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lot of reducing agents, such as organic matter. Moreover,
the current XANES study also supports the results of these
systems because it suggested that Os was reduced to Os(I1I)
or Os(IV) and that it accumulated in the sediment (Fig. 4).
In the presence of organic substances, the variation of re-
dox conditions does not significantly affect the removal
behavior of Os because organic matter itself acts as a reduc-
ing agent for Os.

In order to investigate the removal of Re and Os under
oxic and organic-free conditions, burnt- and oxidized- sed-
iment systems were prepared. In both systems of burnt- and
oxidized-sediments (Fig. 8¢-1, -2), a significant fraction of
Os was also removed from artificial seawater to sediments.
These accumulation processes may also be controlled by the
reduction of initial Os(VIII). The fact that Os(VIII) species
were not adsorbed onto hematite without reduction of Os
(VIII) in the short time scale (Fig. 7) and that the reducing
potential of Os(VII)/Os(IV) was 374 mV (at pH 8 and total
Os = 1078 M: Brookins, 1988) indicate that initially added
Os(VIII) species can be converted to more solid-reactive
species in these experimental systems, probably as a result
of the reduction of Os(VIII). In the current XANES study,
it is confirmed that Os(VIII) was reduced to Os(IV), even in
highly oxic air-dried sediments (Eh* = 374 mV).

3.4. Rhenium and Os adsorption onto kaolinite: the effect of
humic acid

From the results of the XAFS study and adsorption
experiments using Tokyo Bay sediment, it was confirmed
that reductive accumulation is relatively significant for bot}gs
Re and Os in seawater-sediment systems. However, th
results cannot provide detailed information on whethy
not the reduced Re and Os are inorganically accurg
in marine sediments (adsorption onto minerals or inc8
ration into authigenic minerals) or are fixed on sediment%®
by complexation with organic matter. In this section, the
dlsmbunon behaviors of Re and Os between aqueous-

3.4.1. Experimental process
Rhenium and/or Os adsorpti
sence and presence of HA wa
technique. Humic acid W
(Tochigi Prefecture, Jap
et al, 1995, 1998a). }
Chemicals Ltd., had &%
(Takahashi et al,,
mixed with 5 nlng)
water in a pol¥

Weighed Kaolinite (10 mg) was
lution (30 mg/dm®) or Milli-Q
g¥beaker. The ionic strength of the
solution was adjusf#d to 0.020 M with NaCl, and its pH va-
lue was adjusted wath a small amount of NaOH or HCl
solution, In the metal-kaolinite-HA system, two types of
experiments were conducted to check the effect of the order
of injections of multitracer and HA: one type of experiment
involves addition of the multitracer followed by HA after
shaking for 5 days, while the other involves addition of
HA followed by the multitracer. After shaking the solution
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for 10 days, the kaolinite was filtered out using a 0.45 pm
membrane filter to recover the aqueous phase. The absor-
bance of the filtrate at 420 nm was compared with that of
an initial HA solution (30 mg/dm® at a pH and ionic
strength identical to each sample in order to determine
the dissolved fraction of HA. One may think that seawater
would make a better experimental aqueous phase for this
study, since HA is pre-equilibrated with ggawater in the nat-
ural marine environment. However, H readily coagu-
lated in high ionic strength solutid as seawater
(=0.7 M), and this situation is n¢Poae observation
of competition between adsorpti8
mate formation in the aqug ;
needed in this experimental @steld to scmi-quantitativcly

examine the effect of hu. ¥8¥mation. Thus, a 0.020 M
NaCl solution was appli%is experiment.

3.4.2. Adsorption in the absence and presence of humic acid

The pH dependence of adsorption of Re and Os on kaol-

inite in the aBsgpee and presence of HA accompanied by

enteof HA distribution is shown in Fig. 9.

£d to either precipitation or adsorption

ditions, the dissolved fraction of HA was
below pH 2. As the pH level increases,
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Fig. 9. The pH dependence of the dissolved fractions of Re and Os’
in contact with kaolinite in the absence and presence of HA.

Kaolinite 10 mg; water 5.0 ml; initial concentration of HA: 30 mg/
dm’. The ionic strength was adjusted to 0,020 M with NaCl,
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the HA molecule becomes negatively charged due to the
deprotonation of the ligands, thereby promoting its dissolu-
tion. Under alkaline conditions, most of the HA was dis-
solved due to enhancement of the repulsion between
dissociated HA and negatively charged kaolinite.

The adsorption of Re on kaolinite was not observed in
the absence or presence of HA (Fig. 9). Irrespective of the
order of injections of the multitracer and HA, the addition
of HA did not influence the distribution of Re, suggesting
that complexation with HA is not important for Re, at least
not for ReOj;.

In both the binary (Os+ kaolinite) and ternary
(Os + kaolinite + HA) systems, the dissolved fraction of
Os was minimal at neutral pH. These distribution patterns
can be explained by the high reactivity of reduced Os, prob-
ably Os(III) and/or Os(IV) hydrolyzed species, with kaoli-
nite surface around neutral pH (Fig. 9). Since the redox
potential of the Os(VIII)/Os(IV) couple is high (e.g.,
374mV at pH 8 and Os=10"%M: Brookins, 1988),
Os(VIII) can be reduced to Os(IV) in water under ambient
air condition. Under neutral to alkaline pH conditions
(5 < pH <10), the dissolved fraction of Os in the ternary
system is slightly but systematically larger than that in the
binary system. The binary and ternary system patterns
intersect with each other at around pH 4. Under acidic con-
ditions (pH < 3), although the dissolved fractions of both
systems are close to 100%, the dissolved fraction of Os in
the ternary system is slightly lower than that in the binary
system. This result implies that a small amount of Os was
fixed on kaolinite due to its complexation with HA ad-
- sorbed on the solid surface. Similarly, the dissolved fracti
of HA binding to Os leads to an increase in the disso
fraction of Os between pH 5 and 10 in the ternary sys
If humate complex is dominant species both in the af
phase and on kaolinite, the distribution of the ion sfify
identical to that of HA (Takahashi et al., 1999). Howa¥as
the dissolved fraction of Os was not identical to that of
HA in this region, showing that there are other Os species
adsorbed on the kaolnite and dissolved

et al., 1991). However, the resy
inconsistent with these observa

gdition, it was reported that a portion
3¥ black shale weathering can be incorpo-
rated in ferromarnganese oxides (Pierson-Wickmann et al.,
2002). In order to identify the host phase of Re and Os in
the sediment, sequential extraction experiments (Tessier
et al., 1979; Koschinsky and Halbach, 1995) were per-
formed for the reducing sediments (untreated Tokyo Bay
sediment) containing multitracer in the adsorption
experiments.

- 100 -

Y. Yamashita et al. / Geochimica et Cosmochimica Acta 71 (2007) 3458-3475

3.5.1. Experimental process

The leaching protocols followed those described in the
studies of Tessier et al. (1979), Koschinsky and Halbach
(1995) (see Appendix C for the details). The results show
the six fractions of Re and Os including the aqueous phase
in the system: (F1) seawater, (F2) exchangeable ion, (F3)
carbonate, (F4) ferromanganese oxide, (F5) organic matter,
and (F6) insoluble residue. In each extgaction step, follow-
ing the first separation of leaching sdf
seawater), the residual sediment wad'¥8

with the former. Gamma-ra i :%
each fraction where the volil
gamma-ray spcctrum o ,*, e ‘oluble residue was then mea-
sured for the solid sampt€&®he spectrum peak area for the
residue was corrected by means of the correction factors
obtamed by comparmg the detectlon efficiencies in the cases

Ble ion (F2), 2% in carbonate (F3), 5% in Fe—Mn
#), and 8% in organic matter (F5). The Re fractions
ging to F2- F5 may be in reduced forms, and based on -
fmodynamic calculations, it is thought that ReO,"

fB8uction can occur under experimental conditions (pH

7.9, Eh = —191 mV). However, the results of sequential
extraction also suggest that Re mainly exists as a dissolved
species despite being partly incorporated in the reducing
sediments.

Osmium was mainly found in the three fractions of or-
ganic matter (F5): ferromanganese oxides (F4), and seawater
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Fig. 10. Relative amount of Re and Os in six fractions (F1-F6) in
the sequential extraction. The redox condition of the seawater—
sediment system is pH 7.9 and Eh —191 mV. For the fractions
recovered over 20%, RSD (%) calculated from repeated experi-
ments (n = 3) was less than 20% of each value.
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(F1). This result suggests that Os was incorporated in the
reducing sediment as more than one chemical species. This
suggestion is supported by the XANES study, which
showed that the predominant Os species in marine sedi-
ments were Os(IV) and Os(III). Thirty percent and 10%
of the total Os was found in ferromanganese oxides and
the residual phase, respectively. Osmium incorporated in
these phases may correspond to the hydrolyzed Os species
at lower valences (III or IV), favoring sorption to mineral
surfaces due to its large ionic potential. On the other hand,
30% of Os was incorporated in the organic matter fraction.
This result implies the possibility that a fraction of Os can
be complexed with organic matter. Although further study
is needed to confirm the preference of Os as organic com-
plexes, the distribution of Os in the organic matter fraction
is supported by the adsorption study in the presence of HA
(Section 3.4), where Os can form HA complexes to some
degree.’

It is possible that the re-oxidation of redox sensitive ele-
ments during each extraction step can occur in the sequen-
tial extraction experiments. Although the possibility of re-
oxidation cannot be denied in the current experimental sys-
tem, re-oxidation does not significantly affect the results,
because (i) a large amount of Re is still retained as the
Re(VII) species dissolved in artificial seawater in anoxic
seawater-sediment systems (Figs. 3, 8-a, and 10), and (ii)
if re-oxidation of Os occurred, the fractions of the
exchangeable ion and carbonate should be larger. However,
the fractions of ferromanganese oxides and organic matter
still account for a large fraction of total Os (=collectively
60%). Hence, the results of the sequential extraction exper-
iments in this study may be acceptable.

4. DISCUSSION

In this chapter, the geochemical behaviors of Re an
in a marine environment are discussed by combining the re-
sults of the two types of experiments, which are then com-
pared with the results of the behavior of Rz
natural seawater—sediment system
studies. The understanding of Re/Os
ous redox marine environments is al

4.1. The geochemical behavior of E¢
system

tion in seawater
column, and tha

dealing with ma ¥ sediments have also pomted out that
Re is highly enrichpd in organic-rich reducing sediments
(Ravizza et al., 1991; Crusius et al., 1996; Cohen et al.,
1999, Selby and Creaser, 2003). Thesc reports are well
consistent’ with the current laboratory results. In the cur-
rent study’s oxic experimental systems, Re showed conser-
vative behavior: for instance, (i) the adsorption of ReO,"
on various minerals was not observed, (ii) ReO,~ did not

interact with humic acid, and (i) the ReO,” form was
kept in the seawater-sediment system for 2 weeks. On
the other hand, Re was enriched in organic-rich reducing
sediment along with the development of a reducing condi-
tion in the adsorption study using untreated Tokyo Bay
sediment and sequential extraction (Figs. 8a and 10).
These results obviously suggest that Re removal can be
controlled by chemical reduction. The

weeks was partly reduced to gOWw
(Fig. 2). The Re XANES simffgg
ReO, showed that the cont' Rpio

27%, respectively (Fig. A A
reduction was not attaiv@mg the 2-week time frame
[reducing potential of erimental system: Eh'=
-273 mV (or Eh = ~108 mV at pH 5.2); reducing poten-
tial of ReO,~/ReO; couple: Eh = -235mV at pH 8 and
total Re=1 : Brookins, 1988), this speciation is
with Re in the natural marine envi-

tven under sulfidic conditions. It can be thought
iatIReO,~ reduction proceeds very slowly, even if the
ed@Cing potential of the experimental system reaches that
the ReO,~ /ReO; couple. At the least, complete reduction
as not attained within the given 2-week laboratory time
scale. The slow reduction mechanism of Re was previously
proposed by Crusius and Thomson (2000), Sundby et al.
(2004). Based on the sediment-core study, they explained
that the kinctics of Re accumulation can be controlled by
a proposed multistep reduction mechanism in which, to a
greater extent, longer times are required for the accumula-
tion of Re in the sediment. The possible slow reduction
mechanism in our experimental system can be confirmed
by comparing the oxidation states of Re and S. Based on
the reducing potentials of Re and S and the current S
XANES study, (i) the reducing potential of the
RcO,‘/ReO; couple (-235mV at pH 8 and total
Re = 10~% M: Brookins, 1988) is higher than that of sulfate
reduction (the reducing potential of SO,2~ /HS™ is —305 mV
at pH 8 and total dissolved S concentration is assumed to be
1072 M: Brookins, 1988) and (ii) the current S XANES
study suggests that the main S species in reducing sediments
(UDS-G series) is sulfide (=98%). The fact that Re(IV) was
not formed under the Eh condition where sulfide can be
formed strongly suggests that the reduction of ReO,~ to
Re(IV) is slow.

Although the resistance of ReO," to chemical reduction,
the low reactivity of hydrated ReQ," ion with the oxide sur-
face and the binding site of organic substances all cause the
conservative behavior of Re in the seawater-sediment sys-
tem, it was experimentally revealed in the current study that
it is primarily chemical reduction that affects the accumula-
tion of Re in the marine environment.
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4.2. The geochemical behavior of Os in a seawater—sediment
system

There are only a few previous studies which discussed
the removal mechanism of Os in chemical terms (Koide
et al,, 1991; Woodhouse et al, 1999; Levasseur et al.,
2000) All of these studies described the geochemical behav-
ior of Os based on analyses of natural sediments or seawa-
ter with thermodynamic calculations. Here, the removal
mechanism of Os is discussed by combining the current
experimental results and the knowledge gained from previ-
ous reports.

Osmium is also known to be enriched with organic-rich
reducing sediment (Ravizza et al., 1991; Cohen et al.,, 1999;
Selby and Creaser, 2003). This empirical fact together with
the thermodynamically expected Os dissolved. species,
Os(VIII) oxyanion, led Os geochemists to suggest that Os
accumulates through reductive reaction (Woodhouse
et al,, 1999; Dalai et al., 2005). Based on seawater analyses,
Levasseur et al. (1998) proposed that the geochemical
behavior of Os can be controlled by inert organic matter,
and that it can be conservative in marine environments.
The current laboratory experiments are consistent with
these previous suggestions. For instance, Os gradually
and significantly accumulated into organic-rich sediments
along with the development of a reducing condition (Figs.
8a, b and 10). This result indicates that Os can be incorpo-
rated in the sediments as a result of reduction from
Os(VIII)-dissolved species. The reductive accumulation of
Os is confirmed by the current XANES study (see Section
2.2.2 and Fig. 4). In addition, the distribution study using
HA suggests that the aqueous behavior of Os was partl
fected by HA. This distribution study also implies
there was another Os species in this experimental §
likely the Os hydrolysis species. In sequential e
it can also be seen that there are more than one Os s fe;
in seawater-sediment systems: one is in the organic-matter
phase, and the other is in the Fe-Mn oxide or residual
phase. The inference that there are moreg#an one Os spe-
cies in the seawater-sediment syste .3‘ ér'ma iy confirmed

ied) sediment was
ese results clearly
Os species in mar-

if¥case, the reducing agent may not
frigsmatter in scawater because Os(VIII)
¥idizing property. For example, Mn(II) or
Fe(Il) may alsogplay the role of a reducing agent for
Os(VIIl) in a natural oxic marine environment. In the cur-
rent experimental systems, Os was readily removed from
the artificial seawater to sediments even in the absence of or-
ganic matter (Fig. 8c-1, -2). The Os XANES result suggests
that Os was reduced from the initial Os(VIII) to Os(IV) spe-
cies even in oxic sediments (ADS series: Eh* = 357 and
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374 mV), and the results can be reasonably explained by pre-
vious thermodynamic estimations (Brookins, 1988). On the
other hand, in the case where OsCl?~ is assumed to be the
Os dissolved species in seawater, initially coordinated Cl
can be replaced by O through hydrolysis during the removal
process, as confirmed by the EXAFS data (Figs. 5 and 6,
and Table 2}. Reduced Os from Os(VIII) to Os(IV) and/or
initially dissolved OsCl2 is readily subjected to hydrolysis
and adsorbed onto the mineral surface

¥r it may accumu-
late with the precipitation of authighn ciiigerals under rel-

hulation process can be ex-
8 hydrolyzed metal (I or IV)
ion with the surface of sHld8! as described in the results of
the sequential extraction. . _

Following first burial as Os(IV), Os(IV) can be reduced
further to Hl) along with the development of reducing
conditions. Iythis step, organic matter can act as a
b agent and as a carrier for Os, probably
bt The possibility of the formation of Os—or-

dft Os EXAFS study also provides supportive
fion for the speciation of Os in the reducing sedi-
7 the EXAFS results suggest that the O atom is the
neighboring atom of Os in the reducing sediment and
the Os-O bond length is approximately 2.00 A, If Os
is actually bound by organic ligands in the reducing sedi-
ment, the O atom at the deprotonated ligand of organic
matter such as carboxylate can be a main binding site of
Os. Moreover, a slightly and systematically longer Os-O
bond length (about 2.00 A) than that of the available
Os(IV) oxide reference material (about 1.96 A) seems to
indicate the possibility of an Os(IIT)~organic complex (see
Section 2.2.3).

Osmium can be in various oxidation states in natural
marine environments because of its redox sensitivity. In
more detail, it is confirmed that the main oxidation states
of Os in the seawater-sediment system are tri- and tetra-va-
lent. These Os ions can be readily subjected to hydrolysis
and adsorbed onto solid surfaces, and partly interact with
organic matter as well. The geochemical behavior of Os is
controlled by many processes (described above), and it
can be readily incorporated onto marine sediment under
various redox environments.

4.3. Rhenium and Os fractionation

Many studies have reported that both Re and Os are en-
riched in reducing sediment that contains a high proportion
of organic carbon (Ravizza et al., 1991; Cohen et al., 1999:
Selby and Creaser, 2003; McDaniel et al., 2004). Based on
the current experiments, it is clear that the geochemical
behaviors of Re and Os in the seawater—sediment system
are not similar, although both elements tend to be enriched
in organic-rich reducing sediments. Large fractionation be-
tween Re and Os likely occurs during removal from seawater
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to sediment. In this chapter, the '*’Re/'%¥0s ratio of the
reducing sediment in the adsorption experiment (Fig. 8a)
is calculated, and the fractionation between Re and Os dur-
ing their removal is discussed by comparing the calculated
'87Re/'®0s ‘ratio with those of the geological materials.
As a first step, the distribution coefficients (K) of Re and
Os are calculated using the data obtained from the adsorp-
tion experiment (Fig. 8a, at 168 h). The equation of K is de-
scribed below:

(100 — R)/W sediment
R/ w artificial seawater

)

where R(%) is the dissolved fraction of the element in arti-
ficial seawater at the end of the experiments, and W is the
weight of artificial seawater or sediments. The model
'87Re/'®80s in the sediment, ('’Re/'*¥0s),.q, is calculated
below:

187Re _ (Cre X Fing./Nwpg.) x 41° " Kr. 3)
18805 - {Cos X Fuspg/Nusg,) x A Ko,

K=

where Cis the concentration of Re or Os in natural seawater,
Fis the isotopic abundance of '*’Re or '**Os in natural sea-
water, N is the atomic mass of '®’Re or '®80s, 4 is Avoga-
dro’s number, and K is the distribution coefficient of Re or
Os. In this equation, the term in larger brackets (*) denotes
the isotopic abundance ratio between '®’Re and '®¥0s in nat-
ural seawater, In practice, a previously reported '3"Re/'*30s
ratio for natural seawater (=4270, Peucker-Ehrenbrink and
Ravizza, 2001) was applied in this calculation.

Only the '8Re/'®#0s ratio for untreated sediment can be

calculated because Re was not removed to sediment exceploa
in the case of untreated sediment in the current adsorptidli &

experiment (Fig. 8). When the detrital fraction of Re o 0"
is not considered, the '*"Re/'®¥0s ratio for reduci
ment (Eh®= -136 mV, measured Eh = -48 mV
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Fig. 11. Relationship between the redox condition in seawater and
possible '*'Re/'®0s ratios in the sediments found in each
environment. The estimated '*’Re/'®®0s ratios based on our
partitioning study were also plotted. The redox potential (or
marine redox conditions) of each natural sample is assumed based
on Brookins (1988), Langmuir (1997).

6.5) derived from Re and Os removal from artificial seawa- -
ter was estimated to be approximately 120, as shown by 4
in Fig. 11. It was reported that '*’Re/'*®Os variations in
sediment rich in organic matter ranged from one hundred
to several thousands (Ravizza et al., 1991; Cohen et al.,
1999; Selby and Creaser, 2003). The calculated '*’Re/'*®0s
for untreated sediment falls within the '*’Re/'®80s range re-
ported in previous studies, and is higherghan that of conti-
nental detritus such as loess (10-50; HaWpri et al., 2003),
but is lower, by about one order of de, than that
of average seawater (4270: Peuck nbyghk and Ravi-
2za, 2001). This fact confirms t! ge amount of Re
and Os in sediments is deriycif awater in anoxic
marine environments, as wetli as fiirge fractionations be-
tween Re and Os occurri 8¢ their removal from sea-
water to sediments. It iS@l that natural Mn nodules
(and other authigenic m s) have an extremely low
187Re/'%80s (~1: McDaniel et al., 2004) ratio under oxic
maririe environments, compared with seawater and/or con-
tinental detri Consequently, the '*70s/'%80s ratio is

Wined by the current experimental results. That
not be incorporated into solid phases under oxic

&% to sohd phases even undcr oxic conditions. Accord-
ingly, the '®’Re/'®*0s ratio of oxic sediments (and
uthigenic minerals) can be lower as the contribution of
authigenic phases becomes larger in the sediment.

The current study’s results confirm that the '*’Re/'*®0s
variations of marine sediments and sedimentary rocks un-
der various redox conditions are controlled by whether
Re can be incorporated into the sediment. Under a reducing
environment as described above, Re can be incorporated to
larger degree, which induces a high '¥”Re/!®®Os ratio in the
sediment (Fig. 11). The higher '*’Re/'®*Os ratio causes lar-
ger growth of the '870s/'®0s ratio in natural rocks. Hence,
organic-rich sedimentary rocks, such as black shales, can be
-targeted for Re—-Os dating. In contrast, since only Os can be
removed under an oxic environment, and given that Re in
these sediments (and authigenic minerals) is only derived
from detritus, the '®’Re/'®®0s of authigenic materials such
as ferromanganese oxide is lower than that of continental
detritus (Fig. 11). The Os isotope system of authigenic
materials that occurs in an oxic marine environment can
be used as a paleo-marine environmental tracer because
the growth of '*70s/'®0s is not prominent due to the lower
'87Re/'380s ratio. This interpretation of '*’Re/'®*Os varia-
tion in various marine environments should be kept in mind
during the discussion of Re-Os isotope systems in various
sediments and sedimentary rocks.

5. SUMMARY AND CONCLUSIONS

In this paper, the removal behaviors of Re and Os in a
seawater-sediment system and Re/Os fractionation during
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removal were studied by performing laboratory
experiments using a multitracer technique and XAFS
spectroscopy. A schematic diagram summarizing the

Y. Yamashita et al. / Geochimica et Cosmochimica Acta 71 (2007) 3458-3475

seems to be correct in the highly OXic open ocean, but
our study suggests that Os(IV) hydrolyzed species is
more important in a seawater-sediment system.

accumulation processes and possible chemical species of (¢) Rhenium and Os can be removed from artificial seawa-

Re and Os in the marine environment is shown in

Fig. 12, The conclusions of this study are summarized as
follows:

(a) The XAFS study revealed that Os incorporated in
reducing sediments was mainly trivalent, and its first
neighboring atom was O (the bond length is about
1.984-2.017 A) Moreover, Os removed to dried sed-
iments under oxic conditions was mainly in a tetrava-

lent state. It is suggested that Os is first incorporated (d) The results of the

into the oxic sediments as Os(IV), mainly as the
Os(IV) hydrolyzed species. Subsequently, Os(IV)
can be reduced to Os(III) in organic-rich sediments
with the development of a reducing environment.
These results confirmed that Os(III) and Os(IV) coéx-
ist in seawater—sediment systems along with the var-

iation of redox conditions. (e) The se

(b) The ionic forms of Re and Os in artificial seawater
were confirmed to be negatively charged. The current
XANES study showed that Re in seawater can exist
as ReQ,” under various redox conditions, and that
Os in water extracted from activated carbon is an
octavalent species. If Os maintains its octavalent
state in seawater during the contact time (30 min),
its dissolved species may be_anionic hydrolyzed spe-
cies such as HOsO,~ or HgOSO . This Os speciation,

[¢])

ter to sediments with the development of reducing con-
ditions, confirming that reductive removal is an
important process for Re and Os. The removal of Os
from the seawater to burnt sedimgent and organic-free
scdunent under oxic condmons Qas also observed,

jron, Thefemoval process
* sveral factors, such as
Rig complexation.

of Os seems to be controll#
reduction, hydrolysis, a2
absence and presepgs ic acid suggest that com-
] id influences the distribution
SGHE¢ degree. Osmium also showed
high affinity to an oxide surface, even in the presence
of humic acid, suggesting the existence of hydrolyzed

period despite a substantial Eh decrease.
A NES spectrum for Re in reducing sediment
fed that most Re existed as ReO,™ in the
UiCing sediments. The XANES results also suggest
t the reductive reaction of Re(VII) proceeds very
owly, probably due to its slow kinetics. Complete
ReO,"~ reduction was not attained during the 2-week
time scale in the laboratory experiments. Sequential
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Fig. 12. Schematic diagram for the removal mechanism, possible chemical species of Re and Os, and’ variations of the 187R¢/'®80s ratio in
geological samples in marine environments. The '*’Re/'**Os ratios of continental loess, ferromanganese oxides, and black shale followed the
reports of Hattori et al. (2003}, McDaniel et al. (2004), Selby and Creaser (2003), McDaniel et al. (2004), respectively.
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extraction suggested that Os was distributed into
three fractions, namely, seawater, Fe-Mn oxides,
and organic matter. These results further suggest that
Os assumes more than one species in a seawater—sed-
iment system, which was also supported by the
XAFS study. Osmium in the ferromanganese oxide
and residual phases may be a hydrolyzed Os(III or
V) species favoring mineral surfaces due to its high
ionic potential, while Os in the organic-phase may
be Os(IIT) complexed with organic matter.

(f) Although Re is removed to sediments only under
highly reducing condition in our experiments, the
slow kinetics of Re reduction can inhibit the observa-
tion of Re removal under less reducing condition
within the timescales of the experiments. Actually,
Re can be removed under mildly reducing condition
in natural marine environments (Crusius et al.,
1996; Morford et al., 2007). Hence, we here conclude
that reducing condition is needed for the removal of
Re to sediments, while Os can be removed even under
oxic condition as shown.in our experiments, Thus, a
high '®’Re/'®0s ratio can occur in reducing sedi-
ments, such as black shales. The high '*’Re/'®80s
ratio makes black shales suitable for Re-Os dating
due to the larger growth of '®’Re/'®80s. In contrast,
authigenic sediments (and minerals) under oxic envi-
ronments can only enrich Os, which causes a much
lower '®’Re/'®80s ratio than that of seawater. The
osmium isotope system of these materials can be used
as a paleo-marine environmental tracer because the
1870s/'880s ratio cannot grow significantly due to
its extremely low '®’Re/'®30s ratio.
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The chemical composition of artificial seawater followed
that in the study of Tsunogai and Noriki (1983); Milli-Q
water: 1000 g, NaCl: 23.5 g, MgCl,'6H,0: 10.6 g, Na;SO,:
3.98 g, CaCl,2H;,0: 1.48 g, NaHCO4: 0.19 g.

The chemical composition determined by XRF for the
Tokyo Bay sediment is as follows: SiO,: 50.4 wt%; TiO,:

0.6 wt%; Al,03: 14.3 wt%; Fe,05: 5.7 wt%; MnO: 0.09
wt/%; MgO: 2.6 wi%; CaO: 2.9 wt%; Na,O: 3.99 wt%;
K,0: 1.6 wt%; P,Os5: 0.12 w1%.

APPENDIX B. XAFS MEASUREMENT AND
ANALYSIS

Rhenium Lij-edge XAFS spectra wi
beamline 12C in KEK-PF (Tsukuba
(111) double-crystal monochromater nt cylindrical
mirror were employed to obtain mgMS&hromBRic X-ray. Os-
mium Lyj-edge XAFS spectra w8 m flined at the beam-
line BLO1B! in SPring-8 (Hygg@gJdWas) equipped with a
Si (111) double-crystal monoghrotfghter using two mirrors,
The measurements were iCOEPUt at room temperature,
The energy calibration @ucted for Re and Os Ly~
edges with ReO; and Os pectively. In order to obtain
fluorescent XAFS spectra for the sediment samples, a 19-
clement Ge solid state detector (SSD) was employed and
Al foil was p between the sample and the detector to
y sray fluorescence in SSD from major

qkee and Mn in sediments. By taking re-
fmost of the samples, a possible change
7 due to the alteration of Os and Re species

measured at the
n) where a Si

| tHat no appreciable change in the XAFS spectra
gved, and the repeated scans were averaged to ob-

Bthe case of ﬂuoresccnce XAFS measurements by SSD,
@ time corrections were made for the SSD counting.

ANES and EXAFS analyses were performed using

EX2000 Ver. 2.3 (Rigaku Co.). For the XANES data
measured in fluorescence mode, the background absorption
was subtracted using a linear function estimated from pre-
edge region. On the other hand, the Victoreen equation was
applied for the calculation of background absorption of the
spectra obtained by the transmission mode. Following the
subtraction of background, the spectra were normalized
to absorption at the post-edge region. For the EXAFS re-
gion, after background correction and normalization; the
smooth Lyj-edge absorption of the free Os atom (jg) was
removed using a spline curve. EXAFS function y(k) was ex-
tracted from the XAFS spectrum by transforming incoming
X-ray energy units (keV) to photo-electron wave number
(A~ ". Fourier transformation of k3-weighted x(k) function
from k-space (A ') to R-space (A) was performed to obtain
a radial structural function (RSF) in the k (A ) range
3.25 <k <7.05 for all the Os samples. The k range used
for the fourier transformation was determined based on
the available k range for sediment samples. A Fourier in-
verse transformation was performed on the first shell of
the RSF. The theoretical EXAFS function was fitted to
an inversed k>-weighted x(k) function using parameters
provided by FEFF7.0 (Zavinsky et al., 1995; Ankudinov
and Rher, 1997). The EXAFS analysis provides the coordi-
nation number (N), the interatomic distance (R), the energy
offset (dE), and the Debye-Waller factor (DW) for the first
shell in this study. Following Stern (1993), the maximum
number of parameters for curve fittings (Np.) were calcu-
lated (Nge. = 4). Considering the coordination number of
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Os standard materials (OsCl2- 0sO,nH;0, and OsS,), the
coordination number of Os in sediment was fixed at 6,
Assessing the quality of each fitting, the R-factor, showing
the difference between experimental and theoretical x(k)
functions, was utilized (Sakakibara et al., 2005).

APPENDIX C. PROTOCOLS OF SEQUENTIAL
EXTRACTION

The protocols of sequential extraction ‘basically followed
those described in the studies of Tessier et al. (1979) and
Koschinsky and Halbach (1995). '

(1) Upon adsorption of the muititracer, the polystyrene
beaker was centrifuged, and the seawater (F1) was
recovered as much as possible. The residual sediment

_was air-dried and disaggregated in the beaker.

(2)" An aliquot of sediment (0.8 g) was treated with 8 ml
of 1.0 M sodium acetate at pH 8.0. The sample was
shaken for 1 h at room temperature. The aqueous
phase was separated by centrifugation. This step
extracts easily exchangeable ions (F2).

(3) The residue from (2) was mixed with 8 ml of 1.0 M
sodium acetate at pH 5.0 and was shaken for 10 h
at room temperature. This step leaches the elements
bound to the carbonate (F3).

(4) The residue from (3) was treated with 20 ml of
0.20 M ammonium oxalate (pH 3.5) and was shaken

ments bound to the ferromanganese oxides (F4).

(5) The residue from (4) was mixed with 3 ml of 0.020
HNO; and 5 ml of 30 wt% H,0, (pH 2.0, adju
with HNO;), and was shaken at 60 °C until th C Vi
ous reaction was terminated. Thirty wt% H,Q
was reloaded and shaken in the same way. T
ous phase was recovered by centrifugation. AT
that, Sml of 3.2 M ammonium acetate (pH 2.0)
was introduced into the residue and it was shaken
for 1 h at room temperature. Thedfifu

.

separated by centrifugation a% varpuXed with the
former. This step extracts elgments" bound to the
organic matter (F5).

(6) The residue (F6) from (5 ried.

for 24 h at room temperature. This step extracts ele- &
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The ionization efficiency of an electron cyclotron resonance fon source (ECRIS) is generally

high and all elements can be funda-

mentally jonized by the high-temperature plasma. We focused our attention on the high potentiality of ECRIS as an fon source
for mass spectrometers and attempted to customize a mass spectrometer equipped with an ECRIS. Precise, easurements were

performed by using an ECRIS that was specialized and customized for elemental anal

and the isotope ratio, the problem of overlap,

ysis. By using the chgi‘ge-state distribution

such as that observed in the spectra of isobars, could bé solved without any signifi-

cant improvement in the mass resolution. When the isotope anomaly (or serious mass discrimination effect) was not observed in
ECR plasma, the system was found to be very effective for isotope analysis. In this paper, based on the spectrum (ion current as a
function of an analyzing magnet current) results of low charged state distributions (2+, 3+, 4+, ...) of noble gases, we discuss the
feasibility of an elemental analysis system employing an ECRIS, particularly for isotopic analysis. The high-performance isotopic
analysis obtained from an ECRIS mass spectrometer in this study suggests that it can be widely applied to several fields of scientific

study that require elemental or isotopic analyses with high sensitivity.

Keywords: ECRIS, mass spectrometer, elemental analysis, isotopic analysis, isotope anomaly-

Introduction

A mass spectrometer consists of three essential compo-

nents—an ion source, a mass analyzer and a detector system.
These components have undergone various developments.
When a mass spectrometer is used for elemental or isotopic
analysis, the ion source technique is very important with
regard to its ionic efficiency, stability, etc. Several types of
ion source, such as the spark source, glow discharge thermal
ionization source and secondary ion source, have been devel-
oped for the analyses of inorganic matter and are integrated
with mass spectrometry.' These ion sources do not have suffi-
cient power for measuring all types.of elements and mate-
rials. Some ion sources are used onjy for limited elements
and complex and specific chemical procedures for the

[y

materials must be analyzed. In recent years, the inductively
coupled plasma (ICP) ion source has been commonly used
by combining it with various mass analyzers and detector
systems. The ICP ion source of the mass spectrometer
produces ions by the discharge of Ar gas under atmospheric
pressure and offers the following advantages: easy sample
introduction, high ionization efficiency for various elements
and less interelement and matrix interferences. However, it
has the disadvantage that its atmospheric pressure condition
requires multiple stages of the vacuum interface system,
thereby resulting in a decrease in the transmittance of ions,
Another disadvantage is that it yields molecular ions easily.
Recently, collision cell technology (CCT) has been devel-
oped to avoid interference from molecular ions.! However,
this technology also leads to a decrease in the transmittance

l DOI: 10.1255/ejms.883
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of ions. Furthermore, the jonization efficiency of the ICP ion
source for elements such as Se and As, which have relatively
high electronegativity, is not the highest;

In the early 1970s, Geller proposed electron cyclotron
resonance ion sources (ECRISs) for the production of highly
charged ions.? During the past 30 years, these sources have
been utilized and the highly-charged ions were enhanced.
Many ECRISs are used in heavy-ion accelerators to supply
stable bearns of heavy ions for various accelerators and users.
ECRISs produce stable and intense beams of very highly-
charged positive ions from most elements of the periodic
table. The ionization efficiency of commonly used ECRISs
is high; for example, the ionization efficiency in a general
ECR ion source is recognized to be almost 10~20%; further-
more, in the absence of a vacuum device for the plasma
chamber, the jonization efficiency is reported to exceed 40%
in the case of He, Ne, Ar and Kr.> Since 2000, we have
been studying the performance of ECRISs in our accelerator
facility (RILAC in RIKEN); moreover, we have observed the
high performance of the ECRIS, which can work under high
vacuum conditions.* It is expected that this ECR technology
will produce an ion source that can achieve high ionization
efficiency for all elements without producing molecular ions
and causing interelement and matrix interferences. Further,
this technique provides a breakthrough in several fields of
scientific study, such as environmental, geochemical or
biochemical analyses, by the successful analysis of elements
that have not been analyzed with the desired sensitivity and
precision by conventional techniques. Based on this feasi-
bility study, we have developed a new mass spectrometer
system equipped with an ECRIS. This system is termed as

a mirror magnetic field. If Br exists in the mirror magnetic
field, an electron is accelerated sequentially by ECR and
becomes a high-temperature electron. ECR plasma is gener-
ated by the collision of such a high-temperature electron with
a neutral atom or jon. Ions are also confined by a Coulomb
force from the electrons while the electrons are confined by
the mirror magnetic field. It is very important to note that due
to this confinement, the electron confinement time becomes
long. Since the electron has a high temperature and its (as
well as that of the ion’s) confinement time is long, highly-
charged ions are produced easily.

R. Geller et al. have reported that the charge value, ion
beam intensity and beam stability of multicharged ions can
be improved rapidly by positioning the multipole magnet to
obtain a confinement magnetic field in the radial direction.?
An ECR ion source with this magnetic field distribution—the
so-called minimum-B configuration—is different from an
ion source that uses only a mirror magnetic field. Typically,
in a cylindrical plasma chamber, the confinement of an axis
direction by the mirror magnetic field and the confinement
of a radial direction by the multipole magnetic field results

_ in a longer &lectron confinement time and higher electron

density. Hence, the minimum-B type ECR ion source has .
extremely stable ECR plasma and an intense beam of highly-
charged ions is obtained.

Further, ECR plasma in the minimum-B type ECR
ion source is generated with a very low gas pressure. For
example, when high frequency is introduced in a plasma

- chamber maintained at a low gas pressure of 1x10Pa by

an ECRIS mass spectrometer and the ECRIS was custom--

ized for isotopic and elemental analyses. In this paper, we

describe this system and introduce the primary data of the
isotopic analysis.

The principle of an ECR ion source

An electron in a magnetic field exhibits cyclotronic
motion. When this electron and a space electric potential
(electric field), which have high frequency (frequencies
in the GHz range is used as well) resonates, the electron
is accelerated. This is called electron cyclotron resonance
(ECR) heating. The relationship between the high frequency
and the magnetic field strength at resonance is as follows:

Br=0.0357xfc
where fc is the frequency [GHz] of a high frequency and Br

[T} is-the magnetic field strength that causes the resonance,

Further, if an electron enters a magnetic field where the
slope of its magnetic strength is sharp, the electron will
rebound depending on the conditions. (This phenomenon can
be understood from the law of conservation of a magnetic
moment.) The electron can be confined by combining the
two magnetic fields. The resulting magnetic field is called

using a sample gas, ECR plasma will be produced easily.
For the operation of an ECR ion source, the gas pressure and
the power of high frequency (if solenoid coils are used for
mirror magnetic fields, this is applicable to coil current too)
are adjusted by monitoring an ion beam current so that the
current reaches maximum and remains stable. An ECR ion

source of this minimum-B type is used as the ion-source of
our ECRIS mass spectrometer.

Equipment for the ECRIS mass spectrometer

As mentioned previously, an ECR ion source with
a minimum-B configuration has been commonly used as
the ion source in accelerator facilities. In order to generate
an intense ion beam of highly-charged ions, the ECR ion
sources in these facilities are equipped with a huge magnet
and a high-output, high-frequency power supply. Moreover,
ions of various elements are generated from samples of
various types, for example, gases, metals, oxides, organic

* compounds, etc. Details of the ion species and the technique

of ion production in ECR ion sources can be obtained from
Reference 5.

As the first step in the development of the mass spec-
trometer for elemental and isotopic analyses, the ECR
system needed to be customized in a similar way to usual
analytical instruments. It was also necessary to design
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Figure 1. Schematic view of the ECRIS mass sﬁectrometer.

the ion optics and mass analyzer systems for the ECRIS
appropriately. '

. Figure 1 shows a schematic view of the ECRIS mass
spectrometer. This system consists mainly of the ECRIS, an
analyzing magnet that can focus in a vertical direction (axial
focusing) by using the edge angles in the entrance and exit
of the magnet and a detection system; these components are
described below in detail. . '

lon source (ECRIS)

The ECR ion source is the most important component
that characterizes the system. The ECRIS primarily consists
of the following three parts: permanent magnets for the

‘magnetic mirror field, a high-frequency power supply and a

plasma chamber. A magnetic field is produced by the perma-
nent magnets. The permdnent magnet unit was manufac-
tured by Shin-Etsu Chemical Co., Ltd. Figure 2 shows a

4 e\ /g Pu
5 T /- ‘
6 ‘ A \ —|>|onbeam
7

Figure 2..Cross-sectional view of the ECRIS, first chamber and extraction chamber, 1: P
pole magnet), 2: plasma chamber, 3: wave guide, 4: quartz pressure window,
chamber, 8: turbomolecular pump (220Lmin""), 9: plasma electrode,

chamber.
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ermanent magnets (ring magnets and hexa-
5: gas feed, 6: insertion flange for sample, 7: first
10: extraction electrode, 11: Einze! lens and 12: Extraction
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Figure 3. Distribution of magnetic field strength in the axial direction.

cross-sectional view of the ECRIS, the first chamber and the
extraction chamber. The magnetic mirror field is produced
by four ring magnets. A hexapole magnet is inserted into
the center of the ring magnets and a magnetic field direction

of the hexapole magnet is perpendicular to a magnetic field

direction of the ring magnets. The magnetic field distribu-
tion in the axial direction is shown in Figure 3. When the
strengths of the axial conﬁnemen} magnetic field by the ring
magnets and the radial confinement magnetic field by the
hexapole magnet are high, the confinement of electrons is

The extraction electrode, which is connected to an Einzel
lens electrode, can be moved along the beam direction in the
extraction chamber. The voltage of the Einzel lens was set at
the value at which the ion currents in the Faraday cup were
maximum. It was decided that the position of the lens should
be at the position at which the peak shape of the mass spec-
trum improved. The space-charge effect was ‘minimized by
maintaining the value of the total beam current below a few
hundred microamperes. The diameters of the holes of both

enhanced and stable plasma that contributes to the meas-

urement precision of the mass spectrometer is generated.
In order to improve the confinement of electrons by the
applied magnetic field and to generate stable ECR plasma,
the ECRIS has a magnetic field higher than that produced by
all types of permanent magnets of typical ECRISs using high
frequency of 10 GHz. As we intend to achieve a broad charge
state distribution, the intensity of the magnetic field on the
extraction side is slightly increased.® Although the total and

peak ion currents tend to decrease, their values are sufficient -

for the analysis of the distribution.

The main specifications of the ECRIS are listed in Table 1.
To prevent the demagnetization of the permanent magnets by
the heat from the ECR plasma, the plasma chamber is cooled
by pure water at approximately 20°C. The minimum perme-
ance coefficient for the entire magnetic circuit is —0.275. The
heatproof temperature for the permissible demagnetization
range of 1% is approximately 50°C because the magnetic
material of the hexapole magnet is N39UH. The first chamber,
plasma chamber and extraction chamber are connected by
metal seals. All the flanges of the first and extraction chambers
are sealed with metal gaskets and the interiors of all the cham-
bers are electrolytically polished. The vacuum level reaches
1x107" Pa due to sealing and polishing,

Table 1. Specifications of the ECRIS.

Mirror maghet
Material NdFeB
Maximum field strength
Injection side 0.85T
‘Extraction side 070T
Minimum field strength 0.25T
Hexapole magnet'
Maximum field strength 148T
Chamber surface 0.85T
Length 120mm
Inner diameter 62mm
Plasma chamber
Internal diameter 50mm
Length 160mm "
High frequency
. 'Frequeﬂcy 10GHz
Maximum power (TWTA) 650W
Wave guide WR-75
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the plasma electrode and the extractionelectro&e were 6 mm.

The distance between the two electrodes was 21 mm. The
calculated space-charge limit was almost 0.4mA. In view
of the drain current from the high-voltage power supply, the
extracted total ion current was 0.18 mA or less,

In the case of our dipole magnet, the positions of the
object and image focal points are at the same distances
along the axis of symmetry of the magnet. The positions are
1400 mm from the eéntrance (orexit) of the magnet. However,
with regard to the beam transport, the starting point is not
clear in the case of the ECRIS. Because the spatial distribu-
tion of the extracted ions depends on the mass-to-charge
ratio, the main slit behind the extraction electrode could not
be used. Hence, in order to determine the location at which
the resolution is the highest, the ion source component and
the detection component were mounted on a slide rail, and
they could, therefore, be moved linearly and smoothly.

We used a traveling-wave-tube amplifier (TWTA) manu-
factured by NEC Microwave Tube, Ltd. It produces a high
frequency of 10 GHz and a maximum output power of 650 W,
The power of the high frequency can be changed continu-
ously. Microwaves are transmitted to the plasma chamber by
a waveguide; the waveguide comprises a DC break block for
isolation from the high extraction voltage and an EH tuper
for high frequency matching. A vacuum is maintained in the
chamber by means of a quartz pressure window developed by
CPI/MPP. The flange with the pressure window is attached to
the injection waveguide by using a metal O-ring. Therefore,
the outgas produced by the heat by high frequency power
loss in the window is minimized.

Analyzing magnet

A dipole magnet with a C-type yoke is used to analyze
the multi-charged ions extracted from the ECRIS. Table
2 lists the main specifications of the analyzing magnet.
For obtaining magnetic field measurements, a hall probe
is installed at the center of the outer surface of the inner
curve of the flight chamber. We used an Agilent 6691A
power supply, which produces low ripple and noise, for
‘the magnetic coil. The measurement accuracy of the m/z
value can be improved by controlling the magnetic field

Table 2. Specifications of the analyzing magnet.

measured by the hall probe and the current monitof output
of the power supply.

Detection system

Usually, the intensity of the ion current from the ECRIS is
significantly higher than that of the current from other mass
spectrometers. For example, ion beams of multi-charged
Ar greater than 10uA can be obtained by optimizing the
high frequency power and the gas pressure. However, in this

system, an injection slit cannot be used downstream of the

extraction electrode because the space distribution of the
ion beam extracted from an ECR ion source depends on m/z.
Therefore, when a quantity and a shape of the ion beam is
changed before reaching the dipole magnet by using a main
slit, etc., it becomes the cause of a mass discrimination effect.
Since a thin slit, etc., is not used, the ion current measured
with a detection system is large in comparison with other
analytical systems. Therefore, a new Faraday cup (FC) that

- was suitable for small and large currents with low noise was

developed. The FC and a picoammeter are connected by a
lead-through with double shields, triaxial cables and triaxial
connectors. The FC and slit system are insulated from the
beam line and trestle in order to protect them from the effect
of the noise produced by the electrical discharge of the ion
source and vacuum systems on the beam duct. The dark
current was measured to be approximately 200 fA. There
was no difference between the dark current values measured
with and without the operation of the ion source. Corrector
slits that can be moved in the up, down, left and right direc-
tions were installed in front of the FC, o

Measurement of noble gases

By using high-purity Ar and Kr gases, each low-charged
ion was measured for performance evaluation as the first step
in this system. Table 3 shows the main operating parameters
of the ECRIS for producing Ar and Kr ions.

Figure 4 shows the typical spectrum of the charge-state
distribution of the Ar ions. The spectra (ion current as a
function of the analyzing magnet current) shown in Figures

. Table 3. Main parameters of the ECRIS for noble gas

Radius of curvature 700mm measurements.

Bending angle 90° o o

Pole gap 73mm

Flight chamb p 60.5 mm Extraction voltage 10.00kV 10.00kV
ight ¢ er ga .

Flight chamber width 180 mm Drain current 0.21mA 0.28mA

Edge angle 26.57° Einzel léns voltage 2kV . 2.6kV

Magnetomotive force 19200 AT High frequency power 100w 106 W

Maximum coil current 200A High frequency reflection power 3w 12w

Maximum magnetic field 0.32T Gas pressure 5.5¢-5Pa | 4.0e-5Pa
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Figure 4. lon current as a function of the analyzing magnet current. Typlcal spectrum of the charge-state distribution of Ar lons.
Both (a) and (b) were obtained by performing the measurement once.

4(a) and 4(b) were obtained in a single measurement.
Subsequently, the spectrum of the charge-state distribution
of Ar was measured 10 times in 1.5h without changing the
parameters of the ion source. The duration of each meas-
urement was approximately Smin and the speed for scan-
ning the magnet was approximately 0.3As™!, In Table 4, the

stability level of the ion current from 1+ to 8+ is shown as the
standard deviation of the values obtained after performing
the measurements 10 times for approximately 90min. For
the 3+ spectra of °Ar, the mass-to-charge ratio value of
“Ar* is close to that of 7 A1, It was not possible to separate
the values in the scale range of the horizontal and vertical

Table 4. Long-time (90 min) stability of Ar ion current from the ECRIS.

Charge state 1 2 3 4 5 6 7 8

Ion current® (nA) 1922 1638 1370 720 412 258 158 116
' Stability® (nA) 9.8 9.3 29 18 133 115 8.8 6.8
Ratio (%) 0.51 0.57 2.2 25 33 46 5.6 59

*Average value obtained by measuring ten times
*Standard deviation
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Figure 5. Kr ion current as a function of the analyzing magnet

current. Typical spectrum of the charge-state distribution of Kr
ions,

axis of Figure 4(a). Hence, it was considered that these

values changed due to the overlapping of the two spectra.

The two spectra were separated, as shown in Figure 4(b), by’

doubling the scale of the spectra shown in Figure 4(a). The

inner cylinder was made of pure Al in order to protect the
plasma chamber from being heated up by the spattering of

~ high-energy electrons in the ECR plasﬁa. Aluminum ions

are generated from this cylinder. The spectrum of Fe jons
was also observed in Figure 4(b) due to similar reasons. In
this case, the plasma electrode was made of stainless steel
316L. It appears that the problem of overlap can be solved by
changing the materials when it becomes difficult to measure
the spectra. Moreover, if a clean environment is necessary for
the plasma chamber, it is preferable to use a quartz tube.?

With the exception of Ar, stable elements with mass
numbers of 38 do not exist. In this measurement, if there is
no element whose mass number is a multiple and a common
divisor of 38 and the isotope of Ar does not occur, the ion
currents for **Ar and “°Ar are calculated from the ion current
of ®Ar accurately. In the charge distribution, the part of the
¥ AI** spectrum that overlaps with the %A ** spectrum can be
determined by the subtraction of a peak height of the A+
spectrum. The peak height of the %¥Ar** spectrum is calcu-
lated from the isotope abundance of argon when there are
no scientific abnormalities in the isotope ratio of argon. This
indicated that the problem of overlap such as that observed
in the spectra of isobars can be solved without any significant
improvement in the mass resolution by using the charge state
distribution and isotope ratio.

‘Figure 5 shows the typical spectrum of the charge-state
distribution of Kr jons. By using the spectrum (Kr ion current
as a function of the analyzing magnet current) obtained by
a single measurement, the isotope ratio of Kr was obtained
from the results of the charge states of the 3+, 4+, 5+ and 6+
spectra. This was compared with the isotope ratio in a terres-
trial atmosphere® and is shown in Table 5. The measurement
of the spectrum was carried out once. This spectrum was

-recorded with an X-Y pen recorder. The standard deviation

for measuring the isotope of each charge number with a
vernier micrometer was very small. The error margin in the
measurement accuracy (+/-0.05mm) of the vernier micro-
meter was larger than the standard deviation. The measure-
ment by the vernier micrometer was performed once. With
regard to the error margin given in Table 5, the error in the

Table 5..Isotopic ratio of Kr in comparison with that in the terrestrial atmosphere.

"Kr/Kr WKr/“Kr 2Kr/*Kr YKr/MKr %Kr/%Kr
ECRIS mass specﬁometer " 6.le-3 0.0397 0.202 0.200 0.308
+/- B 0.4e-3 0.0004 0.001 0.001 0.001
Terrestrial atmosphere‘ 6.10e-3 0.0396 0.2022 0.2016 0.3055
+- : 0.03e-3 0.0002 . 0.0005 0.0005 0.0007

*See Reference 8. All ratios were normalized by #Kr. The error margin was simply calculated from the percent ratio of each error

margin,

Table 6. Ingredients of the standard gas chosen from noble gases.

Ingredient He Ne Ar Kr Xe
Purity 99.9995% 99.99% 99.99% 99.99% 99.99%
Amount " Balance 101 ppm 101 ppm 102 ppm 102 ppm
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Table 7. Evaluation of the precision of isotopic anal

ysis of noble gas compounds. Upper subscript “m” represents atomic mass
numbers to the line. “M/z” is mass-to-charge ratio. ) ’ '

M/z 124 126 128 129 130 131 132 136
"Xe'MXet | 124 126 128 129 130 131 132 136
0.00910 0.00875 0.188 | 2.540 | 03912 | 2,049 | 2.575 | 0.8471
err.(+/-) 0.00005 | 0.00004 | 0.003 | 0.008 | 0.0032 | 0.007 | 0.008 | 0.0039
M/z 78 80 82 84 86
"Kr/®Kr 78 80 82 84 86
0.034 0.252 1013 | 4997 | 1477
err.(+/-) -0.001 0.002 0.007 | 0.025 | 0.009
M/z 39 40 41 41.3 42 42.6 43 433 436 44 453
R 24K v 78 80 82 84 86 '
0.078 24.7 1.1 4.86 1.56
err.(+/-) - — 007 0.02 0.01
D Callo) Cad _ 124 126 128 129 130 131 132 136 -
— - 016 | 2.603 | 0.370 | 2.047 3.364 | 0.8309
eIT.(+/=) — — - 0.01 0.002 | 0.005 | 0.013 — | 0.0076
Terrestrial atmosphere
mX e/ Xer 124 126 128 | 129 130 131 132 136
0.009096 | 0.008477 | 0.1834 | 2.534 | 0.3896 | 2.035 | 2.577 | 0.8500
err. (+/-) 0.000055 | 0.000055 | 0.0007 | 0.006 | 0.0011 0.005 | 0.0023
*Kr/®Kr 78 80 82 84 - 86
0.0303 0.196 - 1003 | 4960 | 1515
err.(+/-) 0.0001 0.001 0.002 | 0.011 | 0.003
*See Reference 11. All ratios were normalized by **Xe. The error margin was simply calculated from the percent ratio of each error
" margin, _ _ . o
*See Reference 8. All ratios were normalized by ¥Kr. The error margin was simply calculated from the percent ratio of each error
margin,
measurements performed with the vernier micrometer was 10

used. The results obtained by using the charge-state distribu-

tion in the measurement performed once with high precision

are in good agreement with the reference data. The error - 8
limits are estimated from the precision of the measurements
of the peak height with a vernier micrometer. It should be
noted that the above-mentioned results are obtained without
any regular alignment of the ion source, the FC systems and
beam optics. '

From our preliminary data; we have not identified any
apparent isotope effects or fractionations that depend on the |
mass. Kawai er al. have reported such isotope effects (mass
discrimination effect) for nitrogen in an ECRIS.? They have 2
explained the isotope anomaly (mass discrimination) based
on the ion Landau damping due to the influence of low-

fon Current [pA]

frequency noise. In relation to the ion Landau damping, the 0 .
possibility of mass discrimination due to the effect of gas 1386 An MM&S . 1423
mixing might have to be considered. The gas mixing method alyzing Magnet Current [A]

has been researched and used widely in the ECRISs of many Figure 6. Spectrum of 1+charge state of '*Xe and '26Xe; the

accelerator facilities where an intense beam of highly-charged relative abundances of these elements are 0.10% and 0.09%,
ions is required. The beam intensities of the highly-charged respectively.
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ions of Ar were (or were not) altered by mixing gases such
as H, He, "N and 16130, 1t s thought that this effect influ-
ences the charge-state distribution through ion cooling,'®
Depending on the selected gas, the influence of ion cooling
might alter the isotope ratio of a low-charge state. This influ-
ence on the isotope ratio of low-charge states (2+, 3+, 4+, )
has not been systematically examined in the mixing of metal
elements and various gases. In our isotope measurements of
pure K, a systematic isotope anomaly (mass discrimination)
was not observed within the measurement precision. In ECR
plasma, a careful observation of the isotope anomaly (mass

discrimination) in the low-charge state should be conducted
in the future,

Preliminary measurements with a standard gas

For the demonstration of elemental analysis employing
low charge-state distribution, a standard gas chosen from the
noble gases was measured by this system. The ingredients of
the standard gas are listed in Table 6. Eight spectra, which
appropriately changed the range of the mass-to-charge ratio
values and the current meter, were obtained. The analytical
values in Table 7 were derived from the results of the single
measurement of peak heights in the above-mentioned eight
spectra.with the vernier micrometer. Figure 6 shows the
spectra of **Xe* and 1%Xe*. The provisional sensitivity in
. this preliminary measurement was 0.1 ppm as observed in
. - Figure 6. In the measurement employing this standard gas,
Kr* and Xe* do not have the same mass numbers as those
of the other elements. Therefore, Kr* and Xe* in Table 7
are the values pertaining only to Kr and Xe, respectively. It
could be inferred that there was no serious isotope anomaly
(or mass discrimination) in Kr and Xe from these values.
Because it is the analytical value from only one charge state,
the error margin is large in comparison with that of Kr in
Table 5. The peaks of '*!%Xe* overlapped with the peaks
of #8Kr™, respectively. The isotope ratio of 2Xe* was
calculated by using the isotope abundance of *Kr?*. On
the contrary, the isotope ratios of 836Kr2* in the table were
calculated by using the isotope abundances of 126.129Xe3*,
respectively. Accurate isotope ratios of #8Kr?* and 129X e
were derived by this method. In the isotope ratio of *Kr2*,
“Ar* was mainly included. Ultratrace elements of Ag, Cd
and Sn were observed in this experiment. The presence
of these elements is thought to be due to the. use of silver
brazing filler metals in order to connect the square flanges of
the waveguide, which is used to introduce the high frequency
into the system. The isotope ratios of *Kr* and Ar could not
be calculated with good precision because of this contami-
nation. If theée contaminations pose acute problems, the
problems are solved by using a waveguide that does not
use silver brazing. Further, in the isotope ratio of 12X e,
CO, was possibly included. Concerning the origin of Co,,
. the background of the system and/or the contaminations. in
the standard gas were enumerated. However, in both cases,

- 116 -

the amounts obtained were inconsistent. Hpnce, it will be

necessary to investigate the origin of CO, in detail in the
future, '

The measurement of each of the above-mentioned spectra
and the analysis with the vernier micrometer was performed
only once. If measurements are carried out for the flat top

.of the peaks and a multi-collector and a data-taking system

with statistical measurements are employed, it is clear that
the measurement precision and the detection sensitivity can
be significantly improved.

Consideration of sample form

In this measurement, a gaseous sample was introduced
into the ECRIS. The gaseous sample is suitable for the
ECRIS because it can control a very small amount of gas in

- the plasma chamber. In the case of solid samples, particularly

in metal ion production, many production techniques such as
the insertion method, metal ions from volatile compounds
(MIVOC) method, micro-oven method, IH oven method and
the spatter method have been developed and improved by
many researchers in the field of ECRIS research.’ However,
the direct ionization of a liquid sample in the ECRIS has not
been investigated extensively because it is difficult to majn-
tain a steady supply into the high vacuum chamber. Usually,
ECR plasma is generated in the vacuum range from 10-2
to 10*Pa. In this range, it is possible to control the stable
feeding and the evaporation of gas and solid samples. Liquid
samples are primarily used in the field of elemental analysis.
Currently, we are developing a method for the introduction
of a liquid sample into the ECRIS.

Conclusions

Precise measurements are performed on Ar and Kr gases
by using an ECRIS that has been customized for elemental
analysis. The measurement results of Ar indicate that long-
time stable ionization can be achieved without operating
the ECRIS. It means that ECR plasma is stable for a long
time, without readjusting the ion source parameter. The
measurement results of Kr reveal that the elemental analysis
system equipped with this ion source can be successfully
used for isotope analysis. In this measurement, a systematic
isotope anomaly (or mass discrimination) is not observed.
Furthermore, in the measurement of the noble gas compound,
we indicated the possibility of isotopic analysis by using the

-ECR ion source and a low-charge state. In the future, the

isotope anomaly (mass discrimination effect) will be inves-
tigated in detail by using this analysis system, which can
perform precise measurements. In order to increase the prof-
itability of this system, it is crucial to develop a method for
introducing a liquid sample in the ECRIS. The ECRIS can be
expected to show a high performance for most of the elements
of the periodic table and to be applicable to several scientific
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fields such as environmental, material, geochemical and

bioanalytical chemxstry that require 1sot0p1c and.elemental
analyses. -
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Letter: New fragment ion production method using
super cold electrons in electron cyclotron
resonance plasma

Masanori Kidera, Kazuya Takahashi, Shuichi Enomoto, Akira Goto and Yasushige Yano
Nishina Center for Accelerator-Based Science, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. E-mail: kidera@kindex.riken.jp

We examined the fragmentation and ionization of molecules by low-temperature electrons génerated by electron cyclotrdn.reso-
nance (ECR) plasma. We examined several types of metallocene compounds comprising a metal and 1,3-cyclopentadienes as
ligands. We performed analyses using an ECR ion source (ECRIS) mass spectrometer. Consequently, we succeeded in fonizing

fragments of an organometallic compound by adjusting the input power of the microwave introducing a super high-frequency
plasma. Moreover, we succeeded in dynamically generating a significant quantity of fragment ions by continuously varying the
input power. Information on the structure of a molecule may be acquired from this operation. Moreover, a molecule that could not
be easily ionized thus far may now be ionizable when soft jonization is performed with this technique.

Keywords: electron cyclotron resonance, fragment, super cold electron, metallocene, ferrocene, nickelocene, osmocene, ECRIS mass

spectrometer

Introduction

Devices that employ the electron cyclotron resonance
(ECR) phenomenon are widely used in applications such as
etching by plasma chemical vapor deposition (CVD), ion
sputtering of devices and research on nuclear fusion reac-
tors. An ECR ion source, particularly ECR ‘ion sources used
in heavy ion accelerators, is an ECR plasma device in which
the plasma is confined in a characteristic magnetic field.
Such ECR ion sources are of the minimum-B configura-
tion developed by R. Geller et al. in 1960.! Since such ion
sources confine electrons very well, the electron temperature
can easily be increased and they can be used to supply an
intense beam of highly-charged ions. On the other hand,
since the electron confinement is very strong, even if the
high-frequency input power for plasma production is quite
low, the plasma is stably produced. We investigated this state
in greater detail using our ion source? and the ECR plasma
was generated by an input radio frequency (RF) power very
as low as 55mW. :

In the case of electron ionization (EI), thermal electrons
are used as the electron source and it is difficult to control
low-temperature electrons with a high electron density;

in contrast, the electron temperature can be controlled by
varying the RF power in ECR ion sources. Moreover, due
to the effect of electron confinement, it is expected that the
collision rate will be greater than that in the EI method.
This implies that the ionization efficiency will be good. The
ionization efficiency is reported to exceed 40% in the case of
He, Ne and Kr.> We have focused on the above-mentioned
characteristics of ECR ion sources and examined the ioniza-
tion with fragmentation for several metallocene compounds.

lonization of molecules by using ECR plasma

First, we introduced nickelocene into the ECR plasma
to examine the ionization of its molecules and to check the
plasma status. When the plasma was not generated (i.e. the
RF power is OFF), no ions were detected only by supplying
an extraction voltage and feeding the evaporation gas of the
organometallic compound. Next, when the RF power was
increased gradually and it reached approximately 0.65W,
the plasma was generated. After the plasma was produced,
even if the RF power was decreased gradually, the plasma
was stably preserved. Figure 1 shows the variation in the
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