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The work thoroughly describes a complex facility developed at the Institute of Applied Physics NAS of Ukraine to
obtain rectified carbonic oxide (CO2) of various origins from carbon-bearing objects (archeological artefacts, natural
environments, objects of cultural heritage, biomedical and pharmacological objects). COs after a direct inlet in a gas
carrier (helium) through a capillary system into an ionizer of an accelerating mass-spectrometer (AMS) provides highly
accurate analysis of a gaseous phase test sample for carbon *C isotope. Two basic sample preparation techniques
for carbon-bearing objects were compared to be analyzed by the AMS technique: a traditional graphitization and

more modern gas inlet technology. The advantage of the latter is shown for a quick test of a trace amount.

PACS: 29.17.4+W, 41.75.FR, 84.30.JC, 84.70.+P

1. INTRODUCTION

Detection, extraction and qualitative estimation of
trace quantity of a radioactive material are the sub-
ject of modern analytical radiation chemistry. Minor
isotopes present in samples in 10712...107%° of ba-
sic isotopes concentration are difficult to detect and
estimate qualitatively. This problem may be solved
mainly with a highly sensitive and very informative
method of a mass-spectrometric analysis, an acceler-
ating mass-spectrometry (AMS), in particular.

Mass-spectrometric analysis of a substance is
based on separation and registration of atoms or
molecules in ionized state by their mass/charge ra-
tio (m/q). Despite its strong contribution to solution
of wide variety of analytical problems, some funda-
mental and technical tasks remain unsolved in a tra-
ditional mass-spectrometry. They include insufficient
sensitivity, limited resolution, separate registration of
isobars and molecule ions that coincide in mass with
an isotope measured.

Measurement of rare isotope that are
10712...10~ ' of concentration of base long-lived cos-
mogenic radio nuclides, for instance, with current
concentration independent of initial content in the
Earth belongs to specific tasks requiring a mass-
spectrometry of high resolution and sensitivity [1-3].

AMS is advantageous in high sensitivity, capa-
bility of operating with trace amounts of a sample,
flexibility and tunability to different tasks [4]. Ac-
celerating mass-spectrometry studies rare isotopes of
long half-life without considerable radioactivity (for
instance, °Be, 3°C1, *'Ca (t; /o = 1.04-10°) [1].

Accelerating mass-spectrometer Tandetron 1.0 MV
4110Bo — AM S created by High Voltage Engineer-
ing Europe (the Netherlands) at the Institute of Ap-
plied Physics (IAP) NAS of Ukraine, Sumy (Com-
mon Use Center ” Accelerating Mass-Spectrometry”)
is a compact, flexible and tunable [5,6] facility of
new generation to obtain accurate data on samples of
milligram and submilligram weight (Fig.1,a,b). The
AMS technique allows qualitative analysis of radioac-
tive and stable long-live isotopes of high absolute
(10712 or ppt) and relative (10714...1071%) sensitiv-
ity [4]. The facility has some new authentic engi-
neering solutions realized to compare favourably with
its forerunners. For instance, elimination of molecule
noise (it is 12CHy and 3CH for C test) is pre-
liminary achieved not by high charge state and ac-
celerating potential but by an ion charge exchange
chamber and high density of rough gas. In general,
suppression of isobars and molecular ions is observed
in an ion source, in a charge exchange chamber of
an accelerator and in a detection chamber in a de-
tecting system. High resolution at isotope detection
considerably surpasses resolution of mass spectrome-
ters operating under all conventional ion separation
schemes. ”Hybrid” ion source (model SO—110) anal-
yses a sample in solid and gaseous state, as well [7].

Technology of gas inlet used here eliminates a
complicated and cumbersome common process of
graphitization. In particular, this express-method
may be used in pharmacology and other biomedi-
cal AMS applications [7,8]. A “(C isotope test in
AMS is based on a total carbon fraction obtained
from a sample as gaseous carbon oxide (IV) (COs).
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Fig.1.
1.0 MV 4110Bo — AMS': a) block-diagram; b) gen-
eral view

Accelerating mass-spectrometer Tandetron

Before CO4 extraction, the sample requires primary
cleaning by consecutive mechanical separation of
macro- and microimpurities and by chemical acid and
alkali pretreatment [4]. Then, depending on whether
the sample is of organic or carbonate (mineral) na-
ture, it is either burnt (as organic) or decomposed
by acids (as carbonate). Organic materials are burnt
in vacuum quartz vessels in the presence of copper
oxide (IT) (CuO) as an oxygen source or in relevant
vessels for organic burn-up of conventional element
analysers widely used in organic chemistry. Obtained
COs is purified from impurity gases, in particular,
from nitrogen oxides, halogen, oxygen via a filter
system, absorbers (silver wire, PbCrOy4 etc.) and
cryogenic technology with liquid nitrogen for carbon
dioxide freezing and turbomolecular as well as dry
forevacuum pumps for residual gas venting.

Most laboratories use graphitization technology
that is difficult to realize, since the facility consists
of high melting gas, precision vacuum locks (quartz
or metal), vacuum-meters, temperature controllers,
pipe furnaces for 400 and 600°C' heating, Peltier

elements, and must hold residual pressure up to
5-1072 Pa.

By contrast with graphitization technology, gas
inlet does not provide a solid-phase carbon; puri-
fied CO4 is fed directly into an ionization source
that makes the process cheaper and less cumber-
some, though degrading analysis accuracy to some
extent [9,10]. Still, many AMS laboratories today
improve this approach and achieve impressive results
[8,11]. Note, that for dating and chronological anal-
ysis, graphitization technology is primarily applied;
while for biological AMS applications a gas inlet has
found wider application [12-15]. The main disadvan-
tage of the gas inlet is lower negative ion current that
conditions prolonged measurement time and lower
measurement accuracy as compared to that of solid-
phase samples. Among advantages of the gas inlet
are lower mass of a sample required for representation
of results, lower time for a sample preparation [11].
Still, in Switzerland, at a facility MICADAS (MIni-
CArbon System) permitted parameters that allowed
elimination of a gap between techniques of graphitiza-
tion and gas inlet during analysis of gaseous samples
of 1...50 ug; thus, amount of '*C' may be defined in
samples on the level of tens of nanograms [16,17].

One of the achievements of the gas inlet used
in AMS, apart from medical proteonics issues, is a
need in development of highly sensitive tracing tech-
niques for protein and its metabolism products or
post-translational modification in vivo. Researchers
from the Center for Accelerator Mass-Spectrometry,
Lawrence Livermore National Laboratory (the USA)
showed that LS-AMS facility specifications permit
14C amount measurement in submicrogram (10...21)
amount of protein. Comparison of conventional
graphitization and gas inlet technologies has shown
their complete coincidence. Still, productivity of the
gas inlet technique is notably higher than that of con-
ventional graphitization [18].

Considering the above mentioned, IAP NAS
of Ukraine have firstly developed a complex fa-
cility for AMS sample preparation. The system
unites two technologies for sample preparation
in one facility via combination of a furnace for
high temperature combustion of organics (Fig.2)

Fig. 2.

Furnace for high temperature combus-
tion of organics as a part of a complex facility for
AMS sample preparation (IAP NAS of Ukraine)
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with a COs purification unit based on a gas
chromatograph  (”Selmichrom-17, JSC SELMI,
Sumy, Ukraine), with a subsequent inlet of
gas-phase COy into an ioniser of an accel-
with an ”off-line”
accumulation (Fig.3).

erating mass-spectrometer
system of CO.

mobile

Fig.3. A system of AMS gas inlet in a mass-
spectrometer Tandetron Model 4130-AMS

2. DESIGN FEATURES OF THE
FACILITY

Fig.4 shows the facility developed for samples com-
bustion and conversion of the obtained carbon
into carbon dioxide with its subsequent inlet into
an accelerating mass-spectrometer Tandetron Model
4130 — AM S that detects ratio of 2C, 3C, C.
Gaseous and solid-phase organic samples of 0.1mg
with carbon isotope '4C are an essential part of the
analytical process on its content definition with the
AMS technique. Here organic compounds are burnt
in oxygen in a vacuum furnace; then obtained car-
bon dioxide is introduced into a gas inlet system
(gas inflow) or into a CO9 graphitisation system (for
solid-phase target samples to be obtained). A system
of sample preparation comprises elements of quartz
and stainless steel 12X18N10T, sealing parts, pre-
cision vacuum locks, gas pneumatic switches, tem-
perature controllers, pressure gauges, pipe furnaces
400...1200°C heating. Vacuum part of the system
holds the pressure of 5- 1072 Pa. Dry fore-vacuum
pumps of Pfeiffer type (Germany) are required for
high vacuum without any carbonic impurities in the
system.

A facility for sample preparation comprises: a
high vacuum furnace (A) with a reactor (1) and
two quartz tank sections (2). A carbon-bearing
sample is placed into one section, copper oxide
(II) (CuO uhp, Sigma-Aldrich, USA) is put into
another.  Operating mode of the furnace may
be changed by a gas flux switch (3) (extraction
of a sample from a cuvette/high vacuum pump-
ing), temperature controller (4), furnace heater
(5), cylinder with inert gas (He) (6), high vac-
uum port (7), and high vacuum lock valve (8).
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Fig.4. Diagram of a facility for a sample combus-
tion: Unit A : high vacuum furnace; (1) — reactor;
(2) - joint cuvette; (3) — gas flux switch; (4) -
temperature controller; (5) — furnace heater; (6) —
cylinder with inert gas (He); (7) — high vacuum
post; (8) — high vacuum valve. Unit B : filter-drier
—-(9). UnitC : purification filter — (10). Unit D :
a sample accumulator: high vacuum valves — (11);
a freezing loop — (12); wvessels with liquid nitrogen
- (18). UnitE : gas chromatograph. UnitF : PC.
Unit G : small size mass spectrometer

A sample is burnt in an evacuated reactor of the fur-
nace and the cuvette with copper oxide (II) is heated.
CuO is used for oxygen production to oxidize car-
bon in the sample; - a filter-drier (B) comprising a
container with silica gel (9) and a temperature con-
troller (150°C') (4). The filter-drier is intended for
water vapour catch. An electrical heater purifies the
filter from water vapor accumulated; - filter for halo-
genic compounds (B) comprising a container filled
with silver threads (wool diameter 0.05mm, 99.9%
trace metals basis, Sigma-Aldrich, USA) heated up
to 700...800°C; - a sample accumulator (D) compris-
ing a freezing loop (12), high vacuum valves (11),
vessels with liquid nitrogen (13). COz comes into
the freezing loop that is in vapours of liquid nitrogen
and settles on its walls at temperature below - 50°C.
Accumulated COs is collected in the loop. The loop
can be immersed into the vessel with liquid nitrogen
at various depths thus the temperature in the freez-
ing loop may be varied. A platinum temperature
controller measuring temperature on the loop surface
is provided in the facility design; - a gas chromato-



graph (E) for qualitative COy content in the sample
accumulator; - a PC (F); - a small size mass spec-
trometer (G) detecting impurities in a sample and
ratio of 12C/13C.

A small size mass spectrometer on permanent
magnets was developed at TAP NAS of Ukraine
[19,20]. The mass spectrometer (Fig.5) is a one
stage static magnet facility of 60 mm radius, a 120°
turn angle, an input beam and output beam an-
gles of 30° and a mass-analyzer arm of 51.6 mm.
The facility records a mass range of 11...45a.m.u.
with resolution of 200. Isotope sensitivity thresh-
old is at least equal to 10~%. Dimensions with an
electronics module are (300 x 450 x 450) mm3. En-
ergy consumption is less than 60 W. Mass is 30 kg.

Fig.5. General view of a small size mass
spectrometer

3. MEASUREMENT PROCEDURE

Since ¥C is about 1% of the total amount of car-
bon in a sample, the ratio *C/*2C may be precisely
measured with a traditional mass-spectrometry [21].
Ratio 13C/'2C and *C/'2C in plants differ from that
of the atmosphere because of different absorption effi-
ciency of three carbon isotopes. This effect is named
as isotope fractionation [21,22]. For a degree of frac-
tionation in some sample to be defined, amount of
both isotope (}2C and 3C) is measured and the ob-
tained ratio 13C/'2C is compared to a standard ratio
known as PDB (Pee Dee Belemnite). Fractionation
at radiocarbon dating is estimated by ratio 3C/*2C,
since ratio of stable isotopes C and '2C remains
constant with time after metabolic block. Basic ra-
tio MC/'2C (observed in a living body by the time
of death) may be derived from it: degradation of a
sample of '3C' as compared to '2C is proportional
to difference of atomic weight of two isotopes; there-
fore, a degradation of (' is twice higher than that
of 3C [21]. Fractionation of '3C' marked as §'3C is
calculated as [22]:
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Since standard PDB has an extremely high rate of
BBC (13C/12C PDB = 11,2372%), measured sample
values of §13C are mostly negative.

Typical values of §'3C were experimentally found
for many plants and for different parts of animals like
ossein; however, when a particular sample is studied,
reference data should not be used but value of §'3C
is required to be measured directly.

The loop with the sample analyzed in the
small size mass spectrometer is transferred to
an analytical unit of the accelerating mass-
spectrometer (Fig.6); then an outlet of the sam-
ple accumulator is connected through the gate
G1 to a gas pipe line of an inflow block IB1.
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Fig.6. Block of a sample accumulator

The loop with the sample is immersed into vapour of
liquid nitrogen and then is cleared with helium during
5min (flow is 30 cm®/min) to evacuate air occurred
in the gas pipelines during the sample accumulator
transportation to the mass-spectrometer. The clear-
ing process is controlled over the presence of bubbles
in a bubbler flask BF'1. Helium is driven into the in-
flow block through the valve V1 (flow is 5 cm? /min).
The clearing process is controlled over the presence
of bubbles in the bubbler flask BF'1. The freezing
loop is removed from liquid nitrogen vapour and the
heater. The valve V3 drives a CO; test sample into
the inflow block of the mass-spectrometer that is
set into a measurement mode. A general rule for
gas inlet techniques regardless of method of sample
combustion and cleaning (laser ablation, gas-liquid
chromatography, hydrolysis, high-temperature com-
bustion) is as follows: COs inflow flux should not
exceed 3ul/s. Higher or lower flux (regardless of
a gas carrier) may result in a vacuum failure or an
ionizer malfunction. Constant flow of analyzed gas
of 3ul/s. (at 1atm) is maintained by an adjusted
length and diameter of an inlet capillary [18] set in
the facility design by a manufacturer. Concentration
ratio of helium and CO; coming into a measuring
loop of the mass-spectrometer depends on design of
the inflow block.
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4. CONCLUSIONS

The work presents theoretical and applicable issues of
gas inlet techniques as promising approach to a sam-
ple preparation for accelerating mass-spectrometry
(AMS). The described technique is based on a direct
input of COs test sample preliminary purified into
an ionizing block. Specifications were described for a
complex facility developed at the Institute of Applied
Physics NAS of Ukraine to obtain rectified carbonic
oxide (COs) of various origins from carbon-bearing
objects of (archeological artefacts, natural environ-
ments, objects of cultural heritage, biomedical and
pharmacological objects). Two basic sample prepara-
tion techniques for carbon-bearing objects were com-
pared to be analyzed by AMS: a traditional graphi-
tization and more modern gas inlet technology. The
advantage of the latter is shown for a quick test of a
trace amount.
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CUCTEMA TA30BOT'O BBOJA J1JId YCKOPUTEJIBHOTO MACC-CITIEKTPOMETPA

C.B. Hosuxos, A.I. Pabvwes, O.B. 3anoposcey, A.A. SInosckasn, B.B. Mockaaenxo,
A.B. Botivenxo, B.H. Kosaavuyx, A.H. Kaaunxesuw, B./[. Queanos, C.H. /[lanuavuenko,
B.E. Cmopuaicro

[Monpobuo oxapakrepuzoBana pazpaboranuas B Uncruryre npukiaanoit dbusuku HAH YkpauHbr KoMILIeKc-
Hasl YCTAHOBKA, TPeIHAHAYEHHAS IJIs IOy YeHUs U3 YIJIEPOACOAEPIKAIINX 00PA3IOB PA3IUTHOTO MTPOUCXOK-
JenHust (apXeoaornyeckKux apTedakToB, 00HLEKTOB OKPYZKAIOMEH CPebl, IPEIMETOB KyJbTYPHOTO HACIEIM,
OGuoMeUIIMHCKUX 1 (HaPMAKOJOIMYECKUX IIPEapaToB) OYUINEHHOro auokcuaa yriepoaa (COs). Tonyuen-
wbiii CO2 1OCPEACTBOM NPSAMON IOJA4M 4Yepe3 CUCTeMY KAIMJIEAPOB B IIOTOKe raza-Hocurens (resuil) B
MOHM3ATOP ycKopuTesbHoro macc-cuekrpomerpa (YMC) obecneunBaer BO3MOXKHOCTH IIPOBEJIEHUsI BBICOKO-
TOYHOTO KOJMYECTBEHHOTO aHaIM3a razodas3noii mpobsl Ha cofepskanne nzorona yriepoa 4C. IIposeaeno
CPaBHEHWE JIBYX OCHOBHBIX TEXHOJIOTHHI MPOOOMIOATOTOBKY YIIEPOACOIEPKAIUX 0OPA3IIOB U aHAIM33, Me-
TomoMm Y MC: TpaaunuonHoit rpadpuTH3anun 1 60Jee COBPEMEHHON TeXHOJIOTHH Ta30BOTO BBOJA, 1 IMOKA3AHO
MPENMYINECTBO UCIIOIB30BAHUS TTOCTETHEN I 9KCIPECC-aHATIM30B MUKPOKOINIECTB 0OPA3IOB.

CHUCTEMA TA30BOTO BBOAY JJIAd ITPUCKOPIOBAJIBHOT O
MAC-CITEKTPOMETPA

C.B. Hosixos, A.I. Pabuwes, O.B. 3anopooceus, A.A. dnoscvra, B.B. Mockanaenxo,
A.B. Boiiwenxo, B.M. Kogaavuyx, A.M. Kaaunxesuy, B./[. Queanos, C.M. lanuavueHro,
B.I0O. Cmopistcro

JleraanHo oxapakTepu3oBaHa pazpodnena B lucruryTi npukiaanaol dbizuku HAH Yrpaluu KOMIIEKCHA yCTa-
HOBKa, IPU3HAYEHA sl OTPUMAaHHS i3 3pa3kiB DI3HOIO IOXOKEHHs, sKi MICTATb ByTJelb, (apxeosioriu-
Hux apredakTiB, 06’€KTiB OTOIYIOUOr0 CEPEIOBHINA, MPEIMETIB KYJAbTYPHOI CIAAITNHNA, Oi0MEIUIIMHCHKAX Ta,
dbapmakosoriynux npenaparis) ountuenoro auokcuaa syriento (COsz). Orpumanuii COs nuisixom npsiMol no-
Jadi 4epes CUCTEMY KaIlLIsIpiB y MOTOI Ta3y-Hocia (resiii) B i0HI3aTOP MPUCKOPIOBAIBLHOTO MAC-CIEKTPOMETDA,
(TIMC) 3abe3neuye MOKIUBICTH IPOBEIEHHS BUCOKOTOYHOTO KIJIBKICHOrO anasizy ra3zodasHol mpodbu Ha BMIiCT
izorona Byryermo 4C. IIpoBeseno HOpIBHAHHA IBOX OCHOBHUX TEXHOJIOTiHl MPOBOIIIrOTOBKM 3pa3KiB, AKi
MICTATH ByTJIelb, Ayt aHamnizy meromoMm IIMC: tpamuniiiaol rpaditusarnii i 6iabin cygacHol TexHOIOTIT ra3o-
BOT'O BBOJLY, Ta MOKA3aHO IEPEBArM BUKOPUCTAHHS OCTAHHBOI JJIs1 €KCIIPEC-aHaJi3iB MIKPO-KIJIbKOCTI 3pa3KiB.
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