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Abstract

Secondary ion mass spectrometry (SIMS) is widely used to identify the isotope ratio of the micro-area of materials. We
demonstrate that the precision and spatial resolution of an ion microscope using SIMS coupled with a newly developed solid-
state ion imager can be extended to two-dimensional isotope ratio imaging with permil-precision. An isotopic map for oxygen
clearly reveals the distribution of 4% enrichment of 'O in spinel particles embedded in melilite from a Ca—Al-rich inclusion of a
carbonaceous chondrite. This characterization technique called isotopography thus provides the eyes to see small heterogeneity
of isotope abundance in micro-scale. It is likely to find broad application in earth, material, and life science research.
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1. Introduction

Analysis of isotope and trace element distribution in
heterogeneous micro-structures has become increas-
ingly crucial for diagnosing natural and biological
materials and for predicting the properties of synthetic
devices. Imaging by secondary ion mass spectrometry
(SIMS) has been applied for the purpose but this has
been generally limited to trace element mapping as it
has not been possible to obtain quantitative measure-
ments from the image.

Stigmatic and scanning methods have been pro-
posed for imaging by SIMS [1]. Both methods
achieve micron to sub-micron image resolution
but the error in isotope analysis was limited to
>5% [2] because of the difficulty of accumulating
sufficient secondary ions. This difficulty is mainly
due to nonideal properties of the detection system
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such as narrow dynamic range, large dead time,
nonlinear output and high noise. Since these proper-
ties introduce errors for imaging greater than natural
isotopic variation, the application of SIMS imaging
was limited to samples having large isotopic hetero-
geneity such as pre-solar grains [2] or else to element
analysis of biological tissue [3]. Here we demon-
strate high precision isotope micro-imaging by
means of SIMS with a solid-state ion imager. For
this purpose, a perfectly suited specimen exhibiting
heterogeneous isotope composition among constitu-
ent materials within micro-area has been selected.
The specimen is found in a Ca—Al-rich inclusion
(CAI), HN3-1, from a carbonaceous chondrite,
Allende CV3 [4]. A high mass-resolution stigmatic
SIMS instrument (Cameca IMS 1270) that provides a
mass-filtered stigmatic secondary ion image of the
sample surface with a high spatial resolution [5] and a
high-efficiency stacked CMOS-type active pixel sen-
sor (SCAPS) [6] was used for the experiment. The
SCAPS has several advantages over conventional det-
ection systems including two-dimensional detection,
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wide dynamic range, no insensitive period, direct 2. Experimental

detection of charged particles, and constant ion-detec-

tion sensitivities among nuclides [7]. Hence, SCAPS CAlIs, micro-scale mineral aggregates which are a

can measure high ion flux with an accuracy of within component of chondritic meteorites, are the oldest

twice the statistical error and with a detection limit material generated in the solar system [9]. It is well

corresponding to 10 incident ions [8]. known that O isotopes are distributed heterogeneously
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Fig. 1. Analyzed area of a CAI, HN3-1. Back-scattered image (a), secondary ion image (b) for 8Si~, and secondary ion ratio image (c) for
288i~/'°0~. Small spinal grains (sp) are enclosed in a melilite single crystal (mel). Cross section (d) of 28Si~/'°0~ between melilite and
spinel. An ideal variation between the phases is also illustrated. Isotope ratio images, isotopography, for '#0/1%0 (e) and '70/'°O (f). Since
Cs™ primary beam sputtered the sample surface about 3 um depth during accumulation of (e) and (f) images. Outlines of spinel grains slightly
differ between both the images. A crack existing in the upper left corner provides artifact distribution in the O isotope ratio images. Scale bars:
10 pm.
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among the constituent minerals. Such a material is
ideal for demonstrating precise isotope imaging,
because the variation of O isotope ratios among the
minerals is <5%. A polished thin section with a gold
coating (30 nm depth) of a CAI named HN3-1, cate-
gorized as coarse-grained type B1, from the Allende
CV3 meteorite was prepared for this study. Spinel and
melilite are major minerals in HN3-1 and spinel grains
are poikilitically enclosed in large melilite single
crystal (Fig. 1a).

The oxygen isotope abundance found in nature is
typically (1©0,'70,'80) = (99.763,0.0372,0.1995),
and the relative variation in nature is normally less
than a few percent. In order to describe the O isotope
ratio with such a small variation, we use d-value

170r180 160
5170r1803MOW E{ ( / )sample —1 } x 1000%o

(17or180/160) ¢ row

where SMOW means standard mean ocean water. The
O isotope ratios (5! Osmow, 68 Osmow) for the spinel
and melilite in HN3-1 were (—42.8, —40.5) and (—4.3,
—0.5), respectively [10]. The homogeneous O isotope
distributions within both mineral phases have been
established by spot analysis using SIMS [11,12].

Oxygen isotope imaging has been performed on the
area in Fig. la. The area was homogeneously irra-
diated by a Cs™" primary ion beam (20 keV, 45 nA) by
rastering (80 pm x 80 pm). A normal incident elec-
tron gun was used for charge compensation of the
area.

When we analyze O isotope ratios by SIMS, mole-
cular interferences become a problem [13]. The most
serious interference is from '*OH™ for the 'O~ peak.
In order to separate the 'OH™ contribution from the
70~ peak, the mass spectrometer of IMS 1270 was
adjusted to high mass-resolution mode with a power
(M/AM) > 4700. Mass spectra were taken by SCAPS
at around 17 amu before every imaging analysis in
order to confirm that enough mass-resolution was
obtained. The mass dispersion plane of IMS 1270
was directly projected onto SCAPS. Fig. 2 shows that
the intensity of '®OH ™ peak is about 8% relative to that
of the 7O~ peak. Furthermore, the 'SOH™ peak is
clearly separated from the 'O~ peak. The small
10H~ peak was cut by the mass selection slit of
IMS 1270. Under this condition, interference-free
imaging for all O isotopes was collected by SCAPS.
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Fig. 2. A typical mass spectrum at 17 amu region, acquired in
400s. The 7O~ peak profile (~2100 ions at the top) is clearly
separated from '*OH~ peak profile (~170 ions at the top).

Secondary ions generated by the primary beam
were used to construct a mass-filtered ion image using
stigmatic ion optics of IMS 1270 and directly pro-
jected onto the 315 x 288 pixel matrix of SCAPS
(Fig. 1b—f). One pixel in Fig. 1b and c corresponds
to 0.17 pm x 0.17 um on the sample surface.

In order to accumulate sufficient signals in SCAPS,
secondary ion images were acquired for 28Si~, 10,
70~ and 'O~ in this order with integration times of
38, 19, 1103 and 735 s, respectively. The average
number of ions per pixel accumulated for 28Si~,
107, 70~ and 'O~ images was estimated to be
240, 17 000, 400 and 1200, respectively.

3. Results and discussion

The 2Si~ image (Fig. 1b) clearly shows a distribu-
tion of spinel and melilite corresponding to that shown
in Fig. la, but the secondary ion emission from
melilite is not homogeneous. This is probably due
to a small difference in electrostatic energy state on
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the sample surface because of incomplete charge com-
pensation. However, if we use the secondary ion ratio
instead of secondary ion intensity for imaging, e.g., a
288i~/'%0~ image, this analytical artifact is corrected
(Fig. 1c). The spatial resolution of the image, defined by
the width for the signal to drop to one-half, is six pixels
between signals for spinel and melilite (Fig. 1d). This
width corresponds to 1 um on the sample.

The statistical error (1) or shot noise in images
constructed from ions accumulated in a pixel was
estimated to be ~50 and ~30%o for the 7O~ /'°0~
and '807/'°0~ images, respectively. Although the
error for 180/10 is slightly smaller than the differ-
ence in J-value deference between spinel and melilite,
the error for 170/'0 is larger. Thus, in order to reduce
the statistical error, successive digital image proces-
sing using pixel binning with a 9 x 9 pixel matrix and
using a moving-average through neighboring pixels
was applied to simple secondary ion ratio images of
707/'%0~ and 80~ /'%0".

The O isotope ratio images after image processing are
showninFig. le andf. Since we obtained the 10,70~
and 3O~ images successively, the secondary ion ratio
values were not directly equivalent to the isotope ratios
because variation of secondary ion intensities through
analysis cannot be ignored. The ion ratio images also
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include instrumental mass fractionation of SIMS.
Therefore, in order to correct the offset components,
we normalized the average '’O~/'°0~ and '80~/'°0~
ratios for spinel to the J-value for 70 /!'°0 and '#0/'¢0
obtained by conventional methods [10], respectively.
The O isotope ratio images of Fig. le and f clearly
demonstrate that '°0O-component is enriched in spinel
compared to melilite. The spatial resolution of the
images, however, was reduced to 2 pm from 1 pm in
the original image due to the image processing.

The precision of the O isotopic analysis is quanti-
tatively evaluated using O isotopic distribution in the
spinel and melilite grains (Fig. 3). The standard
deviation in 6'80 for spinel and melilite corresponds
to 2.7 and 4.2%o, respectively, while that for 670 is
5.4 and 6.3%o, respectively, for the two phases. Sta-
tistical standard deviation after image processing is
estimated to be 3%o for 6'80 and 6%o for §!70.
Therefore, the observed values are consistent with
calculated statistical errors.

The histograms clearly show that two independent
kinds of O isotope components exist in the CAIL. The
difference of O isotopic ratio between the two peaks is
40 and 44%o for 6'70 and §'30, respectively. The §-
value differences are in good agreement with the results
obtained by the conventional method for the mineral
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Fig. 3. Histogram of O isotopic composition in spinel and melilite grains. A band indicated by both the side arrows on each distribution
(labeled by o) shows standard deviation from the average isotope ratio of the phase. Recommended values by conventional method are

shown by vertical arrows on upper axes.
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separated samples [10]. In conclusion, these results
clearly confirm and illustrate the inter- and intra-
mineral O isotopic distribution in the CAI estimated
by point analyses [11], i.e., O isotope ratios are dis-
tributed homogeneously within spinel and in melilite,
but those of individual minerals differ from each other,
with those changing sharply at the grain boundary.

4. Summary

This study unambiguously demonstrates that high
precision isotope ratio imaging of micro-scale under
high mass-resolution is possible by the combination of
SIMS and SCAPS. Since this technique opens a new
research field in the isotope micro-texture of materials,
we shall name the field isotopography; which also
means topography of isotopes. Isotopography will be
widely useful as a powerful technique for solving
practical problems in all research fields using micro-
scopes and micro-analysis, e.g., not only earth science
as in this paper but also material and life sciences. In the
state of the art, however, permil-precision with micron-
resolution is barely sufficient for recording. More
sophisticated ion optics such as multi-imaging optics
and more efficient detectors with lower noise would be
useful to improve accuracy of isotopography.
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