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Abstract 
 
A new method was designed and used for determining the half-life of the isotope 10Be. The 
method is based on (1) accurate 10Be/9Be measurements of 9Be-spiked solutions of a 10Be-rich 
master solution using multicollector ICP mass spectrometry (MC-ICP-MS) and (2) liquid 
scintillation counting (LSC) using the CIEMAT/NIST method for determining the activity 
concentrations of the solutions whose 10Be concentrations were determined by mass 
spectrometry. Important requirements for the success of this approach a) was the previous 
coating of glass ampoules filled for counting experiments with 9Be, thereby reducing the risk 
of the adsorptive loss of 10Be; b) the removal of Boron from solutions to be measured by MC-
ICP-MS by cation chromatography without the introduction of mass fractionation and c) the 
accurate determination of the mass bias of 10Be/9Be measurements by ICP-MS which are 
always affected by the space-charge effect. The mass bias factor was determined to be 1.1862 
± 0.071 for 10Be/9Be from careful fitting and error propagation of ratios of measured Li, B, Si, 
Cr, Fe, Cu, Sr, Nd, Hf, and Tl standard solutions of known composition under the same 
measurement conditions. Employing this factor, an absolute 10Be/9Be ratio of 1.464 ± 0.014 
was determined for a first dilution of the 10Be-rich master solution. This solution is now 
available as an absolute Be ratio standard in AMS measurements. Finally, a half-life of (1.386 
± 0.016) My (standard uncertainty) was calculated. This value is much more precise than 
previous estimates and was derived from a fully independent set of experiments. In a parallel, 
fully independent study using the same master solution, [35] have determined a half life of 
(1.388 ± 0.018) My. The combined half life and uncertainty amounts to (1.387 ± 0.012) My. 
We suggest the use of this value in nuclear studies and in studies that make use of cosmogenic 
10

 
Be in environmental and geologic samples. 

1. Introduction 
 
Over the past decades, the number of studies using the rare cosmogenic nuclide 10Be in the 
geologic, oceanographic, and climate sciences has increased dramatically. This nuclide has 
thus become one of the most frequently measured cosmogenic isotopes using an Accelerator 
Mass Spectrometer (AMS). Yet no consensus exists on a reliable value for the half-life of 
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10Be. Several determinations of this half-life have been done in the past (Table 1, and see also 
[12], for a review), leaving a discrepancy of 14% between different estimates and splitting the 
community of users. Although these discrepancies did not compromise exposure ages and 
erosion rate determinations using in-situ produced 10Be, as long as the half-life used for 
production rate determinations and unknown samples are the same, the lack of a reliable half-
life becomes an issue when dealing with exposure ages for old samples or ages (see [12] for a 
review), determining burial ages based on the decay of the 26Al/10Be ratio, or if marine 
sediments and Fe-Mn crust growth rates are to be dated. Therefore, there is a requirement for 
an accurate and precise value for the 10Be half-life. Moreover the AMS measurements also 
depend on this half-life because measured 10Be/9

The requirements for a determination of the 

Be ratios are always reported relative to AMS 
standards that were calibrated using a decay constant (see [10] for a complete review).  

10Be half-life are a solution with known 10Be 
concentration (with high precision, usually measured with isotope dilution mass 
spectrometry) and a precise measurement of the activity concentration (activity divided by 
mass of solution) of that solution. The cause for the deviating estimates reported above 
potentially arise from discrepancies in the 10Be activity measurements or errors in the dilution 
series prepared [13,10]. Most importantly, however, they arise from the inability of any mass 
spectrometric technique used in these studies to measure accurate 10Be/9

The technique we present here is innovative and totally independent of previous studies. The 
method is based on measurements of 

Be ratios. This is 
because all methods used so far (AMS, RIMS, SIMS) are affected by an unknown mass 
discrimination. To circumvent this problem, Nishiizumi et al. [10] have performed an 
implantation experiment from which absolute ratios of commonly used ICN and NIST AMS 
standards were measured. Yet the half-life they calculated from those concentration 
measurements is based on the activity originally measured in the old ICN solution and might 
be subject to the mentioned systematic errors in the dilution series. 

10Be/9Be isotope ratios by multicollector ICP Mass 
Spectrometry, the derivation of 10Be concentrations (via isotope dilution using a 
gravimetrically prepared 9

 

Be spike) from several dilutions, and on accurate activity 
measurements by means of liquid scintillation counting (LSC).  

2. Methods and analytical techniques 
2.1 Source and preparation of the starting solution (dil1) 

 
A concentrated solution (approximately 47.5 µg Be in 0.54 g of solution) with a high 10Be/9Be 
ratio (of the order of 1.4) was obtained from TU München [35]. This solution is sufficiently 
rich in 10Be to allow for measurement with MC-ICP-MS and will be referred to as the master 
solution. The concentrated master solution arrived in a quartz ampoule. From this ampoule, a 
20 mL starting solution was produced by adding ultrapure HNO3 and called dil1. Before this 
dilution process, the master solution was stripped of its boron (see section 2.4.1 for an 
explanation of the importance of this step). The method used a 1 mL cation exchange column 
derived from [14,15] but used HNO3 instead of HCl as exchange medium on the cation 
exchange column. Light isotopes are known to fractionate on ion exchange columns [16] (and 
more specifically [17] for Fe, or [18] for Li). Therefore we performed a test of the potential 
isotope fractionation of Be during cation exchange. We performed isotope ratio measurements 
of aliquots of the eluates of both column methods (HNO3 and HCl) using dil1 as a bracketing 
standard. The measured 10Be/9Be ratios agree within the achieved measurement uncertainty 
obtained with MC-ICP-MS (Fig. 1). This demonstrates that the separation chemistry with 
HNO3 as exchange medium does not fractionate the 10Be/9

 

Be ratio more than the achieved 
precision of about 0.5%. The same result was obtained with HCl. 
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2.2 Production of a 9
 

Be spike 

A 9Be solution was prepared by dissolving a precisely weighed amount of metallic Be flakes 
(with a minimum purity of 99.5% purity from Mateck). The ratio 10Be/9Be from commonly 
used commercial 9Be carriers is typically 2×10-14 and thus the 10Be contribution of that 
solution can be neglected in the final calculations. The Be concentration was measured and 
controlled several times by multiple ICP-OES measurements (24 total during different 
sessions) against international (NIST-SRM951) and in-house standards using different 
dilutions and wavelengths. The relative uncertainty in the concentration of this solution is 
found to be 0.8% from the combination of all weighing uncertainties. The 9Be concentration 
of this spike used for calculations is then (1.359±0.011)·1016 atoms·g-1 

 
. 

2.3 Dilution series 
 
The starting solution (dil1) has been diluted to different degrees with 1M HNO3 (dil2 to dil4) 
to create different solutions with the same 10Be/9Be ratio. The HNO3 (15M) used to prepare 
these dilutions was ultrapure and double-distilled, stored in Teflon bottles (to avoid any B 
contamination), and was used for all dilutions, purification steps and ICP measurements. The 
purpose of these different degrees of dilution was to allow MC-ICP-MS measurements at 
different ion beam intensities and using different collector set-ups (Tables 2 and 3). This 
diversity in collector settings allowed a test of accuracy and improved the overall precision on 
the 10Be/9Be ratio of the dil1. Three of those dilutions have also been spiked with different 
amounts of the 9
 

Be spike derived from the dissolution of the metal.  

2.4 Multicollector ICP-MS 
 
In order to run samples at sufficiently high signal intensity, the mass spectrometer 
(ThermoFinnigan Neptune MC-ICP-MS described in [19]) was operated in low-mass 
resolution mode. Gas flows and ion optics were optimised on a daily basis in order to achieve 
the highest sensitivity and signal stability as well as the best peak shape for 9Be. The 
operating parameters used are summarized in Table 4. The stability and flatness of the 
isotopes’ plateaus were checked prior to the measurements. Faraday amplifiers (R=1011

Several dilutions of the first solution were measured with different signal intensities. Thus, 
three types of measurements were used: F: all isotopes were detected by Faraday collectors; 
S: all isotopes detected by the SEM; SF: a combination of Faraday and SEM (Table 2). 

Ω) as 
well as the Secondary Electron Multiplier (SEM), operated in ion counting mode, were used 
as detectors. Gain factors were calibrated and electronic baselines were determined before 
each measurement session. Typical ion beam intensities for each set-up as well as typical 
analyte background counts can be found in Table 3. A cyclonic spray chamber made of PEEK 
(AHF), a microflow nebulizer (made of PFA), and a sapphire torch were used instead of a 
normal glass system to allow for cleaning by HF and to reduce B levels. 

11B 
had to be monitored during 10Be/9Be measurements (see section 2.4.1 on 10B correction), and 
thus a dynamic mode was employed both for Faraday and SEM measurements. Different 
integration times have also been used (Table 2). Every measurement consisted of 20 cycles at 
2 or 4 seconds each. Samples were presented in 1M HNO3. Between measurements, a 
washout time of 3 min was kept in which a 1M HNO3 solution was flushed through the 
uptake system. Procedure blanks (representing all steps of chemical sample processing) 
contained the same amounts of 9Be, 10Be + 10B, and 11B as the wash solution (“on-peak zero”) 
(Table 3). Thus, the on-peak zero measurement was representative of a combined B and Be 
blank correction. The on-peak zero was measured every 5 measurements. The average of the 
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previous and consecutive on-peak zero measurement was subtracted from the 5 sample 
analyses measured in-between.  
Possible spectroscopic interferences during 10Be/9Be measurements can mostly be found on 
the mass 10 which, in addition to 10Be, is 10B and 9BeH. No evidence of 9BeH interference on 
10Be has been found with a pure solution of 9Be measured under normal conditions as well as 
a high mass resolution (resolving power, as defined in [19], m/dm=10000). The 10B 
contribution cannot be resolved from 10

 

Be with this MC-ICP-MS system, as the resolving 
power needed would be approximately 17000, and thus it has been monitored and corrected 
for, as explained in the following part.  

2.4.1 10B correction with 11

 
B monitoring 

To measure 10Be without 10B interference, care had to be taken to 1) ensure a sample solution 
in which the boron levels were as low as possible and 2) to control the possible interference of 
10B and to correct for it. The first point has been taken care of by using Be purification 
chemistry (derived from [14,15], see 2.1) that includes a B/Be separation. Concerning the 
second point, 11B had been monitored during each measurement (Table 2). The 10B 
contribution was then subtracted from the measured total mass 10 signal (representing 
10Be+10B) using the 11B/10

 
B of the procedure blank solutions. 

2.4.2 Determining the mass bias factor correction  
 
When using MC-ICP-MS, the isotope ratio of any element measured is different from the true 
isotope ratio. If all parameters are kept identical between measurements (position of the torch, 
acid strength of solutions, sample and skimmer cones, spray chamber and torch), the so-called 
mass bias is mainly controlled by the so-called space charge effect [20,21,22]. The plasma in 
an ICP source is a positively ionised gas where particles repulse each other and light isotopes 
move into the outer region of the plasma. Since the region of the plasma sampled into the 
mass spectrometer is small and also in the centre of the plasma, heavy isotopes are extracted 
preferentially and the actual measured ratio of a heavy mass divided by a light mass is always 
higher than that of the aspired solution. This effect is usually controlled via the 
“standard/sample bracketing technique” or, alternatively, “doping” with another element, 
assuming the mass bias of the standard or doping element is identical to that of the sample 
[23,24]. None of these techniques could be used for Be – first, because no 10Be/9

To evaluate the uncertainty of this estimate of the Be mass bias factor, we performed a Monte 
Carlo simulation using the uncertainties of the different mass bias factors to simulate one 
thousand power law fits through the data. The exponential law has been tested as well and 
gave a final result identical within uncertainty, power has then be chosen for convenience of 
representation of a great number of curves. Figure 2 shows the average curve as well as the 
two extreme curves that give the global shape of all calculated and fitted curves (in Fig. 2b). 
The extreme curves were used to calculate the uncertainty on the mass bias correction factor. 
Those extreme curves give a very conservative estimation of the uncertainty (representing the 

Be standard 
exists for MC-ICP-MS and, second, because the closest elements to Be (Li and B) differ in 
their mass bias (Table 5). The mass bias is usually corrected using a power law or exponential 
law [25,23]. We used the power law calculated from the fit in Fig 2 from a wide range of 
different elements (Li, B, Si, Cr, Fe, Cu, Sr, Nd, Hf, Tl, U), measured with the same sampling 
system as that used here, to decipher the mass bias for Be. Li and B, which are direct 
neighbours of Be in their mass, have both been measured under all possible conditions 
encountered during Be measurements (spray chamber, gas flows, torch position) to provide an 
estimate for the maximum possible variation in mass bias. Note that these measurements also 
included a switch from an instrument in Hannover to one in Zurich (Fig 3). 
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total possible variation of the mass discrimination factor). Note that there is a small 
asymmetry between the higher and lower curve, we chose to only take the higher uncertainty 
and make it symmetrical as the difference wasn't recognizable in the final number. This 
simulation was then used to calculate the average mass bias factor and the associated standard 
uncertainty. The resulting mass bias correction factor for 10Be/9

 
Be is then 1.1862 ± 0.0071.  

2.5 Activity measurements by means of liquid scintillation counting 
 
Weighed aliquots of the 10Be solutions (dil1 and dil2) were transferred into PTB-type glass 

ampoules which have been pre-treated with inactive carrier solution (90 μg BeCl2 in 1 g of 
HCl with a concentration of 0.1 mol/L) to reduce adsorption effects on the glass walls. The 
ampoules were then flame-sealed and sent to PTB for activity measurements by means of 
liquid scintillation counting. The samples for liquid scintillation counting were prepared with 
15 mL Ultima GoldTM AB scintillator in 20 mL low-potassium borosilicate glass vials. Small 
amounts of distilled water and weighed portions of the respective 10Be solution were then 
added to the samples. The total volume of each sample was about 16 mL. Four samples were 
prepared with the radioactive solution and two samples without active solution in order to 
measure the background counting rate (about 1 s-1) which was then subtracted. The net 
counting rates of the radioactive samples were between 174 s-1 and 253 s-1. As a quenching 
agent, nitromethane (CH3NO2) was used. All samples were shaken and centrifuged and then 
measured in a TriCarb 2800 TR and a Wallac 1414 GuardianTM. Both counters consist of two-
photomultiplier tubes with a coincidence circuit, and the quenching indicators SQP(E) and 
tSIE are automatically measured by means of the external sources of 152Eu and 133

The calibration curve, i.e. the counting efficiency of 

Ba, 
respectively [27].  

3H as a function of the quenching 
indicator, was measured with the aid of a PTB standard solution of 3

 

H, standardized by 
internal gas counting [28]. 

2.5.1 Efficiency calculations and determination of the activity concentration 
 
The counting efficiencies were computed according to the CIEMAT/NIST method (see 

[27,29,30]), by means of a PTB code that comprises components of other programmes (see 
[31]). For a β emitter, the counting efficiency in a liquid scintillation counter with two 
photomultiplier tubes working in coincidence is given by 

,)1()( 22
)(

0

m a x

deES M
EQEE

⋅
⋅

−
−= ∫ε         (1) 

where S(E) is the normalized electron spectrum from the β decay, Q(E) is the ionization 
quenching function and M is a free parameter. The free parameter is determined by means of 
measurements of a 3
 

H solution with well-known activity concentration.  

The spectrum S(E) is calculated according to the Fermi theory of the β decay, taking into 
account shape-factor functions. The β- transition of 10Be is of a unique 2nd forbidden nature, 
and the end-point energy is 555.8(6) keV [32]. The shape-factor function of 10

The ionization quenching function Q(E) was calculated by means of the procedures described 
in a previous article [34], taking into account the atomic composition of the samples. An 
ionization quenching parameter kB=0.0110 cm/MeV was used. 

Be was recently 
confirmed by [33], and it induces a shift to the high-energy part of the spectrum yielding a 
high counting efficiency.  

The determined 10Be counting efficiencies are about 0.995 with a relative standard uncertainty 
of 2.3·10-5 and the results are rather robust, i.e. changes of the input parameters as the end-
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point energy or the ionization quenching parameter have a relatively low influence on the 
final result. The measured counting rates of the samples were stable during the whole two-
week period of observation. The results were also in good agreement when the counting 
efficiency was varied by means of chemical quenching. A detailed uncertainty budget for the 
activity concentration of one solution is given in Table 6. The solution masses were measured 
at PTB, and the masses determined when filling the ampoules were confirmed. Thus, any loss 
of solution as well as an increase of the activity concentration due to losses of inactive 
material can be excluded. Finally, the empty ampoules were flushed three times with about 1 
mL of distilled water which was then measured by means of liquid scintillation counting. The 
remaining activities were found to be in the order of 1 Bq, and thus problems due to 
adsorption are considered to be small. In preliminary studies, we observed large adsorption 
losses when using glassware which had not been pre-treated with an inactive carrier solution. 
 
3. Results  

3.1 10Be/9
 

Be of master solution 

Several dilutions produced from the master solution were measured for their 10Be/9Be ratio 
via the method described above. The dilution factors of these solutions relative to dil1 are 
presented in Table 8. A total of 50 ratio measurements were performed in two different 
sessions in March 2007 and December 2007 respectively (Table 7 and Fig. 4). These 
measurements cover a wide range of solute concentrations, resulting beam intensities, and 
collector set-ups (Tables 2, 3, 7, 8). The average 10Be/9Be is 1.736 ± 0.013 (Table 7). 
Employing the correction factor for mass bias (section 2.4.2), the original 10Be/9

 

Be ratio of the 
master solution is 1.464 ± 0.014. 

3.2 10
 

Be concentration 
10

 

Be concentrations in the solution measured for activity have been calculated using the 
following isotope dilution equation: 

( ) FRR ×−
=

m a s t em i x

S
9

1 0 B e
B e  

 
where Rmix is the measured 9Be/10Be isotope ratio, Rmaster is the measured 9Be/10Be ratio of the 
dilutions of the master solution before the addition of 9Be (measured previously), F is the 
mass discrimination factor, and 9Bes is the amount of 9Be added to the respective solution 
from the 9Be spike. The three different sets of isotope dilution series (dil2 to dil4) were each 
spiked with four (dil2) and two (dil3 and dil4) additions of 9Be (Table 8). Figure 5 shows the 
variation of 10Be/9Be measured as a function of the 9Be added. The excellent linear alignment 
of the data and the intercept that agrees with the measured 10Be/9Be of the master solution 
shows that ratio measurements were accurate and not affected by non-linear counting 
efficiencies. After application of the different dilution factors, the 10Be concentration of 
solution used for the activity measurement (dil1) is (1.0538± 0.0080)·1017 atoms·g-1. Note that 
the uncertainty of the concentrations calculated in Table 8 do not contain the error of the 
fractionation factor F. This factor has been propagated on the final calculation of the 10

 

Be 
half-life, however. 
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 3.3 Activity determination 
 
The activity concentration on 1st

 

 January 2008 for the two solutions, dil1 and dil2, were found 
to be (1662 ± 3) Bq/g and (347.6 ± 0.47) Bq/g, respectively (Table 8). The activity of dil1 has 
also been calculated using the results for dil2 and applying the dilution factor of that solution 
from dil1. As can be seen in Table 8, the results are in good agreement. The deviation of less 
than 1% might be due to the dilution process. Thus, the average of both values and a 
conservative uncertainty, (1670 ± 8) Bq/g is used as the final value of the activity 
concentration of dil1, which is then used for the calculation of the half-life. 

4. 10

 
Be half-life and conclusions 

To calculate the half-life we used the measured 10Be concentrations of solutions dil1 and dil2 
and the activity measurements of these solutions. The overall uncertainty comprises the 
uncertainty of the dilution factor determined by weighing, the statistical uncertainty of MC-
ICP-MS measurements, the systematic uncertainty assigned to the determination of the mass 
discrimination factor and the uncertainty of the activity determination. These calculations 
result in a half-life of 10

This new half-life has a lower uncertainty than previous estimates even using conservative 
uncertainties in part of the calculation (mass discrimation factor), but it is in agreement with 
the values of (1.36 ± 0.07) My [10] and (1.43 ± 0.10) My [11] and with the value 
recommended by the NIST (SRM-4325) standard [8]. 

Be of 1.386 My with a standard uncertainty of 0.016 My.  

Furthermore we have measured an absolute and accurate 10Be/9

In a parallel study using a fully independent set of experiments [35] have also determined the 

Be ratio of 1.464 with a 
standard uncertainty of 0.014, including the uncertainty component assigned to the mass 
discrimination correction factor, for the master solution.  

10Be half life. The isotope ratio measurements made in that study are based an Elastic Recoil 
Detection (ERD). The 10Be/9

Korschinek et al. [35] have furthermore performed an independent measurement of the master 
solutions activity. The half life resulting from the Munich study is (1.388± 0.018) My. Both 
these estimates are in excellent agreement. A weighted mean of the estimates of both new 
studies results in a half life of (1.387 ± 0.012 My). We recommend the use of this 

Be ratio obtained is 1.4791 ± 0.0068, which is in agreement with 
the ratio obtained in our study by ICP-MS. This solution can now serve as the starting 
material for new absolute AMS ratio standards.  

10

 

Be half-
life in future studies. 

The method used here could potentially be used for other radioactive isotopes as well. Finally, 
unlike previous determinations, our half-life experiment provides a full internally self-
consistent set of experiments, and does not rely on previous counting experiments involving 
potential dilution errors. We strongly recommend the use of this 10Be half-life for the studies 
to come in the future. 
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Figure 1:  Fraction of Be eluted from a 1mL cation exchange column (resin Biorad AG50-X8, 
1M HNO3) used to purify the master solution from its boron. Black circles show 
the eluted fraction (left axis). All 10Be/9Be ratios are normalised to unity. Black 
squares show the 10Be/9Be ratio of the fraction eluted via MC-ICP-MS; the bars 
indicate standard uncertainties. Open diamonds represent the 10Be/9

 

Be 
measurements of a diluted aliquot of the master solution used as a standard for 
comparison (uncertainties not shown but same order as fraction measurements). 
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Figure 2:  a) MC-ICP-MS mass bias vs. atomic mass for the total range of elements typically 

measured on a Neptune MC-ICP-MS (uncertainties are reflected by the size of the 
points);  
b) shows a close-up of the Be mass range. The circles represent the range of mass 
bias typically encountered in the same mass spectrometric set-up as that used here. 
A power law permits the calculation of a mass bias for this specific machine. The 
solid curve is the best fit for this power law whereas the dashed lines show the 
lowest and highest possible range of variation determined by means of Monte Carlo 
simulation. 
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Figure 3:  a) 7Li/6Li vs. number of measurement of L-SVEC standard (IAEA); b) 11B/10

 

B vs. 
number of measurement of SRM951 (NIST) standard. Both plots show the 
variations on isotope ratios measured under different conditions, leading to the 
variation on mass bias for these elements. 
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Figure 4:  All measurements of 10Be/9

 

Be ratios in the unspiked dilutions (dil1, dil2, dil3, dil4) 
within two sessions (black circles for March 2007 and black squares for December 
2007). The bars correspond to the standard deviation (20 cycles). The dashed lines 
indicate the standard deviation of the mean, which is 0.013. 
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Figure 5: 10Be/9Be measured vs. 9Be atoms added (isotope dilution) dil2 (see Table 8 for 

values). Uncertainties are reflected by the size of the points. The bar shows the 
range of 10Be/9

 
Be measurements of the unspiked solutions (Fig 4 and Table 7) 
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