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Abstract

Silicon-32 is produced in very small concentrations by interac-
tions of cosmic rays in the atmosphere. It can be used for nuclear
dating purposes, but its measurement is very difficult. The recent
availability of accelerator mass-spectrometry (AMS) may help
to increase the sensitivity for detection of **Si. We describe a
chemical method which produces elemental silicon to be used
in the ion source of an AMS-installation. The material contain-
ing Si is dissolved in HF. SiF, is reduced to SiH, which is ther-
mally decomposed to elemental silicon. Elemental silicon, de-
posited on graphite discs, is, thus far, the most suitable material
for **Si determinations by AMS, yielding the purest and highest
ion currents of all tested materials. At present we can determine
28i/Si,, ratios of about 107'*, and reach the same sensitivity as
in radiochemical counting techniques.

1. Introduction

The ongoing concern about man-made climatic
changes has enhanced the demand for accurate nuclear
dating methods. These methods are used to assign time
information to climatic parameters or to pollution of
the past. Information on climate variations and air pol-
lution is conserved in closed ‘environmental archives’
(e.g., glacier ice, aquatic sediments, peat, etc.). Well
established dating methods depend, for instance, on
21%Ph [1—3] or “C [4] as radioactive clocks. Whereas
21%Pb can be used to date about the last 150 years, *C
is suitable to establish ages of samples older than 1000
years. The time gap of several 100 years between the
ranges of the half-lives of **°Pb and "*C would be ide-
ally filled by applications of **Si (T,,~130y). This
radionuclide could be used in the time range of
~100—1000 years before the present, and could help
to date specimen of the Middle Ages and of the ‘Little
Ice Age’. An accurate dating of samples representing
these time periods is important for an improvement
of our understanding of reasons for temperature and
climatic changes. »

Silicon-32 is produced in the upper atmosphere by
interactions (spallation) of cosmic ray particles with
argon {e.g., “*Ar(p,2 ap)**Si}, and enters the terrestrial
environment by wet and dry fall-out. Unfortunately,
the atmospheric production rate is only about 1.6
X10~* atoms/cm®s [5] corresponding to a global
equilibrium amount of about 2 kg *?Si. Because stable

silicon is very abundant in the lithosphere and hydro-
sphere, the **Si/Si,, ratios are extremely small (see
Table 1) and, therefore, a determination is very diffi-
cult to perform and time consuming. For instance,
ton(s) of material must be processed for a radioactivity
measurement of *’Si via its decay product *’P. These
large samples are difficult to handle, and lead to a very
poor resolution in space and time. With the recent
availability of the very sensitive accelerator mass-
spectrometry (AMS), it should eventually be possible
to reduce the sample size for a determination of **Si.

A further problem for an unambiguous application
of *2Si as dating nuclide arises from the half-life which
is still not known with the desired accuracy. Older
half-life values covered a range between 80 and 700
years [10—13]. Table 2 gives a summary of the more
recent results. There is still a considerable scatter in
the half-lives, but the data suggest a ‘center of gravity’
at about 130 years, obtained by averaging the more
recent results, The value of 130 years is in agreement
with the results of careful redeterminations by two ful-
ly independent methods and widely varying materials
for the production of **Si [20, 21, 23].

For an application of *2Si in AMS, the chemical
and physical forms of the sample in the ion source are
of prime importance. For the redetermination of the
half-life of *2Si [20, 21], samples of K,SiF, enriched
in *Si (**Si/Si.,, =107%) were mixed with tantalum
powder and were pressed into a hole in the target hold-
ers of the sputter ion source of the AMS. However, in
order to detect *2Si in natural samples, the sensitivity
must be increased by several orders of magnitude. Im-
proved forms of silicon in the ion source may contrib-

Table 1. Ratios of **Si/Si,, in water and snow samples

3281/ Sio, Refer-

ence

Sample

River water 1.5X107'%-4.9X10""7  [6]

Lake water 1.2X107%-5.1X10~" 6]
Groundwater 6.9X107'7-9.8X10""® [6]
Ocean water:

Surface (0—150 m) 9.7X10716—2.5X 1076 [6]

Depth (>1000 m) 2.0X107'%=51Xx10"" [61
Rain water 1.3X107“-6.2X 10716 [7]
Ice, glacier (Kaschmir, India) 4.2X107"*—4.8X10~" [81]
Snow (Jungfraujoch,

Switzerland) 1.7X10"%—2.5% 1017 [9]
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Table 2. Literature values of the half-life of *2Si. The more recent values converge at about 130 years

Half-life Year of Method Comments Reference
(years) publication
330+40 1973 Drill core, ice Greenland Decrease of *2Si with depth (14)
222,277 1980 Drill core, ice Greenland Decrease of *Si with depth [15])
276+32 1980 Drill core, Ocean sediments Decrease of *Si with depth [15]
21729 1983 Drill core, Ocean sediments Decrease of *Si with depth [16]
108+18 1980 AMS (171
10118 1980 AMS [18]
172+ 4 1986 Radioactive decay (4 years) B~ counting, instabilities [19]
133+ 9 1990 AMS two different *Si samples [20, 21]
162+12 1991 AMS [22]
132+12 1993 Ion implanted target [23]

ute to this goal by giving high and more stable ion —8

currents. In addition, ion source materials of very high
chemical purity are required to keep contamination by
interfering nuclides of the isobar 32 (e.g., **S) as low
as possible. Test measurements have shown that semi-
conductor silicon ion sources contained less sulfur and
yielded about ten times higher ion currents than the
K,SiF, sources. Therefore, a chemical procedure was
developed for the transformation of small samples of
silicon compounds into elemental silicon which can be
used in the AMS. Considerable improvements were
also made at the AMS installation itself (e.g., addition
of a gas filled magnet to the beam line to reduce drasti-
cally disturbances by sulfur-32 [24]); these improve-
ments have been described elsewhere [25].

2. Experimental

Vacuum techniques in an apparatus built of stainless
steel and quartz are used throughout the chemical pro-
cedure. The vacuum is produced by an oil rotary
pump. A schematic drawing of the vacuum apparatus
is shown in Figure 1. The procedure consists of three
main steps which are described separately.

Production of SiF,

Enriched silicon samples (e.g., standards of BaSiF, or
K,SiF;, containing added *Si) are decomposed in the
furnace tube A of the apparatus (see Fig. 1) at 750 °C.
The evolving SiF, is collected immediately in trap B
(valve 1 closed) which is-cooled by liquid nitrogen. If
natural samples are to be investigated, SiF, is gener-
ated during the dissolution of the sample (in a reaction
chamber added of the apparatus) with HF/HClO, or
HF/H,S0,. It is transferred through tube A and col-
lected in cold trap B. Water and acid vapors are
condensed in a cold trap before entering the main
apparatus.

Reduction of SiF, with LiAlH,

About 300 mg LiAlH, in 5—10ml ether are intro-
duced to the removable trap C (Fig. 1) which is cool-
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to the pump

Fig. 1. Schematic representation of the vacuum apparatus. The

apparatus is built from stainless steel tubes, except the induc-

tively heated quartz reaction chamber on the right hand side of

the drawing. A: stainless steel tube; B~E: cold traps; F: tube

furnace; G: piezoelectric pressure transducer; H: capillary; I:

sample disc; K: heating coil; L: water cooled copper rod; 1-8:
valves.

ed with liquid nitrogen (—196 °C). Trap B is warmed
and kept at —78°C (acetone/dry ice mixture), and
SiF, is transferred and condensed into reaction tube
C (valves 3,4,5 closed). While the reactants are slowly
and carefully brought to room temperature (valve 2
closed), the formation of SiH, takes place (~one
hour). Trap C is then again cooled to —196 °C. Non-
condensable gases (e.g., H,) are pumped off (valves
2,5,6 open). The liquid nitrogen of trap C is replaced
by n-pentane/liquid N, (—130°C), and SiH, is con-
densed into trap D which contains dry benzene at
—196°C. Trap D is warmed to room temperature
(valve 3 closed) and allowed to stand for about one
hour, the time necessary for the absorption and dissol-
ution of ether vapors in the benzene [26]. After cool-
ing trap D to —130°C, SiH, is collected in trap E
which is cooled by liquid nitrogen. The pressures and
pressure changes are controlled with the piezoelectric
pressure transducer G.

Decomposition of SiH,

With valve 6 closed (and valve 8 open), and gently
warming trap E, SiH, is transferred into the decom-
position chamber. The flow of SiF, is controlled with
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Fig. 2. Measured *?Si/Si,, ratios of standard samples versus their
nominal values (Fig. 2 modified after [25], reproduction permit-
ted by Elsevier Science B.V., Amsterdam, The Netherlands). The
measured ratios are normalized to a standard sample with a **Si/
Si,, ratio of 1.75 X107, The presently reached detection limit
(background value) for a 3?Si/Si,, ratio of 3.3 X107'"° was ob-
tained with ultra-pure semiconductor silicon in the ion source of
the Ziirich AMS installation (no chemical processing). The dot-
ted line for the chemistry blank (**Si/Si,, ~10~'°) represents the
lowest ratios obtained so far with elemental silicon samples (de-
posited on graphite discs) which were prepared from BaSiF, or
SiH, by the vacuum technique described in the text and in Fig. 1.

valve 5. The decomposition chamber consists of a
quartz tube in which a sample disc (tantalum or
graphite {Ultra Carbon Corporation, Bay City, Michi-
gan, USA}, 10 mm diameter, 1 mm thick) is placed on
top of a water-cooled copper rod. The sample disc is
inductively heated from the outside of the quartz tube
to 700—800 °C. SiH, is directed through a capillary to
the hot disc, where it decomposes into elemental sili-
con and H,. While elemental silicon is deposited on
the disc at a rate of ~1 mg Si per 20—30 min, H, is
continuously pumped off.

3. Results and discussion

Synthetic samples containing varying trace amounts of
281 have been used up to now. If BaSiF; is the starting
material, the yields of elemental silicon were about
60%. Silicon deposits on tantalum as well as on graph-
ite discs were suitable for use in the sputter ion source
of the AMS installation. However, the deposits on the
graphite discs supplied a more constant and higher ion
beam. Moreover, the deposits on graphite contained
smaller sulfur contamination, and were therefore cho-
sen for the further development of the method.

In Figure 2 the results of standard sample measure-
ments at the Ziirich AMS installation are presented.
The relation between the measured *2Si/Si,, ratios and
their nominal values is linear and, hence the proof of
a very good agreement. The standards were obtained
by addition of the appropriate amounts of inactive
BaSiF, (or SiH,) to a well characterized sample with
a 328i/Si,,, ratio of 1.75X10~'°, These materials were
then processed by the procedure described above.

Figure 2 also shows the present detection limit
(background) of the method, namely a *2Si/Si,,, ratio

of 3.3X 10", obtained with ultra-pure silicon semi-
conductor materials used in the ion source of the
AMS. This limit approaches closely a ratio necessary
to measure natural silicon samples for dating purposes
(see Table 1). In order to reach this very low detection
limit, a gas-filled magnet was used in the beam line of
the Ziirich AMS [25].

Unfortunately, there exist still problems with the
chemically processed samples. Thus far it was not pos-
sible to reach blank values below a 32Si/Si,, ratio of
~107", The blank samples were obtained from inac-
tive BaSiF, and from commercially available SiH,
which were processed in the vacuum apparatus.
Furthermore, there were considerable variations in the
blank values. With the present blank values, the sensi-
tivity of the AMS method is not better than that of the
radiochemical counting technique. We suspect that the
blank problem might have been caused by remaining
328i in the vacuum apparatus, since up to now the same
apparatus (Fig. 1) was used for enriched as well as
low level samples. Even very elaborate and carefully
applied cleaning procedures may not have completely
decontaminated the apparatus from *Si. Further blank
tests, and later, attempts to measure **Si in natural
samples will, therefore, be performed in an improved
new and clean apparatus which was never used for the
preparation of samples with elevated concentrations of
*28i. High blanks could also be the result of traces of
*28i in the used chemicals. In order to exclude this
possibility, a chemistry test with ultra-pure semicon-
ductor silicon as starting material will be performed.
Furthermore graphite discs (for the deposition of Si)
from other suppliers will be tested. Meanwhile, modi-
fications were also made at the AMS installation in
order to increase the beam current and the efficiency
of the output of the ion source [25, 27].

In conclusion, we can state that considerable pro-
gress has been made in the development of a method
for measurement of **Si by accelerator mass-spec-
trometry. The presently attained status looks promising
for future applications of this method to dating prob-
lems in a time range not accessible by other methods.
But still, there remain problems (see above) to be re-
solved before accelerator mass-spectrometry of *2Si
can be used for measurement and dating of natural
samples.
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