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Abstract

A pilot study to quantify 3°Fe in steel from a reactor vessel of a nuclear power plant by accelerator mass spectrometry (AMS)
without any chemical sample preparation was validated by liquid scintillation counting (LSC) and AMS after radiochemical
separation. AMS reaches an uncertainty < 10% at the 1 kBq gg, ' level within less than 10 min measuring time. The back-
ground was < 3 Bq g, ', presently limited by the short measurement time. The new instrumental AMS method for analysing
5Fe from neutron capture production is reasonable and fast compared to other analytical methods.

Keywords Accelerator mass spectrometry - Nuclear decommissioning - Nuclear waste - >Fe - Radiochemical separation -

Liquid scintillation counting

Introduction

As iron is a very important element in the biosphere and
in material sciences, labelling and tracing methods offer a
wide field of applications for long-lived radioactive nuclides
like *Fe (t,,=2.7563 +0.0004 years [1]). Among them are
biomedical and biological research (e.g., iron absorption and
blood disorder) and plant-soil relationship [2]. Iron-55 is
also of high astrophysical interest considering that iron is
the seed element for nucleosynthesis into the higher-mass
region via slow neutron-capture reaction [3, 4]. Primary and
secondary particles from solar and galactic cosmic radiation
also produce >>Fe in the lunar surface and meteoroids. The
radionuclide can be detected in freshly fallen meteorites [,
6], hence it can be used to determine short terrestrial ages
of meteorite finds (<15 years) or check specific pieces for
their potential relation to a recent meteorite fall.
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Anthropogenic activities like running nuclear power
plants and accelerator installations are the major sources
for 3°Fe, which is formed mainly by the nuclear reactions
54Fe(n,y)SSFe and *°Fe(n,2n)>"Fe [7]. A major component in
different construction materials like steel of reactor vessels,
tubes and bearing structures in buildings, steel in heavy con-
crete or in the concrete itself is iron. Because of the broad
utilization of those materials, *Fe can be produced in high
specific and absolute activities [8]. Unintended releases to
the Earth’s environment from nuclear reprocessing and by
fallout from nuclear weapons are also reported [9, 10].

Besides *°Fe other radionuclides with high importance for
decommissioning are produced either by activation or fission
processes like 34, 4C, 36Cl, *'Ca, 3*93Ni, °Co, P°Sr, P7r,
Mo, ?*Nb, ¥’Cs, ’*Eu and the transuranics [11]. These
radionuclides are divided into:

(a) Easy-to-measure ones analysed fast and easily by
gamma-spectrometry often without any separation and

(b) Difficult-to-measure ones analysed by alpha or beta
spectrometry (liquid scintillation counting (LSC), pro-
portional counter, ionizing chamber etc.) after neces-
sary radiochemical separation.

Both groups can be linked by so-called scaling factors,

which are typical for each power plant, but gained only by
precise and often elaborate radiochemical analyses. For
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example, 3Fe, ©Ni and the transuranics can often be linked
to ®°Co, whereas 2°Sr can be linked to '3’Cs, and *!Ca can
be linked to '>?Eu [12-15].

The importance of >Fe is based on its rather short half-
life of 2.7563 a compared to the other radionuclides. Thus,
55Fe is of high relevance above all for the first years after
shut-down of nuclear power plants or other nuclear installa-
tions for decommissioning. Last but not least, 3Fe is also of
high relevance during the running phases of nuclear instal-
lations with respect to maintenance and repairs. For a high
level of safety during decommissioning as well as during
processing, temporary storage and final repository of nuclear
waste generated during running and dismantling chemical
and radiological properties have to be thoroughly investi-
gated [16, 17].

Because >°Fe decays solely by electron capture to the
ground state of Mn, gamma-rays are not emitted. Thus,
routine detection of >°Fe via its characteristic 5.9 keV X-rays
is performed on very thin samples to overcome self-absorp-
tion [18] or after time-consuming elaborate radiochemi-
cal separation via LSC [8, 16, 17]. The great potential of
accelerator mass spectrometry (AMS) for measuring 3Fe
has been firstly reported by Korschinek et al. about thirty
years ago [2]. They could estimate a sensitivity for *>>Fe/
Fe of about 8 x 107!3 using the 14-MV tandem accelerator
at Munich. More recent papers of Wallner et al. [19, 20]
demonstrated first measurements of >Fe using a smaller tan-
dem accelerator (3 MV) while improving the detection limit
by more than two orders of magnitude (< 107'%). However,
AMS has never been considered as a true competitive ana-
lytical method for 3°Fe because its general reputation is to be
extraordinarily expensive, and comparatively slow resulting
in low sample throughputs. Within this study, we explore
AMS for 3Fe detection—in steel samples from nuclear
decommissioning—without the need of any radiochemical
separation to qualify as a routine analysing method.

Our earlier studies have proven AMS being reasonable,
fast and easily accessible for "Be [21] and *'Ca [22] analy-
sis, which was mainly based on largely reducing efforts for
sophisticated radiochemical separation. To our knowledge
there are only a few cases in AMS where wet chemical sepa-
ration could be completely omitted such as '°Be/’Be in a Be
containing mineral (phenakite, Be,Si0,) [23] and 4ei2e by
laser-ablation AMS of stalagmites and corals [24].

Usually, AMS sample preparation is needed to isolate
the radionuclide of interest either together with its naturally
occurring stable isotope(s), such as 26A1/*’Al from e.g.,
stony meteorites and sediments, or for e.g., quartz after
the addition of a stable isotope carrier such as *Be to allow
1'Be/’Be measurements. The separation results also in deple-
tion of matrix-elements (e.g., Si from quartz) and—impor-
tantly—isobars, finally yielding to a thermally and electri-
cally conductive powder. For %°Fe we are in the fortunate
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situation that the isobar, >>Mn, does not form negative ions
[2]. Additionally, in the case of steel, from e.g., projects
related to nuclear decommissioning, stable iron nuclides
(3*365738Ee) constitute already to a large fraction of the
original sample. Steel is thermally and electrically conduc-
tive and the target element of interest—with the nuclides
54Fe and *°Fe dominating >°Fe production—is homogene-
ously distributed relative to >>Fe, hence smaller subsamples
(milligram instead of typical gram(s)) will not produce any
bias. To conclude, there is no reason why 35Fe determination
in steel samples without any chemical separation should fail.
Though, the approach is validated in this pilot study by com-
paring AMS measurements of unprocessed steel samples to
LSC and AMS measurements of radiochemically processed
samples.

Experimental
Sample preparation, LSC and ICP-MS measurements

Two fine and two coarse grained steel chips originating from
the reactor vessel of a nuclear power plant were obtained
either by drilling or rasping. There was no further pretreat-
ment before preparation for AMS and LSC measurement,
respectively.

Pristine small solid aliquots from these chips weighing
about 2.5-13 mg (Table 1; without adding of and mixing
with any metal binder, without any backing), have been
hammered—with the help of a punch—from the backside
into Cu sample holders (&J: 1.3 mm; length: 3.8 mm; vol-
ume: 5 mm>—maximum dimensions for sample material)
temporarily closed by a ball for the hammering process.

For comparison of this non-chemical (instrumental)
approach with the conventional chemical approach, radio-
chemical separation has been performed using bigger solid
aliquots from the chips (1.52-1.60 g). The chemicals used
throughout the procedure are of analytical grade and water
is deionized to 18 MQ cm. The steel chips were covered
with 6 M HCI and carefully heated to generate a steady
hydrogen development. For complete dissolution 12 M
HCl is added dropwise. The resulting solution is filled-up
to a defined volume of 50 ml. From these solutions repre-
sentative aliquots are taken for the analysis of >Fe, which
corresponds to a total mass of about 40-60 mg of iron.
The radiochemical separation procedure for LSC meas-
urements of >Fe (and **Ni) comprises an enrichment of
Fe, Co and Ni via hydroxide precipitation with NaOH, an
anion exchange chromatography for separation of Fe, Co
and Ni, and several further purification steps as repeated
hydroxide precipitation, extraction chromatography or liq-
uid-liquid extraction. For LSC measurements >°Fe is pre-
pared by Fe(OH); precipitation (with ammonia) from its
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Table1 Sample i‘nformati(?n. . Sample name AMS sample  Metal mass in AMS sample Ag [mg]/ Mix in sam-
Al AMS samples are pressed in name metal sample holder name Fe203 [mg] ple holder
Cu sample holders [mg] Fe,0, mixing [mg]
Machine blank F0024 110.6/31.6 4.87
VKTA 2% F0035 ~4 F0025 11.54/12.02 4.85
F0036 ~5
F0037 ~4
VKTA 3 F0032 ~4 F0026 9.46/9.42 4.29
F0033 ~13
F0034 ~8
VKTA 5* F0038 ~13 F0027 9.74/9.81 4.60
F0039 ~2.5
F0040 ~8
VKTA 8 F0029 ~3.5 F0028 13.58/13.47 4.98
F0030 ~6
F0031 ~11
In-house standard F0014 43.0/12.2 5.03
“AQ”
In-house standard F0017 100.71/29.22 4.85
“AD

(quality assurance)

*Coarse grained

corresponding fraction, redissolving the dried precipitate
in 200-300 ul HF (40%) and 5-10 ml H,O. The fluoride
ions form a colourless complex with Fe(IIl) resulting in a
strong colour quench suppression [25, 26].

The chemical recovery is obtained by measuring the
stable Fe concentration by inductively coupled-plasma
mass spectrometry (ICP-MS) in a 10% aliquot from the
analysed sample amount before and after radiochemical
separation. The ICP-MS measurements are carried out
using an Element 2 of Thermo Fisher Scientific, which
is a high-resolution sector field mass spectrometer with
inductively coupled plasma (HR-ICP-MS). The measure-
ments were done according to DIN EN 17294-2 (2005)
after calibration of a suitable working range with a certi-
fied single-element, i.e., iron, solution or a multi-element
standard solution using '%*Rh as an internal standard.

The remaining solution (81%) is filled into a 20-ml
vial (polyethylene) and mixed with 10 ml of the liquid
scintillator Instagel (PerkinElmer®). The LSC vial is
stored cool and dark for at least 0.5 h before measuring
in a 1220 Quantulus Low-Level scintillation counter
(PerkinElmer®) for 150 min. The count rate in the channel
range 25-200 of the low-energy window is used for activity
calculation. The counting efficiency is determined using a
quench curve and the SQP(E) value that shifts around 0.3
for a SQP(E) value of 710-720.

It has to be noted that the four LSC samples have been
treated to the “standard operation procedure” for (com-
mercial) samples of totally-unknown radioactivity, i.e., the

time for the LSC measurement is predefined to meet the
demanded decision thresholds.

About 4% of the digestion solution has been used to pro-
duce AMS targets by the following steps [27]: (1) addition
of NH3,, (25%); (2) rest overnight and centrifuging; (3) two
times washing with~ 10 ml very dilute ammonia solution
(pH 8-9); (4) parts of washed hydroxides have been trans-
ferred to quartz crucibles, dried at 110-125 °C; (5) ignite
for 15 min at 400 °C and 2 h at 600 °C in a muffle furnace;
(6) mixed with Ag powder (Aldrich, —325 mesh, 99.99 + %);
and (7) pressed into Cu sample holders with Cu pins as back-
ing (Table 1).

For blank corrections (machine blank, Table 1), iron
oxide has been produced from pre-nuclear, i.e., from the
beginning of the last century iron metal, kindly provided
by Peter Steier (U Vienna, Austria) [28] by dissolution in
HCI/HNO; and evaporation, followed by further treatment
as mentioned above. AMS standard-type material “A0” and
“A2” [20] provided as Fe,O; has been mixed with Ag and
pressed into Cu sample holders with Cu backing (Table 1).
“A2” has been used for quality assurance.

AMS measurements

For the AMS measurement a thermally and electrically
conductive material is required. When the material is non-
conductive it is mixed with additional (metal) powder and
pressed (or hammered) into sample holders. It has to be
noted that one of the major advantages of AMS is the small
amount of sample material required for a measurement,
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typically a few mg are sufficient. Details of AMS measure-
ments at the DREsden AMS (DREAMS) facility have been
described earlier [29, 30]. We took advantage of the works
of Wallner et al. [19, 20] describing high-sensitivity isobar-
free >>Fe AMS measurements and applied the knowledge
to DREAMS.

The 16 AMS sample holders together with those contain-
ing blanks, standards “A0Q” and quality assurance samples
“A2” [20] are placed repeatedly one-by-one in a Cs-sputter
ion source. Unknown samples were inserted once or twice
into the ion source. By selecting Fe™ ions isobaric interfer-
ence from >Mn is completely eliminated. Single-charged
negative ions of 34Fe, 3Fe, and *°Fe are quasi-simultane-
ously (100 times per second each) injected into the accelera-
tor by the fast-bouncing system that switches between the
beams via changing the potential of the vacuum chamber of
the beam injection magnet. The negative ions are accelerated
towards the positively charged terminal of 3.89 MV. In the
terminal, the particles pass the gas stripper (a small argon
gas volume) resulting in a charge exchange and a distribu-
tion of positive ions. A 90° analysing magnet selects ions of
charge state 3+ with an energy of 15.6 MeV. Sayer [31] pre-
dicts that this charge state is the most-populated one when
stripping with argon gas at this energy and we found a trans-
mission of 22%. It is also the most populated charge state
in an oxygen gas stripper at a slightly lower beam energy
of 3.18 MeV (23% transmission) [19]. Stable iron isotopes
54 and 56 are measured quasi-simultaneously in Faraday
cups after the analysing magnet on the high-energy side. The
radioactive nuclide > Fe is counted, after passing additional
background filters (35° electrostatic analyser, vertical 30°
magnet), in a gas ionisation chamber. The measured ratios
of our in-house standard material “A0” and quality assur-
ance material “A2” were as high as 85% of their nominal
true value, which was caused by transport losses of the ion
beam between Faraday cup and gas ionisation chamber in
this case.

Hence, results are normalised to the in-house standard
material “A0” [20], which is decay-corrected to the date of
the AMS measurement with the quoted overall uncertainty
of 1.6%. For the conversion of >>Fe atoms into activity units,
the half-life of (2.7563 +0.0004) years [1] is used.

Results and discussion

Sample preparation

The small inner diameter (&: 1.3 mm) of our standard AMS
sample holders and the small inner diameter of the corre-
sponding funnel to fill the sample into the holder is currently

the bottleneck for easy and fast sample preparation of steel
samples, which are not radiochemically processed at all. The
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more coarse grain the chips are, the more tedious the work
gets. An optimised set-up will reduce AMS sample prepara-
tion to 5—10 min per sample. It will also allow more material
to be in one sample holder omitting the need for measure-
ments of multiple aliquots of the same sample material.

For comparison, radiochemical processing of steel sam-
ples for >>Fe AMS measurements of Fe,O, will need less
than an hour working time per sample distributed over
2-3 days for best chemical yield. As low chemical yields
are not influencing the result and only less than 10 mg Fe,0;
is needed for AMS analysis, there is much room for cutting
down to less than 24 h. Total costs for consumables are in
the order of 15 € compared to 5 € for instrumental, i.e.,
without chemistry, AMS sample preparation. The costs of
the consumables (chemicals, vials, pipette tips, scintillation
cocktail) for LSC are also in the range of 15 € per sample.
However, all these values do not comprise manpower, oper-
ating, maintenance and repairs of laboratories and meas-
urement equipment/devices, overhead expenses etc. These
calculations neither include potential Fe measurements in
liquid aliquots by ICP-MS or other techniques.

The pure working time for the complete radiochemical
procedure starting with the digestion and ending with the
LSC and ICP-MS measurement comprises about 20-25 h
distributed over 4-5 working days. Normally 4-8 samples
are worked on in parallel, i.e., as one batch, in this time
period.

Hence, the determination of >>Fe by AMS is definitely
a competitive alternative to LSC determination when bal-
ancing costs for consumables, efforts in working time and
manpower as well as expenses for operation, repair and
maintenance of the different instruments.

Stable isotope measurements

Stable isotopes have been measured by AMS as Fe** in Fara-
day cups with currents of 4—17 nA for **Fe and 60-260 nA
for 3%Fe, respectively, which is comparable to experiments
elsewhere reporting several hundreds of nA for *°Fe [20].
Measured *Fe/°°Fe ratios of samples are normalised to
ratios of the standard material “A0” set assuming to have a
natural ratio of 0.0637 [32]. The scatter of this ratio in the
whole set of unknown sample materials is only 0.3% (at
1-sigma).

The difference in fractionation from steel vs. Fe,Os is less
than 5% monitored by the difference in 4Fe/*°Fe. Hence,
there is no need for matrix-matched standards and blanks in
AMS, as it is absolutely required for other analytical meth-
ods like secondary ion mass spectrometry (SIMS) or laser
ablation ICP-MS.

Results of ICP-MS measurements of iron of liquid ali-
quots of chemically-processed samples are presented in
Table 2. They confirm within 1-sigma uncertainties the steel
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Table2 AMS, LSC and ICP-MS results

Sample name AMS sample AMS measurement >Fe 3Fe/>0Fe 3Fe "Fe 3Fe
(AMS material) name time [min] [counts] [107'1] [Bqg™1 [wt.%] [Bqg™1]
by LSC by ICP-MS by AMS (100% Fe)

Machine blank F0024 10 0 <0.003 - - <3
(Fe,05/Ag)
VKTA 2 F0035 7 2486 8.48+0.17* 6300+ 800 10010 6100 + 400
(metal) F0036 7 5615 8.07+0.15%

F0037 7 5026 7.00+0.13*

mean® 7.7+0.5
VKTA 2 F0025 12 18,324  8.0+0.8 6300 + 600
(Fe,05/Ag)
VKTA 3 F0032 7 468 1.01+0.08%* 950+ 120 110+11 780+ 50
(metal) F0033 7 460 1.06 +£0.12*

F0034 7 152 0.94 £0.09*

mean? 0.99 + 0.06
VKTA 3 F0026 17 1496 1.21+0.04 950+ 30
(Fe,05/Ag)
VKTA 5 F0038 7 13,005 13.4+0.6* 10,900+ 1300 110+11 8700 + 600
(metal) F0039 7 3254 11.53+0.20%*

F0040 7 10,242 10.32+0.20%*

mean® 11.1+0.70
VKTA 5 F0027 11 17,153 14.1+1.8 11,100 + 1400
(Fe,05/Ag)
VKTA 8 F0029 7 85 0.34+0.06* 300+40 96.1+10.3 300+40
(metal) F0030 7 212 0.51+0.06*

F0031 7 240 0.35+0.03*

mean? 0.38 +0.05
VKTA 8 F0028 17 849 0.416+0.019 330+15
(Fe,05/Ag)
“A0” F0014 16 2170 - - - -
(standard)
“A2” F0017 7 270 1.46+0.11 - - -

(quality assurance)®

AMS uncertainties (1-sigma) report the higher value of a) statistical measurement uncertainty and b) the scatter of the data for a sample. The
mean of the metal samples (bold) includes, in addition, the uncertainty of the standard (nominal value of “A0”) and uncertainty of the mean of
the standard measurement (3.4%). Isotopic ratios are blank-corrected. The data of Fe,0;/Ag samples, measured in two separate beam times,
are the uncertainty-weighted sum of the two values including all mentioned uncertainties. >>Fe specific activity values are blank-corrected and
uncertainties include all uncertainties from LSC and AMS measurements (but not ICP-MS) including blank-correction. Mean ratios were gen-
erated with a weight of the single values’ absolute uncertainty. All data is referenced to the date of the AMS measurement, i.e., 19th February
2020. Comparable data of 3Fe [Bq g~'] for three different types of measurements are given in bold, too

*values given without the uncertainty associated with the standard
duncertainty-weighted mean
®nominal value: >>Fe/*’Fe = (1.344 +0.023)x 107!

samples to be “100% Fe”. The uncertainty of 10—11% for the
ICP-MS measurement of natural iron is a combined uncer-
tainty consisting of following parts: wet digestion (8%), cali-
bration (5-7%), pipetting/diluting (1%) and the measurement
uncertainty (1.5-2.5%).

5Fe measurements by AMS

Results of >>Fe measurements by AMS are presented in
Table 2. AMS measurements of blank material (Fe,03)

resulted in the determination of zero counts within 10 min
corresponding to a 1-sigma upper limit of 3 x 10714 3°Fe/>°Fe,
which is actually between blank values of earlier experi-
ments at Vienna and Munich [2, 19, 20]. Longer measure-
ments of the blank material would decrease the background
level but were not anticipated in this work as >Fe/>°Fe ratios
of samples are 2-3 orders of magnitude above the present
blank level, resulting in negligible blank corrections. These
results clearly indicate the strength of AMS over other mass
spectrometry methods as isotopic suppression from e.g.,
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4FeH~ is highly effective and does not contribute to any
background.

Sample values of 3Fe/*Fe in Table 2 are presented as
blank-corrected values, so are the specific activities using
an Fe concentration of the steel material to be 100%. The
present 3Fe blank value is an upper limit of 3 Bq gg.~'. The
estimate is based on the analysis of a single sample with
limited measurement time. A reduction of the blank value
by factor of 3-6 is expected when increasing the measure-
ment time from a few minutes to the maximum sputter
time of the sample. The final limitation as for most other
AMS measurements [30] is defined by long-term memory
and cross-contamination in the ion source, which is in the
order of 107 for °Fe. Therefore, by using standard mate-
rial of 107! >>Fe/5%Fe, the background is expected to be in
the order of 10712, resulting in a theoretical limit of
0.08 Bq g, '. However, as expressed by the normalisation
to Fe, the "Fe content is influencing this limit for the spe-
cific activity. Hence, for samples containing less "Fe than
100%, the limits are in the range of LSC or slightly higher,
e.g., for graphite (0.091 Bg g~!) or concrete (0.018 Bq g1
samples elsewhere [16], or 0.01 Bq g~' at the VKTA lab
(using 0.5—-1 g concrete, soil or graphite).

Internal consistency of AMS measurements were tested
by measuring the “A2” standard-type sample as an unknown.
The measured > Fe/*®Fe ratio of (1.46+0.11)x 107" over-
laps within 1-sigma with the nominal value (19th February
2020; (1.344 +0.023) x 107!") after a short measurement
time of 7 min.

The comparison of AMS data of four different samples of
chemically untreated, pristine chips (weighted mean of three

T T T T T T T

10

K3

*Fe/*Fe - mean of 3 x metal

PR |
TR |

.,’}' 4

10™ 107
*Fe/“Fe -1x Fe,0 /Ag

Fig.1 Comparison of isotopic ratios by AMS for radiochemically
treated and unprocessed chip material
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individual targets, each 7 min measurement time) with AMS
data of processed Fe,O5 (one target, 11-17 min measure-
ment time) of the corresponding samples is shown in Fig. 1.
Individual uncertainties are between 4—13% and 6-12% for
oxide and metal samples, respectively.

We treat remeasurements of steel from the same mate-
rial as measurements that are expected to give the same
result. The standard deviation of the mean is thus the stand-
ard deviation divided by the square-root of the number of
measurements (N =3 samples). The mean is estimated using
the absolute uncertainty as the inverse weight. The uncer-
tainty given for the mean in Table 2 is the higher from (1)
the combination of uncertainties of the single measurements
or (2) the weighted standard deviation of the mean. Uncer-
tainties of the single results are not uniform and thus the
weighted standard deviation of the mean was estimated by
taking into account the uncertainty of the single data point
via a weighted standard deviation of the mean. Again, we
used the absolute uncertainty as the weight.

Data for two out of four samples overlap within 1-sigma,
one sample within 2-sigma uncertainties. Metal samples
have systematically lower ratios than chemically-treated
oxide samples. Hence, our pilot study might point to a pos-
sible (systematic or random) additional uncertainty in the
order of 5-10%, which is not a function of > Fe concen-
tration. Further experiments are needed to evaluate these
effects.

15000—; ' T ' E

3 )\ S 3

10000 - 7 ]

] ZA ]

v . 1640 ]
o il i
& 5000 -
o,
1000 E

2 ; ¢ . z
0 E = E
500_: & LSC E

411 4 mean 3 x metal E

]l o 1xFey03/Ag <>AO:

VKTA-2 VKTA-3 VKTA-5 VKTA-8

Fig.2 Comparison of specific activities resulting from AMS data for
radiochemically treated and unprocessed chip material with LSC data
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5Fe measurements by LSC and comparison
with AMS

Measured specific activities of >>Fe by LSC and associated
overall uncertainties in the range of 12—-13% are included
in Table 2 and Fig. 2. The uncertainty for the determina-
tion of >>Fe by LSC after radiochemical separation is also a
combined uncertainty, with following components: chemi-
cal handling (weighing, wet digestion, pipetting, chemical
separation, ICP-MS) with 10-12%, quench curve calibration
with 5-8%, pure measurement uncertainty with 0.10-0.65%
for these four samples (but could be higher with lower
count numbers). In the case of the four samples used for
this comparison, the resulting decision thresholds range
from 0.35-0.42 Bq g~! due to the composition (almost only
iron) and high total activity of the sample material, which
restricts the analytically reasonable amount to 40—60 mg.
The four LSC spectra are presented in Fig. 3. They show
no interferences from other radionuclides or luminescences,
thus, the radiochemical procedure is characterised by a high
separation performance for disturbing radionuclides as well
as chemically interfering elements. In the 1220 Quantulus
Low-Level scintillation counter (PerkinElmer®) the count
rates of the chemical blanks range from 1.5-2.0 cpm, the
luminescences range from 0.1-0.75 cpm and the meas-
ured count rates for the four investigated samples range
from 168—6385 cpm in the evaluated channel region. With
SQP(E) values about 705-715 the measurement efficiency
lies in the region of 0.29-0.31.

20 ——T—T T 7T T 7T

1.5 -

count rate [s'1]
o
1

o
3,
1

0.0 4
0 25 50

— 71 r T 1 T 1 7T
75 100 125 150 175 200
channel number

Fig.3 LSC spectra of 3Fe samples after radiochemical separation of
iron. Measurement times are 150 min, each

For comparison of the LSC data with AMS data, we did
not use individual Fe data measured by ICP-MS but set Fe to
100% to calculate >°Fe in units of Bq per gram sample mate-
rial (see above). The resulting data is presented in Table 2
and Fig. 2.

Most importantly, the complete AMS data set of the
chemically-treated samples is comparable with the LSC data
within 1-sigma uncertainty. Three out of four AMS data of
the metal chips are comparable within 1-sigma with the LSC
data; one sample (VKTA-5) within 2-sigma. As mentioned
above, the uncertainties of the AMS data seem to be par-
tially underestimated and are in this pilot study not (yet) a
function of the Fe isotopic ratio. They can reach levels as
high/low as LSC data uncertainties. The combined uncer-
tainties of the LSC data are in the range of 12-13% for this
study, but can also lie between 10-35% and comprises not
only the counting statistics from LSC but also uncertainties
from sample pretreatment, chemical handling and recovery
determination by ICP-MS. Further systematic AMS work
would be necessary to reduce the AMS uncertainties to a
“routine” 5%-level, however, for some scientific projects and
commercial analyses a reasonable and fast detection method
with a 15%-uncertainty might be of more interest.

Conclusions

Our first AMS pilot study of pristine steel samples for 3Fe
determination can be described as very successful. Addi-
tional improvements can be expected in the range of 50%
by further optimising ion source output and ion transport
efficiency through the AMS system. The current background
can be lowered by longer measurement times. Fine-grained
material is favourable over coarse chips not only for easier
filling of AMS sample holders, but it will also improve
reproducibility by avoiding different sample geometries that
influence fractionation while sputtering. The latter is also a
prime suspect for the difference between metal and oxide
samples of the same material.

AMS without chemical sample treatment has impressive
advantages over LSC measurements after radiochemical
separation of iron and will surely work for all thermally and
electrically conducting materials. In the future, there will
be a clear correlation of 3Fe specific activity level and the
anticipated uncertainty of the *>Fe result with the overall
analysing costs as the major contribution will not be from
sample preparation but from accelerator time. To overcome
even these costs, there are possibilities for external research
projects at several accelerator facilities via a proposal sys-
tem, e.g., funded by the Helmholtz Association (large-scale-
facility [33]) or Trans-National-Access funded by the EU
(RADIATE [34]).
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As this technique is omitting any chemical preparation,
it is not only more reasonable and faster, but we can also
exclude any systematic errors due to incomplete sample
digestion and there is no need to monitor the chemical yield.
However, the method only works for pure neutron capture
nuclides within the sample—such as 3Fe in steel—as we
cannot exclude sample inhomogeneities for other production
ways: This could be either neutron activation “elsewhere”
followed by contamination (by liquid or dust transport) of
the taken sample or any other e.g., nuclear spallation reac-
tion on non-homogeneously distributed heavier elements.
For sure, any errors due to non-representative sample-taking
will be as erroneous for our new method as for all other
analytical methods.

Last but not least, it is obvious that for non-pure iron
materials an Fe determination by other analytical techniques
will be essential to calculate activity levels of >Fe from the
Fe ratios determined by AMS. This could be either classical
ICP techniques after sample digestion—ruining partially the
above-mentioned advantages—or non-destructive methods
like X-ray fluorescence (XRF) or particle-induced X-ray
emission (PIXE) using a micro-beam focussed on material
pressed in AMS sample holders before AMS measurement.
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