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Abstract: The 1OBe/ "Be ratio is a sensitive tracer for the study of atmospheric transport, particularly with re-

gard to stratosphere-troposphere exchange. Measurements with high accuracy and efficiency are crucial to "Be and

10Be tracer studies. This article describes sample preparation procedures and analytical benchmarks for “Be and

'9Be measurements at the Xi’an Accelerator Mass Spectrometry (Xi’an-AMS) laboratory for the study of rainwater

samples. We describe a sample preparation procedure to fabricate beryllium oxide (BeO) AMS targets that includes
co-precipitation, anion exchange column separation and purification. We then provide details for the AMS mea-

surement of “Be and '°Be following the sequence BeO~ —Be*"

—Be*" in the Xi’an- AMS. The **Be/"Be ratio of

rainwater collected in Xi’an is shown to be about 1.3 at the time of rainfall. The virtue of the method described here

is that both "Be and '°Be are measured in the same sample, and it is suitable for routine analysis of large numbers

of rainwater samples by AMS.
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1 Introduction

10Be and "Be are mainly produced in the stratosphere
and upper troposphere by spallation reactions by sec-
ondary cosmic ray particles (principally neutrons and
protons) with nitrogen and oxygen [1]. Shortly after pro-
duction, these two isotopes become attached to aerosols
and are transported through the atmosphere and ulti-
mately, via dry/wet precipitation to the earth’s surface
[2]. The half-life of "Be is 53.3 d, and it has been recog-
nized as a natural tracer for atmospheric transport since
the 1960s [3], and been widely used in the research of at-
mospheric dynamics in recent years [4-7]. "Be deposited
on the ground is also used as a tracer in studies of soil
erosion [8]. '°Be is a long-lived isotope (;/,=1.387 Ma)
[9, 10] and has a wide range of applications in areas such
as atmospheric transport [11, 12], paleomagnetic field
variations [13, 14] and as a monitor of solar activity [15].

In atmospheric transport applications, the usefulness
of studying both "Be and '°Be together stems from their
common source as cosmogenic nuclides, their nearly iden-
tical geochemical behavior as isotopes of the same el-
ement, and the distinct contrast in their half-lives [1].
As an air mass moves towards the earth from the up-
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per atmosphere (the region of highest production) the
0Be/"Be ratio in aerosol particles invariably increases,
as "Be decays relatively quickly. 1In this case, the
1"Be/"Be ratio can be used as a chronometer and as a
tracer in the study of stratosphere-troposphere exchange
(STE) [16, 17]. Raisbeck and Yiou showed that the
1Be/"Be ratio is a measure of residence time in the ab-
sence of air mass movement [16] (Fig. 1). The **Be/"Be
in precipitation should bear information on where and
when an air mass was formed. Thus one could trace the
sources of air masses by measuring '°Be/"Be ratios in
rainwater [16]. '°Be and “Be concentrations were de-
termined in monthly rainfall collections at three sites
across New Zealand (36° S to 45° S), from Oct 1996
to Nov 1998, by AMS and with ~-ray counting respec-
tively, by Graham et al. [18]. They found that the av-
erage '°Be/"Be ratio of the rain collected from north
New Zealand is 1.4-1.5 while that from south is 2.0.
The seasonal variation of the 'Be/"Be ratio is higher
in winter, which may reflect more active STE. Heikkila
et al. focused on the °Be/"Be ratios of rain samples col-
lected from Diibendorf and Juunfraujoch, Switzerland,
and probed the reasons for the differences [19].
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Fig. 1. Rate of °Be/"Be (in units of production
ratio) as a function of residence time for an iso-
lated air mass [16].

Measurement with high accuracy and efficiency for
"Be and '°Be is crucial for the above studies. The mea-
surement of “Be has been traditionally carried out by -
ray counting, which is both economical and convenient.
The measurement of '°Be is almost exclusively performed
by AMS. AMS also offers advantages for the measure-
ment of “Be, with inherently higher efficiency and sen-
sitivity, as compared to ~y-ray counting. AMS also has
advantages for studies that utilize both '°Be and "Be.
In this case it is especially convenient to measure both
isotopes by the same instrument, which could eliminate
inherent errors associated with the use of different equip-
ment.

The Xi’an AMS Center has focused on tracing ge-
omagnetic field changes with '°Be in loess [14, 20,
21], reconstructing paleoprecipitation [22], and expo-
sure/burial chronology [23]. These studies require high
precision °Be measurements from the Xi’an AMS instru-
ment. Prior to 2007, our studies involving “Be and '°Be
in rainwaters for the reconstruction of paleoprecipitation
relied on combining the Xi’an AMS °Be data with "Be
results reported by others. More recently we have per-
formed our own “Be measurements with the y-ray count-
ing method, in collaboration with the Technical Univer-
sity of Denmark. In this case the samples were first an-
alyzed for “Be, then reprocessed to BeO targets for °Be
AMS (personal communication, Dr. Xiang-Hui Kong).
The motivation for developing a single procedure to mea-
sure both “Be and '°Be by AMS is clear, and this article
discusses our progress in developing such a methodology.
The method is expected to be especially useful for studies
of beryllium isotopes in the atmosphere.

2 Rainwater sample preparation for "Be
and "Be measurement at Xi’an AMS

Rainwater samples were collected from the roof of the
Xi’an AMS Center building (34.2237°N, 109.9000°E), In-
stitute of Earth Environment, Chinese Academy of Sci-
ences (IEECAS), located in Xi’an, Shaanxi, P.R.China.

For rainwater samples, a typical sample preparation
procedure for "Be analysis for y-ray counting includes
filtration, the addition of a FeCl; solution, and the addi-

tion of a NH3-H,O solution to precipitate Fe(OH), [24—
26]. The ~-ray counting method does not require the
removal of boron (B), which can cause significant inter-
ference in AMS beryllium-10 measurements. Therefore
we developed and tested a sample pretreatment scheme
for B removal. This included the use of an ion exchange
resin column to extract and purify Be, and remove any
impurities that might include B [18, 27]. An earlier pro-
cedure designed to process rainwater samples for '°Be
analyses failed to achieve an optimal recovery rate, due
to repeated centrifugation steps. Hence we refined the
process, and derived the following procedure, shown di-
agrammatically in Fig. 2.

Anion exchange
resin column
HNO,&pH=2 .....,l'“"’Be carrier
9 mol/L HCI----
Remove solid -
NH,H,0& [ Fle(t:.l3 e leacheate
pH=8-9 so.u ion NHls_l.tlz(;& _____
Centrifuge | Siphon P S e Centrifuge
Supernate «— [Precipitation Be(OH),
----- HNO, 900“c----—l
NaOH&pH=14---
""" Centrifuge BeO
Precipitation +—| Supernate
NHH0& [ B0,
pH=8-9 9 mol/L
Supernate«—s [Precipitation| HCI

Fig. 2.  Flow chart of rain sample preparation.

(1) The rainwater sample was weighed (typical weight
of ~11 kg). A known quantity of “Be was added to the
sample at the time of collection. The sample was fil-
tered to remove solid particles. HNO3; was added to the
solution to adjust to pH=2.

(2) About 2 ml FeCl, (10 mg/ml) solution was added
to the sample. After 1 h allowing for equilibration,
Fe(OH); was precipitated by adding NH3-H,O, allowing
time (~20 min) for the reaction.

(3) The large amount of the supernatant was si-
phoned off with a rubber suction bulb and latex tube.
The remaining solution was centrifuged, and the super-
natant was poured off. HNO; was added to dissolve the
precipitant. 2 mol/L NaOH was added to adjust the pH
to 14. The solution was centrifuged and the supernatant
was transferred to the centrifuge tube. HNO; was added
to the supernatant to adjust the pH to 8-9. The solu-
tion was centrifuged and the supernatant was poured off.
The precipitant was then recovered.

(4) Beryllium was separated and extracted by an-
ion exchange chromatography, and leached with 9 mol/L
HC1 (about 80 ml).

(5) Ammonium hydroxide was added to the '°Be frac-
tion to precipitate beryllium hydroxide gel at pH=8-9,
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and the hydroxide was oxidized by ignition at 900 °C in
quartz crucibles.

(6) The beryllium oxide was mixed with niobium
powder and pressed into target holders prior to mea-
surement on the AMS.

The standard solutions and reagents used in the
sample preparation were as follows: 1) a °Be stan-
dard solution from the NCS Testing Technology Co.
Ltd (NCS) with a ?Be concentration of 1000 mg/L;
2) a '°Be standard (SRM 4325) from the National In-
stitute of Standards and Technology (NIST), with a
1'Be/Be ratio=2.68x10~!'; 3) purified H,O, prepared
with a Milli-Q ultrapure water system (resistivity =18.2
MQ-cm, 25 °C); 4) Guaranteed reagent (GR): HNOs,
HCI, NH;3-H,O, NaOH and FeCl;. The anion exchange
resin used was Dowex1W-X8 (Cl™), produced by Merck
Co. Bio-rad 1.0 cmx20 c¢m ion exchange columns were
used.

3 Establishment of method for AMS
measurement and discussion

The preliminary measurement of’Be-AMS was per-
formed on the 3 MV multi-element AMS instrument at
the Xi’an AMS Center, IEECAS. The ion injection en-
ergy used was 35 keV and a fast, 100 Hz cycling frequency
was routinely employed (Fast sequential injection FSI).
The terminal voltage for the '°Be measurement is 2.5
MV, and Ar is used as the stripping gas. The high-energy
system is equipped with a 115° analysis magnet, a 500
nm SizN, film for °Be measurement, a 65° electrostatic
analyzer and an additional 30° analysis magnet. The
dual-anode gas ionizer detector was filled with 26 mbar
isobutane and equipped with a 1500 nm PET window.
The first anode plate (AE) is 6.0 cm in length and the
second plate (E;) is 9.5 cm. Other details of the system
are described elsewhere [28-30].

Recently, a new method for 1°Be-AMS analysis was
tested at the Xi’an-AMS Center by Fu et al. that em-
ploys BeF, super-halogen anions [31]. These anions in-
herently suppress '°B interferences by nearly 5 orders of
magnitude because the BF; anions rarely form. The re-
sulting '°B suppression factor is still not as high as that
achieved with energy degrader foils, but the suppression
of 1B and separation from °Be separation in the final
ionization detector was found to be sufficient for 1°Be?**
to be counted directly using a small AMS. Because the
degrader foil was not used, the high energy °Be trans-
mission efficiency was significantly improved, from ~30%
to ~100% in the Xi’an-AMS. The advantage of using
super-halogen anions also applies to “Be measurement,
for the yield of LiF3 is negligible, in accordance with the
electron configuration of Li, which leads to the prefer-
ential formation of LiF5. Hence, potential interference

from "Li is eliminated during sample pretreatment, al-
lowing for the AMS measurement of “Be. It will be very
convenient for both “Be and '°Be to be determined by
AMS using this analytical method, from the same target
and at the same time. In other respects, “Be behaved as
9Be and '°Be in the high energy analysis segment of the
AMS, after the 115° analysis magnet. Hence, no com-
mercial standard samples are required to correct "Be by
19Be, often referred to as an interior correction. A signif-
icant limitation of this method at this stage however, are
the chemical properties of fluoride ion conductors, which
are very reactive and lead to enhanced memory effects in
the ion source. Thus, further improvements are required
to make the method viable for routine measurements.

Hence, we chose BeO as the target material for this
study. The first AMS measurementof “Be was made with
a small AMS (<3 MV) by Raisbeck and Yiou [32]. They
also used a carbon foil, as in the case of °Be. Although
both methods employed a carbon foil to separate iso-
bars, the principles were different. In the case of °Be
and '°B, the intent of the foil was to exploit the dif-
ferent energy losses experienced by the two isobars as
they passed through the foil. In the case of “Be and
"Li, the foil served to strip Be?" ions to Be** ions. This
eliminated 7Li ions since the maximum valence of a Li
ion is +3. This strategy resulted in a very low blank
value ("Be/?Be<<107'%). We focused on this feature of
the analysis for the Xi’an-AMS, to utilize Be** ions to
eliminate Li interference.

There are two ways to obtain Be?*. One is to directly
strip the ions to +4 using the argon stripper in the ter-
minal of the accelerator: BeO~ —Be**; the other is to
do the second stripping using the foil after the ions pass
through the analysis magnet at the high energy system:
BeO~ —Be?** —Be*t. Our first step was to use °Be ions
to perform a feasibility study, to compare these two ways
of producing Be'* ions.

For the first experiment, we stripped Be to +4 ions
directly at the terminal under the following conditions.
The terminal voltage was adjusted to 2.5 MV and the
argon pressure in the stripper was set to about 8.3x1073
mbar. These settings were chosen from routine mea-
surements. The stripping efficiency for different valences
was obtained with °Be ions. At 2.5 MV, BeO~ —Be?*is
about 47%, BeO~ —Be?*tis about 2%, and BeO~ —Be**
is about 0.033% (almost zero). Therefore, we ruled out
this scheme.

For the second experiment we stripped Be?* ions
in the high energy analysis segment of the AMS us-
ing the existing 500 nm SizN, foil. The energy of the
Be?* ions was about 6 MeV. The stripping efficiency of
Be?T —Be*t is about 31% through the SisN, foil. The
Be?T —Be’" stripping efficiency is about 3%, nearly one
order of magnitude lower than Be?T™ —Be®*T. For the
present preliminary study we did not consider detecting
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"Be using the "BeO~ —"Be?T —"Be3*sequence concern-
ing the potentially excessive flux of “Li** ions entering
the detector, because we had not considered special steps
to remove Li during sample processing. This will be con-
sidered in future to obtain significantly higher measure-
ment efficiency, after our data acquisition system is up-
graded to capture complete AE/FE; 2D spectra. At this
level, the total efficiency can still be analyzed by AMS
so we chose it to test this method further.

We accelerated BeO~ ions from the ion source, and
selected the +2 charge state coming out of the acceler-
ator. We performed the secondary stripping to +4 us-
ing the SizN, foil for both “Be and '°Be. This gave us
1°Be/"Be results from a single sample using one method.
Since we intend to make a batch correction of “Be with
10Be, we maintain consistency for the measurement of
both isotopes. This means that we measure °Be differ-
ently from past routine measurements which use Be3*t
ions. While we sacrifice some beam efficiency by select-
ing the +4 charge state, the change has no effect on our
ability to distinguish between °Be and '°B.

Our first test was to make measurements of
the '°Be standard sample (NIST SRM4325 °Be/°Be
=2.68x107!") and '°Be in a rainwater sample. The
19Be/?Be ratios for standard Be** —Be** measurements
and Be?T —Be*" measurements are (8.354+0.11)x107'2
and (7.984+0.37)x107'3 respectively for the standard;
while the '°Be/°Be ratios are (2.61+0.20)x107** and
(2.54+0.41)x10~* for the rainwater sample.

Next we made “Be measurements on the rainwater
sample. °Be?* is widely separated from "Be?* after pass-
ing through the high energy analysis magnet. The offset
Faraday cup for our system is set for 26 Al measurements
so that we are currently unable to measure “Be and °Be
in FSI mode, whereas we can make FSI measurements
for °Be and '°Be. We take the mean value of °Be current
before and after the "Be measurement in the detector to
normalize the "Be counts. "Be is injected by DC mode
into the accelerator, passing through the SizN,film and
then the 65° ESA and an additional 30° magnet into the
detector. With terminal voltage kept at 2.5 MV, all high
energy system analyzers had to be adjusted for selecting
"Be and °Be detection. The spectrum of “Be?* ions was
simulated by the Srim program in the absence of any
suitable pilot beam (See Fig. 3).

The °BeO~ beam current of the rainwater sample
agreed well with that of the °Be standard by using the
new chemical preparation procedure; they were all close
to 1 pA.

The AFE energy spectrum of "Be, in coincidence with
correct signals detected in the E; anode of the gas detec-
tor, is shown in Fig. 4 (a). The AE spectrum for '°Be is
shown in Fig. 4 (b). We observed a small shift between
the two peaks. The peak position of "Be is at about at
channel number 262 while that °Be is at about channel

283. As the terminal voltage is 2.5 MV, the total energy
of "Be E;_roa is estimated at 5.773 MeV, while the to-
tal energy of °Be Fig_roa is estimated at 5.976 MeV.
The energy loss for each isotope through the SizN, film,
window and the AF — E; anodes were simulated using
the Srim program. The energy losses at the AF an-
ode were AE,; ~2.616 MeV and AFE,, ~2.742 MeV; the
residual energies at the Ef anode were Ey ~1.775 MeV
and Fio~1.719 MeV. The measurement and simulation
agree with each other very well.
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Fig. 3. Simulation of residual energy for °Be and
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minal voltage.

4
(a) B 'Be-sample

3t _
£
; |

1k ‘

100 150 200 250 300 350 400 450 500

energy/channels
20 i R
(b) mm'"Be-STD

15¢
z
£10
3

5t

1

0 1 . . \ .
100 150 200 250 300 350 400 450 500
energy/channels

Fig. 4. The AFE spectrum coincidence with Ff us-
ing Be*": (a) "Be spectrum; (b) '°Be spectrum.

We have thus established "Be-'°Be sample prepara-
tion and measurement methods for rainwater samples,
using a single sample by AMS. This work also marks
the first "Be measurements at the Xi’an-AMS labora-
tory. For the rainwater sample in this study, we carried
out the normalization by current and decay correction
for "Be. There was a total count of 13 ions within 600
s and the average current of °Be was about 0.71 pA.
The result was about 18.31 atoms/pA within 600 s af-
ter normalization. Given that the rainwater sample was
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collected on Aug 12, 2015 and we did the measurement
on Oct 3, an interval of about 53 days; the corrected "Be
value is 36.62 ions at the time of sample collection. In
addition, the total count of 1°Be was 39 atoms within 600
s and the average current of °Be was about 0.82 pA. The
result is about 47.56 atoms/uA within 600 s after nor-
malization processing. For the same chemical procedural
blank, there are no counts for both *°Be and "Be within
600 s. Then the '°Be/"Be ratio in the rain sample from
Xi’an on Aug 12, 2015 was 1.30+0.29. For comparison
we find a common range of published °Be/"Be rainwater
values between 1.3-2.2 [18, 25, 33-35], with some higher
values [19]. All of these studies used a combination of
~-ray counting for “Be and AMS for '°Be.

4 Conclusions and prospects

We report here a new AMS method for the measure-
ment of "Be and '°Be. This method involves both a
refined sample preparation method and AMS analysis
method, using beryllium ions in the +4 charge state.
We present results from a rainwater sample collected in
Xi’an on Aug 12, 2015.

The use of BeO~as the extracted beam from the ion

source allows us to perform !°Be corrections with avail-
able standards. However, we have yet to find a suit-
able commercial “Be standard sample, and the correc-
tion method for “Be needs to be further optimized. In
addition, further automation upgrade to the AMS instru-
ment would significantly improve the new method. The
"Be and °Be measurements can be performed automat-
ically under slow injection conditions (Slow sequential
ingection SSI).

There are a great number of sites in China that could
be studied with this technique. The geographic and oro-
graphic setting of China is unique, from sites at sea level
in the east, to the high plateau in the west, making China
an especially valuable testing ground to understand air
mass movements through space and time. This method
is especially well-suited to establish '°Be/"Be time se-
ries, to capture anything from diurnal, to seasonal, or
even annual variations.

We gratefully acknowledge the assistance provided by
Guo-Qing Zhao in the sample collection. We also thank
Dr. Xiao-Lei Zhao, Dr. George Burr, Prof. Wei-Jian
Zhou, Prof. Xiao-Lin Hou, Prof. Zhen-Kun Wu and Dr.
Gou-Cheng Dong for valuable discussion in this work.
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