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ABSTRACT. We constructed a laser ablation (LA) system using a diode laser for the accelerator mass spectrometry
radiocarbon (AMS '*C) measurement of organic materials. The system could extract adequate CO, to analyze small
masses (0.1 mg C) at a resolution of 250 pm by a 5.5 W diode laser. The LA system was assessed using standard
materials (IAEA-C1, IAEA-C2, IAEA-C3, IAEA-C6, and Ox II) and applied to natural tree ring samples. For the LA
sampling of organic samples, which generally results in incomplete combustion, tungsten (VI) oxide was used as an
oxidant to achieve complete burning. The results of the measurement of standard materials showed a low 4C
background of F*C 0.0085 + 0.0005 and reasonable reproduction of '“C values. Finally, we applied this system to a
single-year analysis of tree-ringed spruce timber in Alaska. It was observed to have a detectable background for the 4C
bomb peak.
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INTRODUCTION

The mapping of chemical compositions is an effective approach for revealing the chemical
dynamics of biological tissues and sedimentological structures at a high resolution. The
distribution of chemical compositions visualized by mapping is effective for understanding
physiological phenomena and the biochemical processes in living organisms. It is used in a wide
range of fields including medicine, environmental science, geochemistry, and archaeology. In
recent years, high-resolution radiocarbon (*4C) measurements were realized through the
development of sampling methods that utilize laser ablation (LA). This has yielded novel
observations. The technique was developed primarily for inorganic materials. Many studies on
stalagmite, coral, and shell samples have been reported. For example, Andrews et al. (2019)
investigated a continuous record of '4C uptake in the growth layers of red snapper otoliths and
demonstrated a 60-year longevity for the red snapper. Welte et al. (2021) analyzed radiocarbon
and stable carbon isotopes in stalagmite samples at a resolution of 100 pm. They showed that
the carbon isotope dynamics correlated with the past climate changes in karst systems.

In a pioneering study, Rosenheim et al. (2008) developed laser ablation-accelerator mass
spectrometry (LA-AMS) based on LA-ICP-MS. They performed high-spatial-resolution
analysis of radiocarbon measurements. This system consists of a large laser system (Nd:YAG
213 nm laser) and a sample chamber filled with carrier gas. It has become the standard setup for
high-resolution analysis because it can efficiently generate CO, from the surface of carbonates.
Subsequently, the development of the LA-AMS was considered for optimizing the design of the
LA sampler, type of laser head, and adjustment to the AMS gaseous ion source (Welte et al.
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2016a, 2016b, 2017). Kitagawa (2013) proposed an LA method using a smaller 30 W CO, laser
with a vacuum chamber only for CO, production followed by graphitization. It showed a low
background comparable to that of conventional carbonates preparation.

In this historical context, there have been few practical applications of LA for the radiocarbon
measurement of organic materials. However, LA has the potential for application to organic
materials if it is used as a pretreatment for graphitization, rather than using LA-(gas ion
source)-AMS (which requires the instantaneous generation of a large amount of CO,). A
typical LA-ICP-MS has a large amount of energy (several tens of watts) to instantaneously
introduce evaporated and particulate samples into the ion source (Giinther and Heinrich 2002;
Prohaska et al. 2016). Meanwhile, the AMS method using a solid target requires at most 50 pg
of carbon (Hua et al. 2004). That is, in developing a pretreatment system for AMS by
graphitization, it is likely that a small laser with an output of at most 10 W can be applied
effectively by irradiation for a long period of time (a few seconds). This is because it only needs
to increase the temperature of a small sample and generate CO, by LA. If LA-graphitization
can be realized by combining the existing solid-ion-source AMS with a conveniently available
laser, it can be applied actively to a wide range of organic materials (such as teeth, bones, and
tree rings) in a wide range of fields including biology and medicine.

This study aimed to develop an LA system for organic materials using a readily available diode
laser. First, we analyzed the characteristics and specifications of the laser using inorganic
materials as reference materials by comparing several parameters. Then, we evaluated the
differences between these and the LA characteristics observed when applied to organic
materials. Second, we detected the bomb peak using a tree ring and discussed the feature
applications of the LA system.

LASER SAMPLING SYSTEM

The sampling system consisted of a consumer diode laser and a sample chamber on a three-axis
(XYZ) stage that could adjust the sample position with an accuracy of 0.01 mm (Figure 1). CO,
was purified cryogenically from the produced gas and reduced to graphite in a separated sealed
tube using conventional sample preparation methods (Kitagawa et al. 1993). The '“C
concentration was then measured using an accelerator mass spectrometer.

A laser diode (NEJE, N30820™) with a maximum output of 5.5 W was installed in the system
with the following settings: emission wavelength near 450 nm, operation in continuous-wave
oscillation mode, and compact specifications (30 x 30 x 110 mm, 202 g). It is generally used for
laser cutting and laser engraving of wood and plastic. A single-board microcontroller (Arduino
UNO™) controlled the output (%) and irradiation time (ms/shot). The laser output could be
varied 0-100 % in 3.3-12 V of PWM control. The system was equipped with a CCD camera to
capture images of the sample surface during the LA. The sample chamber can hold samples
with maximum diameter and height of 35 mm and 14 mm, respectively. It was equipped with a
three-axis stage with an accuracy of 0.01 mm and a travel of +6.5 mm in the XY axis in the
horizontal plane. After placing the sample, the chamber was sealed with soda-lime glass and an
O-ring. Because the residual atmospheric gases in the chamber that do not originate from the
sample can cause a high background, the chamber was evacuated for approximately 30 min
prior to LA (decompression to approximately 1/100,000 atm). After LA, the pressure increased
as the sample produced a mixture of carbon dioxide, water, and nitrogen oxide gases. Carbon
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Figure 1 Schematic of the system (A) and photograph of the laser ablation unit (B). The samples are
mixed with an oxidant and placed in the LA-cell. After passing through a furnace filled with copper oxide
(850°C), the gas produced by LA is purified of carbon dioxide with a refrigerant, which is quantified with
a capacitance gauge as an AMS target. The measurements are performed with a Compact AMS (0.5MV
105SDH-1).

dioxide was separated from the mixed gas in a vacuum glass line and reduced with hydrogen to
prepare graphite.

MATERIALS

The standards used in the experiments described below are listed in Table 1 (Rozanski et al.
1992). TAEA CIl (marble) and C2 (travertine), which are fragmented carbonates, were
powdered with a ceramic motor. IAEA C3 is a 1 mm thick cellulose sheet. Granular IAEA C6
(sucrose), NIST Ox II (oxalic acid) and our laboratory blank (oxalic acid, Wako Chemical)
were also powdered with a ceramic motor.

The growth rings in a piece of Sitka spruce (Picea sitchensis) wood from Alaska, U.S.A. were
measured for the radiocarbon abundance. The sample was dated rigorously to AD 1689-1990
by dendrochronology (Hakozaki and Nakamura 2013). Twelve annual rings from AD 1950 to
AD 1983 were analyzed.

METHODS
Laser Ablation Sampling

CO, was produced by LA in a vacuum chamber after pretreatment depending on the shape and
type of the sample. The sample was placed on a thin aluminum disk at the inner bottom of the
sample chamber to prevent contamination from the stainless steel. The samples were powdered
using a ceramic motor and the homogenized. For certain samples, an oxidant (tungsten (VI)
oxide; Elementar, S11.02-0008) was added to achieve complete combustion. Tungsten oxide is
used as an additive in elemental analysis, has a higher heat capacity than other oxidants such as
copper oxide, and generates a large amount of thermal energy. Given the inherent complexities
in utilizing gaseous oxygen as a supply source (including the need for precise volumetric control

https://doi.org/10.1017/RDC.2023.71 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2023.71

Laser Ablation System 1241

Table 1 Overview of the different materials used for LA-AMS and comparison of the CO,
production with and without an oxidant.

Without oxidant With oxidant
Laser shot  pgC/ ngC/
Sample name Material time (ms) spot 1SD N spot 1SD N
Cl Marble 200 7.7 2.5 3 174 2.1 9
C2 Travertine 250-300 18 3.2 4 16.1 2.2 11
C3 Cellulose 200-300 4.2 1 15 236 9.7 8
C6 Sucrose 10002000 0.3 0.3 5 158 4.6 4

OxII (SRM-4990c)  Oxalic acid 200-300 0.5 0.3 10 203 2.9 10

and the use of high-purity cylinders), we employed a simpler method of oxygenation by
incorporating powdered tungsten oxide into the sample. The oxidant was ground using a
ceramic motor and sieved through a mesh (212 um mesh aperture). The powdered sample and
oxidant were homogenized and pressed into a steel mold (¢p5 mm, thickness = 0.8 mm) using a
hydraulic press at a press pressure of ca. 0.5 ton. It was then placed in the center of a laser
ablation sampler.

After subjecting the sample to the preliminary treatment, it was placed within the chamber. The
stage was adjusted precisely along the vertical Z-axis to align the laser focus to a diameter of
0.25 mm. The laser output and irradiation duration were varied systematically during the
experiments. After the atmosphere in the chamber was fully evacuated, the valve of the
chamber was sealed, and LA was performed.

Radiocarbon Analysis

The CO, produced by LA accumulated in the vacuum glass line system. This resulting in a total
carbon quantity of 0.1 mg. Conventional radiocarbon measurements using AMS generally
require 1 mg of carbon. Meanwhile, this study used the submicrogram measurements. Given
that the gas produced by LA sampling could contain carbon monoxide resulting from the
incomplete combustion of the sample, it was passed through a furnace at 850°C. Herein, copper
oxide converted CO to CO, The CO, was extracted cryogenically using liquid nitrogen
(ca. —196°C) and cooled ethanol (at approximately —90°C), and quantified with a capacitance
gauge. Purified CO, was then mixed with two times the amount of H, and sealed within a 2-mL
reaction-tube containing approximately 4 mg of reduced iron catalyst. The reaction tube was
heated at 460°C for 10 hr. The CO, was reduced to graphite at the surface of the iron powder.
The final amount of analyzed carbon was calculated based on the internal pressure of the
reaction vessel (Freeman et al. 2016).

AMS radiocarbon measurements were performed using a Compact AMS system (0.5 MV
1.5SDH-1, National Electrostatics Co.) at Laboratory of Radiocarbon Dating (LRD.UMUT),
the University Museum, the University of Tokyo. The NIST oxalic acid (OxII) standard
(SRM-4990c) was pretreated by LA. It was used for normalizing and correcting isotopic
fractionation. The IAEA-C6 standards were used for batch-to-batch validation. The
radiocarbon measurements were obtained using background correction and isotope
fractionation correction with 8'>C based directly on AMS measurements (Stuiver and
Polach 1977).
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Figure 2 Comparison of carbon dioxide production between
carbonate C2 and cellulose C3. The horizontal axis represents the
time (msec) for which the laser is irradiated on a spot. The solid
and dashed lines are the approximation curves.

RESULTS AND DISCUSSION
Production of Carbon Dioxide

First, the reproducibility of the CO, production and '“C abundance was investigated using
reference materials (Table 2). Carbonates (ex. IAEA-C2) efficiently produced carbon dioxide
through thermal decomposition, whereas organic materials such as cellulose (ex. IAEA-C3) did
not produce significant quantities of CO, without oxidants. This indicated an incomplete
combustion owing to their low oxygen content (Figure 2). The amount of CO, produced by LA
varied significantly across samples. There were classified into three categories. In the case of
IAEA-C2, a temporally linear increase in the amount of CO, produced was observed, and CO,
corresponding to 17.0 pg C was produced from a spot at 300 ms. Meanwhile, ITAEA-C3
produced less (at most 5.2 pg C, one-third the amount of C2), and IAEA-C6 and HOxII did not
yield COs,.

The addition of tungsten oxide significantly increased the production of IAEA-C6 to 15.8 pg C
(at a shot time of 1000-2000 ms) and that of HOXII to 20.3 pg C (at a shot time of 200-300 ms).
This could have been caused by an efficient combustion through the supply of oxygen to the
organic materials. In such cases, the addition of tungsten oxide promotes complete combustion
and increases the amount of carbon dioxide generated. The amount recovered was also
increased in most cases in the presence of the oxidant. LA of organic materials requires the
adjustment of the optimal combustion method according to the characteristics of each sample.

Background Level

The effect of tungsten oxide contamination was evaluated by comparing the results of IAEA-
C1 in the presence and absence of tungsten oxide. IAEA-C1 displayed a '*C/'2C of 1.21 x 10714
+7.20 x 1071 without tungsten oxide and of 1.27 x 107" + 3.05 x 10""> with tungsten oxide.
There were marginally higher in the presence of tungsten oxide. Notably, the '*C/'>C of blank
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Figure 3 Effect of contamination by an oxidant (circles) of IAEA C1 and the blank level of the LA
system with oxalic acid (1*C free) (squares). The open symbols are for combustion without tungsten oxide,
and the solid symbols are for '“C/'2C when combusted with tungsten oxide. The data for oxalic acid
without tungsten oxide are not shown because the amount of CO, generated was insufficient. The shading
indicates oxalic acid (n = 1) obtained by the conventional method (sealed tube combustion, 0.1 mg of
carbon). These are not corrected for the background and §'C.

oxalic acid with tungsten oxide was observed to be the lowest at 8.94 x 1015 + 2.57 x 10°1°.
These blank levels associated with the LA system were sufficiently below the value of the blank
obtained using the sealing method, which is considered a practical level.

Oxalic acid was used as a blank sample for organic matter. It cannot produce carbon dioxide
without an oxidant. Therefore, the results obtained when the oxidant was added are shown
(Figure 3). For a comparison with conventional methods, the results of small-mass
measurements of blank oxalic acid using the sealing method over the past year are shown
(Figure 3).

AMS '“C Measurement of Standards

To ascertain the validity of carbon dioxide produced by LA for '“C analysis, four IAEA-C
series were used to perform “C measurements on the LA system. The standard samples were
C1 (marble) and C2 (travertine) carbonates, oxalic acid for background measurement, and C3
(cellulose) and C6 (sucrose) organic materials. Tungsten oxide was added to all the standard
samples. The consensus values were replicated without complexities. This indicated that the
system was sufficiently functional (Table 2). The mean value of C1 was F'*C 0.0114 + 0.0032,
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Figure 4 '*C concentrations and Bomb 21(NH1) for 12 points from AD 1950 to 1983 obtained
from Alaska Sitka spruce. The dashed line is the value when Bomb 21(INH1) is mixed with 50% of
the 2010 'C value (the year the sample was harvested). The photograph on the right in Figure 4
shows the laser irradiation marks on each annual ring.

and that of C2 was F'*C 0.4245 + 0.0029. These agreed with the consensus value of F4C
0.4114 + 0.0003. The mean value of the blank oxalic acid for the organic materials was F'*C
0.0908 + 0.1840. The mean values of C3 (F!4C 1.3039 + 0.0103) and C6 (F'#C 1.5072 + 0.0145)
agreed with the consensus values of F'*C 1.2941 + 0.0006 and F#C 1.5061 + 0.0006,
respectively.

Tree Rings

A rapid preparation with LA can accelerate the analysis of annual tree rings, for example, in
the search for cosmic ray events. To validate the analysis of tree rings using LA, Alaskan Sitka
spruce grown in the mid-20th century was applied to the LA system. The period including the
entire the bomb peak from AD 1950-1983 was studied and analyzed every three years for 12
points in individual annual rings. The wood was divided into two pieces because the total
length (38 mm) exceeded the chamber size. The spatial resolution was 250 pm horizontally and
490 um vertically at each spot. Cellulose extraction was not performed, and no oxidate was
added for a higher spatial resolution.

The LA-prepared samples showed a peak in AD 1965 that was parallel to the peak of Bomb21
(NH zone 1)(Hua et al. 2022; Figure 4; Table S1). The values of the pre-peak were marginally
higher than those of Bomb21 (NH1), but those of post-peak were lower. Because wood was
analyzed without chemical treatment, the effect of intermigratory substances such as lignin
may have affected these results (Loader et al. 2003). Given that half of the total carbon
originated from intermigratory subsistence, this lower peak could be simulated. The simulated

https://doi.org/10.1017/RDC.2023.71 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2023.71
https://doi.org/10.1017/RDC.2023.71

1246 F Minamitani et al.

results obtained by assuming 2010 as the year of felling and intermigratory subsistence with an
F!4C of 1.0470 contributing half of the carbon in all the rings of the wood with the F!C values
equivalent to Bomb21 (NH1) are shown by the dashed line in Figure 4. This result is in good
agreement with our measurements using LA preparation. Coniferous wood contains 24-34%
lignin and 15-20% hemicellulose (Silva et al. 1999; Hoch 2007). Therefore, the value used in the
simulation (50%) was reasonable for their combined content.

CONCLUSION

Combining a solid-ion-source AMS and conveniently available 5.5 W diode laser, we
constructed a laser ablation (LA) system that can be applied to organic materials. Organic
matter with a low oxygen content was generally less likely to produce an amount of carbon
dioxide equal to that produced by LA, than carbonates. However, complete combustion was
promoted by the addition of an oxidant to the sample. The background signal was significantly
lower than that observed with the conventional method. The consensus values for the certified
reference materials were reproduced reasonably. When applied to the tree rings, the bomb peak
was detected in good agreement with the simulated lignin and hemicellulose contents. The LA-
14C system can also be applied to organic materials. It is likely to be used for the rapid analysis
of tree rings and *C mapping of biological tissues such as bones and teeth.
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