm of carbon one assumes
isadded to the sampleis correct. After the mass balance correction, the Fm, of the 14C-dead material
should be indistinguishable from the machine background.

Method 2 (Arizona method). The method used at the University of Arizonafor blank correction was
defined by Donahue et al. (1990). In this approach, we take into account both the size of the blank
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and the difference in Fm between the blank contamination defined as F, (which is assumed to be
modern) and the sample material as measured (Fm,,,g).

In this approach, using the same symbols as in Equation (11),
Fm=Fm,,((1+f)-f Fy, (12

where Fm is the corrected fraction modern, Fmy,s is the measured fraction modern, Fy, is the
fraction modern of the blank contamination and f is defined as:

f=f(1)/M (13)

where (1) is the blank contamination observed in a 1mg sample, 0.003 + 0.001 mg, and M is
the mass of the sample carbon in mg. The value of f appears to be an inverse function of mass
below about 1mg C, above 1mg C it appears that a different function may be more appropriate.
FBI is usually assumed to be contemporary carbon (currently Fm=1.09).

From these 2 equations, one can derive
Fm=Fms [ 1-f (I Fmpys— 1)] (14)

which is Equation (26) in Donahue et al. (1990). It can be shown that Method 2 is the same as
Method 1 after Method 1 has been modified to reflect the analysis of 14C and 13C, not 14C and 12C.

Method 3 (Identical sized blank). This method has been used by a number AM S laboratories. Inthis
case, one measures the Fm of a14C-dead material that has undergone chemical processing identical
to the sample and is the same size as the sample of interest. For samples in which the standard and
sample are prepared in the same manner, the Fm measured on the 14C-dead material is subtracted
from the Fm measured on the sample,

Fm = I:Zstd/ Rimodern % (Rms - pr)/ (Rstd - pr) (15

where R, is the measured isotopic ratio, Ry, is the measured or assumed ratio for a blank sample
and Ry is the isotope ratio measured in the standard.

Sample Error Determination

Most AMS laboratories calculate two different errors, referred to here asinternal and external error,
for each sample. The internal error (interr) is based on the total number of counts measured for the
sample (ms), standards (std) and the machine blank (mb) and is cal culated assuming Poisson statis-
tics (e.g. Schneider et al 1994):

(I merr”:ms)2 = [(Nms+ Nmb)/(Nms_ Nmb)z] + [(Nstd + Nmb)/(Nstd - Nmb)Z] (16)

The external error (exterr) is calculated to account for the effect variations inherent to the operation
of an instrument as sophisticated as an AMS may have on a4C measurement. Thisis derived from
the standard deviation of a succession of ratios measured at separate time intervals.

Exterr = standard deviation of n measurements/(n—1)%-5 17)

Thelarger of thetwo errorsisreported asthe sampleerror. Finally, laboratories using both HOxI and
HOXII as primary standards use the observed ratio of the two standards as a measure of the overall
reliability of an entire carousel of samplesaswell asthe AMS performance over time (e.g. Donahue
et al. 1990b; Schneider et al. 1995).
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Very Small Samples

Many laboratories have reduced the size of the samplesthat can be analyzed by AMS. It isimportant
to realize that each accelerator and ion source must be calibrated to run very small samples (defined
here as containing <100 g C). Not only is the effect of process blanks maximized for very small
samples, but the measured isotope ratio may change significantly as well (Pearson et al. 1998).
Although the basi c characteristics of the change are similar from lab to lab (Figure 2), the detail s dif-
fer and each lab must be familiar with them. The easiest way to deal with the large ratio changes seen
at very small sample sizesisto run small standards with small samples. A series of measurements
of standards of different masses must be used to calibrate this effect. Brown and Southon (1997)
asserted that this effect, reported by many labs, was an artifact of the blank correction assumptions.
In their argument, they showed that if the blank could be defined as~0.4-0.5 modern, then one could
explain both the depression of the observed R in a small sample and the blank. Brown and Southon
(1997) showed some results on ~42% modern wood which appears to support this claim. We have
not yet found evidence to support this interesting proposal. The problem isthat one cannot simulta-
neously determine the size of the blank and the Fm of the blank on one sample. Thereisalso no rea-
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Figure 2 Fraction modern measured on small HOxI standards after normalizing to standard-sized
HOxI. Results are shown for Arizona and for two different graphite catalysts used at NOSAMS. In
practice, rather than try to derive an equation for the behavior of the standards, most laboratories run
alarge number of small standards with their small samples.
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son apriori to state that Fm of the blank isindependent of size. Further systematic studies along the
lines proposed by Brown and Southon (1997) are need to determine the size and Fm dependence of
blanks for very small samples. Unless these difficult measurements can be done for each particular
situation, AMS measurements on small samples <100 pg will have errors due to the assumptions
used concerning the blank corrections.
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